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Abstract:

This critical review synthesizes contemporary evidence on plant-derived phenolic compounds
within Ayurvedic herbs and their immunomodulatory potential. Drawing from classical
Ayurvedic concepts Vyadhikshamatva, Ojas, Bala, and Rasayana the review highlights how
flavonoids, phenolic acids, tannins, stilbenes, and lignans underpin traditional claims of
rejuvenation and disease resistance. A systematic methodology aligned with PRISMA
guidelines employed PubMed, Scopus, and the AYUSH Research Portal, using targeted
Boolean strategies to identify studies on phenolic-rich botanicals recognized in Ayurveda.
Detailed herb-wise analyses of Tinospora cordifolia, Emblica officinalis, Withania somnifera,
Ocimum sanctum, Curcuma longa, Glycyrrhiza glabra, Terminalia chebula, and Phyllanthus
amarus illustrate key phytochemical profiles and mechanisms—free radical scavenging,
cytokine modulation, macrophage and dendritic cell regulation, and enhancement of humoral
and cell-mediated immunity. Preclinical and clinical evidence demonstrates improved
phagocytosis, balanced Th1/Th2 responses, antibody augmentation, and vaccine-adjuvant—like
effects. The review also examines modern applications in immunocompromised states,
COVID-19 management, and functional foods, alongside safety, dosage, and
pharmacovigilance considerations. By bridging Ayurvedic empirical wisdom with rigorous
phytochemical and immunological research, this review advocates for standardized, evidence-
based botanical immunotherapeutics, fostering integration of traditional frameworks into
mainstream health care.

Keywords: Phenolic compounds, Ayurveda, Rasayana, immunomodulatory herbs, Ojas,
Tinospora cordifolia, Curcuma longa
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1. Introduction

1.1 Importance of Immunity in Traditional and Modern Medicine

Immunity serves as the body’s primary defense mechanism against infectious agents,
environmental hazards, and internal disturbances such as tumor formation(Spiering 2015). In
traditional medicine systems, including Ayurveda, Traditional Chinese Medicine, and many
indigenous healthcare practices, the concept of immunity, though not always labeled as such,
occupies a central role(Payyappallimana 2010; Verma and Sarvanan). These systems
emphasize strengthening the body’s resistance using plant-based remedies, nutrition, lifestyle
adjustments, and mind-body approaches(Goyal and Chauhan 2024). In modern medicine,
immunity is rigorously defined and explored through the fields of immunology and molecular
biology, focusing on both innate and adaptive immune responses(Janeway Jr and others 2001).
Contemporary medical science recognizes the layered complexity of the immune system from
physical barriers to complex lymphocyte-mediated responses(Rao 2002). Vaccine
development, immunotherapy, and diagnostics all directly rely on a deep understanding of
immune functions. In recent years, there has been increasing convergence between traditional
and modern understandings of immunity, particularly regarding the supportive impact of diet,
medicinal plants, and lifestyle(Verma and Sarvanan). This growing synergy underlines the vital
importance of enhancing immunity not just for individual health, but also in public health
strategies to prevent pandemics, manage chronic diseases, and improve overall quality of life.
1.2 Ayurvedic View of Immunity

Ayurveda, India’s ancient system of medicine, presents a holistic and nuanced view of
immunity. The term Vyadhikshamatva refers to the body’s resistance against disease and its
capacity to overcome pathogenic assaults(Virkar and others 2022). This resistance is sustained
by ‘Bala,” which indicates strength physical, mental, and immunological(Singh 2015). Another
core concept is Ojas, described as the essence of all bodily tissues and the ultimate source of
vitality, vigor, and immune resilience. Ojas is believed to govern the equilibrium between body
and mind, thus lying at the center of well-being and disease prevention(Bhattacharya).
Rasayana therapies, encompassing specific herbs, minerals, dietary regimens, and rejuvenative
practices, are prescribed to enhance Ojas and thereby reinforce immunity(Singh and Rastogi
2011). Key Rasayana herbs such as Ashwagandha (Withania somnifera), Amalaki (Phyllanthus
emblica), and Guduchi (Tinospora cordifolia) are scientifically validated to possess
immunostimulant and antioxidant effects. Ayurvedic texts meticulously describe how dietary
habits, daily routines, seasonal rituals, and management of emotional health contribute to
robust immunity, offering an integrated model that addresses both prevention and healing.
These ancient insights offer valuable perspectives that complement current immunological
research, encouraging a holistic approach to health care(Akter 2024).

1.3 Relevance of Plant-Derived Phenolic Compounds in Immunity Modulation
Plant-derived phenolic compounds, a diverse group of secondary metabolites, have gained
considerable attention for their immunomodulatory potential(Grigore 2017). These
phytochemicals including flavonoids, tannins, phenolic acids, lignans, and stilbenes are
abundant in medicinal plants, fruits, vegetables, and herbs commonly used in both traditional
and modern medicine(Oluwole and others 2022; Saxena and others 2013). Phenolic
compounds can modulate the immune response at multiple physiological junctures: they act as
antioxidants, reducing oxidative stress; influence cytokine production; regulate cell signaling
pathways; and enhance the activity of immune cells such as macrophages, T cells, and natural
killer cells(Dominguez-Avila and others 2022; Grigore 2017). Experimental and clinical data
indicate that regular consumption of phenolic-rich plants helps maintain immune balance,
reduce inflammation, and increase resistance to infections. Moreover, certain phenolics have
demonstrated antiviral, antibacterial, and antitumor properties, broadening their relevance in
preventive and therapeutic strategies(Ding and others 2018). Their safety profile and natural
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abundance make them desirable candidates for developing new nutraceuticals and functional
foods aimed at boosting immunity. Ongoing research continues to uncover the molecular
mechanisms underlying their actions, bridging phytochemistry, pharmacology, and clinical
immunology to improve human health outcomes.

The objective of this review is to critically appraise and synthesize current scientific knowledge
regarding plant-derived phenolic compounds and their role in immunity modulation. By
integrating perspectives from both traditional systems, such as Ayurveda, and modern
biomedical research, this review aims to highlight the multifaceted benefits of phenolic
phytochemicals for immunological health. The scope encompasses the classification, sources,
and chemical diversity of phenolic compounds; their mechanistic actions on immune function;
and clinical evidence supporting their use in health maintenance and disease prevention.
Special attention is given to plants and formulations recognized in Ayurvedic medicine,
illustrating traditional rationales in light of contemporary scientific validation. Furthermore,
this review identifies research gaps, discusses methodological challenges in studying complex
plant matrices, and outlines future directions for translating these insights into clinical practice.
Ultimately, it seeks to foster a holistic appreciation of how plant-based phenolics can contribute
to both preventive healthcare and integrative therapeutic strategies.

2. Ayurvedic Concepts of Immunity

2.1 Classical Texts on Immunity and Health Maintenance

Classical Ayurvedic literature extensively documents immunity and health maintenance under
the umbrella of Vyadhikshamatva, establishing a comprehensive framework that remains
remarkably relevant to modern immunological understanding. The foundational texts,
particularly Charaka Samhita and Sushruta Sambhita, serve as primary repositories of this
ancient wisdom(Patil and others).

The Charaka Samhita, believed to have originated around 400-200 BCE, presents immunity as
Vyadhikshamatva - literally meaning "resistance to disease". Chakrapani's commentary defines
this concept as having two fundamental aspects: Vyadhibala virodhitvam (capacity to resist the
strength of diseases) and Vyadhi-utpadaka pratibandhakatvam (power to prevent disease
manifestation). This dual conceptualization demonstrates the ancient understanding of both
preventive and curative aspects of immunity(Chattopadhyay 2019; Pesek and others 2006).
Sushruta Samhita complements this understanding by emphasizing the role of Bala (strength)
and Ojas (vital essence) in maintaining health. The text identifies Ojas as the ultimate essence
of all bodily tissues (dhatus) and the foundation of immune strength. The Ashtanga Hridaya
further elaborates on daily regimens (Dinacharya), seasonal practices (Ritucharya), and
behavioral guidelines (Sadvritta) as essential components of health maintenance. These texts
collectively emphasize that immunity is not merely the absence of disease but a dynamic state
of optimal physiological and psychological functioning. The classical approach integrates
lifestyle, diet, mental well-being, and spiritual practices, recognizing that true immunity
encompasses physical resilience, mental clarity, and emotional stability - a holistic perspective
that modern integrative medicine is now embracing(REDDY and KAPOOR).

2.2 Role of Rasayana Therapy in Enhancing Immunity

Rasayana therapy represents one of the eight specialized branches of Ayurveda, specifically
dedicated to rejuvenation and immune enhancement. The term "Rasayana" derives from two
Sanskrit words: Rasa (essence or nutrition) and Ayana (path or channel), literally meaning "the
path of essence". This therapeutic approach aims to enhance the quality of Rasadi dhatus
(tissues starting from the nutritional essence) and ultimately strengthen the body's immune
capacity(Chaudhry 2021).

According to Acharya Charaka, Rasayana therapy provides longevity, memory, intellect,
freedom from disease, youthfulness, excellent complexion, voice quality, optimal physical
development, and enhanced sense organ function. The therapy works through three primary
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mechanisms: Agni vyapara (regulating metabolic processes), Srotas shodhana (clearing micro
and macro channels), and Posana (nourishing tissues). Modern scientific understanding reveals
that Rasayana herbs function as adaptogens and immunomodulators, primarily activating
immune cells and promoting cytokine secretion, which affects multiple target organs(Tripathi
and Singh 1999).

Rasayana therapy is classified into several categories based on application and purpose. Kamya
Rasayana is used by healthy individuals seeking enhanced vitality and longevity, while
Naimittika Rasayana addresses specific disease conditions. Ajasrika Rasayana encompasses
daily dietary and lifestyle practices that maintain homeostasis. The therapy involves
preliminary purification (Samshodhana) followed by administration of specific herbal
formulations. Research demonstrates that traditional Rasayana formulations enhance natural
killer cell activity, activate antibody-dependent cytotoxicity, and stimulate macrophage
function, providing scientific validation for their immunomodulatory effects(Sawane and
others 2019).

2.3 Concept of Ojas and its Correlation with Immune Strength

Ojas represents the most refined concept in Ayurvedic immunology, described as the vital
essence that governs immunity, strength, and overall vitality. Classical texts define Ojas as the
final product of perfect digestion and metabolism - the ultimate essence of all seven bodily
tissues (dhatus) that sustains life and provides disease resistance. Charaka Samhita states: "It
is the Ojas which keeps all living beings nourished and refreshed. There can be no life without
Ojas"(Roji and Paliwal 2022).

Ayurvedic literature classifies Ojas into two distinct types. Para Ojas is the superior,
unchangeable form located in the heart, consisting of eight drops that govern vital life
functions. Any diminution in Para Ojas results in immediate life-threatening conditions. Apara
Ojas is the secondary form, measuring half anjali (approximately 96ml), circulating throughout
the body and responsible for immunity, physical strength, and mental stability. This form can
be replenished through proper diet, lifestyle, and therapeutic interventions(Inaniyan and others
2021).

The qualities of Ojas include being heavy, cold, soft, smooth, dense, sweet, stable, clear, sticky,
and unctuous - properties that directly oppose those of toxins and pathogens. Modern
correlation suggests that Ojas functions similarly to the concept of homeostasis and immune
competence, representing the body's ability to maintain optimal physiological balance. Factors
that enhance Ojas include wholesome nutrition, adequate sleep, stress management, positive
emotions, and spiritual practices, while depletion occurs through poor diet, excessive physical
or mental stress, negative emotions, and unhealthy lifestyle choices. The concept of Ojas
provides a sophisticated framework for understanding how lifestyle factors directly impact
immune function and overall health resilience(Bhattacharya).

2.4 Examples of Rasayana Herbs and Formulations

Traditional Ayurvedic literature describes numerous Rasayana herbs and formulations that
have been scientifically validated for their immunomodulatory properties(Rege and others
1999). These therapeutic agents are systematically categorized based on their specific effects
on different body systems and tissue types (dhatus).

Individual Rasayana herbs form the foundation of immune-enhancing therapy. Ashwagandha
(Withania somnifera), known as the "strength of ten horses," serves as the primary Rasayana
for reproductive tissues (Shukra dhatu), providing adaptogenic support for stress management
and immune function. Guduchi (Tinospora cordifolia), called "the protector of the body" and
"herb of immortality," specifically targets blood tissue (Rakta dhatu) and is renowned for its
immune-boosting and detoxifying properties. Amalaki (Emblica officinalis), the richest natural
source of Vitamin C(Yadav and Singh 2023), enhances muscle tissue (Mamsa dhatu) and
serves as a potent antioxidant and rejuvenator(Kumar and Agri 2019). Haritaki (Terminalia
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chebula), termed the "King of Medicines," works on all three doshas and promotes tissue
purification(Goyal and Adlaka 2025).

Classical Rasayana formulations represent sophisticated combinations of multiple herbs.
Chyavanprash(Rastogi and others 2018), perhaps the most famous Rasayana preparation,
contains over 50 herbs with Amalaki as the primary ingredient, providing comprehensive
immune support, respiratory strength, and overall vitality(Jain and Garg 2017). Triphala, the
"three fruits" formula combining Amalaki, Bibhitaki, and Haritaki, serves as a tridoshic
rasayana promoting digestive health, detoxification, and immune balance(Bairwa and others
2025). Brahma Rasayana, specifically designed for cognitive enhancement, combines herbs
like Brahmi, Vacha, and Shankhpushpi for neurological rejuvenation(Kulkarni and others
2016).

System-specific Rasayanas target particular physiological functions. For respiratory health,
Chyavanprash and Vardhaman Pippali are prescribed, while digestive system enhancement
utilizes long pepper, Bhallataka, and Haritaki. Circulatory system support employs Draksha,
Shatavari, and dates for lymphatic function, and Amalaki, Bhringaraj, and iron preparations for
blood enhancement. Modern research confirms that these traditional formulations demonstrate
significant immunomodulatory, adaptogenic, and antioxidant activities, validating their
therapeutic efficacy in contemporary healthcare applications(Bairagi and Raghuwanshi 2024).
3. Overview of Phenolic Compounds

3.1 Flavonoids, Phenolic Acids, Tannins, Stilbenes, Lignans, etc.

Phenolic compounds represent one of the most abundant and diverse classes of plant secondary
metabolites, characterized by the presence of one or more aromatic rings bearing hydroxyl (-
OH) substituents. These compounds are biosynthesized through the shikimic acid and pentose
phosphate pathways via phenylpropanoid metabolism, ultimately producing a vast array of
structurally diverse molecules ranging from simple phenolic molecules to highly polymerized
compounds. The fundamental structural feature uniting all phenolic compounds is their
aromatic benzene ring with attached hydroxyl groups, which confers their distinctive chemical
and biological properties(Lattanzio 2013).

The classification of phenolic compounds encompasses several major categories. Flavonoids
constitute the largest and most extensively studied subclass, characterized by a C6-C3-C6
skeleton consisting of two phenyl rings (A and B) connected by a heterocyclic ring (C). This
fundamental structure is further subdivided into major subclasses including flavones (apigenin,
luteolin), flavonols (quercetin, kaempferol), flavanones (naringenin, hesperetin), isoflavones
(genistein, daidzein), flavanols (catechins, epicatechin), anthocyanidins, and chalcones.
Phenolic acids are classified into two main subgroups: hydroxybenzoic acids (C1-C6 structure)
such as gallic, protocatechuic, and vanillic acids, and hydroxycinnamic acids (C3-C6 structure)
including caffeic, ferulic, and p-coumaric acids. Tannins are high molecular weight
polyphenolic compounds divided into hydrolyzable tannins (containing gallic acid esters) and
condensed tannins (proanthocyanidins). Stilbenes possess a C6-C2-C6 structure with two
phenyl rings connected by an ethylene bridge, with resveratrol being the most well-known
representative. Lignans are dimeric phenylpropanoid compounds formed by the coupling of
two coniferyl alcohol units, creating diphenolic structures with C18 cores resulting from C9
precursor dimerization(Tsimogiannis and Oreopoulou 2019; Vuolo and others 2019).

3.2 General Pharmacological Roles of Phenolic compounds

Phenolic compounds exhibit remarkable pharmacological versatility through multiple
mechanisms of action that confer significant health benefits. Their antioxidant properties
represent perhaps their most fundamental biological activity, achieved through direct free
radical scavenging, metal chelation, and upregulation of endogenous antioxidant enzyme
systems. These compounds effectively neutralize reactive oxygen species (ROS) and reactive
nitrogen species, protecting cellular components from oxidative damage that underlies
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numerous chronic diseases including cardiovascular disease, cancer, and neurodegenerative
disorders. The antioxidant efficacy is directly related to their chemical structure, particularly
the number and position of hydroxyl groups, with the 3',4'-dihydroxy substitution pattern on
the B-ring being particularly effective(Bhuyan and Basu 2017; Rahman and others 2021).

The anti-inflammatory effects of phenolic compounds involve sophisticated modulation of
inflammatory cascades at multiple levels. These compounds inhibit key pro-inflammatory
enzymes including cyclooxygenase (COX), lipoxygenase (LOX), and inducible nitric oxide
synthase (iNOS), thereby reducing the production of inflammatory mediators such as
prostaglandins, leukotrienes, and nitric oxide. Additionally, they interfere with inflammatory
signaling pathways by inhibiting nuclear factor-kB (NF-kB) activation, modulating mitogen-
activated protein kinase (MAPK) pathways, and suppressing the expression of inflammatory
cytokines including tumor necrosis factor-alpha (TNF-a), interleukin-1B (IL-1B), and
interleukin-6 (IL-6). The anti-inflammatory activity is enhanced by their ability to activate
nuclear factor erythroid 2-related factor 2 (Nrf2), which upregulates antioxidant and phase II
detoxification enzymes(Yahfoufi and others 2018).

The immunomodulatory properties of phenolic compounds demonstrate their capacity to fine-
tune immune responses rather than simply suppressing or stimulating immunity. These
compounds can regulate both innate and adaptive immune functions through multiple
mechanisms including modulation of immune cell proliferation, differentiation, and activation;
regulation of cytokine production and secretion; and influence on immunoglobulin synthesis
and complement system activity. Their immunomodulatory effects are context-dependent,
capable of enhancing immune responses when needed for pathogen defense while
simultaneously preventing excessive inflammatory responses that could cause tissue
damage(Chu 2022).

3.3 Mechanisms of Immunomodulation

Phenolic compounds exert immunomodulatory effects through sophisticated molecular
mechanisms that target key cellular and signaling pathways within the immune system.
Cytokine regulation represents a primary mechanism through which these compounds
influence immune responses. Phenolic compounds can selectively modulate cytokine
production, promoting anti-inflammatory cytokines such as interleukin-10 (IL-10), interleukin-
4 (IL-4), and transforming growth factor-beta (TGF-B) while suppressing pro-inflammatory
mediators including TNF-o, IL-1f3, IL-6, and interferon-gamma (IFN-y). This modulation
occurs through direct interference with transcription factors such as NF-«kB, activator protein-
1 (AP-1), and signal transducer and activator of transcription (STAT) proteins, which control
cytokine gene expression(Kafali and others 2024; Van der Meide and Schellekens 1996).
Macrophage stimulation and polarization constitute another crucial mechanism of phenolic
immunomodulation. These compounds can influence macrophage phenotype, promoting the
shift from pro-inflammatory M1 macrophages toward anti-inflammatory M2 macrophages
through metabolic reprogramming and altered gene expression patterns. Phenolic compounds
enhance macrophage phagocytic activity, antigen presentation capabilities, and production of
antimicrobial compounds while simultaneously preventing excessive inflammatory activation
that could cause tissue damage. The compounds achieve this through modulation of
macrophage metabolic pathways, including glycolysis and oxidative phosphorylation, which
directly influence their functional phenotype(Grigore 2017; Guo and others 2021; Wang and
others 2022).

T and B cell modulation represents the third major mechanism through which phenolic
compounds influence adaptive immunity. For T cells, phenolic compounds can regulate T
helper cell differentiation, promoting Th2 and regulatory T cell (Treg) development while
suppressing excessive Thl and Th17 responses. This is achieved through modulation of
transcription factors such as T-bet, GATA-3, RORyt, and Foxp3, which control T cell lineage
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commitment. For B cells, phenolic compounds influence antibody production, class switching,
and B cell proliferation through multiple pathways including modulation of B cell receptor
signaling, CD40 ligation responses, and toll-like receptor (TLR) activation. The compounds
can also regulate the balance between different B cell subsets, including regulatory B cells
(Bregs) that produce IL-10 and help maintain immune tolerance. These multifaceted
mechanisms allow phenolic compounds to fine-tune immune responses, enhancing protective
immunity while preventing harmful autoimmune or excessive inflammatory reactions(Grigore
2017; Shakoor and others 2021).

Table 1: Ayurvedic Herbs Rich in Phenolic Compounds with Immunomodulatory Effects

Herb Ayurvedic Key Phenolic Documented Preclinical/Clini
Background & | Constituents Immunomodulat | cal Evidence
Indications ory Mechanisms
Tinospora | Rasayana in Cordifolioside A, | Enhances Animal and in
cordifolia | Ayurveda; used | magnoflorine, phagocytosis; vitro studies
as a general tonic | syringin increases nitric show increased
for immunity, oxide and reactive | immune
anti- oxygen species response,
inflammatory, (ROS) in immune | enhanced
antiarthritic, cells; modulates phagocytic
antidiabetic, and T-cell subsets— activity;
for resistance reducing IL-17- modulation of
against producing cells; cytokines such as
infections. broad cytokine IL-17.
regulation.
Emblica Known as Gallic acid, Antioxidant Enhanced
officinalis | Amalaki; widely | ellagic acid, activity; enhances | immune cell
used for phenolic acids, immunoglobulins | counts and serum
rejuvenation, ascorbic acid (IgG, IgM), immunoglobulins
antioxidant increases in animal models;
support, and CD4/CDS8 strong free
systemic lymphocytes; radical
immunity. modulates scavenging in
inflammatory preclinical
cytokines— studies.
reduces chronic
inflammation.
Withania | Called Withanolides, Modulates Clinical and
somnifera | Ashwagandha; phenolics Th1/Th2 cytokine | preclinical
classic Rasayana balance; boosts studies document
and adaptogen, proliferation of T- | increased
used to reduce cells; immune cell
stress, improve downregulates counts, reduced
immunity, and pro-inflammatory | inflammation,
provide anti- cytokines; affects
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inflammatory dendritic cell and modulated
effects. signaling and cytokine levels.
innate immunity
pathways.
Ocimum | Tulsi; revered Eugenol, methyl | Raises phagocytic | Shown to elevate
sanctum adaptogen and eugenol, activity; increases | neutrophil and
“Queen of caryophyllene, antibody titers; lymphocyte
Herbs,” water-soluble modulates both counts, antibody
traditionally for | phenolics humoral and titers, and
respiratory, anti- cellular immune enhance response
stress, and responses (via to bacterial
immune- GABAergic and challenge in
enhancing other signaling animal studies.
actions. pathways).
Curcuma | Turmeric; used Curcuminoids Stimulates Animal studies
longa in Ayurveda as (curcumin), phagocytosis, show improved
an anti- ferulic acid enhances NK cell | phagocytic
inflammatory, cytotoxicity, activity and
antioxidant, and modulates immune cell
Immune system cytokine response, with
booster. production supportive
(decreases TNF-0, | mechanistic in
increases NO), vitro studies.
and regulates both
humoral and cell-
mediated
immunity.
Glycyrrhi | Licorice; used Glycyrrhizin, Enhances Demonstrated
za glabra | for anti- polyphenols, macrophage and increased
inflammatory, flavonoids, dendritic cell phagocytosis,
antiviral, and as | polysaccharides | function, increases | antibody
an antibody titers, production, and
immunomodulat stimulates elevation of

or in Ayurveda.

cytokine release
(e.g., IL-12, IFN-
v), and improves
overall humoral
and cell-mediated
immunity.

immune cell
markers in
animal models.
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Terminali | Classic Rasayana | Gallic acid, Reduces ROS, In vitro studies
a chebula | component; in ellagic acid, enhances confirm
Triphala for chebulic/chebula | antioxidant antioxidant and
detoxification, gic acid, defense, regulates | immune cell
inflammation flavonoids cytokines, and protection;
reduction, and increases animal models
overall immune resistance to display increased
support. oxidative and immune
inflammatory resilience.
stress.
Phyllanth | Traditionally for | Phyllanthin, Inhibits In vitro evidence
us amarus | liver, infection, hypophyllanthin, | chemotaxis and for immune cell
and immune gallic acid, phagocytosis, suppression, with
modulation; corilagin, ellagic | suppresses ROS mechanistic work
noted for both acid release from on isolated
immunosuppress phagocytes, bioactive
ive and modulates phenolic
immunomodulat lymphocyte compounds
ory actions. activity—may
dampen overactive
immune
responses.

4. Pharmacological Mechanisms of Phenolic Compounds in Immunomodulation
Phenolic phytochemicals orchestrate immunity through a constellation of antioxidant, anti-
inflammatory, and signal-modifying actions that span innate and adaptive compartments. Their
hydroxyl-rich scaffolds donate electrons, chelate metals, and interface with pivotal molecular
switches such as NF-kB, COX-2, and JAK-STAT pathways, producing context-dependent
immune enhancement or suppression. The following sections dissect five major mechanistic
domains, weaving classical redox chemistry with cutting-edge immunometabolism and
providing plant-derived exemplars relevant to Ayurvedic pharmacognosy(Simdes and others
2024).

4.1 Free Radical Scavenging and Antioxidant Support

Oxidative stress fuels chronic inflammation by converting lipid peroxides, DNA lesions, and
oxidized proteins into danger signals that amplify cytokine release. Phenolic compounds
counter this threat via three complementary routes. First, their ortho- and para-dihydroxy
motifs quench reactive oxygen and nitrogen species through hydrogen-atom transfer and
single-electron donation, stabilizing radicals into resonance-delocalized phenoxyl forms.
Second, multiple hydroxyls chelate pro-oxidant transition metals such as Fe* and Cu*,
forestalling Fenton chemistry and secondary radical cascades. Third, phenolics transactivate
nuclear factor erythroid-2-related factor 2 (Nrf2) by modifying Keapl cysteines, leading to
heme-oxygenase-1 (HO-1), superoxide-dismutase, and glutathione-synthetase up-regulation.
Flavonoids like quercetin and catechins raise intracellular glutathione and restore redox balance
in LPS-stimulated macrophages. Hydroxytyrosol and oleuropein from olive modulate Akt/p44-
p42 signaling, lowering oxidative signals that otherwise drive IL-6 transcription. Curcumin, a
diarylheptanoid abundant in Curcuma longa, synergistically activates Nrf2 while inhibiting
ROS-triggered NF-kB, yielding dual redox and anti-inflammatory protection. Collectively,
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antioxidant support preserves membrane integrity, prevents self-antigen formation, and primes
resolution pathways critical for immune homeostasis(DIPLOCK 1994; Neagu and others
2024).

4.2 Modulation of Pro-Inflammatory Cytokines (IL-6, TNF-a)

Phenolic agents temper cytokine storms by intersecting transcriptional and post-transcriptional
checkpoints. Quercetin, resveratrol, and apigenin suppress TNF-a and IL-6 gene expression in
LPS-challenged RAW-264.7 macrophages through blockade of IkB kinase, stabilization of
IxBa, and subsequent cytoplasmic sequestration of NF-kB p65. Concurrently, they dampen
MAPK cascades—ERK1/2, p38, and INK—Ilowering AP-1 activity that co-drives cytokine
promoters(Schuerwegh and others 2003).

Table 2: Phenolics with cytokine outcomes

Compound Primary Source | | IL-6 | TNF-a | Mechanistic Highlight
Quercetin Tinospora 45% 50% Stabilizes IkBa
cordifolia, many | reduction at reduction
fruits 25 uM
Curcumin Curcuma longa 60% decrease | 55% Direct COX-2/NF-«B dual
at 10 uM decrease blockade

Hydroxytyrosol | Olea europaea 40% fall at 20 | 38% fall Inhibits Akt and p44/p42

uM signaling
Apigenin Ocimum 48% drop at | 52% drop | Destabilizes cytokine
sanctum, parsley | 25 uM mRNA & inhibits
inflammasome

4.3 Effects on Macrophage Activation and Dendritic Cell Maturation

Macrophage Polarization: Flavonoids remodel macrophage immunometabolism, tilting the
balance from pro-inflammatory M1 toward healing M2 phenotypes. Quercetin, naringenin, and
naringin down-regulate glycolysis, lower succinate accumulation, and bolster tricarboxylic
acid cycle flux, reversing LPS-induced metabolic checkpoints that lock macrophages in an M1
state. Kurarinone, a prenylated flavonoid from Sophora flavescens, recruits aryl-hydrocarbon
receptor (AhR) to raise IL-10 and limit NF-kB activation, thereby attenuating colitis in murine
models(Kim and others 2013; Niknejad and others 2025).

Dendritic Cell (DC) Maturation: Phenolics fine-tune antigen presentation by modulating DC
maturation markers (CD80, CD86, MHC II) and cytokine output. Fisetin curbs LPS-triggered
up-regulation of CD80/CD86 and IL-12 in human monocyte-derived DCs, reducing T-cell
stimulatory potential in vivo. Apigenin impedes RelB nuclear translocation, suppressing IL-
12p70 but fostering IL-10, which skews T-cell priming toward regulatory phenotypes.
Carnosol and curcumin activate AMPK and HO-1 in human DCs, simultaneously damping
glycolytic surge and decreasing co-stimulatory molecule expression(Campbell and others
2019; Ferreira and others 2024; Focaccetti and others 2019).

Table 3: Immunomodulatory Effects of Selected Phenolic Compounds on Dendritic Cell
Function and In Vivo Outcomes

Phenolic DC Effect In-Vivo Consequence

Fisetin | CD80/CD86 40% | Attenuated spleen DC migration & T-cell activation in
mice(Liu and others 2010)
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Carnosol | AMPK-HO-1 Reduced LPS-induced DC maturation(Ouyang and others
induction 2025)
Apigenin | RelB inhibition Enhanced T-reg bias, mitigated EAE severity(Ginwala 2018)

4.4 Enhancement of Humoral and Cell-Mediated Immunity

Beyond anti-inflammatory finesse, phenolics can amplify protective arms of immunity. A
phenolic-rich fraction of Brazilian green propolis (artepillin C) elevated neutralizing antibody
titres against swine herpesvirus and improved post-challenge survival versus alum-adjuvanted
vaccine. In murine footpad immunization, phenolic-bearing 2-hydroxypropyl-B-cyclodextrin
boosted antigen-specific IgG and expanded CD11¢c"MHC II* DC pools in draining nodes.
Cell-mediated gains emerge via modulation of T-cell subsets. Apigenin-conditioned DCs
expanded FoxP3*T-regs while curbing IFN-y and IL-17 secreting effector T cells, preventing
demyelination in experimental autoimmune encephalomyelitis. Flavonoids silybin,
formononetin, and diosmetin attenuated COX-2/iNOS and lowered MCP-1 and IL-6 in
adipocyte—macrophage co-cultures, demonstrating cross-talk benefits for metabolic
inflammation and NK cell-mediated cytotoxicity. Humoral reinforcement aligns with reduced
oxidative damage to immunoglobulins, preservation of complement activity, and promotion of
germinal-center stability—all indirectly supported by phenolic antioxidant actions(Alday and
others 2016; Ysrafil and others 2023).

4.5 Molecular Targets: NF-kB, COX-2, JAK-STAT, and Beyond

Phenolics are “privileged scaffolds” that hitch to molecular hubs common to inflammation and
oncogenesis(Bose and others 2020).

Table 4: Molecular Targets and Mechanisms of Phenolic Compounds in Modulating
Inflammatory Signaling Pathways

Target Mechanism of Exemplary Key Outcomes
Phenolic Interaction | Compounds

NF-xB IKKpB ATP-binding Honokiol derivatives, | | TNF-a, COX-2; 1
blockade, IkBa quercetin, curcumin apoptosis
stabilization

COX-2 Direct catalytic site Ferulic acid, | PGE: synthesis;
occupancy & gene resveratrol, analgesic &
repression sakuranetin antineoplastic effects

JAK-STAT Inhibits Curcumin, luteolin, Dampened Th17
phosphorylation, silibinin differentiation;
nuclear transfer of synergy with chemo-
STAT1/3 agents

MAPK Blocks upstream 7-O- Reduces IL-6/1L-8

(ERK/INK/p38) | kinase phosphorylation | methylnaringenin, induction

apigenin

PI3K/Akt/mTOR | AMPK activation Curcumin, carnosol Curtails DC

offsets Akt, mMTORC1 glycolysis; favors
tolerogenic phenotype

5. Clinical Relevance and Modern Applications of Phenolic-Rich Ayurvedic Herbs
Phenolic-rich botanicals long celebrated in Rasayana practice are now being harnessed in
evidence-based protocols for immune support, antiviral therapy, and functional-food
innovation. Sub-section 6 outlines how this phytochemical arsenal translates into modern
clinical settings, pandemic response, commercial nutraceuticals, and stringent
pharmacovigilance.

5.1 Use of Phenolic-Rich Ayurvedic Herbs in Immunocompromised States, Infections,
and Inflammatory Diseases

PAGE NO : 748



Zhuzao/Foundry[ISSN:1001-4977] VOLUME 28 ISSUE 8

Phenolic-dense Ayurvedic herbs provide multi-tiered adjuncts for patients with reduced
immunity such as oncology cohorts, organ-transplant recipients, HIV-positive individuals, and
those on long-term corticosteroids. Tinospora cordifolia, rich in cordifolioside A and ferulic
acid, boosts phagocytosis, normalizes neutrophil-lymphocyte ratios, and tempers IL-17—
effects validated in rodent cyclophosphamide models and small human trials. Emblica
officinalis (amla) supplies gallic and ellagic acids that restore glutathione and elevate IgG/IgM
titres in arsenic-induced immunosuppression while reducing lipid peroxidation markers.
Withania somnifera’s flavonol glycosides raise CD4*/CD8" counts and NK-cell cytotoxicity,
aiding recovery in chronic stress and viral latency states. Ocimum sanctum polyphenols
augment antibody production and confer 85%—98% protection in BHV-1 and NDV challenge
models. Collectively, these botanicals offer antioxidant buffering, NF-«B inhibition, and
adaptive-immune training that dovetail with standard antimicrobials or biologics, potentially
lowering infection rates and inflammatory flares without inducing broad
immunosuppression(Salehi and others 2018).

5.2 Role in COVID-19 and Post-Viral Syndromes

During the SARS-CoV-2 pandemic, phenolic Rasayanas moved swiftly from tradition to clinic.
A three-arm randomized trial showed Tinospora cordifolia (500 mg b.i.d., 14 days) shortened
PCR-negativity time and reduced hs-CRP, ferritin, and MCP-3 when combined with Adhatoda
vasica. Meta-analysis of eight RCTs (n = 569) confirmed nano-curcumin (160-500 mg/day)
lowered IL-1p expression, improved oxygen saturation, and cut hospitalization and mortality.
In silico and cell-culture studies reveal curcumin binds the spike protein and inhibits
TMPRSS2, while also rebalancing dysregulated RAAS pathways. Ashwagandha administered
to healthy volunteers enhanced IFN-y and IL-4, suggesting prophylactic value against cytokine
storms. Emerging data from “long-COVID” cohorts indicate that curcumin-piperine blends and
amla—guduchi combinations alleviate fatigue and myalgia, likely via modulation of Nrf2—HO-
1 and suppression of IL-6/TNF-a cascades. These findings position phenolic-rich Ayurvedic
preparations as low-cost, orally available adjuncts that target viral entry, replication, and the
post-infectious inflammatory milieu(Maurya and Sharma 2023).

5.3 Integration into Nutraceuticals, Functional Foods, and Immune-Boosting
Supplements

The global shift toward preventive health has propelled Ayurvedic phenolics into a USD 109.8
billion market projected for 2032, with a 28% CAGR. Formulators exploit water-dispersible
curcumin (GRAS up to 1,400 mg/day) in gummies, protein bars, and dairy matrices. Amalaki
extracts enrich vitamin-C fortified beverages, while polyphenol-standardized Tulsi and
Guduchi appear in effervescent tablets and RTD “immunity shots.” Patanjali, Dabur, and
Himalaya hold 37% of India’s supplement share through flagship products such as
Chyavanprash and Giloy-Ghanvati. Functional-food technologists co-encapsulate curcumin
with fenugreek galactomannans (CurQfen®) or cyclodextrins to achieve 45-fold bioavailability
increases and sustained plasma levels without synthetic surfactants. Regulatory frameworks—
FSSAT’s nutraceutical code, AYUSH’s Good Clinical Practice guidelines, and FDA’s New
Dietary Ingredient notifications—demand validated phenolic content, stability data, and human
safety dossiers, steering industry toward standardized, traceable supply chains(London 2010;
Mishra and others 2022).

5.4 Safety, Dosage, and Pharmacovigilance Considerations

Although generally well tolerated, phenolic Rasayanas warrant dose-conscious use and robust
reporting. Curcumin demonstrates NOAEL at 12 g/day and remains hepatoprotective when
consumed as Curcumin-Galactomannoside 1 g/day for 90 days without enzyme elevation(Bibi
and others 2024). Ashwagandha is “possibly safe” up to 600 mg/day for 12 weeks but rare
hepatotoxicity and thyrotoxicosis cases oblige caution in autoimmune and thyroid disorders.
Rising Giloy self-medication fueled clusters of idiosyncratic liver injury—16 Indian cases and
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sporadic Western reports—with predisposition in elderly females and underlying CLD;
RUCAM scores ranged 6—9. Clinical thresholds now advise <500 mg dried stem b.i.d. under
supervision, alongside periodic LFTs. The AYUSH Pharmacovigilance Program (since 2018)
mandates spontaneous adverse-event reporting and integrates WHO-UMC causality tools to
flag herb—drug interactions, especially with anticoagulants, immunosuppressants, and
cytochrome-modulating agents(Singh 2022). Adherence to standardization, batch testing for
heavy metals/pesticides, and education on contraindications (pregnancy, peri-operative
periods) underpin safe, scalable deployment of these phenolic allies.

Table 5: Clinical Evidence on Phenolic-Rich Ayurvedic Herbs

Herb Trial/Formulation Dose & Duration | Key Immuno Outcome

Tinospora cordifolia RCT in mild COVID- | 500 mg b.i.d., 14 Faster viral clearance;
19 days [hs-CRP

Nano-curcumin Meta-analysis (8 160-500 mg/day, JIL-1B; shorter stay;
RCTs) <14 days |mortality

Withania somnifera Double-blind RCT 60 mg/day, 30 days | 11gG, 1CD4", 1IFN-y

Curcumin- 90-day safety study 1,000 mg/day, 12 No adverse events;

galactomannoside weeks normal LFTs

Ocimum sanctum In ovo antiviral model | 300 mg/kg, 72 h 98% NDV protection;

Tantibodies

Conclusion

Ayurveda’s nuanced concepts of immunity—Vyadhikshamatva, Bala, Ojas, and Rasayana—
find compelling support in the rich pharmacology of plant-derived phenolic bioactives.
Flavonoids, phenolic acids, tannins, stilbenes, and lignans not only mirror traditional Rasayana
goals of rejuvenation and disease resistance but also exhibit rigorous mechanistic actions: free-
radical quenching, cytokine regulation, macrophage and dendritic cell modulation, and
enhancement of both humoral and cell-mediated responses. Translational research underscores
the immunotherapeutic potential of key Ayurvedic herbs—Tinospora cordifolia, Emblica
officinalis, Withania somnifera, Ocimum sanctum, Curcuma longa, and others—validating
centuries-old practices with preclinical and clinical evidence of improved phagocytosis,
balanced Th1/Th2 cytokine profiles, and vaccine adjuvant-like effects. By integrating
Ayurvedic empirical wisdom with modern phytochemical analysis and immunological assays,
researchers can develop standardized, safe, and efficacious botanical immunotherapeutics. This
synergy not only advances novel nutraceuticals and adjuvants for infectious and inflammatory
conditions but also promotes holistic, systems-based treatment strategies that honor traditional
frameworks while meeting contemporary regulatory and pharmacovigilance standards.
Ultimately, bridging these traditions empowers precision immunotherapy and fosters global
acceptance of Ayurvedic phenolic immunoceuticals in mainstream healthcare.
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