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All therapeutic interventions aimed at modulating the immune response to pathogens, self-antigens, carcinogens, or xenogeneic
antigens are referred to as immunomodulation, which either prevents hyperactivation or restores the appropriate response of
the immune system. Since antiquity, medicinal plants have been used as a source of immune-boosting medicines with fewer side
effects. These medicinal plants, for example, Curcuma longa, Camellia sinensis, Artemisia annua, and Andrographis paniculata,
have been used to treat immune system disorders such as multiple sclerosis, psoriasis, lupus, and organ transplantation. Herein,
we review the currently accessible medicinal plants, their phytoconstituents, and underlying mechanisms of immunomodulation.
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1. Introduction

The immune system is the body's primary defense mecha-
nism, protecting against pathogens while maintaining toler-
ance to self. It is broadly divided into innate immunity,
which provides immediate nonspecific protection through
cytokines, granulocytes, macrophages, mast cells, and baso-
phils, and adaptive immunity, which generates specific
responses via B and T lymphocytes and establishes long-
term memory. Both arms act in coordination to ensure effec-
tive host defense [1].

When this balance is disrupted, it can result in autoim-
mune diseases, allergies, hypersensitivity, immunodeficiency,
or transplant rejection. The rising prevalence of such disor-
ders highlights the urgent need for effective immunomodula-
tors. Synthetic agents are available but often limited by poor
bioavailability, stability issues, and adverse effects [2].

In contrast, medicinal plants and their phytoconstituents
have long been valued for their immune-regulating proper-
ties with fewer side effects. They can stimulate suppressed
immune functions in immunodeficiency or downregulate
hyperactivation in autoimmunity and transplant reactions.

Their broad mechanisms involve modulation of cytokines,
transcription factors, and immune cell activity. After
destroying the antigen, T cells and B cells are in charge of
controlling and stopping immune reactions to avoid trigger-
ing additional immunological responses.

This review provides an updated synthesis of medicinal
plants with immunomodulatory potential, their phytochem-
ical constituents, and underlying mechanisms of action,
offering insight into their therapeutic promise as safer and
more effective alternatives to synthetic drugs [3].

2. Classification of Immunomodulators

Immunomodulators are biological or synthetic agents that
activate, suppress, or modify immune system components.
Based on their activity, they are classified as immunostimu-
lants, immunosuppressants, and immunoadjuvants.

2.1. Immunostimulants. Immunostimulants enhance the
body's defense mechanisms against infections, allergies,
autoimmunity, or cancer by stimulating B or T cells and
other immune components. They are often nonspecific and
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require repeated administration to maintain therapeutic effi-
cacy [4].

2.2. Immunosuppressants. Immunosuppressants downregu-
late or inhibit immune activity, controlling autoimmune dis-
eases, hypersensitivity reactions, graft-versus-host disease,
and organ transplant rejection. By lowering immune reactiv-
ity, they improve graft survival and are also termed antire-
jection agents [5].

2.3. Immunoadjuvants. Immunoadjuvants are used in vac-
cines to boost antigen-specific responses. They enhance
phagocytosis, provide slow antigen release, and stimulate
cytokine production, helping to differentiate between pro-
tective and destructive immune responses. Despite their
potential, only a few plant-derived adjuvants (e.g., saponins,
polysaccharides, and glycyrrhizin) have shown promise for
clinical application [6].

Table 1 summarizes major phytochemicals categorized
as immunostimulants, immunosuppressants, or
immunoadjuvants.

3. Merits and Demerits of
Synthetic Immunomeodulators

There are many different types of immunomodulators avail-
able in the market, including natural, synthetic, and recom-
binant substances. Synthetic immunomodulators offer
several merits, including precise targeting of immune path-
ways, consistent quality, and scalability in production, which
make them valuable in treating autoimmune diseases, can-
cers, and infections. They can be structurally optimized for
potency, stability, and reduced side effects compared with
natural compounds. However, they also present demerits
such as the risk of immune overactivation or suppression,
which may lead to serious side effects like bone necrosis,
osteopenia, nephrotoxicity, neurotoxicity, pancytopenia,
hemorrhagic cytosis, increased susceptibility to infections,
or autoimmune reactions. Additionally, high development
costs, potential long-term toxicity, and the need for thor-
ough clinical evaluation are significant challenges associated
with their use, necessitating the search for more potent and
secure agents with immunomodulatory activity. Thus, the
drawbacks of synthetic immunomodulators highlight the
need for safer and more effective plant-derived alternatives
with better tolerability and sustainable efficacy [7].

4. Method Section and Search Strategy

The most current literature was specifically deepened by
screening manuscripts from 2010 to 2022 from major scien-
tific databases like PubMed, Web of Science, Scopus, Scien-
ceDirect, Google Scholar, EMBASE, and Cochrane Library
using keywords that is, phytochemicals, immunomodula-
tors, immunosuppressants, rheumatoid arthritis, and plant-
based immunomodulators (Figure 1).
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5. Plant-Derived Immunomodulators

Before modern medicine, there were herbal or traditional
medicines, which were used to cure illnesses in several differ-
ent systems, including Ayurveda (India), Western Chinese,
Kampo (Japan), and Unani (South Asia). The therapeutic
effects of traditional remedies are currently being examined
through studies on plant species. Ayurveda is one of the ear-
liest systems of conventional medicine, which uses ethno-
pharmacological techniques to treat illnesses like cancer,
rheumatoid arthritis, stress, and immune disorders. There
is one of the eight main disciplines of Ayurveda, called
Rasayana, that is concerned with improving immunity and
the resistance of the body. Immunomodulatory properties
have been claimed for some medicinal herbs, such as
Rasayana, which consists of a number of plants that promote
physical and mental health, and promote the body defense
system, and longevity [8]. Withania somnifera, Tinospora
cordifolia, Glycyrrhiza glabra, Phyllanthus emblica are
among the medicinal herbs used in Rasayana that are said
to still have immunomodulatory properties [9]. These phy-
tochemicals regulate the immune response through
enhanced stimulation or repressive host defenses
(Figure 2). Below is a list of plants that possess immuno-
modulatory activities (Table 2).

5.1. Artemisia annua Wild. A. annua (Asteraceae) is the pri-
mary source of artemisinin, a sesquiterpene lactone with
potent antimalarial activity. Artemisinin and its derivatives,
including artemether, artesunate, and dihydroartemisinin,
are effective against both chloroquine-sensitive and resistant
Plasmodium falciparum strains. [33, 34]. A. annua contains
some bioactive chemical constituents (Figure 3), mainly (1)
artemisinin , (2) scopoletin, (3) chrysosplenetin , (4) eupatin
, and (5) 3-O-p-D-glucopyranoside of sitosterol.

Beyond antimalarial use, extracts of A. annua exhibit
immunomodulatory properties. In a study, ethanolic
extracts of A. annua suppress immune function by inhibit-
ing Con A- and LPS-stimulated splenocyte proliferation in
a dose-dependent manner, leading to reduced cellular and
humoral responses in mice [35]. Islamuddin M. et al
reported that A. annua extract in BALB/c mice reduced
IgGl, increased IgG2a, and enhanced delayed-type hyper-
sensitivity (DTH) responses, marked by elevated IFN-y
and reduced IL-4/IL-10, indicating a shift toward Thl
immunity [36].

In Acanthamoeba-infected mice, A. annua water extracts
downregulated TLR2 and altered TLR4 expression, indicat-
ing anti-inflammatory effects [37, 38]. Additionally, polysac-
charide fractions (AAPs) enhanced IL-6 and TNF
production, with AAP-1 showing strong immunostimula-
tory activity and low toxicity [39].

5.2. Azadirachta indica A. Juss. A. indica (Meliaceae), com-
monly known as neem, is widely distributed across Africa,
America, and India and has long been used in traditional
medicine. Its bioactive constituents include (6) epicatechin,
(7) nimbin, (8) nimbidin, (9) nimbolide, and (10) azadirach-
tin (Figure 4). Neem exhibits broad biological activities,
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TABLE 1: Some major phytochemicals categorized as immunosuppressants, immunostimulants, or immunoadjuvants.

Immunomodulatory properties Phytochemical Source
Andrographolide Andrographis paniculata
. Ganoderic acid T Ganoderma lucidum
Immunoadjuvants . .
Glycyrrhizin Glycyrrhiza glabra
Tanshinones Salvia miltiorrhiza
Allicin Allium sativum
Baicalin Scutellaria baicalensis
Berberine Berveris vulgaris
Boswellic acids Boswellia serrata
Immunomodulators Curcumin Curcuma longa
Quercetin Moringa oleifera
Resveratrol Polygonum cuspidatum
Rutin Sambucus javanica
Withaferin A Withania somnifera
Astragalus Astragalus membranaceus
Echinacoside Echinacea purpurea
Immunostimulants Epigallocatechin gallate Camellia sinensis
Ginseng Panax ginseng
Ginsenosides Panax ginseng
Immunosuppressants Triptolide Tripterygium wilfordii

Records excluded

(n = 136)
Due to editorial letter, conference

paper and unrelated topics

Records identified through electronic
2 search of PubMed, Web of Science,
";‘3 Scopus, ScienceDirect, Google
.ﬁ scholars, EMBASE and Cochrane
S library (n = 476)
=
Records after duplicate removed

- (n = 262)
=i
=
3
3
w

Records screened

(n=262)

&
f&b Articles assessed for eligibility
o (n=126)
§ Articles included
= (n = 126)
=)
=i

F1GuRre 1: Study selection process.

including antibacterial, antifungal, anti-inflammatory, and
antipyretic effects [40]. Polysaccharides and limonoids from
bark, leaves, and seed oil demonstrate antitumor activity,
reducing tumor size and showing efficacy against lympho-
cytic leukemia. Ethanolic leaf extracts decreased papilloma

incidence and tumor burden in Swiss albino mice, whereas
neem seed oil inhibited breast tumor growth, reducing
tumor volume by ~50% in the MCF-7 model. Neem also
induces apoptosis in cancer cells (e.g., prostate PC-3) in a
dose-dependent manner, with nimbolide identified as a
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FIGURE 2: Mechanism of medicinal plants in immunomodulation.

potent mitochondrial apoptosis inducer [41]. Furthermore,
purified neem leaf extract suppresses procancer inflamma-
tory mediators including IL-1, IL-6, NF-xB, COX-2, TNF-
a, and IFN-y [42]. Collectively, these studies highlight
neem's role in immune modulation and cancer prevention.

5.3. Curcuma longa L. C. longa (turmeric), cultivated widely
in India, China, and Southeast Asia, is used both as a food
additive and traditional medicine. It exhibits anti-inflamma-
tory, anticoagulant, hepatoprotective, and immunostimulant
properties [43]. The main bioactive compounds are curcu-
minoids and other bioactive compounds like (11) curcumin,
(12) demethoxycurcumin, (13) bisdemethoxycurcumin, and
(14) turmeronols A and (15) B (Figure 5). Curcumin acts
through multiple pathways by modulating transcription fac-
tors, kinases, and cytokines, leading to tumor inhibition and
apoptosis. It blocks NF-«B activation, reverses chemoresis-
tance in pancreatic cancer, and reduces angiogenesis and
tumor growth in animal models [44, 45]. Curcumin also pre-
vents oxidative liver injury, demonstrating antioxidant and
hepatoprotective activity [46].

At the immune level, curcumin regulates innate and
adaptive responses by interacting with dendritic cells, mac-
rophages, B and T cells, and modulating cytokines. It sup-
presses IL-1, IL-2, IL-6, IL-8, TNF-a, IFN-y, MCP-1,
iNOS, and NO [47-49]. In murine Klebsiella pneumonia
infection, direct curcumin delivery improved survival,
reduced bacterial load, and lowered inflammatory mediators
in lung tissue and blood [50]. Curcumin also enhances stem
cell immunomodulatory properties, osteogenic and chon-
drogenic differentiation, while regulating PGE2-IDO signal-
ing and glycolysis [51]. Both in vitro and in vivo studies
confirm its dual role in boosting T lymphocyte-mediated
immunity and inducing apoptosis in cancer cells [52, 53].

5.4. Picrorhiza kurroa Royle Ex Benth. P. kurroa (Scrophular-
iaceae) has been traditionally used in Ayurveda for liver disor-
ders, respiratory illnesses, and chronic fevers. Its

pharmacological actions—antioxidant, anti-inflammatory,
hepatoprotective, and anticancer—are attributed to iridoid
glycosides such as (16, 17) picrosides I-II, (18) apocynin,
(19) kutkin, and (20) androsin (Figure 6) [54]. Ethanolic leaf
extract (PKLE) enhanced cell-mediated and humoral immu-
nity in mice, inducing early and delayed hypersensitivity reac-
tions, boosting phagocytosis, and improving
reticuloendothelial activity [55]. Rhizome extract showed
anti-inflammatory effects, dose-dependently inhibiting
carrageenan-induced paw edema and granuloma formation
in rats [56]. In cancer models, P. kurroa extract reduced tumor
incidence and mortality after 20-methylcholanthrene expo-
sure, suppressed ascites tumor growth, and inhibited prolifer-
ation in Saccharomyces cerevisiae mutants [57]. These findings
confirm its role as an immunostimulant with anti-
inflammatory and anticancer potential.

5.5. Moringa oleifera L. M. oleifera (Moringaceae), known as
the drumstick or horseradish tree, is widely valued for its
nutritional and medicinal properties. Its bioactive constitu-
ents include (21) quercetin, (22) luteolin, (23) astragalin,
(24) niazimicin, and (25) moringyn (Figure 7). Rich in
amino acids, carotenoids, vitamins, and polyphenols, M.
oleifera demonstrates broad pharmacological effects. Water
leaf extract showed cardiomodulating activity in isolated
frog hearts, likely due to alkaloids [58], whereas hydroetha-
nolic extracts reduced blood pressure in L-NAME-induced
hypertensive rats from 159.6 to 102.4 mmHg [59]. Fermen-
ted M. oleifera leaf extract enhanced resistance against Sal-
monella typhi infection in mice, proving more effective
than nonfermented preparations [60]. Additionally, two
polysaccharides (MOP-1 and MOP-2) activated macro-
phages, increasing ROS, NO, IL-6, and iNOS production,
confirming strong immunoregulatory activity [61, 62].

5.6. Cannabis sativa L. C. sativa (Cannabinaceae), also
known as Indian hemp, has been used historically for food
and medicine but is now more commonly associated with
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TABLE 2: Immunomodulatory effects of various fractions of plants.

Botanical name; common
names; family

Part used/solvent
used for extraction

Dose; route of
administration

Immunomodulatory mechanism

References

Aloe vera; Indian aloe (Aspholdelaceae)

Andrographis paniculata; kalmegh
(Acanthaceae)

Artemisia annua; wormwood
(Asteraceae)

Azadirachta indica; neem/margo satree
(Meliaceae)

Asparagus racemosus; satawar
(Asparagacae)

Bidens pilosa; beggar-ticks (Asteraceae)

Camellia sinensis; tea (Theaceae)

Cannabis sativa; brahmi (Cannabaceae)
Centella asiatica; (Apiaceae)

Cistanche deserticola; cistanche
(Orobanchaceae)

Curcuma longa; turmeric
(Zingiberaceae)

Echinacea angustifolia; coneflower
(Asteraceae)

Euphorbia hirta; asthma weed
(Euphorbiaceae)

Glycyrrhiza glabra licorice
(Leguminosae)

Mangifera indica; mango tree
(Anacardiaceae)

Matricaria chamomilla; chamomile
(Asteraceae)

Moringa oleferia; drumstick tree
(Moringaceae)

Ocimum sanctum; holybasil/tulsi
(Lamiaceae)

Panax ginseng; ninjin (Araliaceae)
Phyllanthus emblica; Indian gooseberry

(Punicaceae)

Picrorhiza kurroa; picrorhiza
(Plantaginaceae)

Leaves/ethanol

Leaves, root/aqueous
ethanol

Entire herb/ethanol

Leaves, aqueous/
ethanol bark

Roots/aqueous

Flowers, leaves/
aqueous

Leaves/aqueous
Leaves/ethanol
Entire plant/ethanol

Entire herb/aqueous
Ethanol

Rhizome/aqueous

Flowers/aqueous
ethanol

Entire herb/aqueous

Rhizomes/aqueous
ethanol

Bark/ethanol

Flowers/ethanol

Leaves/
aqueousethanol

Leaf extract/aqueous
Ethanol

Flower/ethanol

Fruit bark/ethanol

Root/aqueous

100-400 mg/kg; oral

400 mg/kg; oral

15 mg/kg;
intraperitoneal

100 mg/kg; oral

100 mg/kg; oral

5-10 mg/kg;
intraperitoneal

1.5-25 pug/mL;
intraperitoneal

75 mg/kg; oral

100 mg/kg; oral

1-5g/kg; oral

20 mg/kg; oral

50 mg/kg; oral

25 mg/kg;
intraperitoneal

500 mg/kg; oral

100-300 mg/kg; oral

20 mg/animal
250-1000 mg/kg; oral

250 mg/kg; oral

25-100 mg/kg; oral

12-50 mg/kg; oral

12-50 mg/kg; oral

e Increases phagocytosis
e Promotes superoxide levels

e Increases IL-2 levels
e Inhibits of NO production

e Reduces TLR2 levels

e Alters TLR4 expression

e Inhibits TLR4, MyD88, and NF-
kB expression

e Increases IgM and IgG production
e Inhibits NO production

e Increases the production of
leukocytosis

e Enhances the phagocytic activity
e Enhances the cytokine/WBCs
levels

e Increases IFN-a promoter activity
¢ Enhances IFN-y activity

e Enhances neopterin production

e Decreases TNF-a and INF-y levels

e Increases WBC count

e Inhibits production of IL-2 and
TNF-«

e Upregulates cytotoxicity

e Reduces oxidative stress

e Decreases ROS, hepatic SOD, and
GSH levels

e Upregulates TBRAS, TNF-«, and
IL-6 mRNA

o Increases T cell proliferation

e Inhibits NO production

e Enhances immune activities.

o Stimulates immune cells

e Increase in humoral antibody
(HA) titer

e Enhancement of IgG1 and IgG2b
production

e Activation of immune cells

o Inhibits the production of NO

e Decreases TGF- 8 and IFN-y levels
e Downregulates NF-«B expression
e Reduces leucocyte migration

e Reduces production of histamine
e Upregulation of NO and iNOS

o Activates TNF-a and IFN-y
production

e Modulates imunosuppressive
effects

e Restoration of IL-2 and IFN-y
production.

e Enhances levels of cytokines (IFN-
y and IL-4)

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]
(22]

(23]

(24]

[25]
[26]

(27]

(28]

[29]

(30]




BioMed Research International

TABLE 2: Continued.

Botanical name; common Part used/solvent Dose; route of .
. . . ; Immunomodulatory mechanism  References

names; family used for extraction administration

e Enhances lymphocytes'

proliferation
Tinospora cordifolia; giloy Entire plant/ 5-100 we/mL e Increases white blood cell count 31]
(Menispermaceae) Methanol s ¢ Enhances macrophage activation

e Increases total WBC count
Withania somnifera; winter cherry Root/aqueous 150-300 mg/kg; oral e Increases antibody titer 32]
(Solanaceae)

e Increases phagocytic activity of
macrophages

HO /%
HO

4 5

F1GURE 4: Chemical structures of constituents of Azadirachta indica.

recreational abuse [63]. Its main phytocannabinoids include (CBN), and (30) cannabigerol (CBG) (Figure 8). Cannabis
(26) A9—tetrahydrocannabinol (THC), (27) cannabidiol and its constituents show therapeutic potential in conditions
(CBD), (28) cannabichromene (CBC), (29) cannabinol  such as chronic pain, cancer, epilepsy, spasticity,
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neurodegenerative, and psychiatric disorders [64]. Cannabi-
noids exert immunomodulatory effects by inducing apopto-
sis, suppressing cell proliferation, reducing pro-
inflammatory  cytokines/chemokines, enhancing anti-
inflammatory cytokines, and promoting regulatory T cells
[65]. They also act on cancer-related pathways (PKB,
AMPK, mTOR, HIF-1, and PPAR), leading to apoptosis, cell
cycle arrest, and inhibition of tumor proliferation [66].
However, CBD has been linked to dose-dependent hepato-
toxicity, whereas THC may interact with immunosuppres-
sants (e.g., tacrolimus) and CNS depressants, necessitating
monitoring during therapeutic use.

5.7. Mangifera indica L. M. indica (Anacardiaceae), com-
monly known as mango (aam), is widely used in traditional
medicine across Africa and South Asia. Different parts of the
plant—including bark, leaves, fruit peel, and seed kerne-
l—exhibit antibacterial, antiviral, anti-inflammatory, anti-
malarial, and immunostimulant properties [67]. Major
bioactive compounds include (31) mangiferin, (32) epicate-
chin, (33) ellagic acid, (34) kaempferol-3-O-rutinoside, and
(35) quercetin (Figure 9). An alcoholic stem bark extract
(2.6% mangiferin) enhanced humoral antibody titers and
DTH in mice, indicating immunostimulant activity [68].
Similarly, a methanolic extract (160 mg/kg) boosted both
innate and adaptive immunity in SRBC-challenged mice by
increasing WBC, SI, HA, and DTH responses [69]. Mango
peel ethanol extract also suppressed IgE production in
human myeloma cell lines, suggesting a role for mangiferin
in allergy regulation [70].

5.8. W. somnifera (L.) Dunal. W. somnifera is a key Ayurve-
dic herb with broad pharmacological effects, including anti-
oxidant, adaptogenic, memory-enhancing, antiparkinson,
antivenom, anti-inflammatory, and anticancer properties.
Its bioactive constituents include (36) somniferin, (37) with-
anone, (38) anaferine, (39) isopelletierine, and (40) withano-
lides (Figure 10). Other components include steroidal
lactones (ergostane derivatives), alkaloids (ashwagandha,

cuscohygrine, anahygrine, and tropines), acylated saponins
(sitoindosides VII-VIII), withaniol, acylsteryl glucosides,
sugars, and hentriacontane [71].

In BALB/c mice, root extract (20 mg/dose) significantly
enhanced immune responses, increasing WBC count, bone
marrow density, and «a-esterase-positive cells. Co-
administration with SRBC antigen elevated plaque-forming
cells and circulating antibodies, while enhancing macrophage
phagocytosis and reducing DTH, confirming immunostimu-
latory potential [72]. W. somnifera glycoproteins also showed
antivenom activity, inhibiting hyaluronidase from cobra (Naja
naja) and viper (Daboia russelii) venoms [73]. Additionally,
Taranjeet et al. reported that withania extract mitigated
immune dysregulation caused by acute sleep deprivation by
upregulating NF-«B, TNF-qa, and IL-6 [74].

5.9. Aloe vera L. A. vera (Asphodelaceae) has been used
worldwide for centuries for medicinal and cosmetic pur-
poses. It grows mainly in arid regions of Africa, Asia,
Europe, and the Americas and exhibits wound-healing,
anti-inflammatory, immunomodulatory, antiviral, antibacte-
rial, and anticancer effects. Its key bioactive compounds
include (41) aloe emodin, (42) aloesin, (43) aloin, (44) aloe-
nin, and (45) emodin (Figure 11).

Studies demonstrate that A. vera regulates immune
responses primarily through macrophage activation.
Extracts improved the viability of inflamed murine macro-
phages infected with Candida albicans, with several fractions
(R100, R50, R30, and R10) significantly enhancing cell sur-
vival [75]. Acemannan, a major polysaccharide, increased
NO and IL-6 production in peritoneal macrophages, further
supporting immunostimulatory action [76]. In vivo, A. vera
extract enhanced both humoral and cell-mediated immunity
in pigeons challenged with pigeon paramyxovirus type 1,
mediated via activation of IFN genes, NF-«B proteins, and
IL-8 secretion [77].

5.10. Asparagus racemosus Willd. A. racemosus (Liliaceae),
known as shatavari or satawar, grows at low elevations in
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India, and its dried roots are widely used in traditional med-
icine. Pharmacological effects include ulcer healing, galacta-
gogue activity, and tonic properties. Major bioactive
compounds are (46) shatavarins, (47) racemosol A, (48) sar-
sasapogenin, (49) isoagatharesinol, and (50) asparacosin A
(Figure 12).

Animal studies demonstrate immune-enhancing activity.
Oral root decoctions produced leukocytosis, neutrophilia,
and enhanced macrophage and polymorph phagocytosis.
Alcoholic root extracts promoted mammary gland develop-
ment and increased milk secretion in rats, attributed to pro-
lactin and corticoid release [78]. Immunological studies in
SRBC-sensitized rats showed that aqueous root extracts
increased antibody titers, lymphocyte proliferation, and
CD3" and CD4"/CD8" cell percentages. This was accompa-
nied by upregulation of both Th1 (IL-2 and IFN-y) and Th2
(IL-4) cytokines, indicating dual Th1/Th2 adjuvant activity
[79]. Additionally, shatavarins from A. racemosus cell cul-
tures stimulated human peripheral blood lymphocytes,
enhancing IgG secretion and IL-12 production while sup-
pressing IL-6 [80].

5.11. T. cordifolia (Willd.) Miers. T. cordifolia (Menisperma-
ceae) is widely used in traditional medicine and is reported
to have hepatoprotective, immunomodulatory, anti-inflam-
matory, antioxidant, antistress, and anticancer activities. Its
active constituents include (51) tinocordiside, (52) cordifo-
lioside A, (53) magnoflorine, (54) N-formylannonain, and
(55) syringin (Figure 13).

In BALB/c mice, T. cordifolia extract enhanced antibody
production against ovalbumin, with 5-7-fold increases in
IgG and 3-5-fold increases in IgA, while also elevating the

splenic index, confirming both immunogenic and adjuvant
activity [81]. Oral aqueous extracts provided antioxidant
and hepatoprotective effects in a paracetamol-induced liver
toxicity model [82]. Additionally, ethanolic stem extract
inhibited Toxoplasma gondii invasion and intracellular repli-
cation, showing efficacy comparable to clindamycin [83].

5.12. Panax ginseng Meyer. P. ginseng (Araliaceae) is one of
the most widely known medicinal herbs, used for centuries
as a tonic and immune modulator. Roots, stems, and leaves
are employed to support immunological homeostasis and
enhance disease resistance. Major bioactive compounds
include (56) Ginsenosides F1, (57) Ginsenosides Re, (58)
Ginsenosides Rgl, (59) Ginsenosides Rb1, and (60) panaxa-
diol (Figure 14).

Both in vivo and in vitro studies confirm immunomod-
ulatory effects. P. ginseng protects against Listeria monocyto-
genes infection and restores NK cell function in
cyclophosphamide-treated mice, while stimulating TNF
and IFN-y production in spleen cells and macrophages via
TLR-4 [84]. Ginseng and ginsenosides also show anti-
inflammatory activity, reducing proinflammatory cytokines
through hypothalamic-pituitary-adrenal (HPA) axis regula-
tion, while enhancing NK cell activity and phagocytosis [85].
Ginsenoside Rd promotes regulatory T cell development by
upregulating Foxp3 and increasing TGF-f31, IL-10, and IL-
35, suggesting applications in transplantation and autoim-
mune disease [86]. Ginseng polysaccharides further enhance
macrophage activation, stimulating IL-1, IL-6, IL-12, TNF,
and NO production [87].

5.13. G. glabra L. G. glabra (Fabaceae) is well known for its
ethnopharmacological value, containing phytocompounds
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FIGURE 10: Chemical structures of constituents of Withania somnifera.
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such as isoflavones, glabrin A and B, 18-glycyrrhetinic acid,
and glycyrrhizin with antibacterial, anti-inflammatory, anti-
viral, antioxidant, and antidiabetic activities [88]. Key active
constituents include (61) glycyrrhizic acid, (62) glabroisofla-
vonone A, (63) glycyglabrone, (64) glabriin, and (65) liquir-
itigenin (Figure 15).

An aqueous root extract demonstrated immunostimu-
lant properties, reducing mortality in septic mice, enhancing
Escherichia coli phagocytosis in the carbon clearance test,
and increasing DTH and hemagglutination antibody titers

[89]. Glycyrrhizic and glycyrrhetinic acids also modulated
immunity by upregulating iNOS and transcription factors
such as NF-xB, STAT3, and STAT6 [90]. However, excessive
glycyrrhizin intake may cause pseudohyperaldosteronism,
hypokalemia, hypertension, and fluid retention through
inhibition of 113-HSD2, indirectly affecting liver function.
In psoriasis models, glycyrrhizin suppressed IL-17A and
IFN-y expression in vivo and inhibited IL-17A-HaCaT cell
proliferation in vitro by upregulating SIRT1 and reducing
STATS3 signaling, improving skin pathology [91].
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5.14. P. emblica L. P. emblica Linn. (Euphorbiaceae), also  ute to antioxidant, anticancer, hepatoprotective, and
known as Indian gooseberry or amla, has long been used = immunomodulatory effects. Major active constituents
in traditional medicine. Its fruits and seeds are rich in include (66) gallic acid, (67) phyllanthin, (68) hypophyl-
flavonoids, glycosides, proanthocyanidins, gallic acid,  lanthin, (69) ellagic acid, and (70) phyltetralin
emblicanin, ellagic acid, and Vitamin C, which contrib- (Figure 16) [92].
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Experimental studies demonstrate anticancer and immu-
noprotective properties. Amla extract reduced benzopyrene-
and heavy metal-induced genotoxicity in mice and
decreased skin tumor volume by 60% at 100mg/kg.
Polyphenol-rich fractions (60-250 mg/kg) inhibited N-
nitrosodiethylamine-induced  hepatocellular  carcinoma
(HepG2) by 80%-100%, though effects varied with different
carcinogens [93]. Quercetin, a key flavonoid, has consis-
tently reduced tumor growth in animal models. Amla fruit
extract also protected thymocytes from arsenic-induced oxi-
dative stress by reducing ROS, lipid peroxidation, and
caspase-3 activity, while restoring antioxidant enzyme activ-
ity and mitochondrial potential [94]. In alcohol-exposed
rats, P. emblica extract decreased NO, protein carbonyls,
and lipid peroxides, while enhancing NADH dehydrogenase,
succinate dehydrogenase, and cytochrome ¢ oxidase activ-
ity [95].

5.15. Andrographis paniculata Wall. Ex Nees. A. paniculata
Nees (Acanthaceae), known as Kalmegh, is widely used in
Indian and Chinese traditional medicine. Its major bioactive
constituents, (71) andrographolide, (72) isoandrographolide,
(73) neoandrographolide, (74) 14-deoxy-11, 12-didehy-
droandrographolide, and (75) 14-deoxyandrographolide
(Figure 17), exhibit anticancer, anti-inflammatory, antidia-
betic, antimalarial, and antiviral activities [96].

Recent studies suggest that A. paniculata may comple-
ment modern therapies in HIV/AIDS by interfering with
viral signal transduction, enzyme function, and replication
[97]. Its immunostimulant activity operates via both
antigen-specific antibody production and nonspecific activa-
tion of macrophages to clear pathogens [98]. Rajanna et al.
reported that extracts significantly increased T cells, T helper
cells, and cytokines including IFN-y, IL-2, and IL-4, con-
firming strong immunomodulatory potential [99]. Addi-
tional studies highlight its role in augmenting host antiviral
responses [100].

5.16. Ocimum sanctum L. O. sanctum (Tulsi) has been used
in traditional medicine worldwide, with various parts
(leaves, stem, root, seeds, and flowers) applied against skin
disorders, malaria, diarrhea, and dysentery. It exhibits anti-
fertility, anticancer, antidiabetic, antifungal, antibacterial,
cardioprotective, and analgesic effects. Key constituents
include (76) ocimarin, (77) tulsinol A, (78) eugenol, (79)
apigenin, and (80) rosmarinic acid (Figure 18) [101, 102].

In in vivo studies, ethanolic extracts lowered blood glu-
cose, glycosylated hemoglobin, and urea while increasing
glycogen, hemoglobin, and protein in streptozotocin-
induced diabetic rats, suggesting stimulatory effects on insu-
lin secretion. Extracts also mimicked insulin activity in nor-
mal rats, with hypoglycemic potency comparable to
tolbutamide [103]. Preclinical data indicate that Tulsi and
its phytochemicals (eugenol, rosmarinic acid, apigenin,
sitosterol, orientin, and vicenin) protect against chemical-
induced organ damage and radiation injury by enhancing
antioxidant defenses, modulating gene expression, and
inducing apoptosis. These findings support its chemopre-
ventive and radioprotective roles [104]. Immunomodulatory
effects were observed in a BALB/c mice model of visceral
leishmaniasis, where O. sanctum increased DTH response,
shifted humoral immunity toward Thl, and restored liver
function [105]. In dairy cows with mastitis, Tulsi therapy
eradicated intramammary infections, reduced inflammation,
improved milk quality, and enhanced neutrophil phagocytic
activity, demonstrating strong immunotherapeutic poten-
tial [106].

5.17. Echinacea angustifolia (DC.) A. Helle. E. angustifolia
(Asteraceae), commonly used to treat cold symptoms, is val-
ued for its immunostimulatory and anti-inflammatory prop-
erties. Traditionally applied in chemotherapy and
chemoprevention of respiratory infections, it also shows
antioxidant, anticancer, and antiviral effects. Major constitu-
ents include (81) echinolone, (82) juvocimine-2, (83) juva-
bione, (84) precocine I, and (85) precocine II (Figure 19).
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FIGURE 17: Chemical structures of constituents of A. paniculata.

In in vivo studies, root dry powder or alcohol extracts
increased splenic T cell proliferation and NK cell cytotoxic-
ity. Alcohol extracts from three Echinacea species enhanced
NK cell activity, PFC response to sSRBC, B and T lymphocyte
proliferation, and cytokine production in BALB/c mice, sup-
porting both innate and adaptive immune activation [107].
Dendritic cells exposed to whole plant, stem and leaf, flower,
and root extracts for 24h showed reduced HLA-DR and
CD32 expression, with the strongest inhibition from whole
plant and stem-leaf extracts, suggesting suppression of den-
dritic cell maturation [108]. In another study, E. angustifolia
extract (100 ug/mL) activated murine bone marrow-derived
macrophages (M1), upregulating CD80, CD86, MHCII,
and CCR7, and increasing IL-1, IL-6, IL-12p70, TNF, NO,
phagocytosis, and bactericidal activity [109].

5.18. Bidens pilosa Linn. Bidens pilosa Linn. (beggar-ticks),
originally from South America, is now widespread globally.
The whole plant, including aerial parts and roots, is used
in traditional medicine as powders, tinctures, macerations,
or decoctions. Major constituents are (86) centaurine, (87)
3, 4-di-o-caffeoylquinic acid, (88) sulfuretin, (89) astragalin,
and (90) vitexin (Figure 20). It exhibits pharmacological
effects against inflammation, immune disorders, infections,
malignancies, metabolic syndrome, and wounds.

Extracts of B. pilosa showed cytotoxic activity in in vitro
assays. Using MTT, extracts inhibited cervical carcinoma
(HeLa) and HepG2 cells, with IC., values of 14.80 and

13.50 ug/mL after 48 h [110]. Chang et al. reported that cen-
taurein, a flavonoid from B. pilosa, modulates IFN-y expres-
sion in Jurkat cells and regulates NFAT and NF-«B activity,
highlighting its immunomodulatory potential [111].

5.19. Camellia sinensis (L.) Kuntze. C. sinensis (Theaceae),
commonly known as green tea, is cultivated in India, China,
and many regions worldwide. It has multiple pharmacolog-
ical benefits attributed to constituents such as (91) catechin,
(92) epicatechin, (93) epicatechin-3-gallate, (94) epigallocat-
echin, and (95) epigallocatechin-3-gallate (EGCG)
(Figure 21).

In in vivo studies, tea extract (250-500mg/kg, p.o.)
administered to albino mice for up to 45 days enhanced
immune responses [112]. In immunocompromised Wistar
rats infected with C. albicans, green tea extract showed
stronger immunomodulatory effects than EGC or EGCG,
increasing IL-8, IL-17A, and HBD-2 expression [113]. Non-
catechin flavonoids from seeds improved TNF-a-impaired
insulin signaling and glucose uptake, showing antimetabolic
and anti-inflammatory effects [114]. Additionally, triterpe-
noid saponins from tea leaves selectively inhibited human
ovarian cancer cells by inducing apoptosis via the extrinsic
pathway and suppressing angiogenesis [115].

5.20. Matricaria chamomilla L. M. chamomilla (Asteraceae),
native to Europe and Asia, has demonstrated anxiolytic,
antimutagenic, cholesterol-lowering, wound-healing, and
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antidiabetic effects in animal studies. Its main constituents
include (96) chlorogenic acid, (97) luteolin-7-O-glucoside,
(98) chamazulene, (99) a-bisabolol, and (100) bisabolol
oxide B (Figure 22).

In BALB/c mice, chamomile extract increased bone mar-
row cellularity and spleen weight (p<0.01). In
cyclophosphamide-immunosuppressed mice, pretreatment
with extract restored resistance to lethal C. albicans infec-
tion, largely dependent on granulocytes (p <0.01). These
findings confirm its immunomodulatory potential, suggest-
ing value in preventing opportunistic infections and as sup-
portive therapy in oncology [25].

5.21. Centella asiatica Linn. Centella asiatica (Umbellifere/
Apiceae), a perennial creeper common in India, was histor-
ically used in Western medicine for leprosy treatment. Its
major active compounds are triterpenoid saponins such as
asiaticosides. Key constituents include (101) asiatic acid,
(102) madecassic acid, (103) medasiatic acid, (104) naringin,
and (105) kaempferol (Figure 23).

In vitro studies showed dose-dependent immunomodula-
tory activity of PKLE (25-100 mg/mL), enhancing neutrophil
migration and phagocytic index compared with controls. In
vivo  assays  demonstrated  similar  effects:  in
cyclophosphamide-induced myeloid suppression, methanolic
extract (500 mg/kg BW) increased WBC counts in Swiss albino
mice. Carbon clearance tests further confirmed dose-dependent
enhancement of phagocytic activity. However, no significant
increase in antibody production was observed [116].

5.22. Cistanche deserticola Y. C. Ma. C. deserticola Y.C. Ma,
native to arid regions of China and India, has long been used

in traditional Chinese medicine as a tonic. Its pharmacolog-
ical activities include immunomodulatory, antioxidant,
hepatoprotective, and antiviral effects. Major constituents
are (106) echinacoside, (107) acteoside, (108) cistanoside F,
(109) isoacteoside, and (110) tubuloside B (Figure 24), with
polysaccharides identified as the most active components.

In in vivo studies, aqueous extract of C. deserticola
(AECD) enhanced immune responses to inactivated FMD
vaccine by increasing IgG, IL-4, lymphocyte proliferation,
and balanced Th1/Th2 activity. AECD also promoted
CD4", CD8", CD44" T cell activation, IFN-y production,
CTL response, and neutralizing antibodies, while reducing
Treg frequency and upregulating CD80, CD40, MHC-II,
and CD86 on dendritic cells, suggesting potential as a
polysaccharide-based vaccine adjuvant [117]. Water-
extractable polysaccharides (WPCD) similarly increased T
and B cell proliferation, IFN-y, IL-4, IgG1, and IgG2a titers,
while lowering Tregs and enhancing CD40/CD80 expression
on splenic DCs [118]. Another study confirmed aqueous
extracts of cultivated C. deserticola activate dendritic cells
via the TLR4-NF-«B pathway, regulating cytokine secretion
and maturation [119].

5.23. Euphorbia hirta Linn. Euphorbia hirta Bunge (EHB), a
traditional Chinese medicine, is used for expectoration,
cough, asthma, detoxification, and itching. Modern studies
confirm its anticancer, antibacterial, and antioxidant proper-
ties. Major constituents include (111) gallic acid, (112) quer-
cetin, (113) myricetin, (114) euphorneroid D, and (115)
euphol (Figure 25). In vitro experiments evaluated the effects
of methanolic E. hirta extract on MCF-7 breast cancer cells.
At concentrations of 1.96-250 ug/mL, the extract showed
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cytotoxicity with IC, of 25.26 ug/mL after 24 h. Microscopic
analysis revealed characteristic apoptotic morphology,
whereas flow cytometry, annexin V staining, and assays for
DNA fragmentation, caspase activation, and ROS generation
further confirmed apoptosis. Bioassay-guided fractionation
subsequently identified the specific cytotoxic fractions of E.
hirta extract responsible for these effects [120].

6. Effect of Imnmunomodulators on Some
Autoimmune Disorders

Curcumin has been shown to suppress IL-12 production in
macrophages and to inhibit IL-12 signaling in T cells—ef-
fects that led to the increased production of IL-4 and to

reciprocally decreased interferon-y production by T cells.
Furthermore, curcumin-treated T cells inhibit IL-12-
induced T cell proliferation and Thl differentiation [121].

6.1. Multiple Sclerosis. It is a serious health issue that deteri-
orates over time. The immune system of the body attacks the
fatty myelin sheaths that surround the nerve cells (neurons)
in the central nervous system in this illness. Medicinal plants
like C. longa, P. ginseng, C. sinensis, and many therapeutic
effects of C. sativa have been found in MS patients. The most
significant and widely utilized plant in the treatment of MS
is C. sativa. THC is the main substance found in C. sativa .
THC acts as a partial agonist to CB1 and CB2 receptors by
binding to cannabinoid receptors (CBR) in the central
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nervous system. THC used orally can lessen the severity of
several MS signs and symptoms, including stiffness, rigidity,
and tremor, as well as improve walking abilities and bladder
control. It has been proven that smoking marijuana can help
MS sufferers with their stiffness, pain, tremors, and emo-
tional dysfunction [121].

6.2. Lupus. An autoimmune disease known as lupus causes
the body's immune system to become overactive and target
healthy, normal tissue over an extended period of time.

Inflammation, swelling, and harm to the joints, skin, kid-
neys, blood, heart, and lungs are among the symptoms. Clin-
ical trials and animal studies suggest that artemisinin may
have benefits for SLE. The benefits of artemisinin therapy
include alleviating symptoms, lowering antibody and pro-
teinuria levels, minimizing kidney damage, and reducing
prednisone dosage. Artemisinin may exert its effects via
modulating T cell subsets, preventing B cell activation and
the release of inflammatory cytokines, and inhibiting anti-
inflammatory and immunomodulatory processes, according
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to animal studies. Artemisinin and its derivatives are a
promising possible new medicinal medicine that may pose
a threat to the present lupus treatment [122].

6.3. Psoriasis. Psoriasis is a chronic autoimmune circum-
stance that causes the speedy build-up of skin cells and
pores. In research that was done with the triterpenes glycyr-
rhizin and glycyrrhetinic acid of liquorice on pores and skin,
an in vivo mouse model of imiquimod (IMQ)-induced
psoriasis-like inflammation (IPI) was used to study the
impact of GL on psoriasis. The effects of GL therapy on
IPI-affected animals were found to reduce inflammation
severity and postpone the emergence of IPI lesions in mice.
Investigating the molecular processes underlying the GL-
mediated effects of IPI, it was discovered that GL reduced
ICAM-1 expression in the lesions of mice treated with
IMQ. Consequently, this study demonstrated a novel
ICAM-1 expression-modulating role for GL in psoriasis by
regulating NF-«xB and ERK/p38 MAPK pathways in kerati-
nocytes [123].

6.4. Rheumatoid Arthritis. Rheumatoid arthritis is an auto-
immune and inflammatory disorder, which means that your
immune system erroneously attacks healthy cells in your
body, causing inflammation in the affected areas of your
body. The joints are the main areas of rheumatoid arthritis's
influence, and it commonly affects several joints at once. The
most typical joints afflicted by RA are the hands, wrists, and
knees. Juices of M. oleifera and decoctions of O. sanctum are
found to be anti-arthritic. By using a formaldehyde-induced
arthritis model, M. oleifera plant extracts were studied in
Wistar rats at dose levels of 150, 300, and 600 mg/kg. These
extracts prevented arthritis-induced anemia in rats and sig-
nificantly reduced paw inflammation in a dose-dependent
manner. The study's findings indicated that all M. oleifera
extracts were effective. Extracts showed significant antioxi-
dant and anti-arthritic potential in rats, and these effects
were dose dependent [124].

7. Effect of Immunomodulators on
Graft Rejection

Graft rejection occurs when the recipient's immune system
attacks transplanted tissue or organs due to recognition of
foreign HLA antigens. Allografts (between genetically non-
identical individuals of the same species) are particularly
prone to rejection, necessitating immunosuppressive ther-
apy. C. longa (curcumin) has shown potential in transplant
immunology. Curcumin inhibits cytokines, chemokines,
and NF-«B, suppresses IL-12 production in macrophages,
and interferes with IL-12 signaling in T cells. This leads to
increased IL-4 and reduced IFN-y production, along with
inhibition of Thl differentiation and T cell proliferation,
suggesting curcumin as a possible adjunct in managing graft
rejection [125].

BioMed Research International

8. Clinical Relevance and Pharmacokinetics of
Key Phytochemicals

To bridge the gap between traditional medicinal plant usage
and evidence-based clinical practice, it is essential to evaluate
not only the immunomodulatory efficacy of phytochemicals
but also their clinical relevance, formulations in use, and
pharmacokinetic ~ profiles. The following summary
(Table 3) highlights key plant-derived compounds with
demonstrated immunomodulatory potential.

9. Conclusion

Various medicinal plants have been used for the treatment
of different autoimmune disorders and other diseases. From
the preceding discussion, it should be clear that many
medicinal plants have immunomodulatory properties. Some
can stimulate the immune system and some would suppress
the immune system. These medicinal plants have less or no
toxic effect on humans or the experimental models. Modula-
tion of immunological responses via a phytoextract's stimu-
latory or suppressive activity may aid in the maintenance of
a disease-free state in healthy or unwell people. It is clear
from the review that a number of medicinal plants and their
bioactive compounds have immunomodulatory action, but
insufficient data prevent their use in clinical practice; hence,
turther research is needed to investigate them for clinical
practice. Due to their great efficacy, cheap cost, and low tox-
icity, immunomodulatory drugs should become more
important in the research of herbal medicine in the future.
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