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Background: Multiple sclerosis (MS) is a chronic, immune-mediated neurodegenerative disorder
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responses related to the development of MS and evaluates their potential as supplementary or
alternative treatments to standard MS medications.

Materials and Methods: A thorough literature review was performed, concentrating on bioactive
chemicals, including alkaloids, polyphenols, flavonoids, and essential fatty acids. Clinical and
preclinical studies were examined to ascertain mechanisms of action, effectiveness, safety profiles,
and therapeutic promise in MS.

Results: Bioactive substances have several advantageous effects, such as antioxidant activity,
suppression of pro-inflammatory cytokines, and modulation of immune cell function. Numerous
investigations substantiate their function in mitigating neuroinflammation and decelerating illness
advancement. Nonetheless, constraints were also observed, including inadequate bioavailability,
absence of standardization, and insufficient long-term safety evidence.

Conclusion: Natural bioactive substances are potentially immunomodulatory drugs in managing
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* Bioactive substances demonstrate substantial immunomodulatory effects applicable to MS therapy.

* The mechanisms of action encompass antioxidant properties, inhibition of pro-inflammatory cytokines, and regula-

tion of immune cell functions.

* The review assesses clinical and preclinical studies, emphasizing natural bioactive compounds’ therapeutic potential

and safety profiles in treating MS.

* The use of bioactive substances along with standard therapy may improve therapeutic results in MS.

* Issues such as restricted bioavailability, absence of standardization, and ambiguous long-term safety highlight the

necessity for additional evidence-based study.

Introduction

ultiple sclerosis (MS) is a chronic,

immune-mediated, neuroinflammatory

condition affecting the central nervous

system (CNS), primarily affecting

young adults aged 20-40 [1]. The im-
munological response results in inflammation, demy-
elination, and subsequent degeneration of the axons
(Figure 1). CD4+ or T helper cells, particularly Th1 and
Th17 subsets, are pivotal in immunopathogenesis, trig-
gering localized inflammatory reactions. B lymphocytes
also contribute by generating autoantibodies targeting
myelin antigens and establishing ectopic lymphoid fol-
licles within the CNS [2]. Current pharmacological
interventions for MS predominantly consist of disease-
modifying therapies (DMTs) designed to decelerate the
disease’s progression and diminish relapse incidence.
These therapies are classified as intravenous (glatiramer
acetate) [3], oral (teriflunomide, fingolimod, and di-
methyl fumarate) [4], and infused treatments (alemtu-
zumab, natalizumab, and ocrelizumab). They provide
significant efficacy while presenting risks like progres-
sive multifocal leukoencephalopathy (PML), infusion
reactions, infections, and autoimmune complications
[5]. This review seeks to critically assess and summarize
existing research about the immunomodulatory effects
of natural bioactive compounds—alkaloids, polyphe-
nols, flavonoids, and essential fatty acids—concerning
MS. This work’s originality resides in its thorough syn-
thesis of preclinical and clinical findings, emphasizing
the several pathways by which these chemicals influence
immunological responses, including antioxidant action,
cytokine regulation, and immune cell modulation. The
review offers novel insights into incorporating bioactive
substances as adjunctive agents in MS treatment strat-

egies by examining their therapeutic potential, safety
profiles, and limitations, including bioavailability and
standardization, an area inadequately addressed in cur-
rent literature.

Autoimmune Mechanisms in MS

The autoimmune characteristic of MSis mostly
caused by the disruption of self-tolerance, resulting in
an induction of autoreactive lymphocytic cells. Multiple
mechanisms are associated with this process. Molecular
imitation transpires when specific viral and bacterial an-
tigens, including those from Epstein-Barr virus (EBV),
resemble CNS self-antigens, including myelin core pro-
tein, thus eliciting cross-reactivity stimulation of T cells
[6]. Epitope dissemination entails the liberation of novel
CNS antigens as tissue damage advances, subsequently
exposed to the immune response, thereby stimulating
formerly non-autoreactive T and B cells. Impaired pe-
ripheral tolerance is crucial, as the inability of central
and peripheral systems to eradicate or inhibit autoreac-
tive cells facilitates the establishment of the illness [7].
Furthermore, the breakdown of the blood-brain barrier
(BBB) is a defining characteristic of MS, wherein the
BBB remains permeable, permitting the infiltration of
periphery immune systems into the CNS. Upon entry,
these immune cells sustain inflammation and intensify
tissue damage, aggravating the disease progression.

Inflammation versus immune

equilibrium

regulatory

An essential aspect of MS pathogenesis includes the
disparity between pro-inflammatory and regulatory im-
munity elements. Pro-inflammatory (axis) chemicals
characterized through Thl and Th17 reactions perpetu-
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ate prolonged inflammation and CNS injury via cy-
tokines, including interferon (IFN)-y, tumor necrosis
factor (TNF)-a, interleukin (IL)-17, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), and IL-6
[8]. Such cytokines compromise the BBB, activate
resident microglia, and induce endothelial and astrocyte
cells to enhance immune cell infiltration. The regulatory
axis comprises Tregs, tolerogenic dendritic cells, IL-10,
and transforming growth factor (TGF)-B. Such compo-
nents typically inhibit immune activation and sustain
peripheral tolerance [9]. In MS, their quantity as well
as functionality are diminished, further exacerbating
the predisposition to autoimmunity. A Defining char-
acteristic of MS is the lack of regulatory oversight of
autoreactive lymphocytes constitutes. Moreover, current
research indicates that metabolic disorders in immune
cells and changes in the intestinal microbiota could ex-
acerbate this immune disequilibrium. Immune instabil-
ity in MS is a multifaceted process characterized by the
abnormal activation of innate and adaptive immunity.
The equilibrium among pro-inflammatory and regula-
tory mechanisms is disturbed, resulting in persistent
neurodegeneration and CNS inflammation [10]. Com-
prehending such immunological pathways is crucial for
pinpointing therapeutic goals, such as bioactive sub-
stances that could aid in re-establishing immunological
equilibrium in MS.

Bioactive Compounds and Their Immuno-
modulatory Functions

Definition and category

Bioactive chemicals are organic chemicals in plants,
fungi, marine life, and microbes that produce biologi-
cal effects on humans. Such substances can influence
multiple biological functions and pathways, so they
are frequently categorized according to their chemical
structure, origin, or biological function [11] like support
the management of MS (Figure 2). Phenolic chemicals
constitute a primary category, encompassing flavonoids,
polyphenols, along with tannins. These chemicals are
recognized for their anti-inflammatory and antioxi-
dant characteristics, with quercetin (present in onions
and apples) and epigallocatechin gallate (EGCG) found
in green tea serving as notable examples [12, 13]. The
alkaloids are chemical molecules, frequently sourced
from vegetation, that demonstrate diverse pharmaco-
logical effects, notably regulating the immunity system.
Alkaloid examples comprise morphine derived from
poppies as well as quinine extracted from Cinchona
tree bark. Terpenoids, a varied class of organic chemi-
cals, possess anti-inflammatory, antibacterial [14], and
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immunomodulatory properties, exemplified by turmer-
one from ginsenosides and turmeric from ginseng [15,
16]. Glycosides, predominantly sourced from plants,
provide significant immune-enhancing properties, as
shown by flavonoid glycosides from citrus and sapo-
nins from ginseng. Peptides and proteins, frequently
sourced from plants, fungi, or marine life, might influ-
ence immunity and inflammation. Beta-glucans derived
from mushrooms such as Ganoderma lucidum are rec-
ognized for augmenting immune function [17]. Finally,
fatty acids, notably omega-3 and -6 from marine life like
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) found in fish oil, exhibit substantial immuno-
modulatory effects, especially for mitigating chronic in-
flammation [17]. Such bioactive chemicals have diverse
physiological consequences, encompassing antioxidant,
anti-inflammatory, antibacterial, and immune-modulat-
ing capabilities, enhancing their potential therapeutic
advantages in numerous health disorders.

Natural sources: Flora, fungi, and marine living
things

Bioactive chemicals are prevalent, particularly in
plants, fungi, and marine life, each presenting distinct
therapeutic potential owing to their varied bioactive
qualities [18, 19]. Numerous medicinal plant varieties
are renowned for their health advantages, with bioactive
components such as alkaloids, flavonoids, terpenoids,
and phenolic acids significantly influencing immune
function and inflammation. Curcumin derived from
Curcuma longa exhibits anti-inflammatory activities,
resveratrol from Vitis vinifera possesses antioxidant ef-
fects, and quercetin in numerous veggies and fruits also
displays anti-inflammatory abilities [20, 21]. Fungi,
particularly mushrooms, contain bioactive molecules
such as polysaccharides (e.g. B-glucans), terpenoids,
phenolics, and lectins, which are associated with vari-
ous medicinal properties, including immunomodulatory,
antimicrobial, antioxidant, and anticancer effects.

Immunomodulation mechanisms

The immune-modulating properties of bioactive chem-
icals are intricate and multifaceted since these substanc-
es engage with immune cells and molecular signaling
systems to augment or inhibit immunological responses
contingent upon their surroundings. A primary method
is cytokine modulation, wherein numerous bioactive
chemicals affect the synthesis of crucial cytokines, in-
cluding ILs, TNF-0, and IFN-y [22]. Curcumin has
demonstrated the ability to diminish pro-inflammatory
cytokines, including IL-6 and TNF-a, while elevating
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anti-inflammatory cytokines, such as IL-10. A vital pro-
cess is T cell activation, wherein bioactive substances
can influence the stimulation along with T cell differenti-
ation [23]. Flavonoids, including quercetin, affect the de-
velopment of CD4* T cells towards Th1 and Th2 subsets,
either augmenting immunity or fostering tolerance, con-
tingent upon the context. Compounds such as -glucans
facilitate the activation of natural killer (NK) cells, en-
hancing innate immune defense. Macrophage stimula-
tion is a significant mechanism, as bioactive substances
can modulate macrophage activity, fostering either anti-
inflammatory M2 macrophages or pro-inflammatory
M1 macrophages [24]. EPA, a marine-sourced omega-3
fatty acid, can promote M2 macrophage polarization,
augmenting anti-inflammatory activity. Numerous bio-
active substances modulate the nuclear factor-kappa
B (NF-kB) pathway, a crucial regulator of immune
systems and inflammation. Chemicals like curcumin,
EGCQG, and resveratrol from green tea impede NF-«B
activation, hence diminishing chronic pain and autoim-
mune [25]. Antioxidant function represents a notable
characteristic, given that oxidative stress significantly
contributes to immunological dysregulation. Bioactive
substances such as catechins and flavonoids derived
from green tea mitigate reactive oxygen species (ROS),
inhibiting the stimulation of inflammatory mechanisms
and diminishing the activity of immune cells along with
tissue damage. Furthermore, specific bioactive chemi-
cals modulate immune-mediated apoptosis, affecting
the viability of immune cells apoptosis. Terpenoids and
polyphenols can modulate the death of autoreactive T
cells, thus averting tissue harm in prolonged inflam-
mation [26]. Gut-microbiota immune regulation is an
evolving field, with research indicating that bioactive
substances affect immunological responses by altering
the composition of intestinal microbiotas. Polyphenols
found in veggies and fruits, including resveratrol, impact
the microbiota, and this can modulate systemic defenses
and diminish inflammation in autoimmune conditions,
including MS [27]. Bioactive substances derived from
plants, fungi, and marine organisms demonstrate various
immunomodulatory actions, presenting the potential for
use in autoimmune illnesses by re-establishing immuno-
logical equilibrium and diminishing persistent inflam-
mation. This natural origin and varied biological activity
render them interesting candidates for synergistic and
complementary therapy in immune-driven disorders.

Case and exploratory studies

A multitude of case reports, as well as laboratory stud-
ies, underscore their capacity to modulate immunological
responses [28]. A research investigation on Annona reticu-
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lata leaf extract revealed its immunomodulatory proper-
ties in cultured immune cell lines and mice, indicating that
substances such as quercetin and p-sitosterol can elicit sig-
nificant immunological reactions [29]. A polyherbal formu-
lation of Tinospora cordifolia, Phyllanthus emblica, Witha-
nia somnifera, and Piper nigrum was observed to augment
macrophage along with NK cell activity, hence enhancing
the immunological response in rats immunosuppressed by
cyclophosphamide [30]. Additional research has investigat-
ed substances such as curcumin from C. longa and querce-
tin from different vegetables and fruits, demonstrating en-
couraging anti-inflammatory properties [31]. Mushrooms
like Ganoderma lucidum possess B-glucans that activate
immune cells, whereas sea algae such as Spirulina and
Chlorella are recognized for stimulating immunological re-
sponses via their bioactive peptides. Field investigations re-
vealed that Euphorbia deccanensis, a plant native to South
India, exhibited notable antioxidant and anti-inflammatory
activities, reinforcing the medicinal potential of its bioac-
tive components [32]. Moreover, Kaempferia parviflora
could avert the depletion of splenic constituents in immuno-
suppressed rats, underscoring its immunomodulatory capa-
bilities [33]. These results highlight the extensive biologi-
cal actions of bioactive chemicals, potentially resulting in
innovative therapy strategies for immune-related disorders.
Nonetheless, additional clinical trials are required to vali-
date their safety and effectiveness for human application.

Types of Bioactive Substances With MS Treat-
ing Potentials

Polyphenols

Polyphenols are organic chemicals extensively found in
plants, with more than 8000 varieties documented. These
chemicals are essential in mitigating inflammation and
oxidative stress and regulating immunological responses
[34]. Curcumin, obtained from C. longa, represents one
of the more extensively researched polyphenolic sub-
stances [35]. Curcumin possesses significant antioxidant
and anti-inflammatory characteristics, suppressing pro-
inflammatory cytokines, including TNF-o, IL-1pB, and IL-
6, which play a vital role in autoimmune disorders such
as MS and rheumatoid arthritis (RA). It regulates the
NF-«B pathway, which is crucial for inflammatory regu-
lation, and research indicates that curcumin may serve as
a complementary treatment to manage inflammation in
autoimmune diseases [36]. Resveratrol, another notable
polyphenol, is present within the V. vinifera skin. Resve-
ratrol has demonstrated the ability to diminish oxidative
stress, suppress inflammation, and modulate immunologi-
cal function by activating sirtuin proteins, which govern
immune cell activities [37]. It can inhibit the stimulation
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Figure 1. Inmune-mediated disorders and MS

of pro-inflammatory T cells while decreasing the synthe-
sis of pro-inflammatory cytokines such as IL-1 and IL-6,
rendering it advantageous for conditions like lupus and
arthritis. Ellagic acid, present in pomegranate, raspberries,
and strawberries, is a polyphenolic molecule recognized
for its anti-inflammatory and antioxidant characteristics
[38]. According to research, it improves immunological
responses by augmenting T-cell proliferation and elevating
the synthesis of anti-inflammatory cytokines such as IL-10
[39]. Ellagic acid may additionally lower the likelihood of
cancer along with cardiovascular illnesses. Table 1 states
various bioactive compounds used in MS treatment from
different sources, and each compound exhibits a specific
mechanism.

Flavonoids

Flavonoids are bioactive compounds derived from plants
with antioxidant, immune-modulatory, and anti-inflamma-
tory characteristics. Quercetin, present in fruits and veg-
etables, possesses significant antioxidant and anti-inflam-
matory capabilities, modulating immune cell types such as
T cells, dendritic cells, and macrophages [40]. It also miti-
gates allergic symptoms by inhibiting histamine release and
immune cell activation. Luteolin, present in olive oil, cel-
ery, and peppers, can diminish pro-inflammatory cytokine
activation and improve the efficacy of T cell regulators by
inhibiting the NF-xB pathway [41]. Research on animals
with inflammatory bowel illness and neuroinflammation
has shown its effectiveness in diminishing pro-inflamma-
tory cell proliferation in the gastrointestinal tract and CNS
[42]. Kaempferol, present in kale, apples, and spinach, pos-
sesses antioxidant and anti-inflammatory characteristics,
bolstering immunity by modulating macrophage function
and reducing the production of IL-6 and TNF-o. [43].

July 2025, Volume 11, Issue 3, Number 42
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Alkaloids

Alkaloids, nitrogenous organic compounds in plants, fun-
gi, and marine organisms, possess notable pharmacological
features such as immunological modulation, anti-inflam-
matory effects, and antibacterial activity [44]. Morphine,
an analgesic derived from Papaver somniferum, can block
pro-inflammatory cytokines, potentially affecting adaptive
and innate immunity [45]. Nonetheless, its utilization needs
meticulous regulation owing to the risk of addiction. Qui-
nine, an alkaloid derived from the bark of Cinchona trees,
possesses antimalarial effects and has been utilized in treat-
ing malaria [46]. It modulates immune responses by en-
hancing macrophage phagocytic activity and promoting ni-
tric oxide production, which possesses antibacterial effects.
Quinine additionally affects the formation of immune cells
in inflammatory situations [47]. Berberine, a botanical alka-
loid, possesses antibacterial, anti-inflammatory, and immu-
nomodulatory characteristics [48]. It regulates macrophage
polarization, enhancing anti-inflammatory M2 phenotypes,
and may offer possible treatments for diabetes and inflam-
matory bowel disease.

Terpenoids

Terpenoids, or isoprenoids, constitute a substantial cat-
egory of chemicals naturally seen in plants, fungi, and
marine life [49]. These chemicals are recognized for their
diverse biological actions, encompassing anti-inflamma-
tory, immunomodulatory, and antioxidant properties. An
instance is turmerone, a terpenoid chemical in C. longa,
in conjunction with curcumin [50]. Turmerone exhibits
anti-inflammatory activities by regulating the release of
cytokines and blocking the NF-kB cascade [51]. It can
also augment the immune system’s reaction by elevating
the activity of T cells and phagocytes, thereby provid-
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Figure 2. Schematic depiction of the elements contributing (orange arrows) to oxidative stress and inflammation, the etiological
factors (red arrows) of axonal demyelination in MS, and the ameliorative factors (bioactive substances and a nutritious diet)
that may mitigate (green arrows) the effects of the precipitating factors [67]

ing therapeutic advantages in situations like autoimmune
and asthma disorders. Another significant instance is
ginsenosides, saponins present in Panax ginseng. Gin-
senosides are recognized for their ability to augment the
functions of immune systems, namely the stimulation of
T cells, macrophages, and NK cells [52]. They also gov-
ern the synthesis of pro-inflammatory cytokines, includ-
ing IL-6 and TNF-o, which play a role in inflammation
and autoimmune disorders like lupus and RA.

Fatty acids

Fatty acids, especially omega-3 and omega-6 poly-
unsaturated fatty acids, are crucial for immunological
regulation and maintaining equilibrium among pro-
inflammatory and anti-inflammatory mechanisms [53].
Omega-3 fatty acids, including DHA and EPA, present
in chia seeds, fish oil, and flaxseed, have been exten-
sively researched for their capacity to mitigate chronic
inflammation [54]. Such fatty acids reduce pro-inflam-
matory cytokines, including TNF-a and IL-1, while en-
hancing the synthesis of anti-inflammatory mediators

like resolvins. Omega-3 fatty acids are particularly ef-
ficacious in autoimmune disorders like RA and inflam-
matory bowel illness. Conversely, omega-6 fatty acids,
including in sunflower and safflower oils, are generally
pro-inflammatory but essential for immune system func-
tionality when harmonized with omega-3 fatty acids
[55]. Such fatty acids are crucial for the effective func-
tioning of immune systems, including macrophages,
while preserving the mucosal barriers and skin integrity.

Preclinical and clinical evidence

Preclinical along with clinical evidence is critical for
confirming the curative value of bioactive substances in
autoimmune illnesses like MS. A thorough comprehen-
sion develops over multiple phases of research, encom-
passing in vitro investigations, animal models, as well as
human clinical studies, which investigate mechanisms of
action, efficacy in therapy, as well as risk concerns.
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Table 1. Bioactive compounds in immune modulation in MS

July 2025, Volume 11, Issue 3, Number 42

Compound Natural Source Mechanism of Action Effects on MS Models/Patients
Inhibits pro-inflammatory . I . A
Curcumin Turmeric (C. longa) cytokines (IL-1B, TNF-a) and NF- Mitigates demyellnatlgn and illness severity in
) EAE murine models
kB; augments Treg response
Activates SIRT1, suppresses Th17 Enhances neuroprotection and diminishes
Resveratrol Grapes and red wine differentiation and diminishes inflammatory infiltration in the CNS in EAE
oxidative stress. models
. Apples, onions, and . Inh'k.)lts. Th1/Th17 cell Mitigates illness symptoms and promotes
Quercetin - differentiation and suppresses A
berries . . o remyelination in EAE models
microglial activation
EGCG Green tea (Camellia  Antioxidant: Inhibits T cell growth It mitigates CNS inflammation, and

Omega-3 fatty acids

Vitamin D3

(cholecalciferol)

Berberine

Luteolin

Sulforaphane

Melatonin

sinensis)

Fish oil (DHA, EPA)

Sunlight, fortified
foods

Berberis spp., Coptis
chinensis

Celery, parsley,
chamomile

Broccoli, cruciferous
vegetables

Pineal gland
secretion,
supplements

and regulates cytokine secretion

Anti-inflammatory; diminishes
Th17 response, enhances Tregs

Facilitates Treg formation;
attenuates Th1/Th17 response

It inhibits Th17/TNF-a,
upregulates T regulatory cells,
and possesses antioxidant
properties.

Inhibits IL-6 and TNF-a and
reduces microglial activation.

It stimulates the Nrf2 pathway
and possesses anti-inflammatory
and antioxidant properties.

It inhibits Th1/Th17 activity,
enhances Treg cell proliferation,
and possesses antioxidant
properties.

demyelination facilitates remyelination

Clinical enhancement and decreased relapse
rates in certain MS patients

Association with reduced recurrence rate and
improved prognosis; immunomodulatory
function

Prolongs the start and advancement of iliness in
EAE mice

Reduces CNS inflammation and demyelination in
MS models

Safeguards against neuroinflammation and

oxidative injury in EAE

It alleviates symptoms, increases sleep quality,
and regulates immune response in MS patients.

Abbreviations: IL: Interleukin; TNF: Tumor necrosis factor; EAE: Experimental autoimmune encephalomyelitis; EGCG: Epi-

gallocatechin gallate; DHA: Docosahexaenoic acid; EPA: Eicosapentaenoic acid.

In vitro studies

In vitro investigations are essential for clarifying the mo-
lecular processes via which bioactive substances influence
immune regulation. Curcumin, a polyphenolic substance
derived from C. longa, has demonstrated the ability to
suppress the stimulation of NF-kB process, a key media-
tor of inflammation [56]. In cultivated human immune
cells, curcumin markedly reduces the synthesis of pro-in-
flammatory cytokines, including TNF-a, IL-1f, and IL-6,
essential contributors to MS pathogenesis. Moreover, cur-
cumin augments the functionality of Tregs, which are es-
sential for sustaining immunological tolerance and avert-
ing autoimmune assaults. Quercetin, a flavonoid found in
fruits such as onions and apples, reduces histamine release
from the mast cells and regulates T-cell multiplication
[18]. In vitro studies indicate that quercetin can diminish
the expression of MHC class II compounds on antigen-
presenting cells, thereby attenuating the stimulation of
autoreactive T lymphocytes [57]. These results highlight

the immunomodulatory capacity of bioactive substances
in modulating the activation of immune cells as well as
inflammation at the level of cells.

Animal models of MS

The application of curcumin in experimental autoim-
mune encephalomyelitis (EAE) animals has demonstrat-
ed a reduction in clinical manifestations of MS, notably
paralysis, through the modulation of innate and adaptive
immune responses [58]. Curcumin particularly dimin-
ishes the proliferation of pro-inflammatory Th17 cells
and Th1, crucial in developing MS-like disease. It also
facilitates the proliferation of Tregs, so fostering im-
munological tolerance. Moreover, curcumin has been
shown to alleviate oxidative stress by enhancing the ac-
tivity of antioxidant enzymes, including catalase and su-
peroxide dismutase, thereby preventing neuronal dam-
age [58]. Resveratrol, a polyphenolic molecule in grapes
and red wine, demonstrates potential in EAE models
by mitigating demyelination and CNS inflammation. It
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Table 2. Synergistic effects and combination therapies in MS

Therapeutic

mponen nergy Mechanism rved Benefits of M T
Combination Components Synergy Mechanis Observed Benefits of MS  Study Type/Status
. Vitamin D3 augments IFN-B
. Vitamin D3 + Vitamin D3 + signaling, elevates Tregs, and pecreases relapse rates, Clinical trials (phase
interferon-beta o - improves IFN-B efficacy,
IFN-B inhibits pro-inflammatory f . I, 1)
(IFN-B) postpones disease progression

Omega-3 fatty acids
+ interferon-beta

Curcumin +
piperine

Melatonin + IFN-

EGCG + GA

Resveratrol + SIRT1
Activators

Quercetin + vitamin
C

Probiotics + vitamin
D3

Cannabidiol
(CBD) + terpenes
(entourage effect)

Low-dose
naltrexone (LDN) +
alpha-lipoic acid

DHA/EPA + IFN-B

Curcumin
(turmeric) +
piperine (black
pepper)

Melatonin +
interferon-beta

EGCG + GA

Resveratrol +
synthetic SIRT1
agonists

Flavonoid
(quercetin) +
ascorbic acid

Gut microbiota
modulators +
vitamin D3

CBD + myrcene,
limonene, etc.

LDN + antioxidant
compound

cytokines.

Omega-3 fatty acids mitigate
cytokine storms and augment the
immunomodulatory effects of
interferon-beta

It enhances cognitive function,
reduces inflammation, and
potential reduction in relapse.

Pilot clinical studies

Augments anti-inflammatory
efficacy neuroprotection
and improves symptom

management in preclinical MS

models.

Piperine substantially enhances

the bioavailability of curcumin. Preclinical studies

Observational
and preclinical
investigations

Decreased oxidative stress and
T cell activation, enhanced
weariness and sleep

Melatonin modulates circadian
immune responses and enhances
the effects of IFN-B.

Synergistic antioxidant and anti-
inflammatory effects, regulating
T cell equilibrium.

Decreased demyelination and preclinical studies
CNS inflammation in EAE mice
Preservation of
oligodendrocytes and axons in
experimental models

Augments mitochondrial
biogenesis and mitigates
neurodegeneration

Experimental
animal studies

Robust antioxidant synergy
diminishes microglial
activation and facilitates
remyelination.

Vitamin C stabilizes and
regenerates quercetin, both of
which limit oxidative damage.

In vitro and animal
models

Modulation of the gut-brain

- . Enhanced clinical scores in MS
axis; enhanced gut barrier and

patients; reduced expression Early-phase clinical

immunological control through trials
the VDR pathway of IL-17 and TNF-a.

Synergistic anti |r_1flammatory Decreased spasticity, Pre!|m|nary

and neuroprotective effects via . ) . evidence;
s inflammation, and discomfort ; .
several endocannabinoid system . : therapeutic studies
in MS patients N
pathways in progress

It enhances tiredness and
quality of life and provides
neuroprotection in advancing
MS.

Immunomodulation through
opioid receptors and
mitochondrial protection

Case studies and
small clinical trials

Abbreviations: INF: Interferon; EAE: Experimental autoimmune encephalomyelitis; DHA: Docosahexaenoic acid; EPA: Eicos-

apentaenoic acid.

suppresses the stimulation of astrocytes and microglia,

Human clinical trials and observational research

two glial cells implicated in neurological inflammation,

while concurrently safeguarding oligodendrocytes, the
cells accountable for myelination. Furthermore, resve-
ratrol enhances the functioning of the BBB, inhibiting
the influx of periphery immune systems into the CNS
[59]. The results from these animal models indicate that
bioactive substances such as curcumin and resveratrol
may influence disease development and safeguard the

CNS in MS.

A randomized, double-blind, placebo-controlled re-
search showed that curcumin administration decreased
pro-inflammatory cytokine amounts in MS patients,
enhancing physical function and quality of life [60]. A
separate study indicated that omega-3 fatty acids, spe-
cifically EPA and DHA, decreased the rate of relapse and
inflammatory indicators among people with relapsing-
remitting MS. Such fatty acids alter the body’s reaction
to an anti-inflammatory characteristic by diminishing
pro-inflammatory cytokines and promoting resolving
production. Polyphenols in veggies, fruits, and green tea
are associated with reduced inflammation and decreased
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oxidative damage in MS patients [25, 54]. Flavonoids
such as luteolin and quercetin have demonstrated en-
couraging outcomes in enhancing immune cell function-
ality and regulating the intestinal microbiota in patients
with MS [45]. These findings indicate that bioactive
substances can markedly influence immune function and
inflammation in MS, diminishing inflammation, enhanc-
ing neuroprotection, and enhancing overall disease out-
comes. Nonetheless, additional extensive and rigorously
planned clinical trials are required to validate the effec-
tiveness, safety, and lasting benefits of such medicines
for patients with MS.

Synergistic Effects and Combination Therapies

There is growing interest in combination therapies that
integrate bioactive molecules to augment traditional
treatments and improve their efficacy (Table 2) [61].

Integration with traditional MS therapies

Bioactive substances demonstrate the potential to en-
hance the efficacy of traditional MS therapies by target-
ing immunological pathways and mitigating negative
effects. Curcumin, an antioxidant and anti-inflamma-
tory compound, has been investigated for its possible
synergistic effects when administered alongside IFN-f3,
a primary treatment for relapsing-remitting MS [62].
Curcumin obstructs the NF-xB pathway and dimin-
ishes pro-inflammatory cytokines, potentially enhanc-
ing therapy efficacy and lowering relapse rates in MS
patients. Likewise, resveratrol and glatiramer acetate
(GA), a frequently utilized disease-modifying therapy,
have demonstrated encouraging outcomes in mitigating
neuroinflammation and safeguarding against oxidative
stress in animal studies of MS [63]. Bioactive substanc-
es such as flavonoids and omega-3 fatty acids may aug-
ment the immune-regulating effects of DMTs by transi-
tioning their immune system from a pro-inflammatory
condition to a more equilibrated, anti-inflammatory
character [25]. These chemicals may also mitigate ad-
verse effects linked to traditional therapies, including
gastrointestinal pain and fatigue, enhancing patient ad-
herence and quality of life.

Gut microbiota modulation

Combination therapy for MS entails the regulation of
gut microbiota, which is essential for immune function.
Dysbiosis of gut microbiota has been associated with
autoimmune disorders, including MS [64]. Bioactive
chemicals such as polyphenols and prebiotics can en-
hance the proliferation of beneficial microbes while sup-
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pressing detrimental strains, modulating systemic im-
mune reactions, and perhaps diminishing autoimmune
reactivity. Resveratrol improves gut barrier integrity and
modulates immune cell activity in gut-associated lym-
phoid tissue (GALT), enhancing immunological toler-
ance [65]. Integrating bioactive substances with probi-
otics can re-establish immunological homeostasis and
mitigate inflammation in MS. This method addresses
immunological dysregulation, mitigates inflammation,
and safeguards the CNS from more harm. The combina-
torial impacts of several medicines, including gut micro-
biota manipulation, immune cell stimulation, and oxida-
tive stress, underscore the possibility of personalized,
integrative treatment techniques in MS [66]. Nonethe-
less, additional research and clinical studies are requisite
to ascertain the appropriate dosages, combinations, and
lasting impacts of these therapies in treating MS.

Limitations, Challenges, and Future Directions

Bioactive compounds possess considerable potential
for treating MS, although they encounter obstacles, in-
cluding insufficient bioavailability, variability in individ-
ual responses, and the necessity for more rigorous clini-
cal trials. Researchers are investigating approaches to
improve the distribution and bioavailability of bioactive
compounds, including nano-formulations, biocompat-
ible polymers, and encapsulating techniques. Inter-indi-
vidual heterogeneity in response patterns is challenging,
as enzyme genetic differences influence absorption and
efficacy. The gut microbiota additionally affects meta-
bolic and immune responses to bioactive compounds.
Characterization of the microbiome and personalized
dietary strategies may facilitate the customization of
bioactive chemical therapy for enhanced efficacy in MS
patients. Future research must prioritize comprehensive,
randomized, placebo-controlled trials, sophisticated
drug delivery technologies, biomarker development,
personalized medicine approaches, combination thera-
pies, and long-term safety and toxicology studies.

Conclusion

Bioactive substances derived from plants, fungi, marine
life, and microbes potentially modify immune respons-
es in MS. These compounds, comprising polyphenols,
alkaloids, flavonoids, and so on, have immunoregula-
tory, anti-inflammatory, and antioxidant properties. Pre-
clinical investigations indicate that they may mitigate
disease development, diminish inflammatory cytokines,
and re-establish immunological equilibrium. Neverthe-
less, low bioavailability and a scarcity of extensive tri-
als impede their broad implementation. Novel delivery
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systems and personalized treatment strategies may assist
in surmounting these obstacles. Future investigations
should concentrate on stringent clinical studies, mecha-
nistic elucidations, and evaluations of long-term safety.
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