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ABSTRACT

Oxidative stress and chronic inflammation play central roles in the development of cardiovascular diseases,
diabetes, neurodegenerative disorders, and cancer. Excess reactive oxygen species (ROS) disrupt redox
homeostasis, damage biomolecules, and trigger pro-inflammatory signaling, contributing to cellular dysfunction
and disease progression. This review systematically examined current literature on plant-derived natural products,
focusing on their mechanisms of action, molecular targets, and therapeutic potential against oxidative stress-
mediated chronic diseases. Databases including PubMed, Scopus, and Web of Science were searched for studies
on major phytochemical classes—flavonoids, polyphenols, alkaloids, and terpenoids—and their biological effects.
The evidence indicates that natural products exert multi-targeted effects through antioxidant activity, ROS
scavenging, anti-inflammatory modulation, enzyme regulation, and signaling pathway control. Key molecular
targets identified include the Nrf2 antioxidant pathway, NF-xB inflammatory pathway, MAPK cascades, and
COX/LOX enzymes. Experimental studies demonstrate that phytochemicals such as quercetin, curcumin,
resveratrol, and ginsenosides reduce oxidative damage, inhibit pro-inflammatory mediators, modulate apoptosis,
and improve metabolic and vascular function. However, clinical translation is limited by poor bioavailability, lack
of standardization, dose variability, and insufficient human trials. Emerging strategies, including nanotechnology-
based delivery systems, synergistic therapy, and structural optimization, show promise in enhancing efficacy and
stability. Integrating natural products into drug development pipelines with rigorous preclinical and clinical
validation can facilitate their use as adjunctive or alternative therapies. This review highlights the mechanistic
basis, therapeutic potential, and current limitations of natural products, offering insights for future research aimed
at combating chronic oxidative stress-related diseases.

KEYWORDS: Natural products, Phytochemicals, Oxidative stress, Chronic diseases, Antioxidant mechanisms,
Anti-inflammatory activity, Molecular targets.
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INTRODUCTION

Oxidative stress and inflammation are fundamental
biological processes that play critical roles in
maintaining physiological homeostasis. However, their
dysregulation is strongly implicated in the initiation and
progression of a wide range of chronic diseases.!
Oxidative stress arises from an imbalance between the
generation of reactive oxygen species (ROS) and the
capacity of endo?enous antioxidant defense systems to
neutralize them. Under normal conditions, ROS
function as essential signaling molecules involved in
cellular processes such as proliferation, differentiation,
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and immune response.®! Nevertheless, excessive ROS
production leads to oxidative damage of cellular
macromolecules, including lipids, proteins, and DNA,
thereby compromising cellular integrity and function.*!

Inflammation is a protective response of the immune
system to harmful stimuli such as pathogens, toxins, and
tissue injury.®” Acute inflammation is generally
beneficial and  self-limiting;  however, chronic
inflammation is characterized by sustained activation of
immune cells and continuous production of pro-
inflammatory mediators, including cytokines (e.g., tumor
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necrosis factor-a, interleukin-1B, and interleukin-6) and
chemokines.®! Increasing evidence suggests that
oxidative stress and inflammation are closely
interconnected processes that amplify each other through
complex molecular signaling networks.”) ROS can
activate redox-sensitive transcription factors such as
nuclear factor kappa B (NF-«xB), which in turn promotes
the expression of inflammatory genes.™ Conversely,
inflammatory cells generate additional ROS, creating a
self-perpetuating cycle that contributes to tissue damage
and disease progression.[*!

This interplay between oxidative stress and inflammation
is a central mechanism underlying the pathogenesis of
numerous chronic diseases, including cardiovascular
disorders, diabetes mellitus, neurodegenerative diseases,
and cancer. In cardiovascular diseases, oxidative stress
contributes  to  endothelial ~ dysfunction  and
atherosclerosis, while chronic inflammation accelerates
plaque formation and instability.”! In diabetes, persistent
hyperglycemia induces oxidative stress, leading to
insulin resistance and complications such as neuropathy
and  nephropathy.®®)  Neurodegenerative  diseases,
including Alzheimer’s and Parkinson’s diseases, are also
associated with oxidative damage and
neuroinflammation.**! Similarly, in cancer, oxidative
stress can induce genetic mutations and promote tumor
initiation and progression, while inflammatory mediators
support tumor growth and metastasis.™™!

In recent years, there has been growing interest in the
therapeutic potential of natural products for the
prevention and management of oxidative stress—related
chronic diseases. Natural products, particularly those
derived from medicinal plants, are rich sources of
bioactive compounds such as flavonoids, polyphenols,
alkaloids, and terpenoids.'® These phytochemicals
exhibit potent antioxidant and anti-inflammatory
activities through multiple mechanisms, including free
radical scavenging, modulation of antioxidant enzymes,
and regulation of key molecular signaling pathways such
as nuclear factor erythroid 2—related factor 2 (Nrf2), NF-
kB, and mitogen-activated protein kinase (MAPK).!*"
Compared to synthetic drugs, natural products are often
associated with fewer side effects and have long been
used in traditional medicine systems worldwide.™®

Despite  promising preclinical evidence, several
challenges limit the clinical translation of natural
products, including poor bioavailability, lack of
standardization, and insufficient clinical validation.!*
Therefore, a comprehensive understanding of the
molecular mechanisms underlying oxidative stress and
inflammation, as well as the therapeutic actions of
natural products, is essential for the development of
effective and safe interventions.

This review aims to provide a detailed overview of the

mechanistic relationship between oxidative stress and
inflammation in chronic diseases and to critically
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evaluate the therapeutic potential of natural products in
modulating these processes. Additionally, current
challenges and future perspectives in the development of
natural product-based therapeutics are discussed.

METHODOLOGY

This review was conducted through a systematic
literature search of PubMed, Scopus, and Web of Science
for studies published from 2015 to 2026, using keywords
including  “natural  products,”  “phytochemicals,”
“oxidative stress,” ‘“chronic diseases,” ‘“antioxidant,”
“anti-inflammatory,” and disease-specific terms such as
cardiovascular, diabetes, neurodegenerative disorders,
and cancer. Relevant studies reporting molecular
mechanisms, cellular outcomes, and disease models were
screened, including in vitro, in vivo, and clinical
investigations, as well as reviews and meta-analyses.
Data on phytochemical sources, mechanisms of action,
molecular targets, and disease-specific effects were
extracted and organized into tables and schematic
diagrams. Special emphasis was placed on studies
highlighting multi-targeted effects and modulation of
signaling pathways, including Nrf2, NF-xB, MAPK,
COX, and LOX, as well as evidence of antioxidant and
anti-inflammatory activity. Challenges such as poor
bioavailability, standardization issues, and dose
variability, along with emerging strategies like
nanotechnology-based delivery and synergistic therapy,
were also critically assessed. This comprehensive
approach allowed an integrated evaluation of the
mechanistic basis and therapeutic potential of natural
products in the prevention and management of chronic
oxidative stress-related diseases.

1. Oxidative Stress:
Impact

Oxidative stress is defined as a disturbance in the balance
between the production of reactive oxygen species
(ROS) and the capacity of biological systems to detoxify
these reactive intermediates or repair the resulting
damage.™ Under physiological conditions, ROS are
continuously generated as byproducts of cellular
metabolism and play essential roles in cell signaling and
homeostasis.™ However, excessive ROS production or
impaired antioxidant defense leads to oxidative stress,
resulting in cellular dysfunction and tissue injury.?!

Mechanisms and Biological

1.1 Sources of Reactive Oxygen Species

The primary source of intracellular ROS is the
mitochondrial electron transport chain (ETC), where
leakage of electrons during oxidative phosphorylation
leads to the partial reduction of oxygen and formation of
superoxide anions.”? Complexes I and 111 of the ETC are
particularly important contributors to mitochondrial ROS
generation.”®™ In addition to mitochondria, several
enzymatic systems are involved in ROS production,
including NADPH oxidases (NOX), xanthine oxidase,
cyclooxygenases (COX), lipoxygenases (LOX), and
uncoupled nitric oxide synthase (NOS).*! Activated
immune cells, such as neutrophils and macrophages, also
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generate large amounts of ROS as part of the respiratory
burst during host defense mechanisms.®! Environmental
factors, including ultraviolet radiation, pollutants, heavy
metals, and toxins, further contribute to ROS
accumulation.!

1.2 Oxidative Damage to Biomolecules

Excessive ROS can cause extensive damage to essential
cellular macromolecules, including lipids, proteins, and
nucleic acids. Lipid peroxidation is one of the most well-
characterized consequences of oxidative stress, leading
to the formation of reactive aldehydes such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE), which disrupt membrane integrity and fluidity.!”}
Proteins are also highly susceptible to oxidative
modification, resulting in altered enzyme activity,
structural damage, and increased susceptibility to
proteolytic degradation.”®! Oxidative damage to DNA
includes base modifications, strand breaks, and
formation of mutagenic lesions such as 8-hydroxy-2'-
deoxyguanosine (8-OHdG), which can lead to genomic
instability and contribute to carcinogenesis.*”

1.3 Redox Imbalance and Cellular Consequences

The cellular redox state is tightly regulated by
endogenous antioxidant defense systems, including
enzymatic antioxidants such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase
(GPx), as well as non-enzymatic antioxidants like
glutathione, vitamins C and E, and various endogenous
metabolites.® Oxidative stress occurs when this
antioxidant capacity is overwhelmed, leading to redox
imbalance. This imbalance not only causes direct
molecular damage but also disrupts redox-sensitive
signaling pathways.®™ Key transcription factors,
including nuclear factor kappa B (NF-kB) and nuclear
factor erythroid 2-related factor 2 (Nrf2), are modulated
by oxidative stress, influencing inflammation, apoptosis,
and cellular adaptation responses.*? Persistent redox
imbalance ultimately contributes to cellular dysfunction,
senescence, and the development of various chronic
diseases.*]

2. Inflammation and Its Link with Oxidative Stress
Inflammation is a complex biological response of the
immune system to harmful stimuli, including pathogens,
damaged cells, and environmental stressors.*!! It is a
critical defense mechanism aimed at eliminating the
initial cause of injury and initiating tissue repair.®
Acute inflammation is typically rapid and self-limiting;
however, when the inflammatory response becomes
chronic, it can contribute to the development and
progression of various pathological conditions.!*®
Chronic inflammation is characterized by persistent
activation of immune cells and sustained production of
pro-inflammatory mediators, which can lead to tissue
damage and dysfunction.®"!

At the molecular level, inflammation is mediated by a
network of signaling pathways and effector molecules.
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Key pro-inflammatory cytokines, such as tumor necrosis
factor-o.  (TNF-a), interleukin-1f  (IL-1B), and
interleukin-6 (IL-6), play central roles in amplifying the
inflammatory response.®! These cytokines are primarily
regulated by transcription factors such as nuclear factor
kappa B (NF-kB) and activator protein-1 (AP-1), which
control the expression of genes involved in immune
responses, cell survival, and inflammation. Activation of
these transcription factors is triggered by various stimuli,
including microbial components, stress signals, and
oxidative stress.*

A growing body of evidence highlights the intricate
relationship between oxidative stress and inflammation,
where each process can initiate and exacerbate the
other.***) Reactive oxygen species (ROS) act not only
as damaging agents but also as important signaling
molecules that modulate inflammatory pathways.*"!
Elevated ROS levels can activate redox-sensitive
transcription factors, particularly NF-«xB, leading to
increased expression of pro-inflammatory cytokines,
chemokines, and adhesion molecules.? This, in turn,
promotes the recruitment and activation of immune cells,
further enhancing the inflammatory response.

Conversely, activated inflammatory cells, such as
neutrophils, macrophages, and monocytes, generate large
amounts of ROS through mechanisms such as the
respiratory burst.”) Enzymes like NADPH oxidase play
a crucial role in this process, producing superoxide
radicals that contribute to microbial killing but also cause
collateral tissue damage when produced excessively.[*’!
This bidirectional interaction creates a self-amplifying
cycle in which oxidative stress and inflammation
perpetuate each other, resulting in sustained cellular
injury.

In addition to NF-xkB, other signaling pathways,
including mitogen-activated protein kinases (MAPKS)
and the NLRP3 inflammasome, are also influenced by
oxidative stress. Activation of the NLRP3 inflammasome
leads to the maturation and release of pro-inflammatory
cytokines such as IL-1p and IL-18, further contributing
to chronic inflammation."**! Furthermore, oxidative stress
can impair the function of endogenous antioxidant
systems, weakening the cellular defense mechanisms and
exacerbating inflammatory damage."!

The persistent interplay between oxidative stress and
inflammation is a key driver in the pathogenesis of many
chronic diseases. This interconnection not only promotes
tissue damage but also alters cellular signaling, gene
expression, and metabolic processes. Therefore, targeting
both oxidative stress and inflammatory pathways
simultaneously represents a promising therapeutic
strategy for preventing and managing chronic diseases.
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3. Role in Chronic Diseases

3.1 Cardiovascular Diseases

Oxidative stress plays a central role in the pathogenesis
of cardiovascular diseases by promoting endothelial
dysfunction, vascular inflammation, and
atherosclerosis.”®! Excess reactive oxygen species (ROS)
induce lipid peroxidation and impair nitric oxide
availability, contributing to hypertension and vascular
stiffness.*!  Several natural antioxidants, including
vitamins C and E, polyphenols, and carotenoids, have
been shown to improve endothelial function, reduce
oxidative damage, and inhibit platelet aggregation./*®!
Additionally, plant-derived anti-inflammatory
compounds can modulate key signaling pathways
involved in cardiovascular pathology, highlighting their
potential in preventive and adjunctive therapies."

3.2 Diabetes Mellitus

In diabetes mellitus, chronic hyperglycemia triggers ROS
overproduction, which exacerbates B-cell dysfunction
and insulin resistance. Oxidative stress is closely linked
to microvascular complications such as retinopathy,
nephropathy, and neuropathy, where ROS-mediated
damage impairs tissue integrity and function.” Natural
compounds, including flavonoids, carotenoids, and
polyphenols, have demonstrated the ability to restore
redox balance and improve glucose metabolism in
experimental studies. Integrating antioxidant-rich dietary
interventions with standard antidiabetic therapies may
help control blood glucose levels and reduce the risk of
long-term complications.’*”

3.3 Neurodegenerative Diseases

Neurodegenerative disorders such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases are strongly
associated with oxidative stress. Accumulation of ROS in
neuronal tissues contributes to protein misfolding,
mitochondrial dysfunction, and chronic
neuroinflammation, ultimately leading to neuronal
death.™ Various plant-derived antioxidants, including
curcumin, resveratrol, and polyphenols, have been
reported to mitigate oxidative damage and modulate
neuroprotective  signaling  pathways.®  Early
intervention with these compounds may help delay
disease progression, preserve cognitive function, and
improve overall neuronal resilience.

3.4 Cancer

Persistent oxidative stress is a critical factor in cancer
initiation, progression, and metastasis. ROS can induce
DNA mutations, activate oncogenes, and disrupt normal
apoptotic pathways, promoting tumor development.r*?
Moreover, oxidative stress influences cancer cell
proliferation, angiogenesis, and metastatic potential.l**]
Natural bioactive compounds, such as epigallocatechin
gallate, quercetin, and lycopene, have exhibited
chemopreventive and therapeutic effects by scavenging
ROS and regulating apoptosis and cell cycle
pathways.®¥ Targeting redox imbalance through such
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compounds, alone or in combination with conventional
therapies, offers promising strategies to enhance
treatment efficacy while minimizing side effects.

4. Natural Products as Therapeutic Agents

Natural products, particularly those derived from plants,
have attracted considerable attention as therapeutic
agents due to their ability to modulate oxidative stress
and inflammation. These bioactive compounds exhibit
diverse pharmacological properties, including
antioxidant, anti-inflammatory, anticancer,
neuroprotective, and cardioprotective effects. Their
multifaceted mechanisms make them promising
candidates for managing chronic diseases that are
otherwise difficult to treat with conventional therapies
alone.

4.1 Major Classes of Phytochemicals

Phytochemicals are a broad group of naturally occurring
compounds that confer health benefits through multiple
biochemical mechanisms. Among these, flavonoids are
widely studied for their strong antioxidant and anti-
inflammatory activities, often scavenging ROS and
modulating signaling pathways related to apoptosis and
vascular function.®™ Polyphenols, such as resveratrol
and curcumin, exhibit similar redox-modulating
properties and can influence gene expression linked to
oxidative stress and metabolic regulation.®® Alkaloids,
including berberine and vincristine, provide therapeutic
effects through DNA intercalation, enzyme inhibition,
and modulation of cell proliferation.® Terpenoids, such
as ginsenosides and limonene, exert cytoprotective, anti-
inflammatory, and anticancer activities by regulating
oxidative pathways and immune responses.*®
Collectively, these classes of compounds form the
foundation of many modern  pharmacological
interventions derived from natural sources. Table 1
represents a structured overview of key phytochemicals
derived from natural sources, summarizing their
principal mechanisms of action—such as antioxidant
activity, anti-inflammatory effects, enzyme modulation,
and regulation of cellular signaling pathways—and
correlating these mechanisms with their major
therapeutic targets.
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Table 1: Representative phytochemicals from natural sources, showing their primary mechanisms of action and
major disease targets, highlighting their therapeutic potential against oxidative stress-related chronic diseases.

Ginsenosides

Panax ginseng

immunomodulatory

neurodegenerative

Compounds Source Mechanism of Action Disease Target Ref
) . . . ROS scavenger, anti- | Cardiovascular disease, | [s0.60]
Quercetin Citrus fruits, onions inflammatory, modulates NF-xB | diabetes
. Curcuma longa | Antioxidant, inhibits ~ pro- | Neurodegenerative [61,62]
Curcumin - - - -
(Turmeric) inflammatory cytokines diseases, cancer
. SIRT1 activation, ROS | Cardiovascular disease, | [s364]
Resveratrol Grapes, berries - o -
reduction, anti-inflammatory aging
Berberine Berberis spp. DNA . intercalation,  AMPK Diabetes, cancer
activation
Epigallocatechin Green tea Antioxidant, induces apoptosis, | Cancer, neurodegenerative | [gs 6]
gallate (EGCG) inhibits angiogenesis diseases
Anti-inflammatory, antioxidant, Cardiovascular, [67-69]

Thymoquinone

seed)

inhibits tumor growth

diseases

disorders

Lycopene Tomatoes ROS  scavenger, inhibits Cancer, cardiovascular | 70,71
proliferation disease

Kaempferol Spinach, kale, tea Antioxidant, antl—_mflammatory, Cardiovascular disease, | 7273
modulates apoptosis pathways cancer

Apigenin Parsley, chamomile Antl—lnflammatory, antioxidant, C_ancer, neurodegenerative | [747s
induces cell cycle arrest disorders

Luteolin Celery. Denpers ROS scavenger, NF-xB | Diabetes,  cardiovascular | 7677
Y. PEPP inhibition, anti-inflammatory disease

Nigella sativa (Black | Antioxidant, anti-inflammatory, | Cancer, neurodegenerative | [7s79

Sulforaphane

Broccoli, cruciferous

Nrf2 activation, ROS scavenger,

Cancer, neurodegenerative

[80,81]

vegetables detoxifying enzymes induction diseases
Hesperidin Citrus fruits Antlomdant, antl-lnflammatory, C_ardlovascular disease, | [s2:83
improves endothelial function diabetes
ROS Scavenger, anti- Cardiovascular disease
Anthocyanins Berries, red cabbage | inflammatory, modulates | = v | [8488]
apoptosis
Catechin Tea, cocoa Antlo?uda}nt, inhibits  lipid Cardlovascular. Filsease, [86,87]
peroxidation neurodegenerative diseases
Genistein Soy products Tyrosine kmgs_e inhibition, Cancer, cardiovascular | (gssg
antioxidant, anti-inflammatory disease
Silymarin Mlllfthlstle (Silybum Anpgmdant, hepatoprotective, Liver disease, cancer [90,91]
marianum) anti-inflammatory

4.2 Mechanisms of Action

Antioxidant Activity

A major mechanism by which natural products exert
therapeutic effects is through their antioxidant properties.
Phytochemicals can directly scavenge reactive oxygen
species (ROS), thereby preventing the oxidative damage
of lipids, proteins, and nucleic acids.®™ In addition, they
enhance  endogenous  antioxidant  defenses by
upregulating enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase.l®? This dual action
not only maintains cellular redox homeostasis but also
protects tissues from oxidative stress-induced injury,
which is implicated in the development and progression
of cardiovascular diseases, diabetes, neurodegenerative
disorders, and cancer.

Anti-inflammatory Action

Many bioactive compounds from natural sources
demonstrate  potent anti-inflammatory effects by
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modulating key signaling pathways. They suppress the
production of pro-inflammatory cytokines such as TNF-
a, IL-1B, and IL-6, and inhibit the activation of
transcription factors like NF-kB and AP-1, which are
central to inflammatory gene expression.*! By reducing
chronic inflammation, these compounds prevent tissue
damage, limit fibrosis, and modulate immune responses,
thereby contributing to the prevention and management
of metabolic disorders, cardiovascular pathologies, and
neurodegenerative diseases.!**!

Enzyme Modulation

Phytochemicals often exert their effects through the
regulation of critical enzymes involved in cellular
metabolism, signaling, and stress responses. For
example, activation of AMPK enhances energy
homeostasis and improves insulin sensitivity, while
SIRT1 activation influences mitochondrial function,
longevity, and inflammation."* Some compounds also
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inhibit tyrosine kinases or other enzymes involved in
uncontrolled cell proliferation and survival, making them
useful in cancer prevention and therapy.® Through such
enzyme modulation, natural products can regulate
essential  cellular  processes including apoptosis,
proliferation, and metabolic balance, providing multi-
targeted therapeutic benefits.!

Signal Pathway Regulation

In addition to antioxidant and enzyme-modulatory
effects, natural products can influence several
intracellular signaling pathways that are central to
cellular survival and adaptation. Activation of Nrf2

pathways enhances the transcription of detoxifying and
antioxidant enzymes, while modulation of MAPK
cascades affects cell proliferation, differentiation, and
stress responses.'®” Furthermore, regulation of apoptosis-
related pathways allows these compounds to selectively
induce cell death in damaged or transformed cells. By
fine-tuning these signaling networks, phytochemicals
mitigate disease progression, enhance tissue repair, and
improve overall cellular resilience, demonstrating their
potential as multi-functional agents in chronic disease
management.®®  Figure 1 illustrates four major
biological mechanisms underlying the therapeutic effects
of natural products.

Antioxidant Activity

Anti-inflammatory Action

ROS scavenging Enzyme upregulation

Enzyme Modulation

Inhibition of NF-kB /AP-1

Suppression of cytokines

Signal Pathway Regulation

B VLSS D B

rnaderaddes

Kinase inhibition

AMPK / SIRT1 activation

@'~

L al's
} e® o il
v ” N S ahe
( Detoxi@ /“m -4 \&:
LEnymes ) (@@ @0

MAPK modulation Apoptosis regulation

Figure 1: Mechanisms of action of natural products.

5. Molecular Targets

Natural products act on key molecular targets, including
the Nrf2 antioxidant pathway, NF-«B inflammatory
pathway, MAPK signaling cascades, and COX/LOX
enzymes. Modulation of these targets regulates oxidative
stress, inflammation, apoptosis, and cell proliferation,
contributing to disease prevention and therapy. Figure 2
highlights the multi-targeted therapeutic potential of
natural products.

Nrf2 Pathway (Antioxidant Defense)

The nuclear factor erythroid 2—related factor 2 (Nrf2)
pathway is a master regulator of cellular antioxidant
defense.® Activation of Nrf2 leads to the transcription
of genes encoding detoxifying and antioxidant enzymes,
such as glutathione S-transferase, superoxide dismutase,
and heme oxygenase-1.%! Natural products, including
sulforaphane, curcumin, and resveratrol, can activate
Nrf2, enhancing cellular resilience against oxidative
stress.1*1% By hoosting endogenous  antioxidant
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capacity, these compounds help prevent oxidative
damage and mitigate progression of chronic diseases,
including cardiovascular disorders, diabetes,
neurodegenerative diseases, and cancer.

NF-kB Pathway (Inflammation)

The nuclear factor kappa B (NF-xB) pathway is central
to the regulation of inflammation. Chronic activation of
NF-xB drives the expression of pro-inflammatory

cytokines, chemokines, and adhesion molecules,
contributing to tissue damage and disease
progression.’®%!  Many phytochemicals, such as

quercetin, curcumin, and kaempferol, inhibit NF-xB
activation, thereby reducing inflammatory
responses.’®®%! Targeting this pathway allows natural
compounds to modulate immune signaling, control
chronic inflammation, and prevent complications
associated  with  metabolic, cardiovascular, and
neurodegenerative disorders.
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MAPK Signaling

Mitogen-activated protein kinase (MAPK) pathways,
including ERK, JNK, and p38, mediate cellular
responses to stress, proliferation, differentiation, and
apoptosis.’1 Dysregulation of MAPK signaling is
implicated in cancer, inflammation, and
neurodegeneration.®®  Several natural  products,
including resveratrol, EGCG, and apigenin, modulate
MAPK pathways, either promoting cell survival in
healthy tissues or inducing apoptosis in damaged or
transformed cells.'® This dual modulation highlights
the potential of phytochemicals as selective therapeutic
agents targeting multiple cellular outcomes.

Stage 1 Stage 2

COX and LOX Enzymes

Cyclooxygenase (COX) and lipoxygenase (LOX) are key
enzymes in the metabolism of arachidonic acid, leading
to the production of pro-inflammatory mediators such as
prostaglandins and leukotrienes. Overactivity of COX
and LOX contributes to chronic inflammation, pain, and
tumor progression.™*? Natural compounds, including
flavonoids and terpenoids, inhibit COX and LOX
activity, reducing the production of inflammatory
mediators.™ By  targeting  these  enzymes,
phytochemicals  provide  anti-inflammatory  and
chemopreventive effects, making them valuable in the
management of cardiovascular, inflammatory, and
neoplastic disorders.

Stage 3 Stage 4

Phytochemical —> Molecular Target —> Cellular Outcome —> Disease Impact

Figure 2: Schematic showing major phytochemicals targeting Nrf2, NF-kB, MAPK, and COX/LOX to modulate

cellular responses and mitigate chronic diseases.

Challenges and Limitations

Despite the promising therapeutic potential of natural
products, several challenges limit their clinical
translation. Poor bioavailability is a major concern, as
many phytochemicals, including polyphenols and
flavonoids, are poorly absorbed, rapidly metabolized, or
cleared from the body, reducing their systemic
efficacy.™? Strategies such as nanoformulations and
structural modifications are being explored to overcome
these limitations.

Lack of clinical trials is another critical issue. Most
evidence supporting the efficacy of natural products
comes from in vitro or animal studies, with limited high-
quality human trials. This gap restricts the ability to
establish standardized treatment protocols, dosing
regimens, and long-term safety profiles.***!

Standardization issues further complicate their use.
Variability in plant sources, extraction methods, and
bioactive content can lead to inconsistent therapeutic
effects. Without strict quality control, reﬁ)roducibility and
reliability of results remain uncertain.™™

Dose variability presents an additional challenge, as

effective concentrations observed in experimental
models may not translate directly to humans.
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Determining optimal, safe, and effective doses is
essential for clinical application, yet this information is
often lacking.®!

Overall, addressing these challenges through rigorous
pharmacokinetic studies, standardized formulations, and
well-designed clinical trials is critical for the successful
integration of natural products into modern therapeutic
strategies.

Future Perspectives

The therapeutic potential of natural products can be
significantly enhanced through nanotechnology-based
delivery systems, which improve bioavailability,
stability, and targeted tissue accumulation. Nanocarriers
such as liposomes, nanoparticles, and polymeric micelles
offer controlled release and protection from rapid

metabolism, increasing the clinical efficacy of
phytochemicals.
Synergistic therapy represents another promising

approach, where natural products are combined with
conventional drugs or other bioactive compounds to
enhance therapeutic outcomes. Such combinations can
reduce effective doses, mitigate side effects, and
overcome drug resistance, particularly in cancer,
metabolic disorders, and infectious diseases.™*¢**"]
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Clinical validation is critical to bridge the gap between
preclinical findings and human application. Well-
designed randomized controlled trials are necessary to
establish safety, efficacy, optimal dosing, and long-term
outcomes, ensuring reliable translation into clinical
practice.["®!

Finally, integrating natural products into drug
development pipelines offers opportunities for novel
therapeutics. Systematic screening, bioassay-guided
isolation, and mechanistic studies can identify lead
compounds for pharmaceutical development, while
advances in synthetic biology and medicinal chemistry
allow structural optimization for improved potency and
selectivity. Collectively, these strategies promise to
harness the full potential of natural products in modern
medicine. %120

DISCUSSION

Oxidative stress and chronic inflammation are central
drivers of many non-communicable diseases, including
cardiovascular disorders, diabetes, neurodegenerative
diseases, and cancer. Excess reactive oxygen species
(ROS) disrupt cellular redox homeostasis, damage
biomolecules such as DNA, proteins, and lipids, and
trigger pro-inflammatory signaling cascades.** This
persistent  imbalance  contributes to  endothelial
dysfunction, insulin resistance, neuronal death, and
tumor initiation, highlighting the need for interventions
that target these fundamental processes '?2. Natural
products, particularly plant-derived phytochemicals,
offer significant therapeutic potential due to their multi-
targeted actions against oxidative stress and
inflammation.

Phytochemicals act through diverse mechanisms,
primarily by scavenging ROS and restoring antioxidant
defenses. Compounds such as flavonoids, polyphenols,
and terpenoids enhance the activity of endogenous
antioxidant enzymes, including superoxide dismutase,
catalase, and glutathione peroxidase, while also directly
neutralizing free radicals.®®***2% This dual antioxidant
action helps prevent lipid peroxidation, DNA mutations,
and protein oxidation, which are implicated in chronic
disease progression. Additionally, many natural products
exhibit strong anti-inflammatory effects, suppressing
pro-inflammatory cytokines and modulating transcription
factors such as NF-kB and AP-1.'*®! By dampening
chronic inflammation, these compounds reduce tissue
damage and improve outcomes in  metabolic,
cardiovascular, and neurodegenerative disorders. %%}

Beyond antioxidant and anti-inflammatory effects,
phytochemicals influence enzyme activity and
intracellular signaling pathways. Activation of enzymes
such as AMPK and SIRT1 modulates energy metabolism,
mitochondrial function, and cell survival, while
inhibition of tyrosine kinases or COX/LOX enzymes can
prevent  uncontrolled  cell proliferation  and
inflammation.™*! Natural products also regulate critical
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pathways including MAPK cascades and Nrf2-mediated
antioxidant responses, enabling cells to adapt to stress,
detoxify reactive species, and undergo apoptosis when
necessary.?®! These multi-layered actions illustrate the
ability of natural products to intervene at several points
in disease pathogenesis, offering advantages over single-
target synthetic drugs.

Despite these promising effects, several challenges
hinder clinical translation. Poor bioavailability, rapid
metabolism, and instability limit the systemic efficacy of
many phytochemicals. Standardization issues, including
variability in plant sources, extraction methods, and
active compound content, complicate reproducibility and
dose optimization.'* Furthermore, the majority of
studies remain preclinical, with a lack of large-scale,
well-designed human trials to validate safety and
efficacy.®” Addressing these limitations is crucial for
integrating natural products into mainstream medicine.
Approaches such as nanotechnology-based delivery
systems, structural optimization, and synergistic
combination therapies can enhance bioavailability,
improve stability, and reduce required dosages, while
rigorous clinical studies will help establish evidence-
based protocols.**11%%

Looking forward, the integration of natural products into
drug development pipelines presents a valuable strategy
for identifying novel therapeutic agents. Systematic
screening, bioassay-guided isolation, and mechanistic
studies can yield lead compounds with defined molecular
targets.’* Additionally, advances in synthetic biology
and medicinal chemistry provide opportunities to
enhance potency, selectivity, and pharmacokinetic
profiles.®* The combination of natural products with
conventional therapies may also overcome drug
resistance, improve efficacy, and reduce adverse effects,
particularly in cancer and metabolic disorders.

Therefore, natural products represent a versatile and
multi-functional resource for the prevention and
management of oxidative stress-mediated chronic
diseases. Their ability to target multiple pathways
simultaneously, combined with advances in formulation
and delivery strategies, positions them as promising
candidates for future therapeutic  development.
Continued research focusing on clinical validation,
standardization, and integration into modern treatment
paradigms will be essential to fully realize their potential
and translate preclinical findings into meaningful health
outcomes.

CONCLUSION

Natural products represent a vast and versatile source of
bioactive compounds with significant potential in the
prevention and management of chronic diseases.
Through mechanisms such as antioxidant activity, anti-
inflammatory effects, enzyme modulation, and regulation
of key signaling pathways, these compounds can target
multiple molecular processes simultaneously.
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Phytochemicals act on critical molecular targets,
including the Nrf2 and NF-xB pathways, MAPK
signaling, and COX/LOX enzymes, highlighting their
multifaceted therapeutic roles.

Despite their promise, challenges such as poor
bioavailability, lack of clinical validation, standardization
issues, and dose variability remain major barriers to
clinical translation. Addressing these limitations through
advanced delivery systems, synergistic approaches,
rigorous clinical studies, and incorporation into modern
drug development pipelines will be essential for realizing
their full potential.

Overall, integrating natural products into contemporary
medicine offers a strategic avenue for developing safer,
multi-targeted therapies against oxidative stress-mediated
chronic diseases, paving the way for innovative
interventions and improved patient outcomes.

Acknowledgements
Nil

Conflict of Interest
None

REFERENCES

1. Liu S, Liu J, Wang Y, Deng F, Deng Z. Oxidative
Stress: Signaling Pathways, Biological Functions,
and Disease. MedComm. 2025; 6(7): €70268. doi:
10.1002/mc02.70268

2. Pizzino G, Irrera N, Cucinotta M, et al. Oxidative
Stress: Harms and Benefits for Human Health. Oxid
Med Cell Longev. 2017; 2017: 8416763. doi:
10.1155/2017/8416763

3. de Almeida AJPO, de Oliveira JCPL, da Silva
Pontes LV, et al. ROS: Basic Concepts, Sources,
Cellular Signaling, and its Implications in Aging
Pathways. Oxid Med Cell Longev. 2022; 2022:
1225578. doi: 10.1155/2022/1225578

4. Juan CA, Pérez de la Lastra JM, Plou FJ, Pérez-
Lebefia E. The Chemistry of Reactive Oxygen
Species (ROS) Revisited: Outlining Their Role in
Biological Macromolecules (DNA, Lipids and
Proteins) and Induced Pathologies. Int J Mol Sci.
2021; 22(9). doi: 10.3390/ijms22094642

5. Amin A, Hossain R, Kabir I, Bashar MB. of
Pharmaceutical DETRIMENTAL EFFECTS OF
DIETARY SUGAR ON HUMAN HEALTH: A
DECADE OF EVIDENCE FROM 2015 ONWARD.
2026; 15(6): 439-488.

6. Amin A, Hossain M. World Journal of
Pharmaceutical MICROPLASTICS AND
NANOPLASTICS AS EMERGING MODIFIERS
OF HUMAN DRUG PHARMACOKINETICS:
2026; 15(6): 597-639.

7. Chen L, Deng H, Cui H, et al. Inflammatory
responses and inflammation-associated diseases in
organs. Oncotarget. 2018; 9(6): 7204-7218. doi:
10.18632/oncotarget.23208

www.wjpmsonline.com

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chelangarimiyandoab F, Lavoie JPC, Flamand N,
Cordat E, Breton S. Molecular mechanisms of acute
inflammation: systemic responses and kidney-
specific pathophysiology. Funct (Oxford, England).
2026; 7(2): e0872025. doi:
10.1152/function.087.2025

Liu ZY, Yu Y, Yu XZ. Interplay Between Oxidative

Stress and Inflammation in Aquatic Animals:
Mechanisms, Consequences, and Implications for
Aquaculture Health. Antioxidants (Basel,
Switzerland). 2026; 15(2). doi:
10.3390/antiox15020208

Lingappan K. NF-kB in Oxidative Stress. Curr Opin
Toxicol. 2018; 7 81-86. doi:
10.1016/j.cotox.2017.11.002

Chen YS, Tian HX, Rong DC, et al. ROS

homeostasis in cell fate, pathophysiology, and
therapeutic interventions. Mol Biomed. 2025; 6(1):
89. doi: 10.1186/s43556-025-00338-8

Batty M, Bennett MR, Yu E. The Role of Oxidative
Stress in Atherosclerosis. Cells. 2022; 11(23). doi:
10.3390/cells11233843

Oguntibeju OO. Type 2 diabetes mellitus, oxidative
stress and inflammation: examining the links. Int J
Physiol Pathophysiol Pharmacol. 2019; 11(3): 45-
63.

de Aragjo AB, S Azul FVC, Carneiro YC, et al.
Neuroinflammation and Oxidative Stress in
Parkinson’s Disease, Alzheimer’s Disease, and
COVID-19: Microglia-Neutrophil Interaction. ACS
omega. 2026; 11(5): 6922-6938. doi:
10.1021/acsomega.5¢10397

Wang M, Xiao Y, Miao J, et al. Oxidative Stress and
Inflammation: Drivers of Tumorigenesis and
Therapeutic Opportunities. Antioxidants. 2025;
14(6). doi: 10.3390/antiox14060735

Roy A, Khan A, Ahmad I, et al. Flavonoids a
Bioactive Compound from Medicinal Plants and Its
Therapeutic Applications. Biomed Res Int. 2022;
2022: 5445291. doi: 10.1155/2022/5445291

Clifford T, Acton JP, Cocksedge SP, Davies KAB,
Bailey SJ. The effect of dietary phytochemicals on
nuclear factor erythroid 2-related factor 2 (Nrf2)
activation: a systematic review of human
intervention trials. Mol Biol Rep. 2021; 48(2): 1745-
1761. doi: 10.1007/s11033-020-06041-x

Latif R. Medicinal Plants and Human Health : A
Comprehensive Review of Bioactive Compounds ,
Therapeutic Effects , and Applications. Vol 25.
Springer Netherlands; 2026. doi: 10.1007/s11101-
025-10194-7

Li L, XuJ, Yu L, et al. Mechanistic and translational
insights into plant-derived natural products in
preclinical multiple myeloma research: Current
evidence. Transl Oncol. 2026; 64: 102666. doi:
https://doi.org/10.1016/j.tranon.2026.102666

Liu H, Jiao Y, Wang PC, et al. Oxidative stress and
antioxidant therapeutic mechanisms. Pharmacol
Ther. 2026; 278: 108962. doi:
https://doi.org/10.1016/j.pharmthera.2025.108962

20



21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

World Journal of Pharmacy and Medical Science, 2026; 2(5)

Gongalves RV, Costa AMA, Grzeskowiak L.
Oxidative Stress and Tissue Repair: Mechanism,
Biomarkers, and Therapeutics. Oxid Med Cell
Longev. 2021; 2021: 6204096. doi:
10.1155/2021/6204096

Zhao RZ, Jiang S, Zhang L, Yu ZB. Mitochondrial
electron transport chain, ROS generation and
uncoupling (Review). Int J Mol Med. 2019; 44(1): 3-
15. doi: 10.3892/ijmm.2019.4188

Kuznetsov A V, Margreiter R, Ausserlechner MJ,
Hagenbuchner J. The Complex Interplay between
Mitochondria, ROS and Entire Cellular Metabolism.
Antioxidants. 2022; 11(10). doi:
10.3390/antiox11101995

Egea G, Jiménez-Altay6 F, Campuzano V. Reactive
Oxygen Species and Oxidative Stress in the
Pathogenesis and Progression of Genetic Diseases of
the Connective Tissue. Antioxidants. 2020; 9(10).
doi: 10.3390/antiox9101013

Nguyen GT, Green ER, Mecsas J. Neutrophils to the
ROScue: Mechanisms of NADPH Oxidase
Activation and Bacterial Resistance. Front Cell
Infect  Microbiol.  2017; 7: 373. doi:
10.3389/fcimb.2017.00373

Xie X, He Z, Chen N, Tang Z, Wang Q, Cai Y. The
Roles of Environmental Factors in Regulation of
Oxidative Stress in Plant. Biomed Res Int. 2019;
2019: 9732325. doi: 10.1155/2019/9732325

Li Pomi F, Gammeri L, Borgia F, Di Gioacchino M,
Gangemi S. Oxidative Stress and Skin Diseases: The
Role of Lipid Peroxidation. Antioxidants. 2025;
14(5). doi: 10.3390/antiox14050555

Kehm R, Baldensperger T, Raupbach J, H6hn A.
Protein oxidation - Formation mechanisms,
detection and relevance as biomarkers in human
diseases. Redox Biol. 2021; 42: 101901. doi:
10.1016/j.redox.2021.101901

Ayna A, Caglayan C, Taysi S. Cellular and
Molecular Mechanisms of Oxidative DNA Damage
and Repair. Medicina (Kaunas). 2025; 61(11). doi:
10.3390/medicina61112013

Jena AB, Samal RR, Bhol NK, Duttaroy AK.
Cellular Red-Ox system in health and disease: The
latest update. Biomed Pharmacother. 2023; 162:
114606. doi:
https://doi.org/10.1016/j.biopha.2023.114606
Chandimali N, Bak SG, Park EH, Lim H jin, Won Y
seon, Kim E kyung. Free radicals and their impact
on health and antioxidant defenses: a review. Cell
Death Discov. 2025; (October 2024). doi:
10.1038/s41420-024-02278-8

Meng QT, Chen R, Chen C, et al. Transcription
factors Nrf2 and NF-xB contribute to inflammation
and apoptosis induced by intestinal ischemia-
reperfusion in mice. Int J Mol Med. 2017; 40(6):
1731-1740. doi: 10.3892/ijmm.2017.3170

Ngoi NY, Liew AQ, Chong SJF, Davids MS,
Clement MV, Pervaiz S. The redox-senescence axis
and its therapeutic targeting. Redox Biol. 2021; 45:
102032. doi: 10.1016/j.redox.2021.102032

www.wjpmsonline.com

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Chavda VP, Feehan J, Apostolopoulos V.
Inflammation: The Cause of All Diseases. Cells.
2024; 13(22). doi: 10.3390/cells13221906

Liehn EA, Cabrera-Fuentes HA. Inflammation
between defense and disease: impact on tissue repair
and chronic sickness. Discov (Craiova, Rom. 2015;
3(1): e42. doi: 10.15190/d.2015.34

Soares CLR, Wilairatana P, Silva LR, et al.
Biochemical aspects of the inflammatory process: A
narrative review. Biomed Pharmacother. 2023; 168:
115764. doi:
https://doi.org/10.1016/j.biopha.2023.115764
Bender EC, Tareq HS, Suggs LJ. In fl ammation : a
matter of immune cell life and death. npj Biomed
Innov.  Published online 2025: 1-9. doi:
10.1038/s44385-025-00010-4

Martinez-Garcia M, Hernandez-Lemus E. Pro-
Inflammatory and Anti-Inflammatory Interleukins in
Periodontitis: Molecular Roles, Immune Crosstalk,
and Therapeutic Perspectives. Int J Mol Sci. 2025;
26(20). doi: 10.3390/ijms262010094

Liu T, Zhang L, Joo D, Sun S cong. NF- «x B
signaling in in fl ammation. 2017; (March). doi:
10.1038/sigtrans.2017.23

Altanam SY, Darwish N, Bakillah A. Exploring the
Interplay of Antioxidants, Inflammation, and
Oxidative ~ Stress:  Mechanisms,  Therapeutic
Potential, and Clinical Implications. Diseases. 2025;
13(9). doi: 10.3390/diseases13090309

Dash UC, Bhol NK, Swain SK, et al. Oxidative
stress and inflammation in the pathogenesis of
neurological disorders: Mechanisms and
implications. Acta Pharm Sin B. 2025; 15(1): 15-34.
doi: 10.1016/j.apsh.2024.10.004

Bellanti F, Coda ARD, Trecca MI, Lo Buglio A,
Serviddio G, Vendemiale G. Redox Imbalance in
Inflammation: The Interplay of Oxidative and
Reductive Stress. Antioxidants. 2025; 14(6): 656.
doi: 10.3390/antiox14060656

Cipriano A, Viviano M, Feoli A, et al. NADPH
Oxidases: From Molecular Mechanisms to Current
Inhibitors. J Med Chem. 2023; 66(17): 11632-
11655. doi: 10.1021/acs.jmedchem.3c00770

Chen Y, Ye X, Escames G, et al. The NLRP3
inflammasome: contributions to inflammation-
related diseases. Cell Mol Biol Lett. 2023; 28(1): 51.
doi: 10.1186/s11658-023-00462-9

Liu S, Liu J. Oxidative Stress : Signaling Pathways ,
Biological Functions , and Disease. Published online
2025. doi: 10.1002/mc02.70268

Higashi Y. Roles of Oxidative Stress and
Inflammation in Vascular Endothelial Dysfunction-
Related Disease. Antioxidants (Basel, Switzerland).
2022; 11(10). doi: 10.3390/antiox11101958
Amponsah-Offeh M, Diaba-Nuhoho P, Speier S,
Morawietz H. Oxidative Stress, Antioxidants and
Hypertension. Antioxidants. 2023; 12(2). doi:
10.3390/antiox12020281

Di Pietro N, Baldassarre MPA, Cichelli A, Pandolfi
A, Formoso G, Pipino C. Role of Polyphenols and

21



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

World Journal of Pharmacy and Medical Science, 2026; 2(5)

Carotenoids in  Endothelial Dysfunction: An
Overview from Classic to Innovative Biomarkers.
Oxid Med Cell Longev. 2020; 2020: 6381380. doi:
10.1155/2020/6381380

Nakadate K, Ito N, Kawakami K, Yamazaki N.
Anti-Inflammatory ~ Actions of  Plant-Derived
Compounds and Prevention of Chronic Diseases:
From Molecular Mechanisms to Applications. Int J
Mol Sci. 2025; 26(11). doi: 10.3390/ijms26115206
Clemente-Suarez VJ, Martin-Rodriguez A, Beltran-
Velasco Al, et al. Functional and Therapeutic Roles
of Plant-Derived Antioxidants in Type 2 Diabetes

Mellitus: Mechanisms, Challenges, and
Considerations for Special Populations.
Antioxidants. 2025; 14(6). doi:

10.3390/antiox14060725

Jalouli M, Rahman MA, Biswas P, et al. Targeting
natural antioxidant polyphenols to protect
neuroinflammation and neurodegenerative diseases:
a comprehensive review. Front Pharmacol. 2025;
16: 1492517. doi: 10.3389/fphar.2025.1492517
Huang R, Chen H, Liang J, et al. Dual Role of
Reactive Oxygen Species and their Application in
Cancer Therapy. J Cancer. 2021; 12(18): 5543-
5561. doi: 10.7150/jca.54699

Arfin S, Jha NK, Jha SK, et al. Oxidative Stress in

Cancer Cell Metabolism. Antioxidants (Basel,
Switzerland). 2021; 10(5). doi:
10.3390/antiox10050642

Yuan M, Zhang G, Bai W, Han X, Li C, Bian S. The
Role of Bioactive Compounds in Natural Products
Extracted from Plants in Cancer Treatment and
Their Mechanisms Related to Anticancer Effects.
Oxid Med Cell Longev. 2022; 2022: 1429869. doi:
10.1155/2022/1429869

Zahra M, Abrahamse H, George BP. Flavonoids:
Antioxidant Powerhouses and Their Role in
Nanomedicine. Antioxidants (Basel, Switzerland).
2024; 13(8). doi: 10.3390/antiox13080922

Luo M, Xiao H. Curcumin, resveratrol, and other
polyphenols in regulating redox imbalance in
inflammatory bowel disease. Curr Opin Physiol.
2026; 47: 100890. doi:
https://doi.org/10.1016/j.cophys.2025.100890
Bouissane L, Khatib S, ElI Boukhari R, Thiery V,
Fatimi A. Harnessing the Anticancer Potential of
Plant Alkaloids Through Green Extraction
Technologies. Appl Biosci. 2026; 5(2). doi:
10.3390/applbiosci5020023

Dang K, Zhang J, Yu K, et al. Natural terpenoids
with therapeutic potential against pulmonary arterial
hypertension. Front Pharmacol. 2025; 16: 1713745.
doi: 10.3389/fphar.2025.1713745

Vollmannova A, Bojnanska T, Musilova J, Lidikova
J, Cifrova M. Quercetin as one of the most abundant
represented biological valuable plant components
with remarkable chemoprotective effects - A review.
Heliyon. 2024; 10(12): £33342. doi:
https://doi.org/10.1016/j.heliyon.2024.e33342
Aghababaei F, Hadidi M. Recent Advances in

www.wjpmsonline.com

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Potential  Health  Benefits of  Quercetin.
Pharmaceuticals (Basel). 2023; 16(7). doi:
10.3390/ph16071020

Zhou B, Hu B. Anti-in fl ammatory effect of
curcumin on neurological disorders: a narrative
review. 2025; 2025(October): 1-16.  doi:
10.3389/fphar.2025.1658115

Zoi V, Galani V, Lianos GD, Voulgaris S, Kyritsis
AP, Alexiou GA. The Role of Curcumin in Cancer
Treatment. Biomedicines. 2021; 9(9). doi:
10.3390/biomedicines9091086

Zhang LX, Li CX, Kakar MU, et al. Resveratrol
(RV): A pharmacological review and call for further
research. Biomed Pharmacother. 2021; 143: 112164.
doi: https://doi.org/10.1016/j.biopha.2021.112164
Borzsei D, Sebestyén J, Szabd R, et al. Resveratrol
as a Promising Polyphenol in Age-Associated
Cardiac Alterations. Oxid Med Cell Longev. 2022;
2022: 7911222, doi: 10.1155/2022/7911222
Capasso L, De Masi L, Sirignano C, et al.
Epigallocatechin Gallate (EGCG): Pharmacological
Properties, Biological Activities and Therapeutic

Potential. Molecules.  2025;  30(3). doi:
10.3390/molecules30030654
Alam M, Gulzar M, Akhtar MS, et al.

Epigallocatechin-3-gallate therapeutic potential in
human diseases: molecular mechanisms and clinical
studies. Mol Biomed. 2024; 5(1): 73. doi:
10.1186/s43556-024-00240-9

Kim KH, Lee D, Lee HL, Kim CE, Jung K, Kang
KS. Beneficial effects of Panax ginseng for the
treatment and prevention of neurodegenerative
diseases: past findings and future directions. J
Ginseng Res. 2018; 42(3): 239-247. doi:
https://doi.org/10.1016/j.jgr.2017.03.011

Jang WY, Hwang JY, Cho JY. Ginsenosides from
Panax ginseng as Key Modulators of NF-xB
Signaling Are Powerful Anti-Inflammatory and
Anticancer Agents. Int J Mol Sci. 2023; 24(7). doi:
10.3390/ijms24076119

Valdés-Gonzalez JA, Sanchez M, Moratilla-Rivera
I, Iglesias I, Gomez-Serranillos MP.
Immunomodulatory, Anti-Inflammatory, and Anti-
Cancer Properties of Ginseng: A Pharmacological
Update. Molecules. 2023; 28(9). doi:
10.3390/molecules28093863

Saini RK, Rengasamy KRR, Mahomoodally FM,
Keum YS. Protective effects of lycopene in cancer,
cardiovascular, and neurodegenerative diseases: An
update on epidemiological and mechanistic
perspectives. Pharmacol Res. 2020; 155: 104730.
doi: https://doi.org/10.1016/j.phrs.2020.104730
Przybylska S, Tokarczyk G. Lycopene in the
Prevention of Cardiovascular Diseases. Int J Mol
Sci. 2022; 23(4). doi: 10.3390/ijms23041957
Parveen S, Bhat I, Bhat R. Kaempferol and its
derivatives: Biological activities and therapeutic
potential. Asian Pac J Trop Biomed. 2023; 13: 411-
420. doi: 10.4103/2221-1691.387747

Hussain Y, Khan H, Alsharif KF, Hayat Khan A,

22



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

World Journal of Pharmacy and Medical Science, 2026; 2(5)

Aschner M, Saso L. The Therapeutic Potential of
Kaemferol and Other Naturally Occurring
Polyphenols Might Be Modulated by Nrf2-ARE
Signaling Pathway: Current Status and Future
Direction.  Molecules.  2022; 27(13). doi:
10.3390/molecules27134145

Yan X, Qi M, Li P, Zhan Y, Shao H. Apigenin in
cancer therapy: anti-cancer effects and mechanisms
of action. Cell Biosci. 2017; 7: 50. doi:
10.1186/s13578-017-0179-x

Siddiquee R, Mahmood T, Ahamad V, Farogh A,
Shahzadi A. Apigenin unveiled: an encyclopedic
review of its preclinical and clinical insights. Discov
Plants. Published online 2025. doi: 10.1007/s44372-
024-00039-6

Jomova K, Alomar SY, Valko R, et al. Flavonoids
and their role in oxidative stress, inflammation, and
human diseases. Chem Biol Interact. 2025; 413:
111489. doi:
https://doi.org/10.1016/j.cbhi.2025.111489

Li L, Luo W, Qian Y, et al. Luteolin protects against
diabetic cardiomyopathy by inhibiting NF-xB-
mediated inflammation and activating the Nrf2-
mediated antioxidant responses. Phytomedicine.
2019; 59: 152774, doi:
10.1016/j.phymed.2018.11.034

Liu Y, Huang L, Kim MY, Cho JY. The Role of
Thymoquinone in Inflammatory Response in
Chronic Diseases. Int J Mol Sci. 2022; 23(18). doi:
10.3390/ijms231810246

Mahmoud YK, Abdelrazek HMA. Cancer:
Thymoquinone antioxidant/pro-oxidant effect as
potential anticancer remedy. Biomed Pharmacother.
2019; 115: 108783. doi:
https://doi.org/10.1016/j.biopha.2019.108783
Liebman S, Le T. Eat Your Broccoli: Oxidative
Stress, NRF2, and Sulforaphane in Chronic Kidney
Disease.  Nutrients. 2021; 13: 266. doi:
10.3390/nu13010266

Bessetti RN, Litwa KA, Luis E. Broccoli for the
brain : a review of the neuroprotective mechanisms
of sulforaphane. 2025; (July). doi:
10.3389/fncel.2025.1601366

Najjar Khalilabad S, Mirzaei A, Askari VR, Mirzaei
A, Khademi R, Baradaran Rahimi V. How
hesperidin and Hesperetin, as promising food
Supplements, combat cardiovascular Diseases: A
systematic review from bench to bed. J Funct
Foods. 2024, 120: 106358. doi:
https://doi.org/10.1016/j.jff.2024.106358
Mas-Capdevila A, Teichenne J, Domenech-Coca C,
et al. Effect of Hesperidin on Cardiovascular
Disease Risk Factors: The Role of Intestinal
Microbiota on Hesperidin Bioavailability. Nutrients.
2020; 12(5). doi: 10.3390/nu12051488

Bharathy P, Thanikachalam P V. Pharmacological
relevance of anthocyanin derivative: A review.
Pharmacol Res - Mod Chinese Med. 2025; 14:
100565. doi:
https://doi.org/10.1016/j.prmcm.2024.100565

www.wjpmsonline.com

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kowalczyk T, Muskata M, Merecz-Sadowska A,
Sikora J, Picot L, Sitarek P. Anti-Inflammatory and
Anticancer Effects of Anthocyanins in In Vitro and
In Vivo Studies. Antioxidants (Basel, Switzerland).
2024; 13(9). doi: 10.3390/antiox13091143

Wang Z. Neurodegenerative diseases and 3-gallate
is a modulator of chronic neuroinflammation and
oxidative stress. 2024; (August). doi:
10.3389/fnut.2024.1425839

Bernatoniene J, Kopustinskiene DM. The Role of
Catechins in Cellular Responses to Oxidative Stress.
Molecules. 2018; 23(4). doi:
10.3390/molecules23040965

Zhang K, Wang J, Xu B. Critical Review on
Molecular Mechanisms for Genistein’s Beneficial
Effects on Health Through Oxidative Stress
Reduction.  Antioxidants. 2025; 14(8). doi:
10.3390/antiox14080904

Jafari S, Shoghi M, Khazdair MR. Pharmacological
Effects of Genistein on Cardiovascular Diseases.
Evid Based Complement Alternat Med. 2023; 2023:
8250219. doi: 10.1155/2023/8250219

Zhao Y, Zhou Y, Gong T, et al. The clinical anti-
inflammatory effects and underlying mechanisms of
silymarin. iScience. 2024; 27(11): 111109. doi:
https://doi.org/10.1016/j.isci.2024.111109

Dhande D, Dhok A, Anjankar A, Nagpure S.
Silymarin as an Antioxidant Therapy in Chronic
Liver Diseases: A Comprehensive Review. Cureus.
2024; 16(8): e67083. doi: 10.7759/cureus.67083

Lee SE, Park YS. The Emerging Roles of
Antioxidant Enzymes by Dietary Phytochemicals in
Vascular Diseases. Life (Basel, Switzerland). 2021;
11(3). doi: 10.3390/1ife11030199

Kang H, Kim B. Bioactive Compounds as Inhibitors
of Inflammation, Oxidative Stress and Metabolic
Dysfunctions via Regulation of Cellular Redox
Balance and Histone Acetylation State. Foods
(Basel,  Switzerland).  2023; 12(5). doi:
10.3390/f00ds12050925

Chen J, Liu B, Yao X, et al. AMPK/SIRT1/PGC-1a
Signaling Pathway: Molecular Mechanisms and
Targeted Strategies From Energy Homeostasis
Regulation to Disease Therapy. CNS Neurosci Ther.
2025; 31(11): e70657. doi: 10.1111/cns.70657
Mongre RK, Mishra CB, Shukla AK, et al.
Emerging Importance of Tyrosine Kinase Inhibitors
against Cancer: Quo Vadis to Cure? Int J Mol Sci.
2021; 22(21). doi: 10.3390/ijms222111659

Talib WH, Baban MM, Bulbul MF, et al. Natural
Products and Altered Metabolism in Cancer:
Therapeutic Targets and Mechanisms of Action. Int
J Mol Sci. 2024; 25(17). doi: 10.3390/ijms25179593
Costa VB, de Matos IAF, Nogueira IRG, de Godoi
MA, Leite FRM, Guimardes-Stabili MR. Nrf2
Activation in Inflammatory Diseases: A Review of
Natural and Synthetic Modulators. Oxid Med Cell
Longev. 2026; 2026. doi: 10.1155/omcl/4538420
Wani AK, Akhtar N, Mir TUG, et al. Targeting
Apoptotic  Pathway of Cancer Cells with

23



World Journal of Pharmacy and Medical Science, 2026; 2(5)

Phytochemicals and Plant-Based Nanomaterials.
Biomolecules. 2023; 13(2). doi:
10.3390/biom13020194

99. Vomund S, Schéfer A, Parnham MJ, Brine B, von
Knethen A. Nrf2, the Master Regulator of Anti-
Oxidative Responses. Int J Mol Sci. 2017; 18(12).
doi: 10.3390/ijms18122772

100.Ngo V, Duennwald ML. Nrf2 and Oxidative Stress:
A General Overview of Mechanisms and
Implications in Human Disease. Antioxidants (Basel,
Switzerland). 2022; 11(12). doi:
10.3390/antiox11122345

101.Li B, Wang Y, Jiang X, et al. Natural products
targeting Nrf2/ARE signaling pathway in the
treatment of inflammatory bowel disease. Biomed
Pharmacother.  2023;  164: 114950. doi:
https://doi.org/10.1016/j.biopha.2023.114950

102.Houghton CA, Fassett RG, Coombes JS.
Sulforaphane and Other Nutrigenomic  Nrf2
Activators: Can the Clinician’s Expectation Be
Matched by the Reality? Oxid Med Cell Longev.
2016; 2016: 7857186. doi: 10.1155/2016/7857186

103.Hoffmann A, Cheng G, Baltimore D. NF - «B:
master regulator of cellular responses in health and
disease. Published online 2025: 1-28.

104.Mao H, Zhao X, Sun SC. NF-xB in inflammation
and cancer. Cell Mol Immunol. 2025; 22(8): 811-
839. doi: 10.1038/541423-025-01310-w

105.Aggarwal D, Chaudhary M, Mandotra SK, et al.
Anti-inflammatory potential of quercetin: From

chemistry  and mechanistic insight  to
nanoformulations. Curr Res Pharmacol Drug
Discov. 2025; 8: 100217. doi:

https://doi.org/10.1016/j.crphar.2025.100217

106.Nisar A, Jagtap S, Vyavahare S, et al
Phytochemicals in the treatment of inflammation-
associated diseases: the journey from preclinical
trials to clinical practice. Front Pharmacol. 2023;
14: 1177050. doi: 10.3389/fphar.2023.1177050

107.Yue J, Lépez JM. Understanding MAPK Signaling
Pathways in Apoptosis. Int J Mol Sci. 2020; 21(7).
doi: 10.3390/ijms21072346

108.Seger R. Special Issue: MAPK Signaling Cascades
in Human Health and Diseases. Int J Mol Sci. 2024;
25(20). doi: 10.3390/ijms252011226

109.Chimento A, D’Amico M, De Luca A, Conforti FL,
Pezzi V, De Amicis F. Resveratrol, Epigallocatechin
Gallate and Curcumin for Cancer Therapy:
Challenges from Their Pro-Apoptotic Properties.
Life (Basel, Switzerland). 2023; 13(2). doi:
10.3390/1ife13020261

110.Mukhopadhyay N, Shukla A, Makhal PN, Kaki VR.
Natural product-driven dual COX-LOX inhibitors:
Overview of recent studies on the development of
novel anti-inflammatory agents. Heliyon. 2023; 9(3):
€14569. doi: 10.1016/j.heliyon.2023.e14569

111.Mukhopadhyay N, Shukla A, Makhal PN. Heliyon
Natural product-driven dual COX-LOX inhibitors :
Overview of recent studies on the development of
novel anti-inflammatory agents. Heliyon. 2023; 9(3):

www.wjpmsonline.com

e14569. doi: 10.1016/j.heliyon.2023.e14569

112.Yang Y, Ling W. Health Benefits and Future
Research of Phytochemicals: A Literature Review. J
Nutr. 2025; 155(1): 87-101. doi:
https://doi.org/10.1016/j.tjnut.2024.11.007

113.Chunarkar-Patil P, Kaleem M, Mishra R, et al.
Anticancer Drug Discovery Based on Natural
Products: From Computational Approaches to
Clinical Studies. Biomedicines. 2024; 12(1). doi:
10.3390/biomedicines12010201

114.Wang H, Chen Y, Wang L, Liu Q, Yang S, Wang C.
Advancing herbal medicine: enhancing product
quality and safety through robust quality control
practices. Front Pharmacol. 2023; 14: 1265178. doi:
10.3389/fphar.2023.1265178

115.Axelrad DA, Setzer RW, Bateson TF, et al. Methods
for evaluating variability in human health dose-
response characterization. Hum Ecol Risk Assess.
2019; 25: 1-24. doi:
10.1080/10807039.2019.1615828

116.Bota M, Vlaia L, Jijie AR, et al. Exploring
Synergistic Interactions between Natural
Compounds and Conventional Chemotherapeutic
Drugs in Preclinical Models of Lung Cancer.
Pharmaceuticals (Basel). 2024; 17(5). doi:
10.3390/ph17050598

117.Akinwumi 1A, Ambali OA. Exploring synergistic
effects of bioactive compounds and pharmaceuticals
in therapeutic applications. J Holist Integr Pharm.
2026; 7(1): 102-110. doi:
https://doi.org/10.1016/j.jhip.2026.02.009

118.Mahalmani V, Sinha S, Prakash A, Medhi B.
Translational research: Bridging the gap between
preclinical and clinical research. Indian J
Pharmacol.  2022;  54(6): 393-396.  doi:
10.4103/ijp.ijp_860_22

119.Xie S, Zhan F, Zhu J, Xu S, Xu J. The latest
advances with natural products in drug discovery
and opportunities for the future: a 2025 update.
Expert Opin Drug Discov. 2025; 20. doi:
10.1080/17460441.2025.2507382

120.Wang B, Liu Q, Zhao W, et al. Revolutionizing drug
discovery from natural products: The roles of
artificial intelligence and multi-omics in accelerating
innovation. Acta Pharm Sin B. Published online
2025. doi:
https://doi.org/10.1016/j.apsb.2025.12.030

121.K D, Shee M, Roy PK, Mandal M. Reactive oxygen
species in cell signaling and cell death: A redox
perspective on metabolic and inflammatory
disorders. Cell Death. 2026; 2(2): 100009. doi:
https://doi.org/10.1016/j.celld.2026.100009

122.Muniyappa R, Sowers JR. Role of insulin resistance
in endothelial dysfunction. Rev Endocr Metab
Disord. 2013; 14(1): 5-12. doi: 10.1007/s11154-012-
9229-1

123.Tigen A, Buruleanu C. The Role of Plant-Derived
Bioactive Compounds in Mitigating Oxidative
Stress. Foods. 2025; 15: 108. doi:
10.3390/f00ds15010108

24



World Journal of Pharmacy and Medical Science, 2026; 2(5)

124.Bas TG. Dietary Polyphenols (Flavonoids) Derived
from Plants for Use in Therapeutic Health:
Antioxidant  Performance, = ROS,  Molecular
Mechanisms, and Bioavailability Limitations. Int J
Mol Sci. 2026; 27(3). doi: 10.3390/ijms27031404

125.Barakat M, Syed NK, Hasen E, et al. The effect of
natural products on inflammatory cytokines
production and secretion. Phytomedicine Plus. 2023;
3(4): 100488. doi:
https://doi.org/10.1016/j.phyplu.2023.100488

126.Yu X, Pu H, Voss M. Overview of anti-
inflammatory diets and their promising effects on
non-communicable diseases. Br J Nutr. 2024;
132(7): 898-918. doi: 10.1017/S0007114524001405

127.Liu HY, Chang CF, Lu CC, et al. The Role of
Mitochondrial Metabolism, AMPK-SIRT Mediated
Pathway, LncRNA and MicroRNA in Osteoarthritis.
Biomedicines. 2022; 10(7). doi:
10.3390/biomedicines10071477

128.Ma K, Miao L, Li B, et al. Mechanism of action of
Nrf2 and its related natural regulators in rheumatoid
arthritis. J Orthop Surg Res. 2024; 19(1): 759. doi:
10.1186/s13018-024-05221-w

129.Nicolescu A, Babota M, Barros L, et al
Bioaccessibility and bioactive potential of different
phytochemical classes from nutraceuticals and
functional foods. Front Nutr. 2023; 10: 1184535.
doi: 10.3389/fnut.2023.1184535

130.Nair DG, Weiskirchen R. Advanced In Vitro Models
for Preclinical Drug Safety: Recent Progress and
Prospects. Curr Issues Mol Biol. 2024; 47(1). doi:
10.3390/cimb47010007

131.Paczkowska-Walendowska M, Trzaskoma P, Dziopa
A, et al. Innovative Strategies to Enhance the
Bioavailability of Cannabidiol: Nanotechnology and
Advanced Delivery Systems. Pharmaceuticals.
2025; 18(11). doi: 10.3390/ph18111637

132.Venturini J, Chakraborty A, Baysal MA,
Tsimberidou AM. Developments in nanotechnology
approaches for the treatment of solid tumors. Exp
Hematol  Oncol. 2025; 14(1): 76. doi:
10.1186/s40164-025-00656-1

133.Afsar T, Razak S, Almajwal A, et al. Bioassay-
guided isolation and characterization of lead
antimicrobial compounds from Acacia hydaspica
plant extract. AMB Express. 2022; 12(1): 156. doi:
10.1186/s13568-022-01501-y

134.Yan X, Liu X, Zhao C, Chen GQ. Applications of
synthetic biology in medical and pharmaceutical
fields. Signal Transduct Target Ther. 2023; 8(1):
199. doi: 10.1038/s41392-023-01440-5

www.wjpmsonline.com




