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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.
[1]

 

Oxidative stress arises from an imbalance between the 

generation of reactive oxygen species (ROS) and the 

capacity of endogenous antioxidant defense systems to 

neutralize them.
[2]

 Under normal conditions, ROS 

function as essential signaling molecules involved in 

cellular processes such as proliferation, differentiation, 

and immune response.
[3]

 Nevertheless, excessive ROS 

production leads to oxidative damage of cellular 

macromolecules, including lipids, proteins, and DNA, 

thereby compromising cellular integrity and function.
[4,5] 

 

Inflammation is a protective response of the immune 

system to harmful stimuli such as pathogens, toxins, and 

tissue injury.
[6,7]

 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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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-κB 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. 
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Anti-inflammatory activity, Molecular targets. 
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necrosis factor-α, interleukin-1β, and interleukin-6) and 

chemokines.
[8]

 Increasing evidence suggests that 

oxidative stress and inflammation are closely 

interconnected processes that amplify each other through 

complex molecular signaling networks.
[9]

 ROS can 

activate redox-sensitive transcription factors such as 

nuclear factor kappa B (NF-κB), which in turn promotes 

the expression of inflammatory genes.
[10]

 Conversely, 

inflammatory cells generate additional ROS, creating a 

self-perpetuating cycle that contributes to tissue damage 

and disease progression.
[11] 

 

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.
[12]

 In diabetes, persistent 

hyperglycemia induces oxidative stress, leading to 

insulin resistance and complications such as neuropathy 

and nephropathy.
[13]

 Neurodegenerative diseases, 

including Alzheimer’s and Parkinson’s diseases, are also 

associated with oxidative damage and 

neuroinflammation.
[14]

 Similarly, in cancer, oxidative 

stress can induce genetic mutations and promote tumor 

initiation and progression, while inflammatory mediators 

support tumor growth and metastasis.
[15] 

 

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.
[16]

 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-

κB, and mitogen-activated protein kinase (MAPK).
[17]

 

Compared to synthetic drugs, natural products are often 

associated with fewer side effects and have long been 

used in traditional medicine systems worldwide.
[18] 

 

Despite promising preclinical evidence, several 

challenges limit the clinical translation of natural 

products, including poor bioavailability, lack of 

standardization, and insufficient clinical validation.
[19]

 

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 

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-κB, 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: Mechanisms and Biological 

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.
[20]

 Under physiological conditions, ROS are 

continuously generated as byproducts of cellular 

metabolism and play essential roles in cell signaling and 

homeostasis.
[11]

 However, excessive ROS production or 

impaired antioxidant defense leads to oxidative stress, 

resulting in cellular dysfunction and tissue injury.
[21] 

 

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.
[22]

 Complexes I and III of the ETC are 

particularly important contributors to mitochondrial ROS 

generation.
[23]

 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).
[24]

 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.
[25]

 Environmental 

factors, including ultraviolet radiation, pollutants, heavy 

metals, and toxins, further contribute to ROS 

accumulation.
[26] 

 

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.
[27]

 

Proteins are also highly susceptible to oxidative 

modification, resulting in altered enzyme activity, 

structural damage, and increased susceptibility to 

proteolytic degradation.
[28]

 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.
[29] 

 

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.
[30]

 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.
[31]

 Key transcription factors, 

including nuclear factor kappa B (NF-κB) and nuclear 

factor erythroid 2–related factor 2 (Nrf2), are modulated 

by oxidative stress, influencing inflammation, apoptosis, 

and cellular adaptation responses.
[32]

 Persistent redox 

imbalance ultimately contributes to cellular dysfunction, 

senescence, and the development of various chronic 

diseases.
[33] 

 

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.
[34]

 It is a 

critical defense mechanism aimed at eliminating the 

initial cause of injury and initiating tissue repair.
[35]

 

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.
[36]

 

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.
[37] 

 

At the molecular level, inflammation is mediated by a 

network of signaling pathways and effector molecules. 

Key pro-inflammatory cytokines, such as tumor necrosis 

factor-α (TNF-α), interleukin-1β (IL-1β), and 

interleukin-6 (IL-6), play central roles in amplifying the 

inflammatory response.
[38]

 These cytokines are primarily 

regulated by transcription factors such as nuclear factor 

kappa B (NF-κB) 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.
[39] 

 

A growing body of evidence highlights the intricate 

relationship between oxidative stress and inflammation, 

where each process can initiate and exacerbate the 

other.
[40,41]

 Reactive oxygen species (ROS) act not only 

as damaging agents but also as important signaling 

molecules that modulate inflammatory pathways.
[30]

 

Elevated ROS levels can activate redox-sensitive 

transcription factors, particularly NF-κB, leading to 

increased expression of pro-inflammatory cytokines, 

chemokines, and adhesion molecules.
[42]

 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.
[25]

 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.
[43]

 

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-κB, 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-1β and IL-18, further contributing 

to chronic inflammation.
[44]

 Furthermore, oxidative stress 

can impair the function of endogenous antioxidant 

systems, weakening the cellular defense mechanisms and 

exacerbating inflammatory damage.
[45]

 

 

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.
[46]

 Excess reactive oxygen species (ROS) 

induce lipid peroxidation and impair nitric oxide 

availability, contributing to hypertension and vascular 

stiffness.
[47]

 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.
[48]

 

Additionally, plant-derived anti-inflammatory 

compounds can modulate key signaling pathways 

involved in cardiovascular pathology, highlighting their 

potential in preventive and adjunctive therapies.
[49] 

 

3.2 Diabetes Mellitus 

In diabetes mellitus, chronic hyperglycemia triggers ROS 

overproduction, which exacerbates β-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.
[5]

 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.
[50] 

 

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.
[41]

 Various plant-derived antioxidants, including 

curcumin, resveratrol, and polyphenols, have been 

reported to mitigate oxidative damage and modulate 

neuroprotective signaling pathways.
[51]

 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.
[52]

 

Moreover, oxidative stress influences cancer cell 

proliferation, angiogenesis, and metastatic potential.
[53]

 

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.
[54]

 Targeting redox imbalance through such 

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.
[55]

 Polyphenols, such as resveratrol 

and curcumin, exhibit similar redox-modulating 

properties and can influence gene expression linked to 

oxidative stress and metabolic regulation.
[56]

 Alkaloids, 

including berberine and vincristine, provide therapeutic 

effects through DNA intercalation, enzyme inhibition, 

and modulation of cell proliferation.
[57]

 Terpenoids, such 

as ginsenosides and limonene, exert cytoprotective, anti-

inflammatory, and anticancer activities by regulating 

oxidative pathways and immune responses.
[58]

 

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. 

Compounds Source Mechanism of Action Disease Target Ref 

Quercetin Citrus fruits, onions 
ROS scavenger, anti-

inflammatory, modulates NF-κB 

Cardiovascular disease, 

diabetes 
[59,60]

 

Curcumin 
Curcuma longa 

(Turmeric) 

Antioxidant, inhibits pro-

inflammatory cytokines 

Neurodegenerative 

diseases, cancer 
[61,62]

 

Resveratrol Grapes, berries 
SIRT1 activation, ROS 

reduction, anti-inflammatory 

Cardiovascular disease, 

aging 
[63,64]

 

Berberine Berberis spp. 
DNA intercalation, AMPK 

activation 
Diabetes, cancer  

Epigallocatechin 

gallate (EGCG) 
Green tea 

Antioxidant, induces apoptosis, 

inhibits angiogenesis 

Cancer, neurodegenerative 

diseases 
[65,66]

 

Ginsenosides Panax ginseng 
Anti-inflammatory, antioxidant, 

immunomodulatory 

Cardiovascular, 

neurodegenerative 

disorders 

[67–69]
 

Lycopene Tomatoes 
ROS scavenger, inhibits 

proliferation 

Cancer, cardiovascular 

disease 
[70,71]

 

Kaempferol Spinach, kale, tea 
Antioxidant, anti-inflammatory, 

modulates apoptosis pathways 

Cardiovascular disease, 

cancer 
[72,73]

 

Apigenin Parsley, chamomile 
Anti-inflammatory, antioxidant, 

induces cell cycle arrest 

Cancer, neurodegenerative 

disorders 
[74,75]

 

Luteolin Celery, peppers 
ROS scavenger, NF-κB 

inhibition, anti-inflammatory 

Diabetes, cardiovascular 

disease 
[76,77]

 

Thymoquinone 
Nigella sativa (Black 

seed) 

Antioxidant, anti-inflammatory, 

inhibits tumor growth 

Cancer, neurodegenerative 

diseases 
[78,79]

 

Sulforaphane 
Broccoli, cruciferous 

vegetables 

Nrf2 activation, ROS scavenger, 

detoxifying enzymes induction 

Cancer, neurodegenerative 

diseases 
[80,81]

 

Hesperidin Citrus fruits 
Antioxidant, anti-inflammatory, 

improves endothelial function 

Cardiovascular disease, 

diabetes 
[82,83]

 

Anthocyanins Berries, red cabbage 

ROS scavenger, anti-

inflammatory, modulates 

apoptosis 

Cardiovascular disease, 

cancer 
[84,85]

 

Catechin Tea, cocoa 
Antioxidant, inhibits lipid 

peroxidation 

Cardiovascular disease, 

neurodegenerative diseases 
[86,87]

 

Genistein Soy products 
Tyrosine kinase inhibition, 

antioxidant, anti-inflammatory 

Cancer, cardiovascular 

disease 
[88,89]

 

Silymarin 
Milk thistle (Silybum 

marianum) 

Antioxidant, hepatoprotective, 

anti-inflammatory 
Liver disease, cancer 

[90,91]
 

 

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.
[85]

 In addition, they 

enhance endogenous antioxidant defenses by 

upregulating enzymes such as superoxide dismutase, 

catalase, and glutathione peroxidase.
[92]

 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 

modulating key signaling pathways. They suppress the 

production of pro-inflammatory cytokines such as TNF-

α, IL-1β, and IL-6, and inhibit the activation of 

transcription factors like NF-κB and AP-1, which are 

central to inflammatory gene expression.
[49]

 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.
[93] 

 

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.
[94] 

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.
[95]

 Through such 

enzyme modulation, natural products can regulate 

essential cellular processes including apoptosis, 

proliferation, and metabolic balance, providing multi-

targeted therapeutic benefits.
[96] 

 

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.
[97]

 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.
[98]

 Figure 1 illustrates four major 

biological mechanisms underlying the therapeutic effects 

of natural products. 

 

 
Figure 1: Mechanisms of action of natural products. 

 

5. Molecular Targets 

Natural products act on key molecular targets, including 

the Nrf2 antioxidant pathway, NF-κB 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.
[99]

 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.
[100]

 Natural products, including 

sulforaphane, curcumin, and resveratrol, can activate 

Nrf2, enhancing cellular resilience against oxidative 

stress.
[101,102]

 By boosting endogenous antioxidant 

capacity, these compounds help prevent oxidative 

damage and mitigate progression of chronic diseases, 

including cardiovascular disorders, diabetes, 

neurodegenerative diseases, and cancer. 

 

NF-κB Pathway (Inflammation) 

The nuclear factor kappa B (NF-κB) pathway is central 

to the regulation of inflammation. Chronic activation of 

NF-κB drives the expression of pro-inflammatory 

cytokines, chemokines, and adhesion molecules, 

contributing to tissue damage and disease 

progression.
[103,104]

 Many phytochemicals, such as 

quercetin, curcumin, and kaempferol, inhibit NF-κB 

activation, thereby reducing inflammatory 

responses.
[105,106]

 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.
[107]

 Dysregulation of MAPK signaling is 

implicated in cancer, inflammation, and 

neurodegeneration.
[108]

 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.
[109]

 This dual modulation highlights 

the potential of phytochemicals as selective therapeutic 

agents targeting multiple cellular outcomes. 

 

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.
[110]

 Natural compounds, including 

flavonoids and terpenoids, inhibit COX and LOX 

activity, reducing the production of inflammatory 

mediators.
[111]

 By targeting these enzymes, 

phytochemicals provide anti-inflammatory and 

chemopreventive effects, making them valuable in the 

management of cardiovascular, inflammatory, and 

neoplastic disorders. 

 

 
Figure 2: Schematic showing major phytochemicals targeting Nrf2, NF-κB, 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.
[112]

 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.
[113] 

 

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, reproducibility and 

reliability of results remain uncertain.
[114] 

 

Dose variability presents an additional challenge, as 

effective concentrations observed in experimental 

models may not translate directly to humans. 

Determining optimal, safe, and effective doses is 

essential for clinical application, yet this information is 

often lacking.
[115] 

 

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.
[115] 

 

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.
[116,117]
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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.
[118] 

 

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.
[119,120] 

 

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.
[121]

 This 

persistent imbalance contributes to endothelial 

dysfunction, insulin resistance, neuronal death, and 

tumor initiation, highlighting the need for interventions 

that target these fundamental processes 
122

. 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.
[55,123,124]

 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-κB and AP-1.
[125]

 By dampening 

chronic inflammation, these compounds reduce tissue 

damage and improve outcomes in metabolic, 

cardiovascular, and neurodegenerative disorders.
[126] 

 

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.
[127]

 Natural products also regulate critical 

pathways including MAPK cascades and Nrf2-mediated 

antioxidant responses, enabling cells to adapt to stress, 

detoxify reactive species, and undergo apoptosis when 

necessary.
[128]

 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.
[129]

 Furthermore, the majority of 

studies remain preclinical, with a lack of large-scale, 

well-designed human trials to validate safety and 

efficacy.
[130]

 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.
[131,132] 

 

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.
[133]

 Additionally, advances in synthetic biology 

and medicinal chemistry provide opportunities to 

enhance potency, selectivity, and pharmacokinetic 

profiles.
[134]

 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-κB 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. 
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