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species can activate inflammatory signaling, while persistent

activation of inflammatory pathways can further increase

= ‘%EI oxidative injury, forming a self-amplifying pathological cycle.
o oy Nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear
[=]r factor kappa B (NF- «B), and the nod- like receptor family
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of Pharmaceutical Research, 15(19), 1130-1142. derived bioactive compounds are of particular interest as many
Thls_ wo_rk is licensed gnder _Creatlve Commons
Attribution 4.0 Interational license. possess antioxidant and anti-inflammatory activities and may

modulate several signaling pathways simultaneously. This review examines the mechanistic
relationship between oxidative stress and neuroinflammation, focusing on the Nrf2—-NF-xB—
NLRP3 axis, and summarizes evidence for representative phytochemicals including
curcumin, quercetin, resveratrol, berberine, epigallocatechin-3-gallate, baicalein/baicalin,
ginsenosides and apigenin. Evidence from cellular and experimental animal models is
considered alongside pharmacokinetic limitations, bioavailability, safety, standardization and
translational challenges. Particular attention is given to the potential that coordinated
modulation of antioxidant and inflammatory pathways may provide a pharmacological

strategy distinct from single-target approaches. Future research should prioritize well-
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characterized extracts or compounds, target engagement biomarkers, rigorous

pharmacokinetic studies and adequately designed clinical investigations.
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1. INTRODUCTION

Neurodegenerative disorders represent a major and growing challenge for modern
pharmacology as progressive neuronal damage is frequently accompanied by complex
interactions amongst oxidative stress, mitochondrial dysfunction, protein dysregulation,

impaired cellular homeostasis and chronic inflammation.

Although individual diseases such as Alzheimer’s disease, Parkinson’s disease and other
neurodegenerative conditions have distinct pathological features, several convergent
molecular mechanisms are shared. Oxidative injury and persistent activation of innate
immune responses are increasingly considered important contributors to neuronal dysfunction

rather than merely secondary consequences of neuronal death.[?

The central nervous system is particularly vulnerable to oxidative injury due to its high
oxygen consumption, abundant polyunsaturated fatty acids, relatively limited antioxidant
reserves and high metabolic demand. Excessive production of reactive oxygen species (ROS)
and reactive nitrogen species can damage membrane lipids, proteins, DNA and mitochondria.
Mitochondrial dysfunction may then increase ROS generation, forming a feed-forward cycle
of cellular injury. Importantly, oxidative stress can also function as a signaling stimulus

capable of activating inflammatory pathways.[l'z]

Neuroinflammation is another major component of this pathological network. Microglia, the
resident innate immune cells of the central nervous system, respond to cellular damage and
molecular danger signals. Short- term microglial activation can contribute to tissue repair and
homeostasis, however sustained activn may promote the release of inflammatory mediators
including cytokines, chemokines and reactive species. Astrocytes and other neural cells can
also participate in inflammatory signaling. Thus, oxidative stress and neuroinflammation

should not be considered completely independent processes.
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Three signaling systems are particularly relevant to this interaction. Nrf2 is a major
transcriptional regulator of cellular antioxidant and cytoprotective responses. Under basal
conditions, Nrf2 is predominantly regulated through Keapl-mediated ubiquitination and
degradation. Oxidative or electrophilic stress can disrupt this regulation, allowing Nrf2 to
accumulate and activate antioxidant response element-dependent genes. In contrast, NF-«B is
a central transcriptional regulator of inflammatory responses and can stimulate expression of
numerous cytokines, chemokines and inflammatory enzymes. The NLRP3 inflammasome is
an intracellular innate immune complex that responds to diverse cellular stress signals and
promotes activation of inflammatory caspases and maturation of interleukin-1 and

interleukin-18.[*3"]

An important pharmacological question is whether these pathways can be modulated as an
interconnected network. Nrf2 activation may strengthen endogenous antioxidant defenses and
suppress inflammatory signaling whereas excessive NF-xB and NLRP3 activation can
perpetuate oxidative and inflammatory injury. This mechanistic convergence has generated
interest in multi-target pharmacology, particularly using naturally occurring bioactive
compounds. Many phytochemicals have demonstrated antioxidant, anti- inflammatory and
cytoprotective effects in experimental systems, although the magnitude and clinical relevance
of these effects vary considerably according to compound, formulation, dose, model and

bioavailability.

Plant-derived compounds thus provide an attractive but scientifically challenging area for
pharmacological investigation. Their potential advantages include chemical diversity and the
ability of some compounds to influence multiple signaling pathways. However, translation
from experimental neuroprotection to human therapeutic benefit is limited by poor aqueous
solubility, rapid metabolism, variable systemic exposure, inconsistent botanical
standardization and insufficient clinical evidence. A mechanistically focused assessment of
the Nrf2-NF-xB-NLRP3 network can help distinguish promising pharmacological
hypotheses from evidence remaining preliminary.®*!

The present review examines the relationship between oxidative stress and
neuroinflammation focusing on the Nrf2-NF-xB-NLRP3 axis as a pharmacological
framework for understanding plant-derived neuroprotective compounds. The review also
considers experimental evidence, pharmacokinetic and formulation barriers, safety

considerations and key requirements for translation into clinically meaningful therapies.
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2. METHODOLOGY

Findings were interpreted in relation to model type, dose, exposure, extract or compound
standardization, target engagement and pharmacokinetic plausibility. Evidence from cell-free
assays, cultured cells, animal models and human studies was not treated as interchangeable.
The review thus emphasizes the strength and limitations of mechanistic evidence and

identifies areas where additional controlled studies are required.

Studies were organized according to oxidative stress and mitochondrial dysfunction;
microglial and neuroinflammatory signaling; Nrf2—Keap1-ARE regulation; NF-«xB signaling;
NLRP3 inflammasome activation; Nrf2/NF-«B/NLRP3 crosstalk; phytochemical-specific
mechanisms; experimental evidence; pharmacokinetic and bioavailability limitations; safety
and herb—drug interactions; and translational considerations. For each major phytochemical,
emphasis was placed on the reported experimental model, principal molecular pathway,
direction of pathway modulation and the distinction between direct target effects and

downstream associations.

Studies were considered relevant if they addressed at least one component of the Nrf2—NF-
kB-NLRP3 network or investigated a plant-derived compound in cellular, animal or human
research related to oxidative stress, neuroinflammation or neurodegenerative pathology. The
information on molecular target engagement, antioxidant defense, inflammatory signaling,
inflammasome  activation, mitochondrial dysfunction, pharmacokinetics safety or
translational limitations. Human intervention evidence was considered particularly important
when discussing clinical relevance whereas preclinical studies were used to explain

mechanisms and pharmacodynamic effects.

A narrative literature review design was adopted to examine the pharmacological relationship
between oxidative stress, neuroinflammation and the Nrf2-NF-«xB-NLRP3 signaling axis,
with particular emphasis on plant-derived bioactive compounds and their potential
neuroprotective actions. The review was designed to integrate mechanistic, pharmacological,
cellular, animal and translational evidence rather than to perform a quantitative meta-

analysis.[?%2!

3. Evidence Synthesis
NF-kB-mediated inflammatory signaling and NLRP3 inflammasome activation are

interconnected processes in neuroinflammatory injury. Nrf2 represents a major endogenous
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antioxidant and cytoprotective mode whereas NF-kB and NLRP3 participate in inflammatory
[22-25]
n.

amplificatio
The reviewed plant-derived bioactive compounds show overlapping but non-identical
mechanisms. Curcumin, quercetin, resveratrol, berberine, epigallocatechin-3-gallate (EGCG),
baicalein/baicalin, ginsenosides and apigenin have been investigated for effects on oxidative
stress and inflammatory signaling. Across the evidence base summarized here, reported
effects include enhancement of antioxidant responses, attenuation of NF-kB-associated
inflammatory signaling and modulation of NLRP3-related inflammasome activity. These
effects should be interpreted as compound model and dose-dependent rather than proof of a
uniform mechanism for all phytochemicals.®*

Taken together, the evidence supports a network-based interpretation- oxidative stress can
promote inflammatory signaling and inflammasome activation while inflammatory processes
can further increase oxidative and mitochondrial stress. Pharmacological modulation of
multiple modes may thus provide a mechanistic rationale for neuroprotective investigation.
However, differences in experimental models, bioavailability, blood— brain barrier exposure,
formulation, dosing and outcome measures remain important translational
limitations.[2%2631:32

Conceptually, the findings can be organized into three linked levels: (i) upstream redox and
mitochondrial stress, (ii) signaling nodes involving Nrf2, NF-kxB and NLRP3, and (iii)
downstream inflammatory mediators and neuronal injury. The framework illustrated in
Figure 1 is intended as a conceptual synthesis of the mechanisms discussed in this narrative

review and not as a quantitative pathway model. 2%
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Figure 1: Conceptual framework linking oxidative stress, Nrf2, NF-kB and NLRP3

signaling in plant-derived bioactive compound- mediated neuroprotective research.
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3.1 Oxidative Stress in Neurodegenerative Disorders

Oxidative stress occurs when the generation of reactive species exceeds the capacity of
endogenous antioxidant systems to maintain redox homeostasis. Physiological ROS
participates in cellular signaling, host defense and adaptation; pathological accumulation,
however can cause oxidative modification of proteins, membrane lipids and nucleic acids.
Neurons are especially susceptible due to their metabolic requirements, lipid-rich membranes
and dependence on tightly regulated mitochondrial function.[*#"]

3.2 Neuroinflammation and Microglial Activation

Microglia continuously survey the neural environment and respond to injury, protein
aggregates, damaged cellular components and other danger-associated signals. Their
activation is highly context-dependent. Beneficial responses can include phagocytosis and
repair whereas prolonged inflammatory signaling can increase production of tumor necrosis
factor-a, interleukin-1p, interleukin-6, nitric oxide and other mediators. These mediators can

influence neuronal survival and amplify oxidative stress.[>®*!

3.3 Nrf2-Keap1-ARE Signaling

Nrf2 is a master regulator of the cellular response to oxidative and electrophilic stress. In
unstressed cells, Keapl facilitates Nrf2 proteasomal degradation. Oxidative or electrophilic
modification of regulatory cysteine residues in Keapl can alter this process, allowing Nrf2 to
accumulate and translocate to the nucleus. Nrf2 then interacts with antioxidant response
elements and promotes transcription of genes involved in glutathione synthesis,

detoxification, redox regulation and cellular protection.[l'?””]

3.4 NF-xB Signaling

NF-xB is a central transcriptional regulator of inflammation. In its inactive state, NF-xB
family members are retained in the cytoplasm through association with inhibitory IxB
proteins. Activation of upstream signaling pathways promotes IkB phosphorylation and
degradation, permitting NF-xB nuclear translocation and transcriptional regulation of
inflammatory genes. In neurodegenerative conditions, persistent NF-xB activity may
contribute to production of cytokines and other mediators that sustain neuroinflammatory

responses."*3!
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3.5 NLRP3 Inflammasome
The NLRP3 inflammasome is an intracellular multiprotein complex involved in innate
immune signaling. Its activation generally requires an initial priming step followed by

activation in response to cellular stress signals.

Activated NLRP3 facilitates recruitment and activation of inflammatory caspase-1,
promoting maturation of interleukin-13 and interleukin-18 and, in appropriate settings,
inflammatory cell death. Oxidative stress, mitochondrial dysfunction and altered ionic
homeostasis have all been investigated as contributors to NLRP3 activation.[*>%%

3.6 Nrf2-NF-kB-NLRP3 Molecular Crosstalk

The Nrf2, NF-xB and NLRP3 systems form an interconnected signaling network rather than
three independent pathways. Oxidative stress can influence inflammatory signaling while
inflammatory activation can increase reactive species and mitochondrial stress. Nrf2-
dependent cytoprotective responses may counteract this process while persistent NF-xB
activity and inflammasome activation can reinforce the inflammatory state.*"!

3.7 Plant-Derived Bioactive Compounds as Multi-Target Modulators

Several classes of plant-derived compounds have been investigated for their ability to
influence oxidative and inflammatory pathways. Curcumin, quercetin, resveratrol, berberine,
epigallocatechin-3-gallate, baicalein/baicalin, ginsenosides and apigenin are among the
frequently studied candidates. Their reported effects include modulation of Nrf2-related
antioxidant responses, NF-«xB signaling, inflammatory cytokines, mitochondrial function and,
in some models, NLRP3 inflammasome activation.[® 713161719

3.8 Evidence from Cellular and Animal Models

In vitro models provide useful mechanistic information regarding neuronal survival,
oxidative stress, microglial activation and inflammatory signaling. However, simplified
cellular systems may not reproduce the cellular interactions, metabolism and
pharmacokinetics present in vivo. Animal models can provide information on behavioral
outcomes, tissue biomarkers and pharmacodynamic responses but disease models vary in

their relevance to human pathology.™?°!
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3.9 Pharmacokinetic and Bioavailability Challenges

One of the major barriers to translation of phytochemical research is the discrepancy between
concentrations used in experimental systems and achievable exposure in humans. Poor
aqueous solubility, intestinal metabolism, rapid conjugation, hepatic metabolism and limited
penetration across the blood-brain barrier can reduce effective tissue concentrations.
Standardization of extracts is also essential as chemical composition can vary with plant

species, cultivar, geographical origin, extraction procedure and storage. ¢!

3.10 Safety, Toxicity and Herb-Drug

Interactions Natural origin does not guarantee pharmacological safety. High-dose exposure,
prolonged administration and concentrated extracts can produce effects that differ from
traditional dietary exposure. Potential cytochrome P450 modulation, transporter interactions
and additive pharmacodynamic effects are particularly relevant when considering
phytochemicals for patients receiving conventional medicines.’®*®!

3.11 Future Perspectives

Future studies need to transcend the antioxidant paradigm towards mechanism-based
pharmacology. Key areas of priority include simultaneous measurement of Nrf2, NF-xB and
NLRP3-related biomarkers;identification of active constituents; validated target-engagement
assays; pharmacokinetic— pharmacodynamic relationships; standardized botanical
preparations; and well-controlled clinical studies. Systems pharmacology, omics approaches
and advanced delivery technologies may enable the identification of combinations of

pathways that are biologically meaningful.[*28!

4. CONCLUSION

The interplay between oxidative stress and neuroinflammation forms a complex
pharmacological network in which Nrf2, NF-kB and NLRP3 play critical regulatory roles.
Phytochemical agents derived from plants have the potential to modulate multiple
components of this network and thus represent a promising source of neuroprotective
pharmacological leads. The interpretation of experimental activity should take into account
dosage, exposure, target engagement, standardization and safety. The major opportunity for
future research is to translate multi-pathway observations into rigorously validated

pharmacological mechanisms and clinically relevant interventions.
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