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ABSTRACT

The balance between inflammation and cytoprotection in the immune system is critically regulated by
redox- sensitive pathways - notably Nuclear factor erythroid- 2- related factor 2 (Nrf2) and Nuclear Factor
kappa- light- chain- enhancer of activated B cells (NF-kB). Nrf2 orchestrates antioxidant and cytoprotective gene
expression, safeguarding cells from oxidative and electrophilic stress, while NF-kB governs pro- inflammatory and
immune- activating programs. The interplay - or “cross- talk” - between these pathways determines whether a cell
mounts an inflammatory response or engages protective, redox- balanced processes. Excessive reactive oxygen
species (ROS) can hyperactivate NF-kB, driving inflammation, tissue damage, and chronic disease; whereas Nrf2
activation restores redox homeostasis, suppressing NF-kB-mediated inflammation and promoting cellular
resilience. This review discusses the molecular mechanisms regulating Nrf2 and NF-kB activation, their mutual
regulation, and how their balance affects immune responses, inflammation, and cytoprotection. We explore how
natural and pharmacologic agents modulate this balance, the implications for inflammatory diseases, tissue
protection, and potential risks of disrupting redox- sensitive signaling. Recognizing the Nrf2—NF-kB balance as a
central node in immunoregulation offers a refined framework for therapeutic strategies aiming to harness
cytoprotection without impairing immune competence or triggering unchecked inflammation.
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INTRODUCTION
Cells constantly generate reactive oxygen species (ROS) as part of normal metabolism, immune responses, and
environmental exposures[17]. ROS serve essential physiological functions, including cellular signaling, microbial
killing by phagocytes, and regulation of gene expression. However, when ROS production exceeds the capacity of
antioxidant defenses, oxidative stress occurs - threatening lipids, proteins, DNA, and disrupting cellular
homeostasis[27]. To counteract this, cells have evolved redox- sensitive regulatory systems that detect changes in
oxidative/electrophilic status and mobilize protective or inflammatory responses as needed[37]. Two of the most
central players in these systems are Nrf2 and NF-kB. Nrf2 is a transcription factor that under basal conditions is
sequestered in the cytoplasm by its repressor Kelch-like ECH-associated protein 1 (Keap1), which directs Nrf2 for
proteasomal degradation[47]. Under oxidative or electrophilic stress, critical cysteine residues in Keapl are
modified or upstream kinases phosphorylate Nrf2, leading to Nrf2 stabilization, nuclear translocation, and binding
to antioxidant response elements (ARE) in the genome[5]. This induces a battery of cytoprotective genes
encoding antioxidant enzymes, detoxifying proteins, and factors that restore redox balance and support cell
survival. In contrast, NF-kB is a master regulator of inflammation: upon appropriate stimuli (e.g., cytokines,
microbial products, oxidative stress), inhibitory proteins (e.g., IkB) are phosphorylated, degraded, allowing NF-kB
to translocate into the nucleus and drive transcription of inflammatory cytokines, chemokines, adhesion molecules,
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and enzymes such as iNOS and COX-2[67.

The outcome - whether a cell favors cytoprotection or inflammation - depends on the balance and cross- regulation
between Nrf2 and NF-kB[7]. Understanding how these pathways interact is critical for harnessing redox
signaling in immunological regulation, preventing tissue damage, and designing therapeutic approaches for
inflammatory and oxidative-stress—related diseases[87].

Mechanisms of Nrf2 and NF-kB Activation and Their Cross- Talk

Nrf2 Activation and Cytoprotection

Under basal, homeostatic conditions, Nrf2 is bound to Kelch-like ECH-associated protein 1 (Keapl) in the
cytoplasm, which facilitates its ubiquitination and proteasomal degradation[97]. This tight regulation maintains
low constitutive levels of Nrf2, preventing unnecessary activation of antioxidant and cytoprotective genes[10].
However, when cells encounter oxidative or electrophilic stress - due to elevated ROS, reactive electrophiles, or
metabolic disturbances - critical cysteine residues in Keap1 are modified, altering its conformation and disrupting
the Keap1-Nrf2 complex. This prevents Nrf2 degradation, allowing it to accumulate and translocate into the
nucleus[117]. Within the nucleus, Nrf2 dimerizes with small Maf proteins and binds to antioxidant response
elements (AREs) in the promoter regions of target genes[127]. These genes encode a wide array of cytoprotective
proteins, including phase II detoxifying enzymes such as glutathione S-transferases, antioxidant enzymes like
Heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO1), and proteins involved in NADPH
generation, heme metabolism, and xenobiotic detoxification[ 187]. Activation of these targets enhances the cell’s
antioxidant capacity, neutralizes ROS, supports metabolic detoxification, and restores redox homeostasis. This
adaptive response positions Nrf2 as a molecular “guardian,” protecting cells from oxidative damage, minimizing
apoptosis, and preserving tissue integrity[14]. Its cytoprotective effects extend across multiple tissue types,
including immune cells, vascular endothelium, epithelial barriers, and parenchymal organs[157]. In immune cells,
Nrf2 ensures survival under inflammatory and oxidative stress conditions, supports energy metabolism, and
modulates redox-sensitive signaling pathways critical for proper immune function[ 167.

NF-kB Activation and Inflammatory Response

NF-kB is a master regulator of inflammation, maintained in an inactive state in the cytoplasm through binding
with inhibitory proteins, primarily IkBs[177]. Exposure to stimuli such as oxidative stress, pro-inflammatory
cytokines, or pathogen-associated molecular patterns activates upstream kinases, including the IkB kinase (IKK)
complex. Phosphorylation of IkB by IKK marks it for ubiquitination and subsequent proteasomal
degradation[[187. Once liberated, NF-xB - typically a p50/p65 heterodimer - translocates to the nucleus, where it
initiates transcription of numerous pro-inflammatory genes, including cytokines (IL-1, IL-6, TNT-a), chemokines,
adhesion molecules, and enzymes like inducible nitric oxide synthase (iINOS) and cyclooxygenase-2 (COX-2)[197.
In immune cells, NF-kB signaling orchestrates the recruitment and activation of immune effectors, promotes
microbial defense, and coordinates tissue repair[207]. However, excessive or dysregulated NF-kB activation - often
driven by mitochondrial ROS and other oxidative stress sources - can lead to chronic inflammation, tissue injury,
and the development of pathologies such as autoimmune disorders, cardiovascular disease, and
neurodegeneration[217]. Mitochondrial ROS function as critical second messengers in this process, amplifying
inflammatory signaling and linking metabolic stress to immune activation.

The precise regulation of Nrf2 and NF-kB, and the dynamic interplay between cytoprotective and inflammatory
responses, is therefore essential for maintaining cellular homeostasis and preventing pathology[227.
Understanding these mechanisms provides a foundation for therapeutic strategies aimed at modulating
redox-sensitive pathways to balance inflammation with cytoprotection[237.

Cross-talk and Mutual Regulation: Achieving Balance

Importantly, Nrf2 and NF-kB pathways are not independent but engage in a dynamic interplay. Activation of Nrf2
can suppress NF-kB-mediated inflammation[247]. Mechanistically, increased antioxidant enzyme expression
reduces intracellular ROS, thereby attenuating ROS- mediated NF-xB activation. Additionally, Nrf2 upregulation
can prevent degradation of IkB-a (the NF-kB inhibitor), blocking NF-kB nuclear translocation[257]. For example,
induction of HO-1 - a canonical Nrf2 target - has been shown to inhibit NF-kB—driven expression of adhesion
molecules, inflammatory cytokines and mediators in various tissues[267]. Nrf2 activation also reduces
inflammasome activation (e.g., NLRP3 inflammasome), thereby limiting production of

IL-1f and preventing pyroptotic or inflammatory cell death.

Conversely, persistent activation of NF-kB and chronic inflammation can suppress Nrf2 signaling. NF-kB may
recruit repressors (e.g., histone deacetylases such as Histone deacetylase 3, HDAC3) to ARE regions, limiting
Nrf2-mediated transcription of antioxidant genes[27]. In effect, there is a “tug-of-war” between inflammatory
signaling and cytoprotective, antioxidant responses. The balance determines whether cells respond to stress with
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inflammation (to fight infection or insult) or by initiating protective, antioxidant defense - or sometimes both[287.
The outcome can shape disease progression, tissue damage, repair, and longevity.
Biological and Clinical Implications
Physiologic and Pathologic Scenarios
In acute infections or tissue injury, transient activation of NF-kB is beneficial, mobilizing immune defenses[297.
Simultaneously, activation of Nrf2 may protect host tissues from collateral oxidative damage. In this context, a
coordinated Nrf2—NF-kB response ensures effective immunity with minimal tissue injury. However, in chronic
diseases (e.g., metabolic disorders, chronic inflammatory diseases, neurodegeneration, cardiovascular disease),
persistent oxidative stress and low-level inflammation can shift the balance unfavorably[307. Chronic NF-kB
activation may suppress Nrf2-mediated antioxidant defenses, fueling a vicious cycle of ROS generation,
inflammation, tissue damage, fibrosis[317]. Conversely, sustained Nrf2 activation - while cytoprotective - might
suppress necessary mﬂammatory responses, 1mpalr1ng pathogen clearance or normal immune signaling[327].
Indeed, the role of Nrfz in modulating immune cell polarization (e.g., macrophage phenotype from
pro-inflammatory “M1” to anti-inflammatory “M2”) suggests that excessive Nrf2 activity could dampen effective
immune defense under certain contexts. Such duality underlies the notion of Nrf2 as a “double-edged sword”: while
beneficial for cytoprotection, detoxification, inflammation resolution, its persistent overactivation (e.g., in cancer
cells) may contribute to chemoresistance, reduced apoptosis of damaged cells, or impaired immune surveillance.
Therapeutic Opportunities: Modulating the Redox Balance
Given the centrality of Nrf2-NF-kB balance in inflammation and cytoprotection, these pathways present
attractive therapeutic targets[337]. Dietary phytochemicals, natural compounds, and small molecules can modulate
this balance: many anti- inflammatory and antioxidant molecules suppress NF-kB signaling while activating
Nrf2- ARE pathways. For instance, agents that activate Nrf2 (e.g., inducing its nuclear translocation, or inhibiting
Keapl) can enhance antioxidant gene expression, reduce oxidative stress, suppress excessive inflammatory
signaling, and protect tissues from ROS-mediated damage[847]. This has implications in chronic inflammatory
diseases, autoimmune conditions, cardiovascular disease, neuroinflammation, and even in mitigating drug-induced
organ toxicities[357]. At the same time, careful modulation is necessary: therapies must preserve the capacity of
NF-kB to respond to infections or acute insults, while suppressing pathological, chronic inflammation.
Over-suppression of NF-kB may compromise immune defense; over-activation of Nrf2 may aid survival of
damaged or malignant cells[867]. Strategies may include context- specific Nrf2 activators, transient or controlled
activation, tissue-targeted delivery, or combination therapies that restore redox balance without compromising
necessary immune function. Identification of upstream regulators (e.g., kinases, redox sensors, histone modifiers)
and modulators (e.g., phytochemicals, small molecules) remains a key area of research.
CONCLUSION
The dynamic interplay between Nrf2 and NF-kB - two redox- sensitive transcription factors - forms a
foundational axis that governs whether cells commit to inflammation or engage cytoprotective antioxidant
responses. This balance is not binary but highly nuanced, dependent on context, stimulus intensity, cell type, and
regulatory feedback. Through their cross- regulation, Nrf2 and NF-kB shape immune responses, inflammation,
tissue repair, and long-term cellular health. Therapeutic strategies that modulate this balance - activating Nrf2,
inhibiting excessive NF-kB, or both in context-specific manners - hold considerable promise for treating chronic
inflammatory, oxidative-stress—related diseases, preventing tissue damage, and improving outcomes. However,
given their dual roles, such interventions require careful calibration to avoid impairing necessary immune defenses
or promoting survival of pathologic cells. Understanding redox- sensitive immune pathways like Nrf2 and NF-«kB
as central to immunoregulation and cytoprotection offers a refined framework for future research. Continued
exploration into their molecular regulation, cross-talk mechanisms, and modulation by natural or pharmacologic
agents may unlock new therapies that harness the body’s own redox biology for improved health and disease
resilience.
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