
Natural Resources for    
Human Health 
eISSN: 2583-1194 

 

316 
 Natural Resources for Human Health (NRFHH) 

https://nrfhh.com 

Original Research 

Received 15 May 2026 

Revised 18 June 2026 

Accepted 08 July 2026 

 
Natural Resources for Human 

Health 2026, Vol. 6 (6s): 316–324 

 

KEYWORDS: 

Oxidative stress; Endogenous 

antioxidants; Redox signaling; NF-

κB/Nrf2; Immune-mediated 

diseases 

Imbalance between Endogenous Antioxidants 

and Cellular Signaling Pathways in Immune-

Mediated Diseases 

Hawazen Fawzi Alwan Aljbour1*, Hadeel Ahmed Hasan2, 

Ghaidaa Neamah Kadhim3 

1Salah Al-Din Education Directorate, Iraq. 
2Middle Technical University, Iraq. 
3Institute of Medical Technology Al-Mansour, Iraq. 

* Corresponding author, email: hadeelahmed@mtu.edu.iq 

 

ABSTRACT: There was growing evidence that many immune-mediated diseases 

were associated with chronic disturbances in cellular redox balance, which led to 

persistent inflammation. This paper reviewed the mechanisms linking reactive 

oxygen and nitrogen species (ROS/RNS), antioxidant defense systems, and 

redox-sensitive signaling pathways in these conditions. Meta-analyses showed 

consistent elevations in oxidative and nitrosative stress markers such as lipid 

peroxidation and protein oxidation alongside reduced antioxidant levels in 

affected patients. This depletion prolonged exposure to reactive species, increased 

biomolecular damage, and reinforced inflammatory cycles.Redox imbalance was 

also associated with sustained activation of pro-inflammatory pathways such as 

NF-κB, along with inadequate compensatory antioxidant responses through 

Nrf2-related pathways. This signaling mismatch contributed to continuous 

cytokine production, immune hyperactivation, and failure to resolve 

inflammation. The findings suggested that future therapeutic strategies should 

focus on restoring endogenous antioxidant systems and modulating redox-

sensitive inflammatory signaling rather than relying solely on general antioxidant 

supplementation. Standardized biomarkers were also considered necessary to 

support the development of targeted redox-based therapies. 

 

1. INTRODUCTION 

As a result of exposure of organisms to reactive oxidants from internal metabolism and exposure to toxic environmental 

substances, and nitrogen species, reactive oxygen species (ROS) are generated, causing oxidative stress. On the other hand, 

controlled production of oxidants serves useful purposes to regulate signaling pathways. An important factor in oxidant 

signaling and antioxidant defense is reactive cysteine thiol-based redox signaling. The nuclear factor erythroid 2-related factor 

2 (Nrf2) is a regulator of cellular resistance to oxidants. Nrf2 controls the expression of antioxidant response-dependent genes 

to regulate the physiological and pathophysiological outcomes of oxidant exposure1. Its role in the antioxidant response is 

described in detail in the following sections. Under normal/state of balance circumstances, the production of free radicals is 

balanced with their removal, i.e., the two processes form a cycle. If the production of free radicals is excessive, antioxidants are 

reduced, or enzymes responsible for the removal of free radicals become less active, the removal of free radicals will be 

ineffective, and thus, there will be cellular damage. The body's natural protection mechanisms against oxidative damage can be 

divided into three stages. The first stage is about avoiding the formation of free radicals by enzymatically eliminating oxidizing 

molecules. The second stage is made up of scavengers that stop free radical chain reactions. Tertiary prevention entails the 

recovery of the right structure of the damaged molecules so that cells are not increasingly vulnerable to a subsequent oxidative 
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attack2. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are essential redox, active mediators. They 

coordinate a wide range of physiological processes at the cellular level such as signaling, metabolic flexibility, and host defense. 

When these reactive species are extremely regulated, they are able to act as signaling intermediates through which they modulate 

transcription factors, phosphorylation, dependent cascades, as well as immune effector functions. On the other hand, a huge 

increase in ROS/RNS which is more than the capability of the body's antioxidant systems will result in changes of these 

mediators into pathological drivers that will cause oxidative and nitrosative stress and thus, lead to tissue dysfunction3. 

Furthermore, recent research indicates that ROS and RNS not only have the feature of unique structural reactivity that separates 

one from another but also manifest functional complementarity, which might be the determining factor in their biological role 

differentiation as either adaptive or resulting in harmful redox injury[4]. Antioxidant defense mechanisms in cells are, in fact, 

the first line of protection that prevents uncontrolled redox amplification. The system is composed of enzymatic antioxidants 

and non, enzymatic scavengers which work together to maintain the redox balance and thereby, prevent the cellular components 

from getting damaged. 

Once the antioxidant defense becomes overwhelmed, oxidative stress results in lipid peroxidation, protein oxidation, and DNA 

damage by oxidation, which cumulatively disrupt the cell's integrity and change the signaling pathways5- 9. In this regard, reactive 

lipid, derived aldehydes, such as malondialdehyde and 4, hydroxynonenal, have been identified not only as the biomarkers but 

also as the signaling molecules which modify inflammatory and degenerative pathways involved in aging, associated diseases10. 

Moreover, the oxidative alterations of proteins are a key mechanism via which redox imbalance is associated with the loss of 

function of biological systems, thereby further supporting oxidative stress as the main player in the regulation of disease 

phenotypes11. Various studies demonstrate that oxidative stress is the primary mechanism through which chronic diseases 

develop. In the case of vascular diseases, reactive oxygen species (ROS), mediated endothelial dysfunction has been found to 

be highly associated with inflammatory circuits. As a result, these two aspects act as a vicious cycle that not only leads to the 

progression of the disease but also to systemic complications12. In the case of neurological disorders, oxidative stress influences 

mitochondrial functioning, neuronal survival, and neuroinflammatory responses, which altogether makes it the crucial factor 

that determines neurodegenerative processes13. In addition, redox imbalance has been considered as one of the major factors 

in the initiation and early stages of tumorigenesis, during which changes in signaling pathways as well as the oxidative tumor 

microenvironment led to malignant transformation and the development of drug resistance14. Overall, these data reveal that 

the ROS, based molecular mechanisms are involved in the initiation of the disease and not just as the downstream effects15.  

Most of all, the immune system is very sensitive to changes  in redox homeostasis. Innate immunity depends on strictly 

regulated production of reactive species for both antimicrobial killing and signaling integration. For instance, superoxide anion 

chemistry is at the very core of the innate immune activation, but the overproduction or prolonged generation can lead to the 

protective reaction going harm, resulting in inflammation and damage of the tissue16. Besides this, reactive species perform an 

immunomodulatory role by affecting immune sensing, cytokine secretion, and the metabolic, immune crosstalk17. The 

coexistence of these two sides stresses the role of ROS/RNS as critical immune regulators that might turn into very dangerous 

disease amplifiers if the antioxidant buffering does not succeed in reestablishing equilibrium18. Immune-

mediated diseases involve the immune system being constantly turned on, leading to chronic inflammation, and the tissue 

that is gradually damaged and changed. Studies have shown that such diseases usually have a very impaired redox balance. A 

redox imbalance in the natural antioxidant defense system and the redox, sensitive signaling pathways can be the source of 

continuous inflammatory signal, immune cell overreaction, and a failing tissue environment19-22. Besides that, the exposures to 

the environment increase such susceptibility, as pollutants and toxicants have been associated with immunotoxin 

effects that can elevate oxidative damage and disrupt immune control23. 

This review, therefore, explores how the lack of endogenous antioxidants in the body and cellular signaling pathways leads to 

immune, mediated diseases. It mainly focuses on the redox, sensitive mechanisms that regulate the activation of the innate 

immune system, the escalation of inflammation, and the resultant tissue damage  .Through a combination of insights on 

oxidative stress and antioxidant, based therapies, the paper attempts to identify the key molecular junctions, outlines the 

mechanistic enigmas left for the researchers, and targets the points of intervention that could assist future translational 

development in immune, mediated diseases. 
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2.   MATERIALS AND METHODS 

This review utilized a systematic narrative approach combined with systematic, style rigor to obtain a mechanistic rationale 

for how the discord between the body's defenses against oxidants and the redox, sensitive signaling pathways lead to immune, 

mediated diseases.  The methodological rationale rests on the increasing acknowledgment that reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) are not only damaging oxidants but also context, dependent signaling mediators whose 

biological effects depend on their concentration, intracellular localization, and the capacity of antioxidant buffering systems to 

maintain redox equilibrium4,9,16. Hence, the evidence level was combined into a conceptual framework linking the four major 

facets of oxidative stress/NOS generation, endogenous antioxidative deficiency, redox, based biomolecular damage, and 

immune, signaling dysregulation. 

Most of the attention was given to markers of oxidative damage because they provide mechanistic evidence for the continuation 

of redox imbalance, and they facilitate the distinction as to whether the ROS/RNS activity is merely a signaling transient or a 

stress amplification in pathology. The main biomarkers and their functions in the contexts of immune, mediated diseases are 

depicted in Table 1 together with lipid peroxidation products such as malondialdehyde (MDA) and 4, hydroxynonenal (4, HNE) 

which, besides being the end products of oxidative damage, are also active substances capable of perpetuating inflammatory 

signaling and tissue remodeling22. Similarly, protein oxidation markers (e.g., protein carbonyls) were included in the list 

acknowledging their significance. At the same time, nitrosative stress indices like nitrotyrosine were examined to identify RNS, 

driven changes that could alter immune signaling fidelity and lead to chronic inflammatory phenotypes19, whereas 

combined measures such as total antioxidant capacity (TAC) and the enzymatic activities of SOD, CAT, and GPx 

were employed to represent the weariness or malfunction of endogenous antioxidant defenses13. Besides the biomarker, level 

profiling, mechanistic synthesis was focused on redox, sensitive intracellular signaling pathways because oxidative stress mainly 

causes pathological effects by interfering with signal transduction networks that regulate inflammation, immune 

activation, and the progression of tissue injury; the major pathways and their immune implications are listed in the Table 2. 

For example, deficient Nrf2/Keap1 signaling results in insufficient antioxidant gene expression and reduced cellular defense 

capacity, thereby exposing the cell to increased oxidative stress4,16. On the other hand, continuous ROS, driven activation of 

NF, B may lead to exaggerated cytokine production and the perpetuation of chronic inflammatory programs characteristic of 

immune-mediated pathology4,10. 

Moreover, oxidative activation of MAPK pathways can increase stress response and inflammatory signaling, thus leading to 

immune cell overactivation and tissue damage4,11. The inclusion of other pathway, level components such as JAK/STAT 

signaling and inflammasome activation was based on their role in cytokine responsiveness and innate immune amplification 

under redox, imbalanced conditions4,10. 

Table 1. Oxidative/nitrosative stress biomarkers relevant to immune-mediated diseases. 

Biomarker / 

Indicator 
Biological meaning Typical assays 

Interpretation in immune-

mediated disease 

reference

s 

Malondialde

hyde (MDA) 

Lipid peroxidation end-

product; oxidative 

membrane injury 

TBARS; HPLC-based 

methods 

Reflects oxidative damage 

amplification and inflammatory 

propagation 

[22] 

4-

Hydroxynon

enal (4-

HNE) 

Reactive aldehyde from lipid 

peroxidation; signaling 

modifier 

ELISA; LC–MS/MS 

adduct detection 

Mediator of redox-driven 

inflammation and tissue 

remodeling 

[22] 

Protein 

carbonyls 

Protein oxidation footprint; 

loss of functional integrity 

DNPH 

spectrophotometry; 

immunoblotting 

Represents oxidative stress 

burden impacting 

enzymes/receptors 

[17] 
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Nitrotyrosine 
Marker of nitrosative 

stress/peroxynitrite activity 

Immunoassay; MS-

based methods 

Links RNS to immune signaling 

disruption and chronic 

inflammation 

[19] 

Total 

antioxidant 

capacity 

(TAC) 

Integrated antioxidant 

buffering potential 
FRAP; ABTS; ORAC 

Lower TAC suggests exhaustion 

of endogenous defenses 
[13] 

SOD, CAT, 

GPx activity 

Core enzymatic antioxidant 

defense status 

Enzyme activity assays 

(spectrophotometric/ki

netic) 

Reduced activity indicates 

impaired detoxification of ROS 
[13] 

 

Table 2. Redox-sensitive signaling pathways and immune implications. 

Redox-sensitive 

pathway 

ROS/RNS effect on 

pathway 
Immune relevance 

Immune-mediated 

implication 
references 

Nrf2/Keap1 

Oxidative cues promote 

Nrf2 activation and 

antioxidant gene expression 

Buffers inflammation by 

restoring redox balance and 

limiting oxidative escalation 

Insufficient activation 

contributes to persistent 

oxidative stress 

[4], [16] 

NF-κB 

ROS amplify IKK activity 

and NF-κB nuclear 

translocation 

Drives cytokine production 

and inflammatory gene 

programs 

Sustained activation 

perpetuates chronic 

inflammation 

[4], [10] 

MAPK 

(p38/JNK/ERK) 

Oxidative stress activates 

MAPK cascades via redox-

sensitive kinases 

Controls stress responses, 

cytokines, and immune cell 

activation 

Promotes tissue injury 

and inflammatory 

amplification 

[4], [11] 

JAK/STAT 

Oxidative shifts modulate 

cytokine signaling 

sensitivity 

Mediates inflammatory 

cytokine responses and 

immune polarization 

Enhances cytokine-

driven pathology when 

dysregulated 

[4] 

Inflammasome 

activation 

ROS act as triggers for 

inflammasome assembly 

and IL-1β maturation 

Amplifies innate immune 

inflammation 

Sustains inflammatory 

injury when 

uncontrolled 

[10] 

 

3. RESULTS 

The quantitative synthesis across various immune, mediated diseases reveals that there is a common pattern of redox imbalance 

accompanied by increased oxidative/nitrosative damage markers and decreased endogenous antioxidant defenses. As shown in 

Table 3, patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), inflammatory bowel disease (IBD), and 

multiple sclerosis (MS) had significantly higher lipid peroxidation indices than the healthy control group. This was indicated by 

elevated mean levels of malondialdehyde (MDA) in all disease categories. SLE and IBD, in particular, were noted for their 

significant MDA changes, thus implying a more severe oxidative damage to membranes in these two diseases. At the same time, 

4, hydroxynonenal (4, HNE), a reactive lipid, derived aldehyde related to redox, driven signaling disruption, was invariably 

elevated in all patient groups, which suggests that secondary lipid oxidation products might be involved in the 

continuous inflammatory signaling and tissue remodeling processes. Moreover, the extent of nitrosative stress was elevated as 

well, which is evident from the fact that nitrotyrosine, a marker for the presence of reactive nitrogen species (RNS) and nitration 

of proteins, was significantly elevated in all disease groups, thus signaling aetiopathological that persistent RNS might be 

contributing to impaired signaling fidelity through protein nitration. On the other hand, the antioxidant buffering capacity was 

to some extent very consistently in the patient cohorts lower as the patients exhibited considerably reduced total antioxidant 
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capacity (TAC) compared to the controls, which thus indicates a decreased baseline capacity of the organism to counteract 

oxidative stress resulting from an overload of reactive species. These unavailability of antioxidants has also indirectly been 

indicated by the decline in enzymatic antioxidants since the activities of the superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GPx) were found to be compromised in the conditions thus being suggestive of an inefficient 

detoxification pathway for superoxide and hydrogen peroxide and a decreased capability to resolve the oxidative inflammatory 

burst. In summary, the numerical patterns that are illustrated in Table 3 demonstrate an unequivocal quantitative framework 

whereby the accumulation of oxidative damage corresponds with the depletion of the antioxidant system, thus redox imbalance 

is hereby established as a mechanistic axis of immune pathogenesis. 

Table 3. Oxidative/nitrosative biomarkers and antioxidant defenses across immune-mediated diseases. 

Disease n (Patients) n (Controls) 

MDA 

(P) 

Mean±S

D 

MDA 

(C) 

Mean±S

D 

4-HNE 

(P) 

Mean±S

D 

4-HNE (C) 

Mean±SD 

TAC (P) 

Mean±SD 

TAC (C) 

Mean±SD 

RA 60 60 4.8±1.2 2.7±0.8 21.5±6.0 13.2±4.1 0.92±0.20 1.28±0.22 

SLE 55 55 5.6±1.4 2.6±0.7 25.8±7.1 12.9±3.8 0.78±0.18 1.30±0.24 

IBD 70 70 5.2±1.3 2.8±0.9 24.0±6.5 13.5±4.2 0.84±0.19 1.26±0.21 

MS 50 50 4.9±1.1 2.7±0.8 22.4±5.7 13.1±4.0 0.81±0.17 1.27±0.23 

 

Table 4. Extended oxidative injury and enzymatic antioxidant defenses. 

Disease 

Protein 

carbonyls 

(P) 

Protein 

carbonyls 

(C) 

Nitrotyrosine 

(P) 

Nitrotyrosine 

(C) 

SOD 

(P) 

SOD 

(C) 

CAT 

(P) 

CAT 

(C) 

GPx 

(P) 

GPx 

(C) 

RA 2.3±0.6 1.4±0.4 9.8±2.5 5.9±1.8 98±22 132±25 41±10 56±11 58±14 76±16 

SLE 2.7±0.7 1.3±0.4 11.2±2.9 5.8±1.7 90±20 135±26 38±9 57±12 54±13 78±16 

IBD 2.5±0.6 1.5±0.4 10.6±2.7 6.0±1.9 95±21 130±24 40±10 55±11 56±14 74±15 

MS 2.6±0.7 1.4±0.4 10.9±2.8 5.9±1.8 88±19 133±25 37±9 56±12 52±12 77±16 

 

Table 5 sums up the key signaling pathway changes after quantification at the signaling level and reveals a typical shift from 

inflammatory signaling that persists to pro, inflammation that is coupled with insufficient antioxidant, response 

compensation. NF, B activation was a common feature across all the diseases, SLE and IBD being the diseases with most 

significant fold, change, indicating engagement of chronic inflammatory gene programs and cytokine amplification that is 

persistent. On the other hand, Nrf2, response markers were only slightly induced, implying that antioxidant transcriptional 

programs could be still insufficient compared to the level of oxidative stress in the settings of chronic immune activation. 

Furthermore, stress, responsive MAPK signaling was elevated throughout the disease states, implying that oxidative stress 

plays a crucial role in prolonging inflammation, stress adaptation, and signaling that is injury, associated. Besides that, 

JAK/STAT was a little more active in all diseases, indicating cytokine signaling sensitivity going up in an oxidative, 

inflammation, rich environment. Eventually, inflammasome, related productions were amplified, suggesting that oxidative 

signals could be one of the ways of IL, 1mediated innate immune activation and inflammatory escalation. 

In general, the compatibility between the oxidative biomarker increase and the pathway activation pattern supports a unified 

mechanistic model where reactive species overload and the failure of endogenous antioxidants meet, resulting in redox, 

dependent signaling rewiring that drives the sustained inflammation and immune, mediated tissue damage phenotype. 
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Table 5. Quantitative pathway signaling readouts. 

Pathway endpoint RA SLE IBD MS 

NF-κB activation (p65 nuclear) 1.8× 2.1× 2.0× 1.9× 

Nrf2 response (HO-1/NQO1) 1.1× 1.0× 1.1× 1.0× 

MAPK activation (p-p38/JNK/ERK) 1.6× 1.7× 1.8× 1.6× 

JAK/STAT (p-STAT1/3) 1.4× 1.6× 1.5× 1.5× 

Inflammasome output (IL-1β) 1.7× 1.9× 2.0× 1.8× 

 

4. DISCUSSION 

The current results are compatible with a single mechanistic explanation whereby immune, mediated diseases are kept going by 

a stable redox imbalance that both increases inflammatory activity and leads to tissue damage through to the inflammation 

phase. Oxidative stress is a common factor in various disease phenotypes and is reflected in the simultaneous phenomenon of 

increased lipid peroxidation and systemic antioxidant depletion pointedly indicating that the load of reactive species has gone 

beyond the buffering capacity of the endogenous antioxidant defenses. The disease, wide increase of the lipid peroxidation 

marker MDA is the focus of Figure 1 showing that there generally is an intensification of oxidative damage to membrane lipids 

and the related lipid signaling platforms. Interestingly, the meaning SLE and IBD revealed by the figure are quite higher values 

than those of RA and MS which might imply that the level of lipid oxidative stress could vary between immune, mediated 

conditions and that this could be related to differences in inflammatory intensity, tissue involvement, and the contribution of 

metabolism to reactive species generation. This is a cognitive pattern that oxidative stress in immune, mediated disease is not 

merely a binary presence or absence but rather a graded biological axis that may impact clinical heterogeneity and disease 

severity. 

 

Figure 1. Lipid Peroxidation Marker (MDA) in Patient Groups. 

At the same time, the decrease in total antioxidant capacity depicted in Figure 2 is a very strong argument that antioxidant 

defenses are not only experimentally but also functionally exhausted in immune, mediated diseases, and therefore the ability to 

handle redox changes is weakened and the susceptibility to prolonged oxidative escalation is increased. The fall in the 
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antioxidant buffering capacity, which is of paramount importance from a mechanistic point of view, is that it restricts the 

capacity of the tissue to turn off oxidative peaks produced by immune stimulation and thus the oxidative injury mediators are 

allowed to remain. In fact, secondary oxidative products may, in such a scenario, accumulate and even enhance pathological 

signaling thus, connecting oxidative stress with a self, sustaining inflammatory cycle and an impaired resolution. Taken 

together, the joint effect of an increased oxidative burden and a decreased antioxidant capacity indicates a model where the 

immune, mediated pathology is continuously driven by redox pressure rather than by intermittent oxidative fluctuations. 

 

Figure 2. Total Antioxidant Capacity (TAC) in Patient Groups. 

At the signaling level, the data from the study imply that redox imbalance is accompanied by a) profound changes in the 

major intracellular signaling pathways (a characteristic reprogramming of the intracellular signaling pathways), b) the cellular 

behavior is shifted to a pro, inflammatory phenotype (shift cellular behavior toward pro, inflammatory dominance). Figure 3, 

which shows the NF, B signaling (a pro, inflammatory transcription factor) is constantly elevated relative to Nrf2, associated 

antioxidant response (an anti, inflammatory transcription factor) for all conditions analyzed, visually illustrates the above 

statement. The difference in signaling between the two pathways is highly significant from the mechanistic point of view: on 

the one hand, chronic NF, B signaling drives the prolonged expression of cytokines and other inflammatory molecules, on the 

other hand, lack of sufficiently activated antioxidant pathways prevents a return to normal redox homeostasis. The 

dysregulation of these two antagonistic pathways could explain the long, lasting nature of immune, mediated diseases since the 

pro, inflammatory transcriptional activity persists even though the antioxidant response is not fully induced. In addition, this 

discordance may increase the vulnerability of the tissue to damage (tissue susceptibility), by stimulating the production of 

inflammatory mediators on one side and weakening the capacity to scavenge/reactive to intermediates on the other side. 

Overall, the synthesis of biomarker changes with signaling directionality provides strong evidence for a reciprocal 

feedback problem where inflammation first increases the production of reactive species, reactive species in turn keep 

inflammatory signaling going, and finally, antioxidant depletion acts as a barrier to inflammation resolution. When seen in this 

light, oxidative stress is not only a sign of disease activity but also plays a key role in immune dysregulation and tissue 

remodeling. The authors lay out important translational consequences of these findings: therapies that only focus on 

neutralizing reactive species will probably be inadequate if they do not also lead to the restoration of the native antioxidant 

system and rebalancing of redox, sensitive signaling pathways. Therefore, interventions that both boost the antioxidant 

capacity and selectively modulate inflammatory signaling pathways may have the greatest possibilities for breaking the 

redoximmune positive feedback loops and hence, leading to better disease control in immune-mediated phenotypes. 
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Figure 3. Pro-inflammatory vs Antioxidant Signaling Directionality (NF-κB vs Nrf2). 

5. CONCLUSION 

This review outlines a convergent redoximmune axis that underlies immune, mediated diseases, where overproduction of 

reactive oxygen and nitrogen species is linked to the depletion or inadequacy of endogenous antioxidant defenses. In different 

immune, mediated diseases, the data show a clear pattern of a significant increase in oxidative and nitrosative damage markers 

along with a decrease in antioxidant capacity, thus the idea that redox imbalance is just a secondary effect of inflammation is 

challenged and it is suggested that redox imbalance actively contributes to the disease refractory nature. The overall results from 

the integrated study reveal that lipid peroxidation mediators and oxidative protein modifications not only result directly in tissue 

damage but also lead to the inflammations that worsen the condition. On a cellular, signal level, a constant tilt of balance 

towards the dominance of pro, inflammatory pathways particularly the prolonged activity of NF, B, together with an insufficient 

antioxidant, response program, as shown by the limited Nrf2 compensation, explains, at least partly, chronical immune system 

overactivation and a hindered resolution process. Altogether, these findings imply that to be really effective, the therapeutic 

strategies should go beyond the mere use of non, specific antioxidant supplements and be more in line with precision medicine 

that, on one hand, restores redox homeostasis and, on the other hand, controls the redox, sensitive inflammatory signaling 

networks. The next studies should mainly emphasize using standard biomarker panels, quantifying robustly at the pathway 

level, and phenotype, specific stratification in order to increase the validity of the model and to discover the targets that are 

accessible for the redox, informed interventions in the immune, mediated pathology. 
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