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ABSTRACT 
 
 

Redox Dysregulation in COVID-19: Mechanisms, Prognostic 
Biomarkers, and Therapeutic Implications  
 

Fabio Fernandes Neves1 and Alceu Afonso Jordao2 

 

Severe COVID-19 is not only a viral pneumonia but also a systemic disorder characterized by inflammation, 
endothelial dysfunction, immunothrombosis, and multiorgan injury. Oxidative stress has frequently been 
described in this setting, but its clinical meaning remains uncertain. 
 

This narrative review synthesizes mechanistic and clinical evidence on redox dysregulation in COVID-19, 
with emphasis on prognostic biomarkers and redox-targeted therapeutic strategies. 
 

This distinction is clinically relevant because several pathways involved in severe COVID-19 converge on redox 
imbalance. Evidence suggests that SARS-CoV-2 can disturb redox balance through ACE2 downregulation, 
angiotensin II accumulation, NADPH oxidase activation, mitochondrial injury, inflammasome signaling, 
endothelial dysfunction, and immunothrombosis. Together, these processes increase reactive oxygen and 
nitrogen species, reduce nitric oxide availability, weaken antioxidant defenses, and help connect viral 
pneumonia with vascular injury, microthrombosis, and multiorgan damage. 
 

Clinical studies show that several oxidative stress markers are associated with worse COVID-19 outcomes. 
Higher levels of hydrogen peroxide, total oxidative stress, malondialdehyde, 8-isoprostanes, nitrotyrosine, 
protein carbonyls, and oxidized LDL have been linked to severe disease, ICU admission, respiratory failure, 
and mortality. Lower levels of glutathione, superoxide dismutase, catalase, glutathione peroxidase, and thiols 
suggest reduced antioxidant reserve. Even so, these markers are not ready for routine clinical use because 
studies differ in timing, assays, samples, patient populations, and outcomes. Antioxidant or redox-modulating 
therapies, including N-acetylcysteine, vitamin C, selenium, zinc, and NRF2 activators, remain biologically 
plausible but clinically unproven.  
 

At present, redox biomarkers and antioxidant interventions remain investigational. Future studies should 
use standardized serial biomarker panels and phenotype-driven trial designs to determine whether redox-
guided risk stratification or treatment can improve COVID-19 outcomes. 
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Introduction 
 
Clinical scenario: A 68-year-old man with hypertension and type 2 diabetes was admitted after four days of 
fever and dry cough. His oxygen saturation was 91% on room air, and laboratory tests showed elevated C-reactive 
protein and lymphopenia. A rapid antigen test for COVID-19 was positive at admission. At presentation, the 
clinical picture and chest radiograph were consistent with moderate viral pneumonia. Within 48 h, however, 
his condition abruptly deteriorated, with worsening hypoxemia, a marked rise in D-dimer, elevated troponin, 
acute kidney injury, and the need for invasive mechanical ventilation. 
 
This clinical scenario illustrates that severe COVID-19 is not merely a viral pneumonia, but a systemic disorder 
involving inflammation, endothelial dysfunction, immunothrombosis, and multiorgan injury.1 Although oxidative 
stress has frequently been described in severe disease, its translational relevance remains uncertain because 
it may represent either a downstream marker of illness severity or an active contributor to disease progression. 
Clarifying this distinction is important for interpreting redox biomarkers and for designing rational antioxidant 
or redox-modulating interventions. 
 

This review therefore focuses on three clinically relevant questions: how redox dysregulation may contribute 
to severe COVID-19 pathogenesis; whether oxidative stress biomarkers can support risk stratification; and 
whether redox-targeted interventions have sufficient evidence to justify clinical translation. 
 

Redox Homeostasis and Oxidative Stress 
Oxidative stress is best understood as a disturbance in redox homeostasis rather than a simple excess of free 
radicals. In this context, oxidant production exceeds antioxidant and repair capacity, disrupting redox control 
and promoting molecular damage.2 This framework distinguishes physiological redox signaling, or oxidative 
eustress, from pathological oxidative distress.3 
 

As shown in Figure 1, physiological oxidant production arises from four main cellular sources: mitochondria, 
NADPH oxidases, peroxisomes, and nitric oxide synthases. Mitochondrial electron transport and NADPH oxidase 
activity contribute mainly to superoxide generation, peroxisomal fatty acid oxidation produces hydrogen 
peroxide, and nitric oxide synthases generate nitric oxide. Together, these sources provide controlled oxidant 
signals that participate in normal cellular regulation. The oxidant side includes reactive oxygen species (ROS), 
such as superoxide anion and hydrogen peroxide, and reactive nitrogen species (RNS), such as nitric oxide and 
peroxynitrite. Because these molecules differ substantially in reactivity, half-life, diffusion range, and biological 
targets, the specific oxidant species should be stated whenever possible.2   
 

Antioxidant defense depends on a coordinated network of enzymatic and nonenzymatic systems. As summarized 
in Figure 1, the main antioxidant and repair systems include superoxide dismutase, catalase, glutathione 
peroxidase, peroxiredoxins, thioredoxin, glutathione, and NADPH-dependent recycling pathways. These systems 
regulate physiological oxidant fluxes, maintain redox signaling, support metabolism and immune homeostasis, 
and limit molecular damage. In this sense, redox homeostasis reflects an active balance between oxidant 
generation and antioxidant or repair capacity, rather than the complete elimination of reactive species. Low-
molecular-mass antioxidants, including glutathione, uric acid, vitamins C and E, carotenoids, and polyphenols, 
also contribute to redox buffering. These molecules differ in origin, turnover, and storage. Glutathione is 
generated endogenously and maintained through NADPH-dependent recycling. Several diet-derived 
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antioxidants are fat-soluble and can be retained in lipid compartments or circulating lipoproteins, including 
vitamin E and carotenoids, whereas water-soluble antioxidants such as vitamin C have limited body stores 
and require regular intake.4 However, these compounds should be viewed as part of a wider antioxidant 
network rather than as proxies for total cellular antioxidant capacity.2,3 
 

When ROS and RNS generation overwhelms antioxidant and repair systems, reactive species can damage 
DNA, RNA, lipids, and proteins.2,3 Nucleic acid oxidation can generate oxidized bases and contribute to 
genomic instability, altered gene regulation, and mitochondrial dysfunction. Lipid peroxidation affects 
membranes and lipoproteins, producing biomarkers such as malondialdehyde, 4-hydroxy-2-nonenal, F₂-
isoprostanes, and oxidized LDL. Protein oxidation can cause carbonylation, nitration, thiol or methionine 
oxidation, altered folding, impaired trafficking, and functional changes. This molecular injury underpins several 
oxidative stress biomarkers used in clinical and translational studies and links measurable redox imbalance 
to altered cellular regulation.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Mechanisms of SARS-CoV-2 Induced Redox Dysregulation 
The virus promotes oxidative stress through several converging pathways rather than a single linear mechanism. 
Viral entry, disruption of renin angiotensin signaling, mitochondrial injury, inflammasome activation, neutrophil 
recruitment, endothelial dysfunction, and immunothrombosis amplify one another, creating a self-sustaining 
redox inflammatory loop. This interaction helps explain the clinical progression from viral pneumonia to 
systemic inflammation, microvascular injury, and multiorgan dysfunction in severe disease.6,7 

 

oxidases, peroxisomes, and nitric oxide synthases are balanced by antioxidant and repair systems. This balance
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a) VIRAL ENTRY AND DISRUPTION OF THE ACE2 AND II AXIS  
The viral particle enters host cells when its spike protein binds to angiotensin-converting enzyme 2 (ACE2), 
which is expressed in the respiratory tract, vascular endothelium, gastrointestinal tissues, and several other 
organs. Viral binding and internalization reduce functional ACE2 availability and impair the conversion of 
angiotensin II (Ang II) to angiotensin 1 7. The resulting shift favors Ang II accumulation, NADPH oxidase activation, 
and increased generation of superoxide and hydrogen peroxide.8 
 

This mechanism is redox-relevant because Ang II is a potent activator of NADPH oxidase, whereas angiotensin 
1 7 has counter-regulatory antioxidant and vasodilatory effects. The resulting excess superoxide can react 
with nitric oxide to form peroxynitrite, reducing nitric oxide bioavailability and promoting vasoconstriction, 
oxidative injury, inflammation, and vascular dysfunction. Thus, SARS-CoV-2 uses ACE2 as an entry receptor 
and disrupts a protective vascular and redox-regulatory axis.9,10 
 

b) MITOCHONDRIA AS AMPLIFIERS OF INFLAMMATION  
Mitochondrial dysfunction occupies a central position in SARS-CoV-2-induced redox injury. Infected epithelial, 
endothelial, and immune cells may develop altered membrane potential, impaired electron transport, disturbed 
calcium homeostasis, organellar DNA damage, and increased ROS production. Under physiological conditions, 
ROS derived from oxidative phosphorylation contribute to intracellular signaling. In severe infection, however, 
excessive production can overwhelm antioxidant defenses, contributing to bioenergetic failure, apoptotic 
or necrotic cell death, and sustained inflammatory signaling.10 
 

Several SARS-CoV-2 proteins can also interfere directly with antiviral immune signaling at this organelle. The 
viral protein ORF9b localizes to mitochondria and suppresses type I interferon responses by targeting 
TOM70, an outer membrane protein involved in antiviral signaling. In parallel, ORF9b can inhibit RIG-I MAVS 
signaling, further disrupting mitochondrial antiviral pathways. These observations implicate mitochondria in 
impaired antiviral signaling and redox-sensitive inflammatory amplification.11,12 
 

This dysfunction is particularly relevant because mitochondria-derived ROS can damage electron transport 
chain complexes, increase cytokine production, and promote the release of damage-associated molecular 
patterns, including mitochondrial DNA. These signals can sustain innate immune activation even when viral 
replication is no longer the dominant driver. Thus, mitochondria shift from metabolic regulators to redox 
amplifiers, linking cellular stress to persistent inflammation, endothelial dysfunction, and organ injury.10 
 

c) REDOX-SENSITIVE INFLAMMATORY PATHWAYS: NF-κB, NLRP3 INFLAMMASOME ACTIVATION, 
AND THE REDOX INFLAMMATORY LOOP  
Reactive oxygen species can amplify inflammation through redox-sensitive pathways. After SARS-CoV-2 entry 
and replication, viral proteins and host danger signals increase oxidant production and activate inflammatory 
cascades. Increased ROS can activate NF-κB and the NLRP3 inflammasome, promoting IL-1β release and 
downstream increases in IL-6, TNF-α, and other inflammatory mediators. Simultaneously, reduced NRF2 activity 
and glutathione availability may weaken endogenous antioxidant protection, further increasing oxidative 
injury.7  
 

This process produces a feed-forward cycle: ROS promote inflammatory signaling, inflammatory cells then 
generate additional ROS through NADPH oxidase-dependent respiratory bursts, and sustained cytokine 
release further recruits and activates neutrophils and macrophages. In severe COVID-19, this loop may 
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contribute to exaggerated systemic inflammation, tissue injury, epithelial endothelial barrier disruption, and 
multiorgan dysfunction.13,14 
 
d) ENDOTHELIAL DYSFUNTION AND IMMUNOTHROMBOSIS  
In severe COVID-19, the vascular endothelium is particularly vulnerable to oxidative injury. Excess production 
of reactive oxygen species, mitochondrial dysfunction, inflammatory cytokines, hypoxia, and SARS-CoV-2-
induced ACE2 downregulation jointly impair endothelial barrier integrity, reduce nitric oxide bioavailability, 
and shift the vascular surface toward a proinflammatory and procoagulant state. These processes also promote 
glycocalyx disruption, vascular leakage, and endothelial activation, which are central features represented in 
Figure 2. Disruption of the nitric oxide ROS balance favors vasoconstriction, platelet activation, endothelial 
apoptosis, vascular inflammation, and thrombosis. Early pathological evidence of endothelial infection and 
endotheliitis supports the view that COVID-19 can also behave as a systemic vascular disease.15 
 
Pathological studies further support this vascular interpretation. In autopsy lungs, severe disease has been 
associated with endothelial injury, intracellular virus in endothelial cells, widespread thrombosis with 
microangiopathy, and substantially more alveolar-capillary microthrombi than influenza-associated respiratory 
failure. Other autopsy series have reported endothelial dysfunction and thrombosis in pulmonary samples, 
with possible involvement of pyroptotic endothelial injury. These findings indicate that severe COVID-19 is not 
merely a disease of alveolar injury and hypoxemia, but a thromboinflammatory disorder marked by endothelial 
activation, microvascular thrombosis, and systemic vascular involvement.16 
 
The term immunothrombosis captures the close interaction between innate immunity and coagulation in 
this setting. Activated neutrophils and monocytes, platelet activation, complement, tissue factor expression, 
endothelial injury, and NET formation can reinforce one another, generating intravascular clot formation mainly 
within the microcirculation, with potential systemic consequences. 
 
As illustrated in Figure 2, oxidative stress links upstream triggers, including ACE2 downregulation, NOX 
activation, mitochondrial dysfunction, hyperinflammation, and neutrophil extracellular traps, to endothelial 
dysfunction and thromboinflammatory complications. Within the endothelium, excess reactive oxygen species, 
reduced nitric oxide bioavailability, mitochondrial damage, NF-κB activation, barrier disruption, and endotheliitis 
contribute to a proinflammatory and procoagulant phenotype. This phenotype is associated with increased 
adhesion molecules, von Willebrand factor, tissue factor, and complement activation, which promote platelet 
adhesion, coagulation activation, immunothrombosis, and microvascular thrombosis. These vascular changes 
help explain pulmonary microthrombosis, myocardial injury, acute kidney injury, neurovascular injury, and 
multiorgan dysfunction.17,18 
 
Together, these mechanisms implicate redox dysregulation as a likely contributor to the vascular and 
thromboinflammatory phenotype of severe COVID-19. This interpretation is supported by systematic evidence 
revealing higher pro-oxidant markers, including H₂O₂ and total oxidative stress, and lower antioxidant defenses, 
including SOD, catalase, glutathione, and thiols, in severe COVID-19 than in mild disease or controls.9 
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In COVID-19, ACE2 downregulation, NOX activation, mitochondrial dysfunction, hyperinflammation, and NET formation

 

 

Oxidative Stress Biomarkers and Clinical Risk Stratification 
Clinical studies suggest that oxidative stress biomarkers may add information to established risk stratification 
in COVID-19. These markers capture different aspects of redox imbalance, including excess oxidant generation, 
lipid and protein oxidation, nitrosative stress, and depletion of endogenous antioxidant defenses. Studies 
have reported that severe COVID-19 is generally associated with higher pro-oxidant marker concentrations 
and lower antioxidant capacity than in patients with mild disease or in healthy controls. 
 

In a systematic review and meta-analysis including 17 studies and 1754 participants, Alam et al. reported 
higher H₂O₂ and total oxidative stress (TOS), together with lower SOD, catalase, glutathione, and thiol levels in 
severe COVID-19, indicating that combined assessment of pro-oxidant and antioxidant markers may support 
severity assessment and triage.9 The main clinical studies linking oxidative stress biomarkers to COVID-19 
severity and adverse outcomes are presented in Table 1. 
  
a) PRO-OXIDANT BIOMARKERS  
Several pro-oxidant biomarkers have been associated with disease severity, respiratory deterioration, ICU 
admission, and mortality in COVID-19. Hydrogen peroxide and total oxidative stress reflect overall oxidant 
burden, MDA and 8-isoprostanes indicate lipid peroxidation, nitrotyrosine reflects nitrosative protein modification, 
and protein carbonyls capture oxidative protein damage. Among these markers, MDA, 8-isoprostanes, 
nitrotyrosine, and protein carbonyls appear to show the most reproducible associations with ARDS, ICU 
admission, and mortality.8  
 

Findings from original clinical studies are broadly consistent with this pattern. In hospitalized patients, greater 
oxidative damage has been linked to more severe phenotypes, including respiratory failure and ICU admission. 

et al. reported higher TOS and oxidative stress index, together with lower thiol concentrations and total 



  

Medical Research Archives  8 

THE EUROPEAN SOCIETY OF MEDICINE 
 

antioxidant status, among patients requiring ICU care. In that cohort, thiol had the strongest discriminatory 
performance. Pincemail et al. described a similarly altered systemic redox profile in critically ill patients, 
characterized by increased lipid peroxidation and depletion of antioxidant components, including glutathione 
and thiol proteins.19  
 

Beyond classical markers such as MDA and TOS, newer indices of oxidative macromolecular injury may provide 
additional prognostic information. Liu et al. evaluated serum markers of lipid, protein, DNA, vascular, and 
platelet-related oxidative injury in 187 patients with COVID-19. Oxidized low-density lipoprotein (OxLDL) 
and the OxLDL/LDL-C ratio were higher in severe and critically ill patients than in non-severe cases. Oxidized 
low-density lipoprotein independently predicted progression to severe or critical disease, and the OxLDL/ 
LDL-C ratio helped distinguish severe from critically ill patients.20 These data point to oxidative lipid damage 
as a potentially important feature of the vascular and thromboinflammatory phenotype of severe COVID-19. 
 

In an in-hospital cohort study, plasma oxidative stress biomarkers were associated with COVID-19 outcomes, 
adding clinical support for their use as complementary markers in risk stratification. The results reinforce the 
relevance of oxidative lipid damage and systemic redox disruption to the vascular and thromboinflammatory 
phenotype of severe disease.21 
 

However, not all studies support a consistent association between oxidative stress markers and COVID-19 
severity. Gadotti et al. found no significant differences in H₂O₂, TAC, GSH/GSSG ratio, GST activity, MDA, 
protein carbonyls, or sulfhydryl groups across severity strata in a Brazilian hospital-based cohort.22 This null 
finding is important because it highlights the vulnerability of redox biomarkers to differences in sampling 
time, disease phase, assay platform, biological matrix, treatment exposure, comorbidities, and cohort composition. 
Rather than weakening the redox hypothesis, such heterogeneity argues against single-marker interpretation and 
supports the need for serial, standardized, multi-analyte panels validated against clinically meaningful outcomes. 
 

b) ANTIOXIDANT BIOMARKERS  
Antioxidant biomarkers provide a complementary perspective on redox failure. More severe disease has 
repeatedly been associated with lower glutathione (GSH), catalase, SOD, glutathione peroxidase (GPx), and 
total thiol concentrations, consistent with depletion of enzymatic and nonenzymatic antioxidant defenses. In 
the meta-analysis by Alam et al., severe COVID-19 was associated with lower SOD, catalase, GSH, and thiol 
levels than milder disease or control states.9 This pattern is biologically coherent: SOD, catalase, GPx, and 
GSH are central to superoxide and hydrogen peroxide detoxification, whereas thiol pools act as major redox 
buffers in plasma and cells. 
 

Several original studies support an association between antioxidant depletion and COVID-19 severity, although 
most available studies are observational and limited by heterogeneous assays, variable sampling times, and 
incomplete adjustment for relevant confounders. Yaghoubi et al. reported reduced antioxidant capacity and 
altered NO, SOD, and catalase activity in relation to COVID-19 severity.23 Kalem et al. identified thiol-disulfide 
homeostasis as a sensitive marker of severe COVID-19, and Ducastel et al. evaluated oxidative and inflammatory 
biomarkers for predicting severity and ICU admission in unselected hospitalized patients.24 In critically ill patients, 
profound depletion of glutathione, thiol proteins, vitamin C, and selenium has also been reported, supporting the 
concept that antioxidant reserve is consumed during severe systemic inflammation and oxidative stress.19  
 

Overall, oxidative stress biomarkers are unlikely to function as stand-alone diagnostic tests. Their greater 
value may lie in complementing prognostic assessment alongside markers of inflammation, endothelial injury, 
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coagulation activation, and organ dysfunction. Pro-oxidant markers such as H₂O₂, MDA, 8-isoprostanes, 
nitrotyrosine, protein carbonyls, TOS, and OxLDL may indicate ongoing oxidative damage, and antioxidant 
markers such as GSH, SOD, catalase, GPx, and total thiols may reflect loss of redox buffering capacity. Clinical 
translation remains limited by differences in assay methods, sampling time, biological matrices, disease stage, 
comorbidities, and treatment exposure. Therefore, future studies should prioritize standardized panels, serial 
measurements, and validation against clinically meaningful outcomes, including ICU admission, thrombotic 
events, invasive mechanical ventilation, and mortality. 
 

Table 1. Oxidative stress biomarkers with prognostic potential in COVID-19 
 

Author Study design Setting Biomarkers Outcome 
Pincemail et 
al.19, 2021 

Observational study 
9 participants 

Belgium. Hospital-based 
evaluation, ICU. 

↑ lipid peroxidation and Cu/Zn ratio 
↓ vitamin C, thiol proteins, GSH,  
γ-tocopherol, β-carotene, and 
PAOT score 

Disease severity 

Ducastel et 
al.24, 2021 

Observational study 
160 participants 

France. Hospital-based 
evaluation, ward and ICU. 

↑ IMA and AOPP 
↓ plasma thiols 

ICU admission 

Karkhanei et 
al.25, 2021 

Observational study 
96 participants 

Iran. Hospital-based 
evaluation, ward and ICU. 

↑ TOS, TOS/GSH ratio, and 
TOS/TAC ratio 
↓ TAC and GSH 

Disease severity, 
ICU admission, 
mortality 

Kalem et al.26, 
2021 

Case-control 
144 patients with COVID-
19 and 70 controls 

Turkey. Hospital-based 
evaluation, ward and ICU. 

↓ native thiol and total thiol Disease severity 

Martín-
Fernández et 
al.27, 2021 

Case-control 
108 patients with COVID-
19 and 28 controls 

Spain. Hospital-based 
evaluation, ward and ICU. 

↑ lipid peroxidation and protein 
carbonylation 
↓ total antioxidant capacity 

Disease severity, 
mortality 

Cekerevac et 
al.28, 2021 

Observational study 
127 participants 

Serbia. Hospital-based 
evaluation, ward and ICU. 

↑ O₂  and CAT 
↓ NO/NO₂  

Disease severity, 
mortality 

Gadotti et 
al.22, 2021 

Observational study 
77 participants 

Brazil. Hospital-based 
evaluation, ward and ICU. 

No significant difference in 
oxidative stress biomarkers: H₂O₂, 
TAC, GSH/GSSG, GST, MDA, 
carbonyls, and sulfhydryl groups 

Disease severity 

al.29, 2022 
Observational study 
86 participants 

Turkey. Hospital-based 
evaluation, ward and ICU. 

↑ TOS, OSI 
↓ thiol and TAS 

ICU admission 

Yaghoubi et 
al.23, 2022 

Case-control 
120 patients with COVID-
19 and 60 controls 

Iran. Hospital-based 
evaluation, ward. 

↓ TAC Disease severity 

Avila-Nava et 
al.30, 2022 

Case-control 
76 patients with COVID-
19 and 76 controls 

Mexico. Hospital-based 
evaluation, ward. 

↑ MDA 
↓ TAC  

Mortality 

Neves et al.21, 
2023 

Observational study 
115 participants 

Brazil. Hospital-based 
evaluation, ward and ICU. 

↑ AOPP 
↓ GSH, SOD, and α-tocopherol 

Mortality 

Uysal et al.31, 
2023 

Case-control 
100 patients with COVID-
19 and 100 controls 

Turkey. ED and hospital-
based evaluation, ward and 
ICU. 

↑ LOX-1, OxLDL and NF-κB, Disease severity, 
mortality 

Liu et al.20, 
2024 

Observational study 
187 participants 

China. Hospital-based 
evaluation, ward and ICU.  

↑ OxLDL, OxLDL/LDL-C ratio Disease severity 
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Redox-Targeted Interventions: Translational Potential and Current Evidence 
If redox dysregulation contributes to acute severity, restoring redox homeostasis becomes an attractive 
therapeutic goal. Interest has therefore shifted toward interventions that might replenish antioxidant reserves, 
neutralize reactive oxygen species, modulate redox-sensitive inflammatory pathways, or restore endogenous 
cytoprotective responses. As summarized in Figure 3, the main redox-targeted strategies discussed in this 
review include N-acetylcysteine, vitamin C, selenium, zinc, and NRF2 activators. These interventions differ in 
their proposed mechanisms and in the strength of the available clinical evidence. Clinical evidence remains 
uneven: most approaches have a sound mechanistic rationale, but few have shown consistent benefit in 
high-quality trials.32 
 
N-acetylcysteine (NAC) is among the most widely discussed redox-modulating strategies in COVID-19. It 
provides cysteine for glutathione synthesis, supports intracellular antioxidant capacity, has mucolytic properties, 
and may attenuate redox-sensitive inflammatory pathways, including NF-κB activation. This explains its strong 
biological plausibility, as highlighted in Figure 3. A meta-analysis of five randomized controlled trials (RCTs) 
by Liu et al. found no significant effect on mortality, invasive mechanical ventilation, ICU admission, hospital 
stay, or ICU stay.33 However, more recent meta-analyses that included additional RCTs reported a possible 
mortality reduction, particularly with higher-dose or non-oral regimens.34,35 Nevertheless, current trial evidence 
does not support routine NAC use outside clinical trials or clearly defined phenotype-driven contexts, and 
the optimal dose, route, timing, and target population remain unresolved. 
 
Vitamin C has attracted considerable attention owing to its antioxidant activity, role as an enzymatic cofactor, 
immunomodulatory effects, and potential to protect endothelial and epithelial barriers. In a meta-analysis 
of 13 studies and 12,062 participants, Zhou et al. found no significant improvement in short-term mortality, 
in-hospital mortality, or secondary clinical outcomes.36 Similarly, an RCT-only meta-analysis by Abid et al. found 
no reduction in all-cause mortality, ventilation, hospitalization, hospital mortality, or length of stay and no 
improvement in recovery time.37 By contrast, Qin et al., using a broader evidence base that included RCTs, cohort 
studies, and retrospective studies, reported lower mortality and disease severity with vitamin C supplementation.38 
This divergence indicates that conclusions are highly sensitive to study design and inclusion criteria. Therefore, 
vitamin C remains a biologically justified but unproven adjunct, with any benefit likely to depend on baseline 
deficiency, disease stage, route, dose, and timing. Other diet-derived antioxidants, such as carotenoids, vitamin 
E, and phenolic compounds, may contribute to redox buffering, but they are not central therapeutic strategies 
in the simplified framework shown in Figure 3. Studies in COVID-19 have reported depletion of vitamin E 
and carotenoids alongside inflammatory and oxidative stress markers, although these micronutrients have 
not consistently stratified disease severity. Phenolic compounds, including tea polyphenols, have plausible 
antioxidant, anti-inflammatory, immunomodulatory, and antiviral mechanisms in experimental models; 
however, clinical evidence remains insufficient, and no large-scale randomized trial has demonstrated that 
polyphenol supplementation improves COVID-19 outcomes.39,40 
 
Selenium is relevant to COVID-19 redox biology via its incorporation as selenocysteine into selenoproteins 
involved in redox homeostasis, immune-cell function, and inflammatory signaling, including glutathione 
peroxidases, thioredoxin reductases, selenoprotein K, and selenoprotein P. In a systematic review of 11 
observational studies, most of which measured serum selenium, Fakhrolmobasheri et al. reported that nine 
studies linked lower selenium status with worse COVID-19 outcomes, including greater severity, mortality, 
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or delayed recovery.41 These findings are consistent with the possibility that selenium deficiency may impair 
antioxidant defense, immune regulation, and viral control, although the evidence remains heterogeneous. 
 

However, biomarker associations should not be equated with proof of therapeutic efficacy. Balboni et al. 
found no published selenium supplementation trial for COVID-19 treatment or prevention at the time of their 
systematic review and concluded that selenium supplementation was not yet supported by experimental 
clinical evidence.42 Thus, selenium status may be considered a prognostic or vulnerability marker, whereas 
supplementation should remain investigational unless deficiency is documented or future trials demonstrate 
clinical benefit. This distinction is consistent with the figure s summary that selenium has insufficient 
interventional evidence despite observational associations with worse outcomes. 
 

Zinc has antiviral, immunomodulatory, and redox-related properties. It supports innate and adaptive immunity, 
may influence inflammatory signaling, and has been proposed to inhibit viral replication in experimental 
settings. Tabatabaeizadeh reported an association between zinc supplementation and lower COVID-19 
mortality in a meta-analysis of five studies. However, Balboni et al. found few eligible randomized trials, 
substantial heterogeneity, and no convincing evidence that zinc alone improved clinical outcomes.43 Thus, zinc 
remains a plausible intervention in deficient patients, but current evidence does not support indiscriminate 
supplementation as COVID-19 therapy. Accordingly, the clinical evidence for zinc is best described as 
heterogeneous rather than conclusive. 
 

The activation of nuclear factor erythroid 2 related factor 2 (NRF2) offers an upstream strategy to restore 
endogenous antioxidant and cytoprotective defenses. Unlike single antioxidant supplementation, NRF2 
activators induce a coordinated transcriptional program involving antioxidant enzymes, glutathione metabolism, 
heme oxygenase pathways, and anti-inflammatory responses.44 This upstream, redox-targeted mechanism 
is why NRF2 activators are shown separately in Figure 3 rather than grouped with conventional antioxidant 
supplementation. This provides a mechanistic rationale for targeting NRF2 in COVID-19, particularly because 
SARS-CoV-2 appears to suppress NRF2 signaling. Experimental NRF2 agonists, including dimethyl fumarate 
and 4-octyl-itaconate, have activated antiviral and anti-inflammatory programs and inhibited SARS-CoV-2 
replication in preclinical models.45 Additional studies show that SARS-CoV-2 can inhibit NRF2-mediated 
antioxidant responses in airway epithelial cells and infected lung tissue.46 Currently, however, clinical evidence 
remains preliminary, and NRF2 activation should be considered an experimental strategy rather than a 
validated treatment. Overall, the simplified framework in Figure 3 emphasizes a common conclusion: redox-
targeted interventions are biologically plausible, but their clinical benefit in COVID-19 remains mixed, 
heterogeneous, or insufficiently proven depending on the intervention. 
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Conclusion 
Oxidative stress is best interpreted as a mechanistically integrated component of severe COVID-19 rather than 
as a nonspecific bystander of inflammation. The strongest evidence links redox dysregulation to mitochondrial 
dysfunction, endothelial injury, immunothrombosis, antioxidant depletion, and adverse clinical outcomes in 
acute disease. However, clinical translation remains constrained by heterogeneous assays, inconsistent 
sampling strategies, limited replication, and insufficient trial evidence for redox-targeted therapies. 
 

Redox biomarkers may complement prognostic stratification when interpreted alongside inflammatory, 
endothelial, coagulation, and organ dysfunction markers. Their clinical use, however, is limited by heterogeneity 
in study design, biological matrices, analytical methods, sampling time, and outcome definitions. 
 

Although redox-targeted strategies are mechanistically compelling, evidence that they improve clinical 
outcomes remains insufficient. Future studies should move beyond isolated antioxidant supplementation and 
test mechanism-based strategies that combine serial redox biomarkers, inflammatory and thrombotic markers, 
and clinically meaningful outcomes. This approach may help identify redox-driven COVID-19 subphenotypes 
and guide more precise risk stratification and phenotype-based therapeutic trials. 
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Abbreviations 
ACE2, angiotensin-converting enzyme 2 
Ang II, angiotensin II 
AOPP, advanced oxidation protein products 
ARDS, acute respiratory distress syndrome 
CAT, catalase 
COVID-19, coronavirus disease 2019 
Cu/Zn, copper-to-zinc ratio 
DNA, deoxyribonucleic acid 
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