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ABSTRACT

Objective: COVID-19 is a complex disease in which the interaction of the SARS-CoV-2 virus with
target cells, activation of the immune system, and release of inflammatory cytokines are closely
intertwined. Oxidative stress is associated with all of these events, which significantly contrib-
ute to the pathogenesis of COVID-19. This study aimed to analyze the relationship quantitatively
between oxidative stress and the disease severity in hospitalized patients.

Methodology: Articles measuring pro-oxidant and antioxidant markers in patients with COVID-
19 were retrieved through the search engines ScienceDirect, PubMed, and Google Scholar. Two
authors independently extracted data using the data extraction tool, and a third arbitrator was
consulted if consensus was not reached. Data were subjected to meta-analysis using the “meta”
package of R programming for forests and the trim and fill method under a random-effects model
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based on standardized mean differences (SMDs). We tested for heterogeneity in effect size using
the /2 statistic and Egger’s test to assess bias.

Results: Of the 3,103 articles screened, 17 met the inclusion criteria. When comparing control vs.
mild cases, control versus severe cases, and mild versus severe cases, hydrogen peroxide (H,0,)
levels were significantly increased [(SMD, 2.46; Cl: —0.81 to 5.73; p = 0.05), (SMD, 3.22; Cl: —0.70 to
7.14; p = 0.05), and (SMD, 0.49; Cl: —0.23 to 1.20; p < 0.05), respectively]. Similarly, total oxidative
stress (TOS) levels were significantly increased when comparing control versus mild cases (SMD,
4.01; Cl: 0.85 to 7.18; p = 0.01), control versus severe cases (SMD, 6.51; Cl: —0.59 to 13.62; p =
0.07), and mild versus severe cases (SMD 3.07; Cl: 01.21 to 7.36; p = 0.05). However, superoxide
dismutase (SOD) levels were decreased when comparing control versus mild cases (SMD, —0.60;
Cl: -1.31t0 0.12; p = 0.05), control versus severe cases (SMD, —1.68; Cl: —4.00 to 0.64; p = 0.05),
and mild versus severe cases (SMD, —0.73; Cl: —1.81 to 0.36; p = 0.06). Similarly, catalase and glu-
tathione levels were decreased when comparing control versus mild cases, control versus severe
cases, and mild versus severe cases. Moreover, thiol levels were significantly decreased when
comparing control versus mild cases (SMD, —1.72; Cl: —2.91 to —0.53; p = 0.005), control versus
severe cases (SMD, —2.83; Cl: —3.97 to —1.69; p = 0.00), and mild versus severe cases (SMD, —1.19;
Cl: —1.83 to —0.54; p = 0.00).
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Conclusion: This meta—analysis revealed significantly higher levels of pro-oxidants (H,0, and TOS)
and lower levels of antioxidants (SOD, CAT, GSH, and thiols) in severe cases of COVID-19 compared
to controls and mild cases, indicating that oxidative stress contributes to the severity of the dis-
ease. Assessing pro-oxidant and antioxidant stress markers may help assess disease severity for
effective triage of COVID-19 patients. This information will be valuable for a broader discussion on

the pathogenesis of COVID-19.

Introduction

Coronavirus disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), is the largest coronavirus pandemic in history [1].
As of June 26, 2025, the disease has been reported world-
wide with 778 million infections and more than 7.0 million
deaths. The SARS-CoV-2 virus infects humans by binding to
an angiotensin-converting enzyme 2 (ACE-2) on the muco-
sal surface of the respiratory tract [2]. The virus initially
replicates in the respiratory system’s epithelial cells [3, 4].
The virus can also infect epithelial cells lining the diges-
tive, cardiovascular, and central nervous systems, as high
expression of ACE-2 has been reported in these systems
[4, 5].

Clinically, the disease is mainly characterized by mild,
moderate, and severe conditions. While most patients with
COVID-19 (approximately 80%) experience asymptomatic
to mild symptoms such as cough, fever, and fatigue, 15%-
20% of patients develop moderate to severe symptoms
of pneumonia, and 3%-5% of patients become severely
ill with conditions such as acute respiratory distress syn-
drome, acute shock, and/or multiple organ failure [6, 7].
Pathologically, severe/critically ill COVID-19 is character-
ized by “cytokine storm or cytokine release syndrome,” a
hyperinflammatory response associated with excessive
secretion of pro-inflammatory cytokines and an overreac-
tion of the immune system [6, 8, 9]. Cytokine storm, a poor
prognosis of the disease, is associated with the worst out-
comes and highest mortality rates in COVID-19 patients
[10-12]. Epidemiological studies suggest that COVID-19
severity correlates with underlying comorbidities, includ-
ing diabetes, hypertension, chronic respiratory and kidney
diseases, cancer, obesity, cardiovascular disease, immu-
nosuppressive conditions, and aging [13]. Elevated levels
of reactive oxygen species (ROS) have been observed in
patients with underlying comorbidities [14]. Interestingly,
elevated levels of ROS have also been linked to the patho-
physiology of COVID-19, including endothelial cell dys-
function, blood clotting, microvascular thrombosis, and
platelet aggregation, which ultimately contribute to the
severity and mortality of COVID-19 [12]. Therefore, oxi-
dative stress and associated inflammation are now recog-
nized as important contributors to COVID-19 pathogenesis
and severity [15].
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When the body accumulates excess ROS and over-
whelms the antioxidant defenses of cells and the body’s
ability to detoxify toxic effects, it induces oxidative stress
[16-18]. The most damaging ROS to cells includes super-
oxide anion (0Oze-), hydroxyl anion (¢OH), and hydrogen
peroxide (H,0.), while intracellular antioxidants in the
human body include superoxide dismutase (SOD), gluta-
thione (GSH), and catalase (CAT). SOD catalyzes the disso-
ciation of O,e— to H,0,, which, in turn, is decomposed to
H,0 and O,e- by CAT [19]. Moreover, H,0, is converted to
H,0 by glutathione peroxidase (GPx), which is recharged
by glutathione reductase (GSR), which is itself reactivated
by glutathione (GSH) [20, 21]. Optimal levels of GSH are
essential for the activity of the GPx and GSR systems, where
GSH serves to restore each enzyme to its active state [22],
thereby maintaining pro-oxidant and antioxidant homeo-
stasis in the body. Furthermore, thiols play an important
role in cellular antioxidant defense and redox signaling
[23, 24].

Our recent meta-analysis on a potent antioxidant sup-
plement, N-acetylcysteine (NAC), showed improved clinical
outcomes of COVID-19, specifically, increased oxygen satu-
ration, significant reductions in inflammatory marker lev-
els, and reduced mortality [25]. Several narrative reviews
have reported a strong link between COVID-19 pathogen-
esis and oxidative stress [14, 26, 27]. Furthermore, several
observational and cohort studies have reported significant
changes in ROS and antioxidant levels in severe COVID-19
patients [28-33]. However, there are no studies that quan-
titatively analyze the relationship between oxidative stress
and the severity of COVID-19. Therefore, we conducted a
meta-analysis of pro-oxidant and antioxidant markers in
hospitalized COVID-19 patients and healthy individuals.

Materials and Methods
Ethical approval

Meta-analysis was exempt from ethical approval because
we collected or synthesized data from previously pub-
lished research articles in which the corresponding
authors noted ethical approval.
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Search strategy

We identified studies that published data on pro-oxidant and
antioxidant markers in confirmed COVID-19 patients. We
used the PRISMA guidelines to search electronic databases
(S1; PRISMA checklist). We retrieved studies from PubMed,
Google Scholar, and ScienceDirect. The search included
medical subject headings (MeSHs) terms, keywords, combi-
nations, and snowball searches to retrieve relevant papers.
We used search terms independently and/or together using
various Boolean operators such as “OR” or “AND.” The key-
words and phrases were “COVID-19” “SARS-CoV-2", “novel
Coronavirus”, “oxidative stress” “redox imbalance” “anti-
oxidants”, and “enzymatic antioxidants”. Using those key-
words, the following search map was applied: (blood OR
complications OR diagnosis OR immunology OR mortality
OR pathology OR physiopathology) AND COVID-19 [MeSH
Terms] AND (adverse effects OR genetics OR immunology)
AND oxidative stress [MeSH Terms] AND (adverse effects
OR metabolism OR pharmacology OR therapeutic use)
AND antioxidants [MeSH Terms] on the PubMed database
(S2). Thus, the PubMed search combines #1 AND #2 AND
#3. Full-length articles published in English on confirmed
COVID-19 patients aged 19 to 80+ years. Four research-
ers independently assessed the search results. The articles
searched were published from January 2020 to April 2025.

Study selection/eligibility criteria

Retrieved studies were exported to EndNote version 21
to remove duplicate studies. We screened the selected
studies using their titles and abstracts before retrieving
the full-text articles. We followed pre-specified inclu-
sion and exclusion criteria to screen the full-text articles.
Discrepancies were considered for the final selection of
studies for inclusion in this study:.

Inclusion criteria

Articles were included in this meta-analysis if they met the
following criteria: (1) studies that evaluated pro-oxidant
and antioxidant markers in patients with COVID-19; (2)
data on oxidant and antioxidant parameters in mild, severe,
dead/surviving COVID-19 patients; (3) randomized control
trials, cross-sectional, observational, case-control, prospec-
tive, and cohort studies measuring pro-oxidant and antioxi-
dant markers in serum, plasma, or other tissues of patients
with COVID-19; (4) the disease (COVID-19) was diagnosed
according to the standard protocol recommended by the
World Health Organization, where multiple tests were per-
formed on the same sample, including PCR, antigen rapid
diagnostic methods, biochemical tests, radiological, clinical
history, and signs and symptoms; (5) human subjects; (6)
English language; and (7) studies that provide case num-
bers, means, and standard errors/deviations.

http://bdvets.org/javar/

Exclusion criteria

Articles were excluded from this meta-analysis if they met
the following criteria: (1) conference summaries, corre-
spondence, editorials, meta-analysis, and review papers;
(2) animal studies; (3) dual publications (if the same data
were used in multiple publications, the article that pro-
vided the strongest evidence was considered for this anal-
ysis); (4) non-English articles; and (5) insufficient data.

Quality assessment

The quality of the studies was assessed based on the
Newcastle-Ottawa Scale (NOS) [34]. A total NOS score = 7
indicates a good quality of the included studies. The NOS
score is presented in Table 1.

Participant

Participants were divided into three groups: control, mild,
and severe COVID-19. COVID-19 was diagnosed by mul-
tiple methods on the same sample, including PCR, rapid
tests, biochemical, clinical, and radiological/CT scan
parameters. The “control” group consisted of healthy par-
ticipants. The “mild” group included confirmed COVID-19
cases with cough, fever, and fatigue, but no typical pneu-
monia changes on CT scan/radiology. The “severe” group
included confirmed COVID-19 cases with severe pneumo-
nia, organ failure, and respiratory distress.

Meta-analysis

We developed a data extraction tool in an Excel sheet, and the
following data from eligible studies were extracted: author;,
study location, sample size, number of mild and severe
patients, pro-oxidant and antioxidant markers, study type,
and publication NOS score. This study used oxidant mark-
ers, including H,0,, O,¢—, and TOS, and antioxidant mark-
ers, including SOD, CAT, GSH, NO, and thiols. Two authors
(Shah Alam and Hasan) independently extracted data using
the data extraction tool, and a third arbitrated if consensus
was not met. Data were subjected to meta-analysis using the
“meta” package in R for forest plots under a random-effects
model based on standardized mean difference (SMD), and
adjusted SMDs from the trim and fill approach were also
used to predict COVID-19 severity from control to mild, con-
trol to severe, and mild to severe [35]. However, adjusted
SMD could be computed for more than two studies [36,
37]. The I? statistic was used to calculate the heterogeneity
between the studies, and a p-value of less than 0.05 indi-
cated significant study heterogeneity. If the value of I is less
than 25%, there is no study heterogeneity; if the value of I?
is between 50% and 74%, there is moderate heterogeneity;
and if the value of I?is 75% or more, there is high heteroge-
neity. Egger’s test was used to assess study bias.
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Results
Search results and characteristics of included studies

In the literature review, 3,103 articles were initially
retrieved from electronic databases: PubMed (n = 35),
Google Scholar (n = 979), and ScienceDirect (n = 2,089).
Duplicate articles (n = 1,257) were excluded. The remain-
ing 1,846 articles were title and abstract reviewed, and
1,733 were excluded. Furthermore, out of the remaining
113 articles, a full-text review was performed; 76 review
articles and 20 articles with incomplete or inconsistent
information were excluded (Fig. 1). Finally, 17 articles
met the inclusion criteria for this meta-analysis [28-32,

38-48]. The detailed features of the included studies, such
as study location, design, size, pro-oxidant and antioxidant
markers, and NOS score, are shown in Table 1.

Meta-analysis results of pro-oxidant markers

Compared to controls versus mild cases, controls versus
severe cases, and mild versus severe cases, H,0, levels
were found to be significantly higher [(SMD = 2.46; CI:
-0.81t0 5.73; p = 0.05, I?=97%), (SMD = 3.22; CI: -0.70 to
7.14; p = 0.05,°=98%), and (SMD = 0.49; CI: -0.23 to 1.20;
p = 0.05, I? = 82%), respectively] (Fig. 2A-C). Similarly,
TOS levels were found to be significantly higher when com-
pared to controls versus mild cases (SMD = 4.01; CI: 0.85

P
Identification of articles via databases
= }
.0
_g 3,103 Articles were identified: PubMed
= (n=33), Google Schelar (n=979), and Duplicat d d (n=1257
k5 Science Direct (n=2089) —>| Duplicate record removed (n=1257)
Articles screened after duplicates removed [y Records excluded based on fitle
- P and abstract review(n=1,733)
(n=1846)
. v
= Full text excluded:
S Articles sought for retrieval (n=113 > '
§ : ( ) Review article (n=76)
’ v
) o Insufficient & incompatible data
Articles assessed for eligibility (n=37) — (n=20)
E v
)
E
e Articles included in meta-analysis (n=17)
[ =

Figure 1. The PRISMA flow chart describes the number of articles identified, screened, and included for eligibility in this study (Adapted from

(49]).
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Table 1. Summary information of the included studies.

NS‘I). Reference Study location Controslamplvll(ielzlze (ns)evere an ti:(?(-iz)::td ?nnatr/kers Study design s':gi
1 Mehri et al. [30] Hamadan (Iran) 24 14 10 H,O,, CAT, TOS Case-control 8
2 Montiel et al. [31] Brussels (Belgium) 15 30 30 NO Observational 7
3 Badawy et al. [29] Egypt 11 16 23 H,0, Observational 8
4 Yaghoubi et al. [32] Mashhad (Iran) 60 60 60 SOD, NO, CAT Cross-sectional 7

comparative
5 Zarkovi¢ et al. [38] Zagreb (Croatia) 34 66 22 SOD Case—control 7
6 Cekerevac et al. [28] Kragujevac (Serbia) 35 48 33 H,0,, SOD, NO Observational and cross- 8
sectional
7 Al-Kuraishy et al. [40] ~ Baghdad (Iraq) - 39 41 TOS Single-center cohort 8
8 Cakirca et al. [41] Sanliurfa (Turkey) - 46 40 TOS, TT Prospective, single-center 7
9 Kalem et al. [42] Turkey (Ankara) 70 117 27 T Prospective cohort 8

10  vanEijketal. [44] Groningen (Netherland) 30 29 29 T Prospective cohort 7
11 Erel et al. [23] Turkey (Ankara) 70 90 82 T Case-control 8
12 Karkhenei et al. [50] Iran 18 35 19 TOS, GSH Case-control 8
13 Gadotti et al. [33] Brazil - a4 33 H,O, Prospective cohort 8
14  Aykacetal. [45] Turkey 34 16 18 TOS, TT Prospective cohort 8
15 Coronel et al. [46] Brazil 20 - 15 CAT Observational 7
16 Neves et al. [47] Brazil - 95 20 GSH Prospective cohort 8
17 Mete et al. [48] Turkey 43 - 43 T Observational 8

Total 464 745 545

CAT, Catalase; GSH, glutathione; H,0,, Hydrogen peroxide; NO, nitric oxide; SOD, superoxide dismutase; TOS, total oxidative stress; TT, total thiols;.

to 7.18; p = 0.013, 2= 97%), controls versus severe cases
(SMD = 6.51; CI: -0.59 to 13.62; p = 0.07, I? = 98%), and
mild versus severe cases (SMD 3.07; CI: 01.21 to 7.36; p =
0.05, I = 2 = 97%) (Fig. 2D-F). The adjusted SMDs from
the trim and fill method also showed significant changes
in H,0, and TOS between control and mild, control and
severe, and mild and severe patients (Table 2).

Meta-analysis results of antioxidant markers

When we compared control vs mild cases, control vs severe
cases, and mild vs severe cases, the levels of SOD were
found to be significantly lower [(SMD, -0.60; CI: -1.31 to
0.12; p = 0.05), (SMD, -1.68; CI: -4.00 to 0.64; p = 0.05),
and (SMD, -0.73; CI: -1.81 to 0.36; p = 0.06), respectively].
(Fig. 3A-C). Similarly, CAT levels were found to decrease
when comparing control versus mild cases (SMD, 1.75;
CI: -1.80 to 5.31; p = 0.334), control versus severe cases
(SMD, 2.42; CI: -0.36 to 5.19; p = 0.057), and mild versus
severe cases (SMD, -0.23; CI: -0.55 to 0.10; p = 0.056) (Fig.
3D-F). GSH levels were found to decrease when comparing
control versus mild cases (SMD, -2.05; Cl: -5.42 to 1.32; p
=0.234), control versus severe cases (SMD, -3.57; Cl: -9.87
to 2.73; p = 0.267), and mild versus severe cases (SMD,
-1.03; CI: -2.51 to 0.44; p = 0.170) (Fig. 3G-I). Moreover,
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thiol levels were significantly decreased when comparing
control versus mild cases (SMD, -1.72; CI: -2.91 to -0.53; p
=0.005), control versus severe cases (SMD, -2.83; CI: -3.97
to -1.69; p = 0.001), and mild versus severe cases (SMD,
-1.19; CI: -1.83 to -0.54; p = 0.001) (Fig. 4D-F). In addi-
tion, nitric oxide (NO) levels were significantly decreased
when comparing control versus mild cases (SMD, 0.08; CI:
-0.17 to 0.33; p = 0.546), control versus severe cases (SMD,
-0.45; CI: -0.96 to 0.05; p = 0.058), and mild versus severe
cases (SMD, -0.50; CI: -1.04 to 0.04; p = 0.057) (Fig. 4A-C).
Similarly, the adjusted SMD from the trim and fill method
also showed significant changes in thiol and NO between
control and mild, control and severe, and mild and severe
patients (Table 2).

Publication bias

We assessed the publication bias of the literature using
Egger’s test for all studies included in each index (Table
2). Funnel plots are a widely used technique for detecting
publication bias. However, this requires at least 10 studies
[51]. To achieve the same objective, we used Egger’s test
and obtained p-values greater than 0.05 (Table 2). If the
p-value is less than 0.05, publication bias is indicated [51].
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Figure 2. Forest plot of the pro-oxidant markers between
COVID-19 (mild or severe) and healthy individuals. (A) H,0,
(control vs. mild), (B) H,0, (control vs. severe), (C) H,0, (mild vs.
severe), (D) TOS (control vs. mild), (E) TOS (control vs. severe),
and (F) TOS (mild vs. severe).
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Figure 3. Forest plot of the antioxidant markers between
diseased and control/healthy individuals. (A) SOD (control vs.
mild), (B) SOD (control vs. severe), (C) SOD (mild vs. severe), (D)
CAT (control vs. mild), (E) CAT (control vs. severe), (F) CAT (mild
vs. severe), and (G) GSH (mild vs. severe).
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Table 2. Summary information on the pro-oxidant and antioxidant markers results from the forest plots and the trim and fill method.

Unbiased results according to the trim

Markers Comparison Studies  Egger’stest(p=) SMD 95% CI p-value (SMD) and fill method
between
SMD 95% CI p=
Control vs. mild 3 0.087 2.46 -0.81t05.73 0.054 -0.17 —4.00 to 3.65 0.052
H,0, Control vs. severe 3 0.036 3.22 -0.70t0 7.14 0.051 -0.39 -5.34to 4.55 0.058
Mild vs. severe 4 0.131 0.49 -0.23t0 1.20 0.058 0.06 —0.66 to 0.80 0.065
Control vs. mild 3 0.119 4.01 0.85t07.18 0.013 0.89 —-3.26 t0 5.05 0.057
TOS Control vs. severe 3 0.012 6.51 -0.59 to 13.62 0.072 0.44 -8.14 t0 9.02 0.059
Mild vs. severe 5 0.232 3.07 -1.21t07.36 0.0.05 3.07 -1.21t07.36 0.051
Control vs. mild 2 -0.60 -1.31t00.12 0.051
SOD Control vs. severe 2 -1.68 —4.00 to 0.64 0.051
Mild vs. severe 3 0.559 -0.73 -1.81t00.36 0.061 -0.72 -1.81t00.36 0.071
Control vs. mild 2 1.75 -1.80t0 5.31 0.334
CAT Control vs. severe 3 0.025 2.42 -0.36t0 5.19 0.057 -0.22 -3.79t03.35 0.052
Mild vs. severe 2 -0.23 —0.55t00.10 0.056
Control vs. mild 2 -2.05 -5.42t01.32 0.234
GSH Control vs. severe 2 -3.57 -9.871t02.73 0.267
Mild vs. severe 4 0.012 -1.03 -2.51t00.44 0.170 -1.03 -2.51t00.44 0.170
Control vs. mild 3 0.996 0.08 —-0.17 t0 0.33 0.546 0.07 -0.17 t0 0.33 0.546
NO Control vs. severe 3 0.245 -0.45 —0.96 to 0.05 0.056 -0.02 —-0.63 to 0.59 0.040
Mild vs. severe 3 0.356 -0.50 -1.04 to 0.04 0.057 -0.01 —-0.68 to 0.65 0.062
Control vs. mild 4 0.631 -1.72 -2.91t0-0.53 0.005 -1.72 -2.91t0-0.53 0.005
Thiol Control vs. severe 4 0.466 -2.83 -3.97 to-1.69 0.0001 -2.82 -3.97 to -1.69 0.0001
Mild vs. severe 5 0.214 -1.19 -1.83 to -0.54 0.0001 -1.18 -1.83 to -0.54 0.0001

CAT, Catalase; H,0,, Hydrogen peroxide; GSH, glutathione; NO, nitric oxide; SOD, superoxide dismutase; TOS, total oxidative stress; TT, total thiols. Forest plots
and the trim and fill method under a random—effects model based on the standardized mean difference (SMD). Egger’s test was used to assess study bias.

Thus, these results indicate that our publications were
unbiased.

Sensitivity analysis

Significant heterogeneity was detected across all compar-
isons (Figs. 2-4). Sensitivity analysis showed that exclud-
ing any specific studies for H,0,, TOS, SOD, CAT, GSH,
thiols, and NO within the control to mild cases, control to
severe cases, and mild to severe cases did not affect our
results. Sensitivity analysis showed that excluding any
specific studies for H,0,, TOS, SOD, CAT, GSH, thiols, and
NO between the control-to-mild, the control-to-severe,
and the mild-to-severe did not affect our results (data not
shown), suggesting that it is better to keep this result in
the meta-analysis. Thus, our sensitivity analysis indicates
that most of our results are reliable.

Discussions

This meta-analysis explored the connection between oxida-
tive stress and the severity of COVID-19. First, we examined
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pro-oxidant markers, H,0,, and TOS, and found they were
significantly elevated in both mild and severe patients
compared to healthy individuals. Next, we assessed lev-
els of intracellular antioxidant markers, SOD and CAT, and
observed that they were significantly reduced in mild and
severe cases relative to healthy controls. Finally, we mea-
sured thiol and its derivative, GSH levels, along with NO,
and found notable decreases in mild and severe COVID-19
patients compared to controls. These findings align with
a hospital cohort study that reported pro-oxidant and
antioxidant gene polymorphisms are linked to COVID-19
severity [52].

Accumulating evidence indicates that the pathophys-
iological underpinnings of COVID-19 severity are asso-
ciated with oxidative stress [14]. On the other hand, NAC
and vitamin C, antioxidant therapies, have shown positive
outcomes for variant-independent SARS-CoV-2 infection
[25, 53]. Although meta-analysis on pro-oxidant and anti-
oxidant markers in monitoring COVID-19 severity has not
yet been conducted, the current study, which includes
17 papers with 1,754 participants, found that oxidative
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Figure 4. Forest plot of the antioxidant markers between COVID-19
and healthy individuals. (A) NO (control vs. mild), (B) NO (control
vs. severe), (C) NO (mild vs. severe), (D) thiol (control vs. mild), (E)
thiol (control vs. severe), and (F) thiol (mild vs. severe).
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stress is associated with COVID-19 severity. Several clini-
cal cohort studies have found similar findings. For exam-
ple, a clinical cohort study in Serbia found that Oe- and
*OH levels were significantly higher in severe COVID-19
patients compared to mild to moderate patients [28]. In
another study, more than 80% of severe COVID-19 patients
had a neutrophil-lymphocyte ratio (NLR) value greater
than 5, and more than 80% of non-severe patients had a
value less than 5 [54]. Indeed, high levels of NLR increased
free radical production, leading to a redox imbalance that
drives the pathophysiology of COVID-19 severity [12, 15].
Furthermore, neutrophil-associated pro-oxidant mark-
ers, such as H,0, and O,e-, were twice as high in survivor
COVID-19 patients and three times higher in non-survivor
patients than in controls [29]. Similarly, significantly higher
TOS levels were observed in ICU patients than in non-ICU
patients [41]. An observational study of 152 individuals in
a Mexican hospital showed that COVID-19 patients (n=76)
had higher levels of malondialdehyde (MDA), a potent oxi-
dative stress marker, and lower total antioxidant capacity
(TAC) levels compared to healthy controls (n = 76) [55].
These suggest that increased production of pro-oxidants
significantly contributes to COVID-19 pathogenesis.

The current study also examined the levels of antioxi-
dant markers like SOD and CAT and found them to be sig-
nificantly decreased in severe COVID-19 patients. These
findings are consistent with several clinical cohort studies.
With one, excessive pro-oxidant production and dysfunc-
tion of the antioxidant system were associated with the
severity of COVID-19 [30]. Another study conducted in an
Iranian hospital showed that TAC, SOD, CAT, and NO lev-
els were significantly reduced in severe COVID-19 patients
(n = 120) compared to healthy individuals (n = 60) [32].
Similarly, serum levels of SOD and CAT were found to be
significantly lower in non-survivors compared to COVID-
19 survivors [47]. In addition, immunohistochemical anal-
ysis of lung autopsy results showed that SOD levels were
decreased in both pneumocytes and alveolar macrophages
of individuals who died of COVID-19 compared to healthy
individuals [56]. Furthermore, a case-control study con-
ducted at Persian Gulf Shahid Hospital, Bushehr University
of Medical Sciences, Iran, from May 2021 to September
2021 showed that SOD and NO levels were significantly
decreased and MDA levels were increased in severe
patients (n = 300) compared to the mild (n = 300) and
normal groups (n = 150) [57]. A recent study has shown
high levels of oxidative damage in severe and critically ill
COVID-19 patients, indicating a hallmark of the severity of
COVID-19 patients [58].

GSH is another potent antioxidant that reduces viral
load and infectivity, inhibits oxidative stress, pro-inflam-
matory cytokine release, and thrombosis production,
and potentially enhances immune function. Conversely,
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reduced levels of GSH are a potential factor in suscepti-
bility to SARS-CoV-2 infection [59]. In this meta-analysis,
thiols and GSH levels were significantly reduced in severe
COVID-19 patients compared to healthy individuals, and
significant reductions were also found in mild and severe
COVID-19 patients. This finding is supported by a clin-
ical cohort study in which severe COVID-19 patients had
severe GSH deficiency, increased oxidative stress, and
higher oxidative damage compared to controls [43]. In
another hospital-based observational study, 587 subjects
(517 patients/70 healthy) showed that a graded decrease
in thiol levels was closely associated with the progression
of severe COVID-19 [23]. Furthermore, GSH and thiol levels
were significantly reduced in 78 hospitalized patients with
COVID-19 compared to healthy controls [50]. Similarly, a
study of 115 patients at a public hospital in Brazil found
that a decrease in serum GSH levels below 327.2 pmol/ml
was associated with a significant risk of death in COVID-
19 patients [47]. Conversely, our previous meta-analysis
found that NAC supplementation improved clinical out-
comes in COVID-19 patients [25]. Indeed, NAC, the precur-
sor of GSH, acts as a potent antioxidant by scavenging ROS
by interacting with a free thiol [60]. GSH participates in
electron-donating redox reactions that detoxify ROS [61].

A clinical trial of vitamin C showed potential benefits in
improving oxygenation in critically ill COVID-19 patients
[62]. Furthermore, vitamin C has been shown to increase
the production of interferons, which enhances antiviral
responses [63]. Moreover, vitamin C has been shown to
reduce inflammation, even cytokine storms, by inhibiting
the nuclear factor kappa B pathway [64]. Thus, vitamin
C reduces oxidative stress, thereby improving endothe-
lial cell integrity and wound healing, a potentially benefi-
cial strategy for preventing early and severe SARS-CoV-2
infection.

This meta-analysis revealed a noteworthy finding that
oxidative stress is associated with the severity of COVID-
19. Although clinical data on the molecular mechanisms
underlying increased ROS production during SARS-CoV-2
infection are limited, we will describe several general
pathways of ROS accumulation that may contribute signifi-
cantly to the severity and high mortality of COVID-19 (Fig.
5). First, the generation of free radicals and oxidative stress
in COVID-19 patients are related to ACE-2. Physiologically,
ACE-2 converts angiotensin (Ang) II to Ang 1-7 [65]. In
fact, Ang II is a potent stimulator of nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase that pro-
motes Ope— and H,0, production; conversely, Ang 1-7
inhibits O,e- and H,0, production, thereby maintaining
oxidant-antioxidant homeostasis in the body [66]. During
SARS-CoV-2 infection, the availability of “free” ACE-2
is reduced due to virus binding and/or entry into cells,
leading to increased Ang Il and decreased Ang 1-7 levels,
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Figure 5. Potential mechanisms of oxidative stress and COVID-
19 severity caused by SARS-CoV-2. SARS-CoV-2 blocks ACE-2
from converting Ang Il to Ang 1-7, promoting ROS generation.
Moreover, SARS-CoV-2 infection directly increases the production
of ROS by increasing the NLR via activation of the NADPH
oxidase pathway. The oxidative stress causes endothelial cell
dysfunction that activates the blood coagulation cascade, leading
to thrombosis associated with disease severity.

which stimulate NADPH oxidase activity and increase ROS
production [67-69]. Second, SARS-CoV-2 infection directly
increases ROS production by increasing NLRs. Higher NLR
was found in non-survivor patients than in mild/survivors
[70, 71]. In fact, in COVID-19 infection, neutrophils and
macrophages cause excessive ROS production (respiratory
burst) while destroying pathogens (phagocytic compo-
nents) via NADPH oxidase [70-74]. Third, decreased GSH
levels in hospitalized COVID-19 patients are associated
with increased oxidative stress [50]. In contrast, optimal
levels of GSH are crucial for the functioning of the innate
immune system and the reduction of oxidative stress [22].
Fourth, mitochondrial dysfunction leads to an increase
in ROS production. COVID-19 has been shown to disrupt
mitochondria by producing toxic gases, such as hydrogen
sulfide [75]. Furthermore, H,0, activates pro-inflamma-
tory cytokines in macrophages, neutrophils, and endothe-
lial cells, generating more O,¢- and H,0, through NADPH
oxidase [73, 75].
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Although COVID-19 is generally considered a respira-
tory disease, blood vessels are the primary target when
developing into severe disease [14, 76]. The pathophysio-
logical feature of COVID-19, oxidative stress, affects blood
vessels by altering immune cell function and hyperinflam-
matory response [77]. This results in endothelial cell dys-
function that activates the blood clotting cascade, which
subsequently causes vascular thrombosis [14]. The throm-
bus can break up into small emboli and then flow into
small blood vessels, where they can become trapped and
cause ischemia and tissue necrosis (Fig. 5).

The highest rates of severe COVID-19 illness and mor-
tality are found in patients who are typically over 60 years
of age and have underlying comorbidities such as hyper-
tension, diabetes, cancer, obesity, and immunosuppressive
conditions [13, 14]. Although clinical data on the antioxi-
dant system in elderly and comorbid patients during SARS-
CoV-2 infection are limited, the increased basal levels of
pro-oxidants and decreased levels of antioxidants in meta-
bolic diseases with aging have led to the idea that oxidative
stress may contribute significantly to COVID-19 severity
and higher mortality [12, 15, 73]. For example, decreased
levels of SOD have been observed in the lungs of elderly
patients with COVID-19 and have been suggested to con-
tribute to increased disease severity [78]. Lower GSH lev-
els have been observed in older individuals and COVID-19
patients with comorbidities associated with severe illness
and death [59]. In a cross-sectional comparative study,
endogenous (SOD, CAT, and GPx) and exogenous antioxi-
dants (vitamins A, C, and E, and Se, Zn, Mg, and Cu) were
significantly reduced in patients infected with SARS-CoV-2
compared with healthy individuals [79]. Increased levels
of NADPH oxidase-induced oxidative stress were observed
in patients with underlying comorbidities, suggesting that
oxidative stress plays an important role in the progres-
sion of COVID-19 severity and mortality, especially in the
elderly and those with comorbidities.

To the best of our knowledge, this is the first meta-anal-
ysis on the association of oxidative stress with the severity
of COVID-19. Strengths of this study include comprehensive
systematic search strategies, data abstraction, and a pre-
defined protocol for a comprehensive quality assessment
of primary research. We used internationally recognized
critical appraisal tools to assess the quality of individual
studies. Of course, this study also has some limitations.
First, although we systematically searched the literature
to identify eligible studies, some studies might have been
missed. Despite the extensive search strategy, the data-
bases we searched did not index non-English language
studies. Second, this meta-analysis included 17 articles
involving 1,754 participants (464 controls/745 mild/545
severe COVID-19), which is a small number to predict the
relationship of oxidative stress with COVID-19 severity.
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Third, this meta-analysis contains a mixture of case-con-
trol, observational, prospective, and cohort studies and
may have some concerns about the risk of heterogeneity.
Fourth, because the number of studies in each group was
less than 10, we could not conduct a funnel-plot analysis
to determine study bias; therefore, NOS and Egger’s tests
were conducted. Egger’s test p > 0.05 for all considered
groups, indicating unbiased despite a high percentage of
heterogeneity. Finally, some studies did not distinguish the
comorbidities in the elevation of these markers; therefore,
it is difficult to conclude whether the severity of COVID-
19 is due to oxidative stress. Despite some limitations,
our study provides an important foundation for a broader
understanding of COVID-19 severity and oxidative stress.

Conclusion

Our synthesized results revealed significantly higher levels
of pro-oxidants (H,0, and TOS) and lower levels of antiox-
idants (SOD, CAT, GSH, thiols, and NO) in severe cases of
COVID-19 compared to controls and mild cases. This infor-
mation will be valuable for a broader discussion on the
pathogenesis of COVID-19. Since the number of included
studies was small, large-scale clinical studies are needed to
explore the role of oxidative stress in severe COVID-19. A
better understanding and regular monitoring of oxidative
stress may pave the way for future efforts to reduce COVID-
19-induced complications and severity.

List of abbreviations

ACE2, angiotensin-converting enzyme 2; CAT, catalase;
COVID-19, coronavirus disease 2019; GSH, glutathione;
H,0,, hydrogen peroxide; ICU, intensive care unit; MDA,
malondialdehyde; NAC, N-acetylcysteine; NAC, N-acetyl-
cysteine; NADPH oxidase, nicotinamide dinucleotide phos-
phate oxidase; NL ratios, neutrophil-lymphocyte ratios;
0,e-, superoxide; PRISMA, preferred reporting items for
systematic reviews and meta-analysis; ROS, reactive oxy-
gen species; SARS-CoV-2, Severe acute respiratory syn-
drome coronavirus-2; SOD, superoxide dismutase; TAC,
total antioxidant capacity; TOS, total oxidative stress; TT,
total thiol.

Acknowledgement

The authors of the included studies in this meta-analy-
sis are greatly acknowledged. The Special Allocation for
Science & Technology of Bangladesh (SRG-241016) and
UGC-2023-2024 (31) funded the work of Mohammad
Shah Alam.

Alam et al. / J. Adv. Vet. Anim. Res., 12(3): 975-987, September 2025 984



Conflicts of interest

ACS Pharmacol Transl Sci 2023; 6(3):334-54; https://doi.
org/10.1021/acsptsci.2c00181

The authors declare that they have no conflict of interest. [14]  Alam MS, Czajkowsky DM. SARS-CoV-2 infection and oxidative
stress: pathophysiological insight into thrombosis and therapeu-
h ) ibuti tic opportunities. Cytokine Growth Factor Rev 2022; 63:44-57;
Authors’ contributions https://doi.org/10.1016/j.cytogfr:2021.11.001
. . . . [15]  Delgado-Roche L, Mesta F. Oxidative stress as key player in severe
M. Shah Ak_lm Was involved m_ th? conception, draftmg' acute respiratory syndrome coronavirus (SARS-CoV) infection.
data collection, intellectual reviewing, and overall super- Arch Med Res 2020; 51(5):384-7; https://doi.org/10.1016/j.
vision of the article. M. Nazmol Hasan was involved in data arcmed.2020.04.019
collection, data analysis, and drafting the results. Shahrier, [16] Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci
. . . . V, et al. Oxidative stress: Harms and benefits for human health.
Sharif, Bostami, Rahman, Saha, and Islam were involved in Oxid Med Cell Longev 2017, 2017:8416763; https://doi
data collection and drafting the results. Nazir was involved org/10.1155/2017/8416763 ' '
in the intellectual review of the article. [17]  Alam MS, Maowa Z, Subarna SD, Hoque MN. Mycotoxicosis and
oxidative stress in poultry: pathogenesis and therapeutic insights.
World Poul Sci ] 2024; 80(3):791-820; https://doi.org/10.1080/
References 00439339.2024.2347307
[1] Kupfe.rschmid'.c K, Cohen J. Will novel virus go pandemic or be [18]  Alam MS, Maowa Z, Hasan MN. Phthalates toxicity in vitro to rats,
contained?. Science 2020; 367(6478):610-1. mice, birds, and fish: a thematic scoping review. Heliyon 2024;
[2]  Alam MS, Alam MZ, Nazir KHMNH, Bhuiyan MAB. The emergence 11(1):e41277; https://doi.org/10.1016/j.heliyon.2024.e41277
of novel coronavirus disease (COVID-19) in Bangladesh: present [19]  NandiA, YanL],Jana CK, Das N. Role of catalase in oxidative stress-
status, challenges, and future management. ] Adv Vet Anim Res and age-associated degenerative diseases. Oxid Med Cell Longev
2020; 7(2):198-208; https://doi.org/10.5455/javar.2020.g410 2019; 2019:9613090; https://doi.org/10.1155/2019/9613090
(3] X.u H, Zhong L, Deng J, Peng ], Dan H, Zeng X, et al.. High expres- [20]  LubosE, Loscalzo J, Handy DE. Glutathione peroxidase-1 in health
sion of ACE2 receptor 0f2019-nCoV on the eplthe.llal cells of oral and disease: from molecular mechanisms to therapeutic opportu-
mucosa. Int J Oral Sci 2020; 12(1):1-5; https://doi.org/10.1038/ nities. Antioxid Redox Signal 2011; 15(7):1957-97; https://doi.
s41368-020-0074-x _ o 0rg/10.1089/ars.2010.3586
(4] Zhang l'_l’ Kang Z, .Gong H, Xu D, Wang J, _Ll Z ?t al. The.dlgestlve [21]  Ghany FTFA, Morsy SH, Hassan HMA, Samy A. Evaluation of olive
§ystem 1se.1p0tent1al rou-te 0f2019—nC0v1.nfect10n: a_blolr.lformat- leaves and pomace extracts in growing rabbit diets on produc-
1cs analysw b.ased c.m sm.gle-cell franscriptomes. bioRxiv 2020; tive performance, nutrient digestibility, carcass characteristics,
5 927806:1-26; https.//d01.qrg/10.1101/2020.01.30.9278106 antioxidant status, and economic efficiency. Int ] Vet Sci 2023;
(5] %032 R‘?a‘; T H;a_“g M, Liang L, Huang H, Hong Z, et X ?ARS(; 12(1):37-44; https://doi.org/10.47278 fjournal.ijvs/2022.155
oV-4 viral ‘oad 1n upper respiratory specimens of in ecte. [22]  BirbenE, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative
patients. N Engl ] Med 2020; 382(12):1177-9; https://doi. - ]
10.1056/NEIMc2001737 stress and antioxidant defense. World Allergy Organ ] 2012;
org/10.1056/NEJMc . 5(1):9-19; https://doi.org/10.1097/WOX.0b013e3182439613
[6] Huang C, Wang Y, Li X, Ren L, Zhao ], Hu Y, et al. Clinical features of L. . . .
- . . L . [23]  Erel O, Neselioglu S, Ergin Tungay M, Firat Oguz E, Eren F, Akkus
patients infected with 2019 novel coronavirus in Wuhan, China. P . .
Lancet 2020; 395(10223):497-506; https://doi.org/10.1016/ MS, et al. A sensitive indicator for the severity of COVID-19: thiol.
; ' ; ALps://A0LOTg/10. Turk ] Med Sci 2021; 51(3):921-8; https://doi.org/10.3906/
S0140-6736(20)30183-5 sag-2011-139
7] ?u Z.' Shi L, Wang ¥, Zhang ],.Huang .L' Zhang C, et .al. Patho!oglcal [24]  D'Alessandro A, Ciavardelli D, Pastore A, Lupisella S, Cristofaro RC,
indings of COVID-19 associated with acute respiratory distress . : o . . ;

. ) ) . ) . Di Felice G, et al. Contribution of vitamin D3 and thiols status to
syndrome. Lancet Respir Med 2020; 8(4):420-2; https://doi. h £ COVID-19 di in tali diatri d adul
org/10.1016/52213-2600(20)30076-X t e_OUtCO‘;“? ° 073 131516?;0‘2_ ;a lan ped latric TE) 1’:‘)3?

[8] Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of patients. Sci Rep » 13(1):  https://doi.org/10. /
immune response in patients with COVID-19 in Wuhan, China. 541598-023-29519-7 .
Clin Infect Dis 2020; 71(15):762-8; https://doi.org/10.1093/ ~ [25] ~ AlamMS, Hasan MN, Maowa Z, Khatun F, Nazir KHMNH, Alam MZ.
cid/ciaa248 N-acetylcysteine reduces severity and mortality in COVID-19
[9] Alam MS, Czajkowsky DM, Islam MA, Rahman MA. The role of patients: a systematic review and mete?—analysm. ] Ady Vet Anim
vitamin D in reducing SARS-CoV-2 infection: an update. Int Res 2023; 10(2):157-68; https://doi.org/10.5455/javar.2023.
Immunopharmacol 2021; 97:107686; https://doi.org/10.1016/j. j665
intimp.2021.107686 [26]  Wieczfinska ], Kleniewska P, Pawliczak R. Oxidative stress—
[10]  Terpos E, Ntanasis-Stathopoulos I, Elalamy I, Kastritis E, related mechanisms in  SARS-CoV-2 infections. OXi‘_i
Sergentanis TN, Politou M, et al. Hematological findings and Med Cell Longev 2022; 2022(5589089):1-5; https://doi.
complications of COVID-19. Am ] Hematol 2020; 95(7):834-47; org/10.1155/2022/5589089
https://doi.org/10.1002/ajh.25829 [27]  Gain C, Song S, Angtuaco T, Satta S, Kelesidis T. The role of oxida-
[11]  Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters tive stress in the pathogenesis of infections with coronaviruses.
are associated with poor prognosis in patients with novel corona- Front Microbiol 2023; 13:1111930; https://doi.org/10.3389/
virus pneumonia. ] Thromb Haemost 2020; 18(4):844-7; https:// fmicb.2022.1111930
doi.org/10.1111/jth.14768 [28]  Cekerevac I, Turnic TN, Draginic N, Andjic M, Zivkovic V, Simovic
[12]  Laforge M, Elbim C, Frére C, Hémadi M, Massaad C, Nuss P, et S, et al. Predicting severity and intrahospital mortality in COVID-
al. Tissue damage from neutrophil-induced oxidative stress in 19: the place and role of oxidative stress. Oxid Med Cell Longev
COVID-19. Nat Rev Immunol 2020; 20(9):515-6; https://doi. 2021; 2021:6615787; https://doi.org/10.1155/2021/6615787
org/10.1038/s41577-020-0407-1 [29] Badawy MA, Yasseen BA, El-Messiery RM, Abdel-Rahman
[13]  Chatterjee S, Nalla LV, Sharma M, Sharma N, Singh AA, Malim FM, EA, Elkhodiry AA, Kamel AG, et al. Neutrophil-mediated
et al. Association of COVID-19 with Comorbidities: an Update. oxidative stress and albumin structural damage predict
http://bdvets.org/javar/ Alam et al. / J. Adv. Vet. Anim. Res., 12(3): 975-987, September 2025 985


https://doi.org/10.5455/javar.2020.g410
https://doi.org/10.1038/s41368-020-0074-x
https://doi.org/10.1038/s41368-020-0074-x
https://doi.org/10.1101/2020.01.30.927806
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1016/j.intimp.2021.107686
https://doi.org/10.1016/j.intimp.2021.107686
https://doi.org/10.1002/ajh.25829
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1038/s41577-020-0407-1
https://doi.org/10.1038/s41577-020-0407-1
https://doi.org/10.1021/acsptsci.2c00181
https://doi.org/10.1021/acsptsci.2c00181
https://doi.org/10.1016/j.cytogfr.2021.11.001
https://doi.org/10.1016/j.arcmed.2020.04.019
https://doi.org/10.1016/j.arcmed.2020.04.019
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1080/00439339.2024.2347307
https://doi.org/10.1080/00439339.2024.2347307
https://doi.org/10.1016/j.heliyon.2024.e41277
https://doi.org/10.1155/2019/9613090
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.47278/journal.ijvs/2022.155
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.3906/sag-2011-139
https://doi.org/10.3906/sag-2011-139
https://doi.org/10.1038/s41598-023-29519-7
https://doi.org/10.1038/s41598-023-29519-7
https://doi.org/10.5455/javar.2023.j665
https://doi.org/10.5455/javar.2023.j665
https://doi.org/10.1155/2022/5589089
https://doi.org/10.1155/2022/5589089
https://doi.org/10.3389/fmicb.2022.1111930
https://doi.org/10.3389/fmicb.2022.1111930
https://doi.org/10.1155/2021/6615787

COVID-19-associated mortality. eLife 2021; 10:e69417; https://
doi.org/10.7554/eLife.69417

Antioxidants 2021;
antiox10122022

10(12):2022; https://doi.org/10.3390/

[30] Mehri F, Rahbar AH, Ghane ET, Souri B, Esfahani M. Changes in [45] Aykac K, Ozsurekci Y, Yayla BCC, Gurlevik SL, Oygar PD, Bolu
oxidative markers in COVID-19 patients. Arch Med Res 2021; NB, et al. Oxidant and antioxidant balance in patients with
52(8):843-9; https://doi.org/10.1016/j.arcmed.2021.06.004 COVID-19. Pediatr Pulmonol 2021; 56(9):2803-10; https://doi.

[31] Montiel V, Lobysheva I, Gérard L, Vermeersch M, Perez-Morga D, org/10.1002/ppul.25549
Castelein T, et al. Oxidative stress-induced endothelial dysfunc- [46]  Coronel PMV, Basilio DCLS, Espinoga IT, De Souza KFS, Campos
tion and decreased vascular nitric oxide in COVID-19 patients. NM, Ota RSN, et al. Involvement of oxidative stress in post-acute
EBioMedicine 2022; 77:103893; https://doi.org/10.1016/j. sequelae of COVID-19: clinical implications. Redox Rep 2025;
ebiom.2022.103893 30(1):2471738; https://doi.org/10.1080/13510002.2025.2471

[32] Yaghoubi N, Youssefi M, Azad F], Farzad F Yavari Z, Avval FZ. 738
Total antioxidant capacity as a marker of severity of COVID-19 [47] Neves FF, Pott-Junior H, Yamashita KMC, De Sousa Santos S,
infection: possible prognostic and therapeutic clinical applica- Cominetti MR, De Melo Freire CC, et al. Do the oxidative stress
tion. ] Med Virol 2022; 94(4):1558-65; https://doi.org/10.1002/ biomarkers predict COVID-19 outcome? An in-hospital cohort
jmv.27500 study. Free Radic Biol Med 2023; 207:194-9; https://doi.

[33] Gadotti AC, Lipinski AL, Vasconcellos FT, Marqueze LF, Cunha EB, org/10.1016/j.freeradbiomed.2023.06.026
Campos AC, et al. Susceptibility of the patients infected with Sars- [48] Mete AO, Kogak K, Saracaloglu A, Demiryiirek S, Altinbas O,
Cov2 to oxidative stress and possible interplay with severity of Demiryiirek AT. Effects of antiviral drug therapy on dynamic
the disease. Free Radic Biol Med 2021; 165:184-90; https://doi. thiol/disulphide homeostasis and nitric oxide levels in COVID-
org/10.1016/j.freeradbiomed.2021.01.044 19 patients. Eur ] Pharmacol 2021; 907:174306; https://doi.

[34] Peterson, Welch V, Losos M, Tugwell P. The Newcastle-Ottawa org/10.1016/j.ejphar.2021.174306
scale (NOS) for assessing the quality of nonrandomised studies [49] Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
in meta-analyses, Ottawa: Ottawa Hospital Research Institute. Mulrow CD, et al. The PRISMA 2020 statement: an updated guide-
2011; 2(1):1-12. line for reporting systematic reviews. BM] 2021; 372:71; https://

[35] Schwarzer G, Egger M, Higgins ], Smith GD, Wiley. Meta-analysis doi.org/10.1136/bmj.n71
in R. In: Systematic reviews in health research: meta-Analysis [50] Karkhanei B, Ghane ET, Mehri F. Evaluation of oxidative stress
in Context 3rd edition, Wiley, Hoboken, US, 2022; https://doi. level: total antioxidant capacity, total oxidant status and glutathi-
org/10.1002/9781119099369.ch26 one activity in patients with COVID-19. New Microbes New Infect

[36]  ShiL, Lin L. The trim-and-fill method for publication bias: prac- 2021; 42:100897; https://doi.org/10.1016/j.nmni.2021.100897
tical guidelines and recommendations based on a large database [51] Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis
of meta-analyses. Medicine 2019; 98(23):e15987; https://doi. detected by a simple, graphical test. BMJ 1997; 315(7109):629-
org/10.1097/MD.0000000000015987 34; https://doi.org/10.1136/bm;j.315.7109.629

[37] Duval S, Tweedie R. Trim and fill: a simple funnel-plot- [52] Soto ME, Fuentevilla-Alvarez G, Palacios-Chavarria A, Vazquez
based method of testing and adjusting for publication bias in RRV, Herrera-Bello H, Moreno-Castafieda L, et al. Impact on the
meta-analysis. Biometrics 2000; 56(2):455-63; https://doi. clinical evolution of patients with COVID-19 Pneumonia and the
org/10.1111/j.0006-341X.2000.00455.x participation of the NFE2L2/KEAP1 polymorphisms in regulat-

[38]  Zarkovi¢ N, Jastrzab A, Jarocka-Karpowicz I, Orehovec B, Bar$i¢ B, ing SARS-CoV-2 infection. Int ] Mol Sci 2022; 24(1):415; https://
Tarle M, et al. The impact of severe COVID-19 on plasma antiox- doi.org/10.3390/ijms24010415
idants. Molecules 2022; 27(16):5323; https://doi.org/10.3390/ [53] Alam MS. Insight into SARS-CoV-2 Omicron variant immune
molecules27165323 escape possibility and variant independent potential thera-

[39] Martin-Fernandez M, Aller R, Heredia-Rodriguez M, Gémez- peutic opportunities. Heliyon 2023; 9(2):e13285; https://doi.
Sanchez E, Martinez-Paz P, Gonzalo-Benito H, et al. Lipid peroxi- org/10.1016/j.heliyon.2023.e13285
dation as a hallmark of severity in COVID-19 patients. Redox Biol [54] LiuL, Zheng Y, Cai L, Wu W, Tang S, Ding Y, et al. Neutrophil-to-
2021;48:102181; https://doi.org/10.1016/j.redox.2021.102181 lymphocyte ratio, a critical predictor for assessment of disease

[40]  Al-Kuraishy HM, Al-Gareeb AI, Al-Niemi MS, Aljowaie RM, severity in patients with COVID-19. Int J Lab Hematol 2021;
Almutairi SM, Alexiou A, et al. The prospective effect of allopu- 43(2):329-35; https://doi.org/10.1111/ijlh.13374
rinol on the oxidative stress index and endothelial dysfunction [55] Avila-Nava A, Pech-Aguilar AG, Lugo R, Medina-Vera I, Guevara-
in Covid-19. Inflammation 2022; 45(4):1651-67; https://doi. Cruz M, Gutiérrez-Solis AL. Oxidative stress biomarkers and their
org/10.1007/s10753-022-01648-7 association with mortality among patients infected with SARS-

[41] Cakirca G, Cakirca TD, Ustiinel M, Torun A, Koyuncu I. Thiol level CoV-2 in Mexico. Oxid Med Cell Longev 2022; 2022:1058813;
and total oxidant/antioxidant status in patients with COVID- https://doi.org/10.1155/2022/1058813
19 infection. Ir ] Med Sci 2022; 191(4):1925-30; https://doi. [56]  Zarkovic N, Jakovcevic A, Mataic A, Jaganjac M, Vukovic T, Waeg G,
org/10.1007/s11845-021-02743-8 et al. Post-mortem findings of inflammatory cells and the associ-

[42] Kalem AK, Kayaaslan B, Neselioglu S, Eser F, Hasanoglu I, Aypak A, ation of 4-Hydroxynonenal with systemic vascular and oxidative
et al. A useful and sensitive marker in the prediction of COVID-19 stress in lethal COVID-19. Cells 2022; 11(3):444; https://doi.
and disease severity: thiol. Free Radic Biol Med 2021; 166:11-7; org/10.3390/cells11030444
https://doi.org/10.1016/j.freeradbiomed.2021.02.009 [57] Bastin A, Abbasi F Roustaei N, Abdesheikhi ], Karami H,

[43] Kumar P, Osahon O, Vides DB, Hanania N, Minard CG, Sekhar RV. Gholamnezhad M, et al. Severity of oxidative stress as a hallmark
Severe glutathione deficiency, oxidative stress and oxidant dam- in COVID-19 patients. Eur ] Med Res 2023; 28(1):558.
age in adults hospitalized with COVID-19: implications for GlyNAC [58] Liu X, Chen R, Li B, Zhang ], Liu P, Li B, et al. Oxidative stress
(Glycine and N-Acetylcysteine) supplementation. Antioxidants indexes as biomarkers of the severity in COVID-19 patients.
2021; 11(1):50; https://doi.org/10.3390/antiox11010050 Int ] Med Sci 2024; 21(15):3034-45; https://doi.org/10.7150/

[44] Van Eijk LE, Tami A, Hillebrands JL, Den Dunnen WFA, De Borst ijms.102879
MH, Van Der Voort PH]J, et al. Mild coronavirus disease 2019 [59] Polonikov A. Endogenous Deficiency of glutathione as the
(COVID-19) is marked by systemic oxidative stress: a pilot study. most likely cause of serious manifestations and death in

http://bdvets.org/javar/ Alam et al. / J. Adv. Vet. Anim. Res., 12(3): 975-987, September 2025 986


https://doi.org/10.7554/eLife.69417
https://doi.org/10.7554/eLife.69417
https://doi.org/10.1016/j.arcmed.2021.06.004
https://doi.org/10.1016/j.ebiom.2022.103893
https://doi.org/10.1016/j.ebiom.2022.103893
https://doi.org/10.1002/jmv.27500
https://doi.org/10.1002/jmv.27500
https://doi.org/10.1016/j.freeradbiomed.2021.01.044
https://doi.org/10.1016/j.freeradbiomed.2021.01.044
https://doi.org/10.1002/9781119099369.ch26
https://doi.org/10.1002/9781119099369.ch26
https://doi.org/10.1097/MD.0000000000015987
https://doi.org/10.1097/MD.0000000000015987
https://doi.org/10.1111/j.0006-341X.2000.00455.x
https://doi.org/10.1111/j.0006-341X.2000.00455.x
https://doi.org/10.3390/molecules27165323
https://doi.org/10.3390/molecules27165323
https://doi.org/10.1016/j.redox.2021.102181
https://doi.org/10.1007/s10753-022-01648-7
https://doi.org/10.1007/s10753-022-01648-7
https://doi.org/10.1007/s11845-021-02743-8
https://doi.org/10.1007/s11845-021-02743-8
https://doi.org/10.1016/j.freeradbiomed.2021.02.009
https://doi.org/10.3390/antiox11010050
https://doi.org/10.3390/antiox10122022
https://doi.org/10.3390/antiox10122022
https://doi.org/10.1002/ppul.25549
https://doi.org/10.1002/ppul.25549
https://doi.org/10.1080/13510002.2025.2471738
https://doi.org/10.1080/13510002.2025.2471738
https://doi.org/10.1016/j.freeradbiomed.2023.06.026
https://doi.org/10.1016/j.freeradbiomed.2023.06.026
https://doi.org/10.1016/j.ejphar.2021.174306
https://doi.org/10.1016/j.ejphar.2021.174306
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.nmni.2021.100897
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.3390/ijms24010415
https://doi.org/10.3390/ijms24010415
https://doi.org/10.1016/j.heliyon.2023.e13285
https://doi.org/10.1016/j.heliyon.2023.e13285
https://doi.org/10.1111/ijlh.13374
https://doi.org/10.1155/2022/1058813
https://doi.org/10.3390/cells11030444
https://doi.org/10.3390/cells11030444
https://doi.org/10.7150/ijms.102879
https://doi.org/10.7150/ijms.102879

COVID-19 patients. ACS Infect Dis 2020; 6(7):1558-62; https:// [70]  Man MA, Rajnoveanu RM, Motoc NS, Bondor CI, Chis AF, Lesan
doi.org/10.1021/acsinfecdis.0c00288 A, et al. Neutrophil-to-lymphocyte ratio, platelets-to-lympho-
[60] Nascimento MM, Suliman ME, Silva M, Chinaglia T, Marchioro J, cyte ratio, and eosinophils correlation with high-resolution
Hayashi SY, et al. Effect of oral N-acetylcysteine treatment on computer tomography severity score in COVID-19 patients. PLoS
plasma inflammatory and oxidative stress markers in peritoneal One 2021; 16(6):e0252599; https://doi.org/10.1371/journal.
dialysis patients: a placebo-controlled study. Perit Dial Int 2010; pone.0252599
30(3):336-42; https://doi.org/10.3747 /pdi.2009.00073 [71]  Simadibrata DM, Calvin ], Wijaya AD, Ibrahim NAA. Neutrophil-
[61]  Aldini G, Altomare A, Baron G, Vistoli G, Carini M, Borsani L, et to-lymphocyte ratio on admission to predict the severity and
al. N-Acetylcysteine as an antioxidant and disulphide breaking mortality of COVID-19 patients: a meta-analysis. Am ] Emerg Med
agent: the reasons why. Free Radic Res 2018; 52(7):751-62; 2021; 42:60-9; https://doi.org/10.1016/j.ajem.2021.01.006
https://doi.org/10.1080/10715762.2018.1468564 [72] Belambri SA, Rolas L, Raad H, Hurtado-Nedelec M, Dang PM,
[62] Zhang], Rao X, Li Y, Zhu Y, Liu F, Guo G, et al. Pilot trial of high- El-Benna J. NADPH oxidase activation in neutrophils: role of
dose vitamin C in critically ill COVID-19 patients. Ann Intensive the phosphorylation of its subunits. Eur J Clin Invest 2018;
Care 2021; 11(1):5; https://doi.org/10.1186/s13613 48(52):e12951; https://doi.org/10.1111/eci12951 _
[63] Biancatelli RMLC, Berrill M, Marik PE. The antiviral properties (73] .Cecchlm R, Ce§ch1{11 AL. SARS-CoV-2 infection path.ogenesm
of vitamin C. Expert Rev Anti Infect Ther 2020; 18(2):99-101; is related to oxidative stress as a response to aggression. Me(.i
https://doi.org/10.1080/14787210.2020.1706483 Hypotheses 2020; 143:110102; https://doi.org/10.1016/j.
[64]  Subramanian VS, Sabui S, Subramenium GA, Marchant]S, Said HM. mehy.2020.110102 .
Tumor necrosis factor alpha reduces intestinal vitamin C uptake: (74] Imran MM, Ahmad U, Usman U, Ali M, Shaukat A, Gul N.
. p . . . p Neutrophil/lymphocyte ratio-A marker of COVID-19 pneumo-
a role for NF-kB-mediated signaling. Am ] Physiol Gastrointest . phi’/lymphocy p .
Liver Physiol 2018; 315(2):G241-8; https://doi.org/10.1152/ nia severity. Int J Clin Pract 2021; 75(4):¢13698; https://dol
- org/10.1111/ijcp.13698
ajpgi.00071.2018 [75]  Saleh ], Peyssonnaux C, Singh KK, Edeas M. Mitochondria
[65]  Patel VB, Zhong JC, Grant MB, Oudit GY. Role of the ACE2/ . . - o ’ .
Angiotensin 1-7 axis of the renin-angiotensin system in heart fail- idr;ltiochn;:g:il?)lr?ta Z(Cgf)f-uncg:q_;n lft(t)vsl-];;cllzi Ofa/tlllgﬁe(;llegl/s:.
ure. Circ Res 2016; 118(8):1313-26; https://doi.org/10.1161/ A ps://Colorg/ 21, J
CIRCRESAHA.116.307708 [76]  Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi
[66] Grle.ndlmg. KK, Mmlerl CA, Ollerenshaw D, Ale).(ander R_W' A, et al. COVID-19 and cardiovascular disease. Circulation
Ang.lotensm II stimulates NADH and NADPH 9x1dase activ- 2020; 141(20):1648-55; https://doi.org/10.1161/
ity in cultured vascular .smooth muscle cells. Circ Res 1994; CIRCULATIONAHA.120.046941
74(6):1141-8; https://doi.org/10.1161/01.res.74.6.1141 [77]  Beltran-Garcia ], Osca-Verdegal R, Pallardé FV, Ferreres J,
[67]  Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler Rodriguez M, Mulet S, et al. Oxidative stress and inflammation
T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 in COVID-19-associated sepsis: the potential role of anti-oxi-
and TMPRSS2 and is blocked by a clinically proven protease dant therapy in avoiding disease progression. Antioxidants 2020;
inhibitor. Cell 2020; 181(2):271-80; https://doi.org/10.1016/]. 9(10):936; https://doi.org/10.3390 /antiox9100936
cell.2020.02.052 [78]  Abouhashem AS, Singh K, Azzazy HME, Sen CK. Is low alveolar
[68]  Verdecchia P, Cavallini C, Spanevello A, Angeli F. The pivotal type II cell SOD3 in the lungs of elderly linked to the observed
link between ACE2 deficiency and SARS-CoV-2 infection. severity of COVID-19? Antioxid Redox Signal 2020; 33(2):59-65;
Eur ] Intern Med 2020; 76:14-20; https://doi.org/10.1016/j. https://doi.org/10.1089/ars.2020.8111
€jim.2020.04.037 [79] Muhammad Y, Kani YA, Iliya S, Muhammad ]B, Binji A, El-Fulaty
[69] Cat AND, Montezano AC, Burger D, Touyz RM. Angiotensin II, Ahmad A, et al. Deficiency of antioxidants and increased oxidative
NADPH oxidase, and redox signaling in the vasculature. Antioxid stress in COVID-19 patients: a cross-sectional comparative study
Redox Signal 2013; 19(10):1110-20; https://doi.org/10.1089/ in Jigawa, Northwestern Nigeria. SAGE Open Med 2021; 9:1-8;
ars.2012.4641 https://doi.org/10.1177/2050312121991246
http://bdvets.org/javar/ Alam et al. / J. Adv. Vet. Anim. Res., 12(3): 975-987, September 2025 987


https://doi.org/10.1021/acsinfecdis.0c00288
https://doi.org/10.1021/acsinfecdis.0c00288
https://doi.org/10.3747/pdi.2009.00073
https://doi.org/10.1080/10715762.2018.1468564
https://doi.org/10.1186/s13613
https://doi.org/10.1080/14787210.2020.1706483
https://doi.org/10.1152/ajpgi.00071.2018
https://doi.org/10.1152/ajpgi.00071.2018
https://doi.org/10.1161/CIRCRESAHA.116.307708
https://doi.org/10.1161/CIRCRESAHA.116.307708
https://doi.org/10.1161/01.res.74.6.1141
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.ejim.2020.04.037
https://doi.org/10.1016/j.ejim.2020.04.037
https://doi.org/10.1089/ars.2012.4641
https://doi.org/10.1089/ars.2012.4641
https://doi.org/10.1371/journal.pone.0252599
https://doi.org/10.1371/journal.pone.0252599
https://doi.org/10.1016/j.ajem.2021.01.006
https://doi.org/10.1111/eci.12951
https://doi.org/10.1016/j.mehy.2020.110102
https://doi.org/10.1016/j.mehy.2020.110102
https://doi.org/10.1111/ijcp.13698
https://doi.org/10.1111/ijcp.13698
https://doi.org/10.1016/j.mito.2020.06.008
https://doi.org/10.1016/j.mito.2020.06.008
https://doi.org/10.1161/CIRCULATIONAHA.120.046941
https://doi.org/10.1161/CIRCULATIONAHA.120.046941
https://doi.org/10.3390/antiox9100936
https://doi.org/10.1089/ars.2020.8111
https://doi.org/10.1177/2050312121991246

