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Aim: COVID-19 triggers the overproduction of reactive oxygen species (ROS) which, in combination with a weakened antioxidant
barrier, can lead to protein oxidation and lipid peroxidation. The aim of this study was to evaluate enzymatic and non-enzymatic
antioxidants, the overall redox potential, and protein and lipid peroxidation products in COVID-19 patients, convalescents, and healthy
subjects, and to the determine the diagnostic applicability of these parameters in COVID-19 patients.

Materials and Methods: The study involved 218 patients with COVID-19, 69 convalescents, and 48 healthy subjects who were
selected for the research based on age and sex. The study was conducted between 20 February 2021 and 20 November 2021 in
Biatystok, Poland. The antioxidant barrier, redox status, and oxidative damage products were assessed in serum/plasma samples with
the use of colorimetric and spectrophotometric assays.

Results: Glutathione reductase (GR) activity was higher, whereas total antioxidant capacity (TAC) was lower in COVID-19 patients
than in convalescents (p<0.0001) and the control group (p<0.0001). The concentrations of advanced glycation end products (AGEs),
advanced oxidation protein products (AOPP), 4-hydroxynonenal (4-HNE), and malondialdehyde (MDA) were higher in COVID-19
patients (p<0.0001) and convalescents (p<0.0001) than in the control group. AGEs were the most effective diagnostic biomarker for
differentiating COVID-19 patients from the control group (AUC=0.9971) and convalescents from the control group (AUC=1.000).
Conclusion: An infection with the SARS-CoV-2 disrupts the redox balance and increases protein oxidation and lipid peroxidation.
AGEs fulfill the criteria for a potential diagnostic biomarker in COVID-19 patients and convalescents.
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Introduction

The pathogenesis of the infection caused by the SARS-CoV-2 has not been fully elucidated to date. The immune response to
the infection is complex and highly individualized, which undoubtedly affects the severity of disease symptoms and
complications after the infection.' Research has shown that severe COVID-19 is not directly caused by the SARS-CoV-2,
but by the cytokine storm which increases the production of reactive oxygen species (ROS) that induce oxidative stress.” An
infection caused by the SARS-CoV-2 leads to the activation of neutrophils and mononuclear phagocytic cells which are
largely responsible for the massive release of ROS in lung tissues.” In addition, the SARS-CoV-2 reaches lung cells via the
angiotensin-converting enzyme 2 (ACE2) receptor, and an imbalance between the rate of ROS production and antioxidant
processes may lead to oxidative damage to proteins, lipids, and nucleic acids.* Glutathione (GSH) is one of the key
components of the antioxidant barrier, and it can prevent the S1 subunit of the SARS-CoV-2 spike protein from binding to

the ACE2 receptor in the lungs.” According to the literature, an endogenous deficiency of GSH and other antioxidants,
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including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), can
affect the severity of COVID-19.°

It is generally known that COVID-19 can lead to post-infection complications and increases the risk of inflammatory,”®
metabolic, and neurodegenerative diseases which are also caused by an oxidation-reduction (redox) imbalance.’ Therefore,
oxidative stress parameters and antioxidant levels should be compared in convalescents vs individuals without a history of
SARS-CoV-2 infection and COVID-19 patients.

Oxidative stress exerts a complex influence on the pathogenesis and severity of COVID-19, which is why selected
parameters should be evaluated and compared in COVID-19 patients, convalescents, and healthy controls, including in
reference to the severity of COVID-19 assessed on the Modified Early Warning Score (MEWS) scale. These parameters
include markers of antioxidant capacity (SOD, CAT, GPx, GSH), redox balance (total antioxidant capacity - TAC, total
oxidative status - TOS, and oxidative stress index - OSI, calculated as the TOS/TAC ratio), oxidative protein damage
(advanced glycation end products - AGEs and advanced oxidation protein products - AOPP), and oxidative lipid damage
(4-hydroxynonenal - 4-HNE and malondialdehyde - MDA). The results of the study can improve diagnostic strategies for
patients infected with SARS-CoV-2, contribute to effective monitoring of patients, and enable reliable assessments of the
risk of severe COVID-19 resulting from a redox imbalance. An evaluation of the diagnostic efficacy of selected parameters
based on the area under the receiver operating characteristic (ROC) curve (AUC) in COVID-19 patients and convalescents,
as well as assessments of disease severity can also contribute to the development of effective therapeutic strategies.

Materials and Methods

Description of the Study

A single-center study involving COVID-19 patients admitted to the Emergency Department of the Clinical Hospital of the
Medical University of Biatystok and convalescents was conducted between 20 February 2021 and 20 November 2021. The
study was approved by the Bioethics Committee of the Medical University of Biatystok (decision No. APK.002.26.2021 of
28 January 2021). All participants gave their written consent to participate in the study.

Characteristics of COVID-19 Patients

The study group consisted of 218 unvaccinated patients (115 men and 103 women aged 26—87) who tested positive for
the presence of SARS-CoV-2 genetic material in nasopharyngeal swabs in the PCR assay. Nasal and throat specimens for
the analysis were collected upon hospital admission, after the COVID-19 infection had been recognized.

The severity of COVID-19 symptoms was assessed on the MEWS scale.'® The patients were divided into four groups
based on the following diagnostic parameters: blood pressure, heart rate, respiratory rate, body temperature, and
neurological symptoms: MEWS 1 — asymptomatic and mildly symptomatic infection, MEWS 2 — symptomatic infection
with pneumonia without symptoms of respiratory failure, MEWS 3 — symptomatic infection with pneumonia and
symptoms of respiratory failure, and MEWS 4 — symptomatic infection with multiple organ failure (Table 1).

COVID-19 patients were subjected to the following laboratory tests: hematological analyses (peripheral blood cell
morphology), biochemical analyses (CRP, AST, ALT, creatinine, glucose, Na, K), coagulation tests (INR, D-dimers), and
imaging tests (radiograph and computed tomography scan of the chest). Patient demographics, time of hospital stay,
comorbidities (hematological disorders, diabetes, hypertension, obesity, coronary heart disease, cancer), and clinical
symptoms (fever, cough, dyspnea, acute respiratory distress syndrome, gastrointestinal symptoms) were also evaluated.

Characteristics of Convalescents

The group of convalescents consisted of 69 unvaccinated individuals (30 women and 39 men aged 25-68) with a history
of COVID-19 and without any comorbidities. Individuals who tested positive for the presence of SARS-CoV-2 genetic
material in the PCR assay, had undergone compulsory quarantine, tested negative in the PCR assay at least 14 days prior
to the study, and showed no clinical symptoms of COVID-19 were classified as convalescents.'' In this group of
participants, biological specimens for analyses were collected 14 to 30 days after a negative result of the PCR test for the
SARS-CoV-2.
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Table |1 Modified Early Warning Score (MEWS)

Score MEWS | | MEWS 2 MEWS 3 MEWS 4
Respiratory rate, breaths/min 9-14 15-20 21-29 or <8 >29
Heart rate, bpm 51-100 1ol-110 111-129 >129

or 41-50 or <40
Systolic blood pressure, mm Hg 101-199 81-100 <200 <70

or 71-80

Hourly urine, mL/kg of body weight/h | >0.5 <0.5 Nil
Body temperature, °C 36.1-38 38.1-38.5 <38.6

or 35.1-36 or <35
Neurological symptoms Alert Responsive to voice | Responsive to pain | Unresponsive

Characteristics of the Control Group

The control group consisted of 48 healthy unvaccinated individuals of both sexes (28 women and 20 men aged 26—68)
without a history of COVID-19 (absence of anti-SARS-CoV antibodies) or comorbidities who had visited the LAB110
laboratory in Biatystok for routine tests.

Blood Collection

Oxidative stress parameters were determined in a fasting blood test, where samples of venous blood were collected from
all COVID-19 patients, convalescents, and healthy controls with the use of S-Monovette K3 EDTA and S-Monovette®
tubes (Sarstedt, Germany) (the participants had not engaged in intensive physical activity for 24 hours before blood
collection). Directly after sampling, blood was centrifuged at 4000 x g for 10 minutes at a temperature of 4°C (MPW
351, MPW Med. Instruments, Warsaw, Poland). The plasma and the serum were separated from morphotic blood
elements, protected against oxidation (through the addition of 10 uL. of 0.5 M BHT/1 mL of serum/plasma), and stored
at a temperature of —80°C for less than six months before analysis.

Redox Assay

The reagents for the redox assay were supplied by Sigma-Aldrich (Germany) or St. Louis (MO, USA) (unless indicated
otherwise). Absorbance and fluorescence were measured with the Infinite M200 PRO multimode microplate reader
(Tecan Group Ltd., Méannedorf, Switzerland). Fluorescence was measured in 96-well black microplates. All tests were
performed in duplicate, and the results were standardized to 1 mg of total protein. Total protein content was determined
with the use of a spectrophotometer (Thermo Scientific PIERCE BCA Protein Assay; Rockford, Illinois, USA).

Antioxidant Enzymes and Non-Enzymatic Antioxidants
The antioxidant barrier was evaluated by measuring the activity of antioxidant enzymes (SOD, CAT, GPx, and GR) and
the concentration of GSH as a non-enzymatic antioxidant.

Superoxide dismutase activity was determined in a colorimetric assay by measuring the inhibition of adrenalin
oxidation at a wavelength of 480 nm.'*

Catalase activity was determined in a colorimetric assay by measuring the decomposition rate of hydrogen peroxide
(H,0,) at a wavelength of 240 nm."

The activity of GPx was determined in a colorimetric assay by measuring the oxidation rate of NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate) at a wavelength of 340 nm.'*
Glutathione reductase activity was determined in a colorimetric assay by measuring the oxidation rate of NADPH at

a wavelength of 240 nm."”
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The concentration of GSH was determined in a colorimetric assay in an enzymatic reaction with 5,5-dithio-bis
-(2-nitrobenzoic acid) (DTNB), NADPH, and GR.'®

Redox Status

The overall redox status was determined by measuring total antioxidant capacity (TAC) in a colorimetric assay (changes
in the absorbance of 2.2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), ABTS+) at a wavelength of 660 nm'’ and
total oxidative status (TOS) in a colorimetric assay (by measuring the oxidation of the ferrous ion to the ferric ion in the

presence of oxidant species).'® The oxidative stress index (OSI) was calculated with the use of the following for-
mula: (OSI =[TOS]/[TAC]_100%)."

Oxidative Damage to Proteins and Lipids
The content of AGEs was determined in a fluorescence assay by measuring the fluorescence of AGEs at a wavelength of
350/440 nm. The samples were diluted in 0.02 MPBS (pH 7.4; 1:5, v/v) before analysis.*

The concentration of AOPP was determined in a colorimetric assay by measuring the oxidation of iodide ions at
a wavelength of 340 nm. The samples were diluted in 0.02 MPBS (pH 7.4; 1:5, v/v) before analysis.*”

Malondialdehyde was quantified in the thiobarbituric acid-reactive-substances (TBARS) assay by reacting MDA
with thiobarbituric acid (TBA) in the presence of 1,1,3,3-tetracthoxypropane and measuring the amount of produced
MDA at a wavelength of 535 nm.*'

The concentration of 4-HNE was determined in the ELISA assay with the use of commercial ELISA kits (Cell
Biolabs, Inc., San Diego, CA, USA; Cayman Chemical, Ann Arbor, MI, USA; EIAab, Wuhan, China) according to the
manufacturers’ instructions.

Statistical Analyses

Statistical analyses were conducted with the use of GraphPad Prism 9.0 software (GraphPad Software, La Jolla, USA).
The Shapiro—Wilk test was used to determine the normality of distribution. The Student’s #-test was applied to test data
with a normal distribution, and the Mann—Whitney test was used to analyze data that did not follow a normal distribution.
The results were presented as the median (minimum-maximum) at a significance level of p<0.05. The number of subjects
was determined based on our previous experiment, assuming that the power of the test = 0.9 and o = 0.05. ClinCalc
online calculator was used to estimate the sample size.

Graphics tool license

The figure nr 4 was created using BioRender (number of license: XI26JB4EYF).

Results
Characteristics of COVID-19 Patients

In the group of 218 patients who tested positive for COVID-19 in a PCR assay involving nasopharyngeal swabs (115 men and
103 women), 194 patients were hospitalized for less than 10 days, 13 patients were hospitalized for 10-20 days, and 6 patients
were hospitalized for more than 20 days. The presence of comorbidities was determined in 107 patients, including hyperten-
sion in 48 patients, coronary heart disease in 29 patients, and diabetes in 24 patients. Based on their MEWS scores, COVID-19
patients were divided into four severity groups (Table 1): MEWS 1-106 patients, MEWS 2—70 patients, MEWS 3-28 patients,
and MEWS 4-14 patients. Detailed patient characteristics are presented in Tables 2 and 3.

A Comparison of the Activity of Enzymatic and Non-Enzymatic Antioxidants in COVID-19 Patients,
Convalescents, and Healthy Controls, Including in Reference to the Severity of COVID-19

The activity of SOD (p=0.0156) and GR (p<0.0001) was significantly higher in COVID-19 patients than in the control
group. In addition, CAT, GPx and GR activity and GSH concentration were significantly higher in COVID-19 patients than
in convalescents (p=0.0280 for CAT, p=0.0027 for GPx, p<0.0001 for GR, and p=0.0431 for GSH) (Table 4, Figure 1). In
the group of the analyzed antioxidants, only SOD and GPx activity decreased with an increase in COVID-19 severity
assessed on the MEWS scale, but the noted differences were not significant (Table 5).
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Table 2 Characteristics of COVID-19 Patients

All Patients with COVID-19 Severity According to MEWS
COVID-19
Clinical features n (%) | 2 3 4 P value
Number of patients 218 106 (49.8%) | 70 (32.9%) | 28 (13.1%) 14 (4.2%)
Age
<55 94 (44.13%) 37 (3491%) 37 (52.86%) I5 (53.57%) 7 (55.56%) 0.0347
56-75 65 (30.52%) 33 31.13%) 20 (28.57%) 9 (32.14%) 5 (33.33%)
> 76 54 (25.35%) 36 (33.96%) 13 (18.57%) 4 (14.29%) 2 (11.11%)
Sex
Female 100 (46.95%) 51 (48.11%) 33 (47.14%) 12 (42.86%) 6 (44.44%) 0.9613
Male 113 (53.05%) 55 (51.89%) 37 (52.86%) 16 (57.14%) 8 (55.56%)
Hospitalization time
<10 days 194 (91.08%) 96 (90.57%) 63 (90%) 27 (96.43%) 12 (88.89%) 0.016
10-20 days 13 (6.10%) 8 (7.55%) 4 (5.71%) I (3.57%) 0
>20 days 6 (2.82%) 2 (1.88%) 3 (429%) 0 2 (11.11%)
Comorbidities (n,%)
Absent 106 (49.77%) 47 (44.34%) 38 (54.29%) 16 (57.14%) 8 (55.56%) 0.5790
Present 107 (50.23%) 59 (55.66%) 32 (45.71%) 12 (42.86%) 3 (44.44%)
Hypertension 48 (22.54%) 27 (25.47%) 18 (25.71%) 2 (7.14%) I (I1.11%) 0.3580
Diabetes mellitus 24 (11.27%) 16 (7.51%) 6 (8.57%) 2 (7.14%) 0 0.2305
Obesity 7 (3.29%) 2 (1.89%) 4 (5.71%) I (3.57%) 0 0.7420
Coronary heart disease 29 (15.62%) 21 (19.81%) 5 (7.14%) 0 2 (33.33%) 0.0327
Cancer 13 (6.10%) 4 (1.88%) 6 (8.57%) 3 (10.71%) 0 0.6266
Cough
Yes 57 (26.76%) 19 (17.92%) 26 (37.14%) | 10 (35.71%) 4 (22.22%) 0.0898
No 156 (73.24%) 87 (82.08%) 44 (62.86%) | 18 (64.29%) 10 (77.78%)
Fever
Yes 97 (45.54%) 103 (97.1%) 65 (92.86%) 21 (75%) 12 (88.89%) | <0.0001
No 116 (54.46%) 3 (2.9%) 5 (7.14%) 7 (25%) 2 (11.11%)
Dyspnea
Yes 61 (28.64%) 23 (21.70%) 21 (30%) 10 (35.71%) Il (77.78%) 0.0060
No 152 (71.36%) 83 (78.30%) 49 (70%) 18 (64.29%) 3 (22.22%)
Gastrointestinal symptoms
Yes 5 (2.35%) 3 (2.83)% I (1.43%) I (3.57%) 0 0.7876
No 208 (97.65%) 103 (97.17%) | 69 (98.57%) | 27 (96.43%) 0
Respiratory failure
Yes 8 (3.76%) 3 (2.83%) 3 (4.28%) I (3.57%) 2 (11.11%) 0.4256
No 205 (96.24%) 103 (97.17%) | 67 (95.72%) | 27 (96.43%) 12 (88.89%)

Redox Status of Patients Infected with the SARS-CoV-2, Convalescents and the Control Group, Including in
Reference to the Severity of COVID-19

The participants’ redox status was determined by measuring TAC and TOS, and calculating the OSI as the TOS/TAC
ratio. Plasma TAC was significantly lower in COVID-19 patients than in the control group (p<0.0001) and convalescents
(p<0.0001). COVID-19 patients were characterized by significantly higher plasma TOS than convalescents (p < 0.0021),
whereas convalescents were characterized by lower plasma TOS than healthy controls (p=0.0450). The values of OSI
were significantly lower in COVID-19 patients than in convalescents (p < 0.0080) (Table 4, Figure 2). Total antioxidant
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Table 3 Comparison of Selected Blood Test Results in COVID-19 Patients with Different MEWS Scores

COVID-19 Severity MEWS | MEWS 2 MEWS 3 MEWS 4 P value
WBC 7.90 (2.73-39.24) | 6.53 (278-14.62) | 7.48 (141-16.11) | 1041 (3.91-22.52) | 0.0879
RBC 450 (2.32-6.28) 453 (2.4-6.28) 446 (1.14-5.37) 461 (4.16-5.55) 0.9906
PLT 221 (55-595) 209 (56-620) 257 (71-490) 286 (98-525) 0.2047
CRP 57.36 (0-289.9) 69.91 (1-303) 93 (1-354.8) 150.57 (1-228.5) 0.0007
AST 45 (0-141) 53 (15-176) 61 (13-204) 54 (21-84) 0.5836
ALT 40 (0-162) 48 (9-206) 45 (10-161) 462 (14-93) 07733
Creatinine 1.2 (0.41-10.39) 1.08 (0.54-10.2) | 1.27 (0.50-12.12) 0.98 (0.5-1.81) 05561
Glucose 130 (69-396) 120 (128—144) 111 (77-209) 127 (88-180) 0.3987
Na 137 (102-145) 137 (128-144) 138 (128-145) 137 (127-141) 0.7385
K 436 (2.9-7.1) 431 (3-6.7) 425 (3.3-5.3) 4,08 (3.3-5.1) 0.0729
INR .15 (0.89-2.67) .14 (0.88-2.82) 1.19 (0.9-3.55) 117 (1.02-1.39) 0.4484
D-dimers 3.27 (0-20) 1.50 (0.27-7.01) 2.94 (0.27-20) 2.33 (0.37-4.84) 04431

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; INR, international normalized
ratio; PLT, platelet count; RBC, red blood cell count; WBC, white blood cell count.

Table 4 Comparison of Oxidative Stress Parameters in COVID-19 Patients,
Convalescents, and the Control Group

Control Group COVID-19 Patients Convalescents
Median (Min-Max) Median (Min-Max) Median (Min-Max)
Antioxidants
SOD 91.34 (9.750-803.1) 139.6 (0.000—1904)** 105 (10.37-672.1)
CAT 40.96 (12.89-97.16) 45.33 (0.000-244.9) 33.11 (14.05-177.8)
GPx 76.29 (53.53-149.1) 75.93 (41.83-41.83)" 64.84 (45.54-201.6)
GR 1.814 (0.5583-4.582) 2.769 (1.058-9.51 |y 1.511 (0.853-7.894)
GSH 0.606 (0.349-1.497) 0.686 (0.151-2.321)* 0.513 (0.269-2.157)
Redox status
TAC 319.8 (303.3-357.9) 304.6 (268.7-356.0)k+ 304.6 (305.9-326.9)
TOS 38.88 (8.270-109.9) 34.59 (0.000-196.0)** 22.44 (8.270-98.06)"
(ON] 0.142 (0.026-0.935) 0.125 (0.006-6.901) 0.655 (0.026-0.925)
Oxidation products
AGE 13.48 (5.967-22.25) 90.7 (12.50-774.1)** 94.41 (35.94-293.7)""
AOPP 16.48 (4.175-42.10) 30.16 (7.953-152.9)** 12.42 (1.242-81.87)"
4-HNE 7.47 (4.008-9.253) 7.959 (2.474-24.3 1y 6.199 (0.1392-14.04)"
MDA 5.975 (4.434-8.767) 7.386 (2.894-21.39)+## 6.003 (4.502-21.83)

Notes: *p<0.05; *p<0.0001 (COVID-19 patients vs control group); “p<0.05, *p<0.01, #*#p<0.0001
(COVID-19 patients vs convalescents); "p<0.05, *'p<0.0001 (convalescents vs control group).
Abbreviations: 4-HNE, 4-hydroxynonenal; AGE, advanced glycation end products; AOPP, advanced
oxidation protein products; CAT, catalase; GPx, glutathione peroxidase; GR, glutathione reductase;
GSH, glutathione; MDA, malondialdehyde; OSI, oxidative stress index; SOD, superoxide dismutase;
TAC, total antioxidant capacity; TOS, total oxidant status.
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Figure | Comparison of the activity of enzymatic (A-D) and non-enzymatic (E) antioxidants in COVID-19 patients, convalescents, and the control group.
Abbreviations: CAT, catalase; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; SOD, superoxide dismutase.

capacity decreased and OSI increased with an increase in the severity of COVID-19 symptoms, but the observed

differences were not significant (Table 5).

A Comparison of the Concentrations of Products of Protein and Lipid Oxidative Damage in Patients Infected
with the SARS-CoV-2, Convalescents, and the Control Group, Including in Reference to the Severity of

COVID-19

An analysis of the concentrations of products of protein and lipid oxidation revealed that all of the examined biomarkers
were significantly higher in COVID-19 patients than in the control group (p<0.0001 for AGEs, p<0.0001 for AOPP,
p=0.0405 for 4-HNE, p=0.0233 for MDA), and that 4-HNE (p<0.0001) and MDA (p<0.0001) levels were significantly
higher in COVID-19 patients than in convalescents. In turn, the serum levels of AGEs (p<0.0001), AOPP (p<0.0001),
and 4-HNE (0=0.0165) were significantly higher in convalescents than in the control group (Table 4, Figure 3). These
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Table 5 Oxidative Stress Parameters in COVID-19 Patients Relative to the Severity of Disease Symptoms

Parameter | MEWS | MEWS 2 MEWS 3 MEWS 4 p-value
Median (Min-Max) | Median (Min-Max) | Median (Min-Max) | Median (Min-Max)
Antioxidants
SOD 177.4 (6.719-1904) 166.5 (34.23-883.5) 113.5 (31.26-646.5) | 94.02 (51.94-171) 0.0845
CAT 49.12 (14.85-152.81) | 38.57 (15.41-87.82) | 45.94 (12.79-86.36) | 53.69 (38.07-68.26) | 0.2762
GPx 76.8 (47.88-201.9) 70.85 (44.01-142.9) | 69.13 (48.48-98.17) | 67.25 (43.75-85.6) 0.2883
GR 2.739 (0-11.55) 2.525 (0.786-9.511) | 3.703 (1.396-7.626) | 2.538 (2.096-3.136) | 0.1823
GSH 0.694 (0.1541-5.278) | 0.570 (0.151-1.796) | 0.707 (0.295-1.376) | 0.815 (0.449-0.956) | 0.2855
Redox status
TAC 215.7 (141-540.6) 201.2 (131.2-292.1) 197.3 (137.6-259.5) 196.1 (151.8-234.3) | 0.0874
TOS 24.54 (3.726-195.2) 25.6 (5.149-198) 26.56 (10.36—-164.6) | 39.23 (23.76-46.15) | 0.2315
Osl 0.108 (0.025-1.651) | 0.114 (0-0.911) 0.151 (0.045-0.972) | 0.243 (0.144-0.259) | 0.0627
Oxidation products
AGE 72.88 (26.22-146.5) | 95.58 (28.77-250) 93.7 (29.44-554.1) 86.75 (12.5-577.4) 0.2987
AOPP 36.18 (19.71-92.27) 31.02 (8.164-86.67) | 22.7 (2.547-117.5) 30.38 (0.523-152.9) | 0.1684
4-HNE 7.834 (2.727-10.36) 7.884 (4.257-10.21) | 8.124 (5.465-17.54) | 8.799 (5.781-21.24) | 0.9189
MDA 7414 (3.421-9.8l) 7.324 (2.894-10.84) | 7.322 (4.619-17.19) | 7.455 (5.691-19.94) | 0.9222

Abbreviations: 4-HNE, 4-hydroxynonenal; AGE, advanced glycation end products; AOPP, advanced oxidation protein products; CAT, catalase;
GPx, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; MDA, malondialdehyde; OSI, oxidative stress index; SOD, super-
oxide dismutase; TAC, total antioxidant capacity; TOS, total oxidant status.

biomarkers were not significantly correlated with the severity of COVID-19, and 4-HNE was the only parameter that
increased with a rise in the MEWS score (Table 5).

ROC Analysis

The diagnostic efficacy of oxidative stress biomarkers during an infection caused by the SARS-CoV-2 was evaluated in
a ROC analysis. The study demonstrated that oxidative stress biomarkers can be useful for differentiating COVID-19
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Figure 2 Redox status: TAC (A), TOS (B), OSI (C) of COVID-19 patients, convalescents, and the control group.
Abbreviations: OSI, oxidative stress index; TAC, total antioxidant capacity; TOS, total oxidative status.
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Figure 3 A comparison of the concentrations of products of protein (A and B) and lipid (C and D) oxidative damage in patients infected with the SARS-CoV-2 virus,

convalescents, and the control group.
Abbreviations: 4-HNE, 4-hydroxynonenal; AGE, advanced glycation end products; AOPP, advanced oxidation protein products; MDA, malondialdehyde.

patients from healthy controls (AUC for SOD=0.6597, for GR=0.8239, for TAC=0.8165, for AGE=0.9971, for
AOPP=0.8043, for 4-HNE=0.6327, for MDA=0.6423) (Table 6A, Figure 4) and COVID-19 patients vs convalescents
(AUC for GR=0.8365, for AOPP=0.7587, for TAC=0.7775, for TOS=0.7921, for 4-HNE=0.8071, for MDA=0.7407)
(Table 6B, Figure 5). In addition, OSI, AGEs, and 4-HNE were also useful diagnostic parameters for differentiating
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Table 6 Area Under the Curve (AUC) Values of Oxidative Stress Biomarkers That Were Used to
Differentiate Between COVID-19 Patients and the Control Group (A), Between COVID-19 Patients
and Convalescents (B), and Between Convalescents and the Control Group (C)

Parameter | AUC | p-value | Cut-off | Sensitivity (%) | Specificity (%) | 95% Confidence Interval

(A) COVID-19 patients vs control group

SOD 0.6597 | 0.0043 121.4 61.54 66.67 0.5526-0.7667
GR 0.8239 | <0.0001 2.183 74.19 72.73 0.7419-0.9059
AGE 0.9971 | <0.0001 22.7 99.02 100 0.9917-1.000
AOPP 0.8043 | <0.0001 21.26 73.94 73.53 0.7302-0.8784
TAC 0.8165 | <0.0001 314 75.76 76.67 0.7520-0.8810
4-HNE 0.6327 | 0.0153 7.703 57.59 55.88 0.5257-0.7398
MDA 0.6423 | 0.0214 6.888 63.57 61.54 0.5203-0.7643

(B) COVID-19 patients vs convalescents

GR 0.8365 | <0.0001 1.982 82.26 80.33 0.7601-0.9128
AOPP 0.7587 | <0.0001 22.29 68.62 72.22 0.6520-0.8654
TAC 0.7775 | <0.0001 3125 71.21 68.42 0.7193-0.8358
TOS 0.7921 | <0.0001 26.68 75.74 83.78 0.7133-0.8709
4-HNE 0.8071 | <0.0001 6.988 77.22 7843 0.7331-0.8812
MDA 0.7407 | <0.0001 6.664 72.14 74.19 0.6661-0.8152

(C) Convalescents vs control group

AGE 1.000 | <0.0001 29.1 100 100 1.000-1.000
Osl 0.7355 | 0.0040 0.1294 65.79 68.42 0.6087-0.8623
4-HNE 0.6840 | 0.0042 6.438 60.78 58.82 0.5670-0.8009

Abbreviations: 4-HNE, 4-hydroxynonenal; AGE, advanced glycation end products; AOPP, advanced oxidation protein products; GR,
glutathione reductase; MDA, malondialdehyde; OSI, oxidative stress index; SOD, superoxide dismutase; TAC, total antioxidant capacity;
TOS, total oxidant status.

between convalescents and the control group (AUC for OSI=0.7355, for AGE=1.000, for 4-HNE=0.6840) (Table 6C,
Figure 6).

Discussion
This is the first study to evaluate the diagnostic applicability of oxidative stress biomarkers during an infection caused by
the SARS-CoV-2 (COVID-19 patients) and after COVID-19 (convalescents). COVID-19 can lead to numerous compli-
cations, which is why an assessment of redox parameters in the control group and in infected patients can improve
diagnosis and predictions of the long-term consequences of COVID-19. An increase in the activity of both enzymatic and
non-enzymatic antioxidants, an increase in the values of redox status parameters, as well as an increase in the levels of
protein and lipid oxidation products was observed in the blood of COVID-19 patients relative to the control group and
convalescents, and in the blood of convalescents relative to the control group (Figure 4). In addition, some markers
(SOD, GPx, TAC) decreased, whereas others (OSI, 4-HNE) increased with an increase in COVID-19 severity assessed
on the MEWS score.

A redox imbalance in infections caused by the SARS-CoV-2 leads to oxidative stress.”> * The antioxidant system,
including enzymatic (CAT, SOD, GPx, GR)*>?’ and non-enzymatic (GSH) antioxidants,”**’ plays a key role in
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Figure 4 Receiver operating characteristic (ROC) curves of antioxidants (A and B), redox balance (C) products of protein (D and E) and lipid (F and G) oxidative damage
for differentiating between COVID-19 patients and the control group.
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Figure 6 Receiver operating characteristic (ROC) curves of products of protein oxidative damage (A), redox balance (B) products of lipid oxidative damage (C) for
differentiating between convalescents and the control group.

defending the body against excessive ROS production. In the present study, the activity of enzymatic antioxidants SOD
and GR was significantly higher in COVID-19 patients than in the control group, and the activity CAT, GPx, and GR and
GSH concentration were also higher in COVID-19 patients than in convalescents. These results indicate that the
production of these antioxidants is enhanced in response to ROS overproduction during COVID-19.>” However, most
of the COVID-19 patients analyzed in the study (82%) had mild and moderate symptoms of the disease. In other reports,
a decrease in SOD and GR activity’® and a decrease in GSH concentration were observed in patients with severe
COVID-19.%' The present study also demonstrated that the activity of antioxidant enzymes (SOD and GPx) decreased
with an increase in disease severity assessed on the MEWS score, which indicates that these enzymes become depleted as
a result of prolonged and intensified oxidative stress during an infection with the SARS-CoV-2. The observed decrease in
CAT, GPx, GR, and GSH values in convalescents relative to COVID-19 patients indicates that the disease leads to the
overstimulation of the antioxidant system and, consequently, a depletion of the antioxidant barrier. The study also
revealed that GR is the most useful diagnostic marker (of all analyzed antioxidants) for differentiating COVID-19
patients from healthy subjects (AUC=0.8239) and convalescents (AUC=0.8365). Glutathione reductase is a flavoprotein
that maintains the supply of reduced glutathione (GSH)** during the detoxification of peroxides and free radicals in the
mitochondria, which indicates that this enzyme is an important element of the antioxidant defense system that maintains
the redox potential of cells.>*** The response of the antioxidant defense system to ROS overproduction during COVID-
19 can be attributed to the function of the main transcription factors, nuclear factor kappa B (NF-kB)*’ and nuclear factor
erythroid-2-related factor 2 (Nrf2), which are the antioxidant response elements (ARE) of the redox signaling pathway.*®
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The infection caused by the SARS-CoV-2 intensifies oxidative stress induced by ROS overproduction and, and it also
inhibits the translocation of Nrf2 into the nucleus and enhances the activation of NF-kB, which leads to an acute
inflammatory response and oxidative damage.?”*® Nrf2 plays a key role in modulating the GSH redox state by regulating
GR transcription and protecting cells against oxidative stress.***’

In the current study, the overall redox potential was evaluated by measuring antioxidant capacity/oxidative stress
biomarkers (TAC, TOS, OSI). Total antioxidant capacity was lower in COVID-19 patients than in healthy controls and
convalescents (p<0.001). This parameter can be used as a potential diagnostic biomarker for differentiating COVID-19
patients from healthy controls (AUC=0.8165) and convalescents (AUC=0.7775). Total antioxidant capacity denotes the
overall content of enzymatic and non-enzymatic antioxidants, and it can be used to assess the body’s antioxidant capacity
during diseases and infections, including an infection caused by the SARS-CoV-2.*! Total oxidative status represents the total
content of oxidants in the body, and TOS and TAC are used to calculate the OSI (TOS/TAC ratio) which provides information
about the ratio of pro-oxidants and antioxidants.** Total oxidative status was significantly higher in COVID-19 patients than in
convalescents (p=0.0021), and this parameter can be used as a potential diagnostic marker to discriminate between these
groups of patients (AUC=0.7921). The diagnostic utility of TOS and TAC in infections caused by the SARS-CoV-2 was also

recognized by other researchers. Cakircg et al*?

found that TAC and TOS were useful parameters for discriminating between
COVID-19 patients who required and did not require treatment in an intensive care unit. In the present study, TOS and TAS
measurements revealed a decrease in antioxidant levels in COVID-19 patients assessed on the MEWS score, which indicates
that the antioxidant barrier is weakened with an increase in disease severity.

Reactive oxygen species are overproduced during COVID-19, which intensifies oxidative stress.** Impaired antioxidant
defense and ROS overproduction contribute to the oxidation of proteins and DNA and lipid peroxidation, which leads to the
loss of their biological activity,* accelerates aging processes,*® and increases the risk of neurodegenerative diseases,*’
diabetes,“5 atherosclerosis,48 and carcinogenesis.49 Therefore, ROS levels should be assessed in convalescents to determine
the potential risk of these diseases.

In biological systems, ROS act directly on proteins and lead to the oxidation of amino acid side chains, chain
fragmentation, and disruptions in the secondary and tertiary structure of proteins.>® In the present study, AGE and AOPP
concentrations were significantly higher in both COVID-19 patients and convalescents than in the control group
(p<0.0001). In addition, AGEs were a highly useful diagnostic parameter for differentiating COVID-19 patients from
healthy controls (AUC=0.9971) and convalescents from healthy controls (AUC=1.000). In the group of the analyzed
biomarkers, AGEs were also characterized by the highest sensitivity and specificity (>99%) in discriminating between
the study groups. AGEs bind to the soluble receptor for advanced glycation end-products (sSRAGE) that is found on the
surface of endothelial cells, smooth muscle cells, monocytes/macrophages, T cells, podocytes in renal glomeruli,
cardiomyocytes, dendritic cells, neurons in the central and peripheral nervous systems, and transforming cells, and
they trigger intracellular production of ROS and the activation of transcription factors.”' The above leads to the activation
of the pro-inflammatory NF-kB and signaling pathways, including MAP-kinase, JAK, and p21RAS pathways.’>** The
production of many cytokines and growth factors is also intensified.” The activation of aldose reductase accelerates the
formation of AGEs and intensifies carbonyl stress.”* The expression of intracellular adhesion molecules (ICAM) and
vascular cell adhesion molecules (VCAM) is also intensified.’>>® According to many researchers, SRAGE is a useful
biomarker for predicting damage to pulmonary alveoli in COVID-19 patients with pneumonia that is not associated with
ARDS.*” In COVID-19 patients with pneumonia, high initial plasma levels of SRAGE have been found to be linked with
disease severity, antigen levels, and short- and long-term outcomes.>® The present study demonstrated that AOPP can be
regarded as a potential diagnostic biomarker for differentiating COVID-19 patients from healthy subjects (AUC=0.8043)
and convalescents (AUC=0.7583). Advanced oxidation protein products contain tyrosine and are modified mainly
through the oxidation of albumins, fibrinogen, and lipoproteins.”® Changes in AOPP levels may provide information
about disease severity, including monocyte and neutrophil activation during an infection caused by the SARS-CoV-2.%
During lung injury, the accumulation of AOPP can prevent the removal of edema fluid, which contributes to the
progression of disease, including COVID-19.°' It should also be noted that AOPP activate neutrophils, monocytes,
and T cells, regulate dendritic cells, activate the NF-kB signaling pathway, promote the secretion of proinflammatory
cytokines, and increase the production of free radicals.®?
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An analysis of the concentrations of lipid peroxidation products revealed that MDA and 4-HNE levels were
significantly higher in COVID-19 patients than in the control group (MDA p=0.0233; 4-HNE p=0.0405) and convales-
cents (MDA p<0.0001; 4-HNE p<0.0001). 4-HNE (AUC=0.8071) and MDA (AUC=0.7407) were most useful for
discriminating between COVID-19 patients and convalescents. Elevated levels of lipid peroxidation products in patients
infected with the SARS-CoV-2 were also reported in other studies.®**** Some researchers found correlations between
the concentrations of lipid peroxidation products and disease severity,®> and between 4-HNE levels and the risk of
mortality in COVID-19 patients.® The peroxidation of lipids, mainly unsaturated fatty acids, leads to the production of

E®*7 which were analyzed in this study. Lipid

peroxides and, in subsequent reactions, aldehydes such as MDA and HN
peroxidation products are potentially mutagenic and carcinogenic.’® 4-HNE is highly toxic,*” whereas MDA is the most
mutagenic compound.’® Malondialdehyde is also a marker of ferroptosis, an iron-dependent form of cell death.”" Lipid
peroxidation products increase the risk of numerous diseases, including cardiovascular diseases,”* cancer,”> Alzheimer’s
disease,”* and chronic diseases such as non-alcoholic fatty liver disease (NAFLD),”> chronic obstructive pulmonary
disease (COPD),”® and diabetes.”” In the current study, the concentrations of protein and lipid peroxidation products were
lower in convalescents than in COVID-19 patients, which suggests that oxidative stress is reduced after infection, thus
decreasing the risk of long-term complications.

The pathogenesis of the infection caused by the SARS-CoV-2 has not been fully elucidated to date,’®”® but studies
confirmed that the pathogenesis and severity of COVID-19 are closely linked with the overproduction of ROS and the
depletion of the antioxidant barrier, and these processes promote oxidation and contribute to protein and lipid damage.*
Similar observations were made in this study which demonstrated that TAC was lower and TOS was higher in COVID-
19 patients, and that antioxidant levels (SOD, GPx) decreased with an increase in disease severity. COVID-19 patients
were also characterized by higher concentrations of protein oxidation products (AOPP, AGEs) and lipid peroxidation
products (4-HNE, MDA). Redox parameters were lower in convalescents than in COVID-19 patients, which indicates
that biomarker levels decrease after the infection, but remain higher than in persons without a history of COVID-19,
which may significantly affect short- and long-term complications after infection. In the present study, these parameters
did not increase with an increase in COVID-19 severity evaluated on the MEWS score, but this result could be attributed
to differences in the size of the studied population groups. The study demonstrated that AGEs supported the differentia-
tion of COVID-19 patients from healthy subjects and convalescents with the highest sensitivity and specificity (>99%).
The results of the study pave the way for further research into the diagnostic utility of redox biomarkers in larger
populations of patients infected with the SARS-CoV-2 and convalescents. Studies conducted on larger populations of
similar sizes can provide valuable insights about redox parameters that are particularly useful for identifying COVID-19
patients with different disease severity. It should be noted that redox biomarkers show high diagnostic utility in many
diseases, for example in cardiovascular disease®' and neurodegenerative diseases,*” but they are not yet routinely used in
diagnosis and treatment.

The study had certain limitations. COVID-19 patients were divided into groups based on their MEWS scores, and the
resulting groups were unequal in size. In the future, a similar study should be conducted on COVID-19 patients with
a wider range of MEWS scores. In addition, the redox parameters evaluated in this study are not specific to COVID-19
only; therefore, they are more useful for monitoring disease progression than for diagnosing an infection. The strength of
this study was that redox parameters in COVID-19 patients were compared not only with the control group, but also with
convalescents who did not have any comorbidities. The enzymatic and non-enzymatic antioxidant barrier was evaluated,
and the redox balance and protein and lipid oxidation products were also analyzed to describe systemic oxidative stress in
COVID-19 patients and convalescents. The present findings can be used in clinical trials to evaluate the diagnostic
efficacy of redox biomarkers in larger populations of patients infected with the SARS-CoV-2 and convalescents.

Conclusions
An infection with the SARS-CoV-2 disrupts the redox balance and increases protein oxidation and lipid peroxidation.

AGEs fulfill the criteria for a potential diagnostic biomarker in COVID-19 patients and convalescents.
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