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1 | INTRODUCTION

In the beginning of 2020, the severe acute respiratory syndrome
(SARS) coronavirus 2 (SARS-CoV-2) rapidly spread worldwide and

became a pandemic affecting the population.! Individuals infected
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Abstract

The aim of this study was to evaluate the systemic redox state and inflammatory
markers in intensive care unit (ICU) or non-ICU severe COVID-19 patients during the
hospitalization period. Blood samples were collected at hospital admission (T1)
(Controls and COVID-19 patients), 5-7 days after admission (T2: 5-7 days after
hospital admission), and at the discharge time from the hospital (T3: 0-72h
before leaving hospital or death) to analyze systemic oxidative stress markers
and inflammatory variables. The reactive oxygen species (ROS) production and
mitochondrial membrane potential (MMP) were analyzed in peripheral granulocytes
and monocytes. THP-1 human monocytic cell line was incubated with plasma from
non-ICU and ICU COVID-19 patients and cell viability and apoptosis rate were
analyzed. Higher total antioxidant capacity, protein oxidation, lipid peroxidation, and
IL-6 at hospital admission were identified in both non-ICU and ICU COVID-19
patients. ICU COVID-19 patients presented increased C-reactive protein, ROS
levels, and protein oxidation over hospitalization period compared to non-ICU
patients, despite increased antioxidant status. Granulocytes and monocytes of
non-ICU and ICU COVID-19 patients presented lower MMP and higher ROS
production compared to the healthy controls, with the highest values found in ICU
COVID-19 group. Finally, the incubation of THP-1 cells with plasma acquired from
ICU COVID-19 patients at T3 hospitalization period decreased cell viability and
apoptosis rate. In conclusion, disturbance in redox state is a hallmark of severe
COVID-19 and is associated with cell damage and death.

KEYWORDS
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might manifest the disease in different degrees, including asympto-
matic cases or report mild to severe symptoms, and around of 20%
are considered severe cases that require hospitalization or intensive
care.2® The most common symptoms are like other viral infections

that commit the respiratory system, as flu-like syndrome, fever,
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cough, fatigue, coryza, sore throat. However, most severe cases are
associated with complications in pulmonary, cardiovascular, and
neurological systems that lead to the necessity to intensive care and
increased mortality. In this line, a disturb in both cellular and systemic
host metabolism could contribute to viral replication and expression
of pro-inflammatory cytokines.*>

The host response to the infection driven the severity of the
diseases, being observed that more severe cases are associated with
increased immune response of the host that cause activation of
multisystemic inflammatory responses and respiratory dysfunction.®”
The SARS-CoV-2 pathogenesis had as pivot mechanism the redox
system and the pro-inflammatory cytokines release and is related to
hypoxia and oxidative stress.2 The immune innate response begins
when the virus enters into the airways and it activates macrophages
and dendritic cells that release inflammatory cytokines and produce
reactive oxygen species (ROS). The viral replication and the multi-
systemic pro-inflammatory environment contributes to the constant
production of ROS, due to respiratory burst activity of immune cells
(macrophages and neutrophils mainly), alterations in the activity of
enzymes as NADPH oxidase, xanthine oxidase, and respiratory chain
in the mitochondria.”*C In this scenario, the virus acts diminishing the
antioxidant defense through the transcriptor factor nuclear factor
erythroid 2 (NFE2)-related factor 2 (Nrf2) inhibition, which is
responsible for the increase of antioxidant enzymes activity.
Consequently, the increased production of ROS and the inhibition
of antioxidant defense culminates in impaired redox balance,
affecting membrane lipids and cytoplasmic proteins.*? Moreover,
the effects of ROS mechanism on pulmonary cells might have an
important role in hypoxic respiratory failure diagnosed in severe
cases of SARS-CoV-2 infection.®

Therefore, oxidative stress is directly related to the severity of
the infection caused by SARS-CoV-2 and the follow-up of alterations
in redox status biomarkers (with clinical relevance) could be used to
identify high-risk patients and to contribute to the identification of
possible targets for therapeutic approaches. The aim of this study
was to evaluate the systemic markers of oxidative stress and IL-6 in
patients infected with SARS-CoV-2 with different severity degrees

during the hospitalization period.

2 | METHODS

2.1 | Study population

This is a clinical cohort study that enrolled 30 hospitalized patients with
positive diagnosis for SARS-CoV-2 reverse transcription-polymerase
chain reaction (RT-PCR) test. Hospitalized patients were recruited after
admission to the COVID-19 Unit of Hospital Sdo Camilo (Esteio/RS,
Brazil) between June and December of 2020. The present study was
approved by the Ethics UFCSPA  (CAAE:
38886220.0.0000). We use the diagnoses criteria for COVID-19 from
World Health Organization interim guidance and Diagnosis and

Committee  of

Treatment Guideline for Novel Coronavirus Pneumonia, being considered
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Significance statement

COVID-19 induces a strong inflammatory response that
disturbs immunological response resulting in multiorgan
impairment and systemic damage on several tissues. This
study provided information regarding the redox state in
SARS-CoV-2 severely infected patients over hospitaliza-
tion. In summary, the progression of the hospitalization
increased protein oxidation and reactive oxygen spe-
cies (ROS) generation in intensive care unit (ICU)
COVID-19 patients. Furthermore, we showed that periph-
eral leukocytes produce a higher amount of ROS during
severe SARS-CoV-2. Finally, the alterations in plasma
obtained from ICU COVID-19 at the end of the hospital-
ization resulted in lower cell viability and higher apoptosis
rate. These findings suggest an interesting dynamic in the
biomarkers with a potential use in clinical management of

the disease.

positive to SARS-CoV-2 infection patients with positive result for at least
two nucleic acid tests for SARS-CoV-2. The patient's electronic medical
records were used to collect clinical and sociodemographic data upon
admission to the unit. Additionally, we included as control a group of
12 individuals with age and sex-matched admitted to hospital with
pneumonia that tested negative to SARS-CoV-2 RT-PCR. All patients or
those legally responsible for the patients received the explanation of the
research objectives and procedures and informed consent to participate
in the study. All authors sign an agreement to preserve patients and staff

anonymity regarding the use of the present data.

2.2 | Blood collection

Blood samples of controls (n = 12) and COVID-19 patients (n = 29; 18
non-intensive care unit [ICU] and 11 ICU COVID-19) were collected
right after hospital admission (T1) from the antecubital vein into 4 ml
tubes with EDTA as anticoagulant. Further samples of blood were
collected from non-ICU COVID-19 and ICU COVID-19 patients
during the hospitalization, 5-7 days after admission (T2: 5-7 days
after hospital admission), and at the discharge time from the hospital
(T3: 0-72 h before leaving hospital or death). Blood was centrifuged
(2000g, 10 min) to obtained plasma samples, which was aliquoted and

immediately kept at —80°C until analysis.

2.3 | Thiol concentration

The thiol concentration measure was based in the interaction
between thiol group and 5-5’-dithiobis 2-nitrobenzoic acid (DTNB).
The analytical method was previously described by Ellman.*? Briefly,
we used 50ul of sample, 25ul of phosphate saline solution
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(10 mmol/L, pH 7.4), and 25 ul of DTNB in a plate of 96 wells. The

assay was incubated for 30 min, protected from light, and then read

on a microplate reader (Spectra Max 250; Molecular Devices) at

412 nm. The results were expressed in pumol/ml.

2.4 | Nonenzymatic antioxidant status

The nonenzymatic antioxidant status in plasma was assessed through
the reduction of the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte
trazolium bromide (MTT) by molecules with antioxidant action,
according Medina et al.'® In a test tube, 100 pl of sample and 20 pl
of MTT were added with 380 ul of phosphate-saline solution
(10 mmol/L, pH 7.4). This solution was incubated in a water bath
for 60 min at 37°C, protected from light. Then, 1 ml of a solution of
isopropyl alcohol with hydrochloric acid (0.4N) was added and
centrifuged at 3500rpm for 10min at room temperature. The
reaction supernatant was transferred to a 96-well plate and analyzed
in the microplate reader (Spectra Max 250; Molecular Devices) at
570nm. The evaluation of the antioxidant status was expressed

according to the absorbance obtained.

2.5 | Total antioxidant capacity (TAC)

The TAC was evaluated based on the oxidation of 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) according to the
method reported by Miller et al.}* In this assay, a solution of
ABTS (7 mM) with potassium persulfate (2.4 mM) was prepared,
kept protected from light, and later diluted in methanol. This final
solution was reacted with 10 pl of sample of plasma in a 96-well
plate. The calibration curve was made using Trolox reagent. The
antioxidant capacity was determined by reading on a microplate
reader (Spectra Max 250; Molecular Devices) at 740 nm. Data
were expressed in umol/L.

2.6 | Nitrite levels

The nitrite levels in plasma was determined by the Griess method.*®
Briefly, a Griess solution was prepared with 0.2% sulfanilic acid,
0.2% N-(1-naphthyl) ethylenediamine in 5% phosphoric acid. First,
we performed the deproteinization of the sample by adding
200 pl of sample with 20 ul of zinc chloride (1 M), followed by
centrifugation at 3500 rpm for 10 min. Then, 50 pl of sample was
pipetted, which was reacted with the Griess solution, followed by
the addition of 50 ul of vanadium (150 uM). Finally, this solution
was incubated for 60min at 37°C. The standard curve was
performed using sodium nitrate (NaNO,). The analysis was
conducted in a 96-well plate using a microplate reader (Spectra
Max 250; Molecular Devices) at 540 nm. Data were expressed

in umol/L.

2.7 | ROS

The ROS content was evaluated in the plasma through the fluorescence
intensity of the redox-sensitive dye 2'7'-dichlorodihydrofluorescein
diacetate (DCFH, 100 uM; Sigma-Aldrich). DCFH is permeable through
the cell membrane and it undergoes the process of deacetylation by
intracellular esterases enzymes, forming the intermediate compound
2'7'-dichlorodihydrofluorescein in cytoplasm, in which reacts with ROS
forming oxidized 2',7' dichlorofluorescein (DCF), a fluorescent molecule.
The analysis was performed with excitation and emission wavelengths
of 480 and 535 nm, respectively, using SpectraMax M2e (Molecular
Devices).

2.8 | Protein oxidation

The evaluation of protein and amino acid oxidation was performed
using the method proposed by Witko-Sarsat et al.'® This method
determines the levels of advanced oxidation protein products (AOPP)
in plasma. Briefly, 50 ul of plasma was used, which was diluted in
450 ul of phosphate-saline solution (10 mmol/L, pH 7.4). In the final
solution was added 50 pl of potassium iodide (1.16 ml/L) followed by
100 pl of citric acid (0.2 mol/L). The control was done with a Bovine
serum albumin solution. The absorbance was measured in a
microplate reader (Spectra Max 250; Molecular Devices) with an
absorbance of 340 nm. The result was calculated by a standard curve

with chloramine equivalents and was expressed in umol/L.

2.9 | Lipid peroxidation

Lipid peroxidation was evaluated by the thiobarbituric acid reactive
substances (TBARS) method.'” This test measures the concentrations
of malondialdehyde (MDA), products formed from the oxidation of
lipids, through their reactivity with thiobarbituric acid. For this assay,
200 ul of plasma reacted with 250 ul of acetic acid (2.5 M, pH 3.4),
50 pl of sodium dodecyl sulfate (8%), and 250 ul of thiobarbituric acid
(0.8%). This mixture was vortexed and then incubated in a water bath
for 60 min at 100°C. Afterwards, the samples were centrifuged at
3500 rpm for 10 min at 4°C. The supernatant was transferred to a
96-well plate and analyzed in the microplate reader (Spectra Max
250; Molecular Devices) at 532nm. The result was expressed in

nmol/ml.

2.10 | C-reactive protein and IL-6 analyzes

C-reactive protein (CRP) levels were determined using automated
equipment that uses the principle of chemiluminescence to deter-
mine plasma CRP levels. The IL-6 concentration (Invitrongen Life
Sciences, EUA) was analyzed by enzyme linked immunosorbent assay

according to manufacturer's instructions for procedure using a
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microplate reader (EzBiochrom). The variability coefficient of

variability was was <7.5%. The detection limit was 2-200 pg/ml.

2.11 | ROS measurement in peripheral leukocytes
ROS production and mitochondrial membrane potential (MMP) were
analyzed in peripheral granulocytes and monocytes from healthy
controls (n = 8), non-ICU COVID-19 (n = 8), and ICU COVID-19 (n = 8)
patients at hospital admission. The MMP using the fluorescent dye
rhodamine 123 (Rh 123; Sigma-Aldrich®) as previously described.
Briefly, whole blood (100 ul) was incubated with 500 ul of Rh 123
(1 ug/ml) for 10 min at 37°C. After being washed, the cells were
resuspended in 0.5ml of phosphate-buffered saline (PBS). The
generation of ROS was quantified by the cell-permeant dye 2',7'-
DCF diacetate (DCF-DA,; Sigma-Aldrich), which becomes fluorescent
after oxidation to DCF. Whole blood was incubated with 0.5 ml of
10 uM DCF-DA for 30 min at room temperature. After being washed
with PBS, the cells were resuspended in 0.5 ml PBS. The analysis of
MMP and ROS production was conducted using BD FACSCalibur
(Becton-Dickinson) flow cytometer and CellQuest Pro software
(Joseph Trotter; Scripps Research Institute) using the blue argon-ion
488 nm laser with the FL1 filter channel. A minimal of 30.000 events/
tubes was acquired, and granulocytes and monocytes were identified
and gated according to each forward scatter (FSC) and side scatter
(SSC) profiles.

2.12 | Cell viability and apoptosis in THP-1
monocytic cell line

THP-1 human monocyte cells (ATCC TIB-202) (2 x 10° cells/well)
were cultured in RPMI media (Sigma-Aldrich) supplemented with
10% fetal bovine serum (FBS; Gibco) and 1% penicillin and
streptomycin (both from Sigma-Aldrich) in 96-well plates for 24 h.
Afterwards, the media plus FBS were removed; cells were washed
with PBS and incubated with RPMI supplemented with 10% plasma
of non-ICU (n=8) and ICU (n =8) COVID-19 patients for 15 h. Cell
viability was measured using MTT (Sigma-Aldrich). After the
treatment, MTT (20 pl, 5 mg/ml) was added, and incubations were
continued for 4 h after that. The purple formazan was solubilized and
the absorbance at 570 nm determined using a Spectramax M2
microplate reader (Molecular Devices). The evaluation of apoptosis
rate was performed by using Annexin-V+ FITC following manufac-
turer's recommendations (Biolegend) in BD FACScalibur flow
cytometer (Becton-Dickinson). THP-1 were identified and gated
according to each FSC and SSC profile.

2.13 | Statistical analysis

The data normality was tested using the Kolgomorov-Smirnov test.
Parametric data was presented as mean + standard deviation (SD)/
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percentile 2.5-97. Participant characteristics, biochemical vari-

ables of oxidative stress, and IL-6 were compared among groups
using one-way analysis of variance followed by Bonferroni post
hoc test for multiple comparisons. Comparison between qualitative
variables was performed using a x? test. The evolution of CRP,
oxidative stress variables and IL-6 were analyzed by a mixed
generalized linear model followed by Bonferroni post hoc
test correction for multiple comparisons. A p-value <.05 were
considered statistically significant. SPSS 22.0 software (IBM Inc.)

was used for statistical analysis.

3 | RESULTS

In the present study, we investigated the redox status of non-ICU
COVID-19 patients and ICU COVID-19 patients along hospitaliza-
tion. First, we identified the symptoms and undergoing health
conditions. Then, we compared oxidative stress markers and IL-6
concentration, as a hypercitokenemia indicator, in healthy individuals
(control group), non-ICU COVID-19 patients, and ICU COVID-19
patients. Finally, we assessed the progression of the diseases
evaluating C-reactive protein, redox biomarkers, and IL-6 at the
moment of the hospital admission (T1), during hospitalization (T2),
and at 0-72 h before the outcome (T3).

3.1 | Sociodemographic variables and the
description of symptoms and underlying conditions
of non-ICU and ICU patients

Sociodemographic characteristics are illustrated in Table 1. Briefly, 51
individuals were enrolled in our study and divided in healthy
individuals, control group with negative PCR test for SARS-CoV-2
infection (n=12), and patients hospitalized with COVID-19, which
tested positive to SARS-CoV-2 infection (n=29, 82.35%). Then,
patients diagnosed with SARS-CoV-2 infection were divided accord-
ing to the severity of the disease into non-ICU COVID-19 patients
(n=18, 27.45%) and ICU COVID-19 patients (n=11, 54.9%). ICU
patients were older than healthy individuals (p <.05), non-ICU and
ICU patients demonstrated higher body mass and BMI compared to
healthy individuals (p < .05). Mortality was observed only in the ICU
group (46%).

The most common clinical symptoms observed included fever
(non-ICU: 80%; ICU: 72.72%); respiratory failure (non-ICU: -; ICU:
80%); cough (non-ICU: 46.66%; ICU: 61.81%); dyspnea (non-ICU:
60%; ICU: 16.36%); body ache (non-ICU:26.6%; ICU: 21.81%); and
sore throat (non-ICU: 40%; ICU: 18.8%);. Some underlying medical
condition of the patients comprised hypertension (non-ICU: 25.4%;
ICU: 29.7%); diabetes mellitus (non-ICU: 23.7%; ICU: 19.8%);
neurological disease (non-ICU: 21%; ICU: 22.5%).

The comparison of healthy individuals, non-ICU COVID-19
patients, and ICU COVID-19 patients demonstrated no difference
in the thiol content (p =.4145, Figure 1A) and in antioxidant status
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TABLE 1 Sociodemographic and
clinical characteristics of the patients

COVID-19
Healthy
controls (n=12) Non-ICU (n = 18) ICU (n=11)
Age (years) 57.55 (38.71-76.29) 59.57 (49.41-69.72) 65.50 (61.60-69.39)?

Sex (female, %) 33.3 57.1

Body mass (kg) 61.75 (38.20-85.29)
BMI (kg/m?) 23.66 (19.48-34.85)
Hospitalization (days) 7.33 (1-14.92)
Death/mortality (%) -

Symptoms (%)

Fever 80.00%
Respiratory failure
Cough 46.66%
Dyspnea 60.00%
Body aches 26.66%
Sore throat 40.00%
Flu-like syndrome 13.33%
Fatigue 20.00%
Myalgia 20.00%
Nausea or vomiting 20.00%
Headache 13.33%
Coryza 13.33%
Diarrhea 6.66%
Underlying medical conditions
Hypertension 254
Diabetes mellitus 23.7
Neurological diseases 21
Cardiovascular 7.8
diseases
Rheumatic diseases 1.2
Cancer 24

Chronic kidney disease

Note: Data are presented as mean * confidence intervals 95%.
Abbreviations: BMI, body mass index; ICU, intensive care unit.
Statistical difference compared to healthy controls (p <.05).

(b =.3689, Figure 1B). However, TAC concentration showed higher
levels in the non-ICU COVID-19 patients and ICU COVID-19
patients compared to healthy individuals (p <.001, Figure 1C), while
non-ICU COVID-19 patients had higher nitrite concentration
compared to ICU COVID-19 patients (p <.001, Figure 1D). ROS
concentration did not differ among the groups (p =.2562, Figure 1E).

86.76 (79.52-94.01)°
29.56 (26.57-31.65)°

442
89.23 (81.23-96.45)°
30.49 (27.83-33.15)°
20.53 (16.51-24.55)°
462

72.72%
80.00%
61.81%
16.36%
21.81%
18.18%
16.36%
9.09%
5.45%
5.45%
7.27%
7.27%
7.27%

29.7
19.8
22.5
12.7

1.2

24

The non-ICU COVID-19 patients and ICU COVID-19 patients
demonstrated higher protein oxidation (p <.001, Figure 1F) and
TBARS concentration compared to healthy individuals (p <.001,
Figure 1G). IL-6 concentration was higher in non-ICU (p<.001,
Figure 1H) and ICU patients (p < .05, Figure 1H) compared to healthy
individuals.



POSTIGA eT AL CELL BIOCHEMISTRY & FUNCTIONSAYYA| LEY—m
(A) (B)

Thiol Antioxidant status

(C)  Total Antioxidant Capacity
3-

[
o
]
N
o
]

(uMol/mL)
8 S
—
-
R
(uMol/mL)
»

N
|_
o (0.D.)
-
— TH

T
0 o_c T + T c ) ] )
1 ) ) o Q \Q o\ \Q Q
\? Q) o N ! & o o
; 3 Y O Q N O\
o(.‘\' 4\0 4\0 OOO 04 0A & 06\ 004
[ () KY (&) (¢) XY
SO SRR SO
L R & S & & N
‘2‘0 oo' (\o Qo
&
(D) Nitrite (E) ROS (F) Protein oxidation
25- 15001 ok
*kk :> 2500‘ #_
204 ‘n
S 2000
= £ 10001 T —~
£ -|— @ T 1500-
5 g | 5
= 101 g = 1000
= ® 5004 — e
5- J_ J_ § T L 500 -
=
0 T T T 0 T T T 0 T T T
3 N N> ¥ o R ¥ O
(o) ” o o) , , (o) ’ 4
& @Q 04\0 & & ® <,°°¢ & &°
3¢ < &L L ENRCOSIRY
& D D S N N
& 3 © S R L &
S & Qe' & °
Q
(G) TBARS (H) IL-6
600- ek 80 S
4004 60- T
3 [ | | £ -
= 1 o
£ 207 =
l 20-
= |
0 T T T 0 T T T
o o 0 &F P
(i\é 4\0 4\0 O& A\o 04\0
o (o) (o) §0 () (¢)
Y (@) () & N N
NI » 9
P S E &
< S &

FIGURE 1 Biological markers of oxidative status and IL-6 in healthy individuals, non-ICU COVID-19 patients, and ICU COVID-19 patients. (A)
Thiol concentration. (B) Antioxidant status. (C) TAC. (D) Nitrite concentration. (E) ROS concentration. (F) Protein oxidation (AOPP). (G) TBARS. (H) IL-6.
Data are presented as mean + SD. Difference among the groups were verified one way ANOVA followed by Bonferroni post hoc test. *p <.05; ***p <.
001. ANOVA, analysis of variance; ICU, intensive care unit; ROS, reactive oxygen species; TAC, total antioxidant capacity.
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3.2 | Redox status variables analyzed during the
hospitalization period of non-ICU and ICU patients
infected with SARS-CoV-2

The oxidative status of patients was also evaluated according to the
progression of the hospitalization in both, non-ICU patients (open
spheres) and ICU patients (solid spheres). As observed in Figure 2,
lower C-reactive protein concentration was found at T3 compared to
T1 in the non-ICU COVID-19 patients, while higher levels were
detected at T1, T2, and T3 of ICU COVID-19 patients compared to
the same periods in the non-ICU COVID-19 patients (p<.01,
Figure 2A). The thiol content showed lower concentration in T3 of
non-ICU group compared to T1, and ICU group at T1 had lower thiol
concentration compared to non-ICU at T1 (p <.05, Figure 2B). The
antioxidant status was higher at T1 and T3 in the ICU group
compared to the same periods in the non-ICU group (p<.05,
Figure 2C). Non-ICU COVID-19 patients demonstrated higher TAC
concentration at T3 compared to T1, and the ICU COVID-19 patients
at T3 had lower TAC concentration compared to T1 and the same
period of non-ICU COVID-19 patients (p < .05, Figure 2D). The nitrite
concentration was lower at T3 in ICU COVID-19 patients compared
to non-ICU patients at the same period (p < .05, Figure 2E), and ICU
patient demonstrated lower nitrite at T2 and T3 compared to T1
(p < .01, Figure 2E). Non-ICU group showed higher ROS content at T3
compared to T1, and the ICU group had higher ROS content at T2
and T3 compared to T1 of the same group, and higher ROS
concentration in T3 of ICU patients compared to T3 of non-ICU
(b < .05, Figure 3F). The protein oxidation concentration showed
higher levels at T3 in ICU patients compared to T1 of the same group
and to T3 of non-ICU group (p <.01, Figure 2G). TBARS concentra-
tion did not differ among groups (p <.05, Figure 2H). Non-ICU
COVID-19 patients demonstrated higher IL-6 concentration at T3
compared to T1, and, in the ICU patients, the IL-6 was higher at T2
and T3 compared to T1, and T3 was higher compared to the T3 of
non-ICU patients (p < .05, Figure 2I).

3.3 | Phagocytes generates higher amounts of ROS
through changes in MMP

Granulocytes and monocytes produce higher ROS levels during
infectious episodes such as viral infection. We firstly accessed the
MMP and the ROS generation in granulocytes and monocytes in the
peripheral blood of COVID-19 patients by flow cytometry. Both
non-ICU and ICU COVID-19 patients presented a state of mitochon-
drial membrane depolarization in monocytes and granulocytes,
identified by the decreases in Rhd-123 fluorescence intensity,
compared to the controls (p < .01 for all comparisons). Furthermore,
increased ROS production was identified in both immune cell types of
COVID-19 patients compared to controls (p<.05). However,
ICU COVID-19 patients presented higher ROS production by
granulocytes and monocytes than non-ICU COVID-19 patients
(p < .01 for both) (Figure 3).

3.4 | Plasma from severe COVID-19 patients
induces decreases in cell viability and higher apoptosis
rate in THP-1 monocytic cell line

Increased ROS generation are linked to cell death events in several
conditions, such as acute infectious diseases. In this line, we
incubated THP-1 monocytic cell line with the plasma obtained from
non-ICU and ICU COVID-19 patients at T1 and T3 hospitalization
periods. Plasma from both non-ICU and ICU COVID-19 groups
collected at T3 reduced the cell viability of THP-1 cells (p <.05). On
the other hand, increased annexin-V+ cells, indicating apoptosis, was
found in THP-1 cells incubated with T3 plasma of non-ICU compared
to T1 plasma from the same group (p <.05). Interestingly, T3 plasma
of ICU COVID-19 group had the higher effects on cell viability
(b < .05) and apoptosis rate (p <.05) than those observed in T3 plasma
of non-ICU COVID-19 trial in THP-1 cells (Figure 4).

4 | DISCUSSION

Our study performed a follow-up of the redox status along the
hospitalization of patients with different degrees of COVID-19
severity. This study showed the increase of antioxidant capacity,
oxidation of protein, and TBARS levels in non-ICU COVID-19 and
ICU COVID-19 patients compared to healthy individuals, as well as,
higher nitrite concentration in non-ICU COVID-19 compared to ICU
COVID-19 patients. Considering the progression of the hospitaliza-
tion (T1, T2, and T3), it was observed an increase of protein oxidation
at T3 of ICU patients, higher antioxidant status and lower TAC,
reduced nitrite in T3 of ICU COVID-19, and higher ROS and IL-6 in
both T2 and T3 of ICU COVID-19 patients. Furthermore, we showed
that peripheral leukocytes produce a higher amount of ROS during
severe SARS-CoV-2, with ICU COVID-19 patients presenting higher
levels of ROS generation and decreased MMP in granulocytes and
monocytes. Finally, the incubation of THP-1 monocytic cell line with
plasma obtained from ICU-COVID-19 at T3 of hospitalization
resulted in lower cell viability and higher apoptosis rate.

The symptoms and underlying conditions described in the
patients enrolled in our study were observed either in mild or
severe infection of SARS-CoV-2. The most frequent underlying
conditions observed in the groups with COVID-19 were hyper-
tension (28.57%), diabetes mellitus (21.42%), and neurological
diseases (21.42%), which consists in group more susceptible to
severe forms of SARS-CoV-2 infection.®> The symptoms more
frequently reported from the patients included fever (76.19%),
cough (57.14%), and dyspnea (33.33%), while the patients with
severe infection also reported respiratory failure, a common
symptom from patients in this condition. Same symptoms were
observed in studies analyzing SARS-CoV-2 infection.?® Patients
from infected groups were older and with higher body mass
than noninfected group, these characteristics with the underlying
condition are associated with oxidative stress, chronic inflamma-

tion, and metabolic alterations that could lead to low antioxidant
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capacity, oxidative damage and a pro-inflammatory condition,
contributing to the exacerbation of the pro-inflammatory
cytokines release and a poor viral clearance increasing the severity
of the infection.'?

Patients with SARS-CoV-2
C-reactive protein levels especially in the beginning of the diseases.

infection demonstrated high
In the non-ICU groups, the levels of C-reactive protein decreased
with the progression of the hospitalization until reach the reference
value. The ICU group had higher levels than non-ICU, indicating a

more severe infection. The C-reactive protein is a nonspecific acute

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—ﬂ

phase reactant elevated in infection or inflammation and it is used as
indicator of COVID-19 disease severity. A study of Stringer and
colleagues identified that a simple threshold 240 mg/dl should be
used within clinical practice to guide disease severity and likely
disease progression, and recommended that CRP=40mg/dl on
admission may indicate an increased risk of disease progression and
death, and warrants an enhanced level of discussion and clinical
support.2° In our study, the levels of C-reactive protein were 3.5-fold
and 2-fold higher in the ICU patients and non-ICU patients,
respectively, compared to the threshold.?°
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Our study showed an increase of ROS content at the end of the
hospitalization in both groups, but with higher concentration in the
ICU patients. Additionally, nitrite concentration and antioxidant
capacity decreased along the hospitalization, while protein oxidation
and IL-6 increased in ICU groups. ROS formation could be a
physiological response of the organism once it had a role in signaling
transduction, however, under pathological conditions ROS plays an
essential function in the diseases processes.??2 The nitrite concen-
trations were higher in non-ICU patients compared to ICU, and
during the hospitalization the levels in the ICU patients decreased.
The nitrite can act as a precursor to form peroxinitrite, a free radical
that induce oxidative damage.?*?* Here, our results could indicate an
increase in the oxidation processes that is related with reduced
antioxidant capacity and nitrite concentration in the ICU group.?%24

Viral infections, including SARS-CoV-2, induce in the organism a
range of oxidative and inflammatory response. The viral infection
could trigger oxidative stress through the increase of reactive oxygen
and nitrogen species (RONS), activation of immune response, and
production of cytokines.®?° Alterations in enzyme function, as XO
and NADPH oxidase, and mitochondrial dysfunction results in the
increased production of superoxide and hydrogen peroxide, and
reduced antioxidant defense.?® Additionally, the bound between
angiotensin-converting enzyme 2 and SARS-CoV-2 during viral
invasion increases the binding of Ang Il to angiotensin type 1
receptor, activating NADPH oxidase and induces the production of
ROS mitochondrial that reacts with NO and reduce its bioavailability

forming peroxynitrite.?>?” The augment formation of RONS mediate
signaling pathways responsible for the increased production of
inflammatory cytokines.

Regarding antioxidant response, we measured thiol concentra-
tion, antioxidant status, and antioxidant capacity. Studies investigat-
ing oxidative stress markers in COVID-19 patients observed a
depletion in antioxidant response together with increased production
of ROS, pro-inflammatory cytokines, and oxidative damage.®®!
Here, we showed higher antioxidant capacity in the non-ICU and ICU
patients compared to healthy individuals, which might indicate the
antioxidant response to the increased formation of ROS due to the
infection. Additionally, when observed the hospitalization progres-
sion during T1, T2, and T3, the TAC increased in non-ICU and lowered
in ICU groups on T3, indicating a recovery of the non-ICU patients
and the progression of the infection and, possibly a consequent poor
outcome of the ICU patients.

The results found corroborates to the oxidation markers
evaluated, protein oxidation and lipid peroxidation (TBARS). TBARS
concentration in non-ICU and ICU patients were higher than healthy
individuals, showing that the SARS-CoV-2

oxidative stress and inflammation capable of damage the membrane

infection cause an

of the cells.?®> Furthermore, protein oxidation was higher in
the infected patients compared to healthy individuals, and during
the hospitalization it was observed an ascending concentration of
protein oxidation in ICU patients, demonstrating protein damage,

which might include DNA damage. So, the oxygen reactive species
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generated through the SARS-CoV-2 infection might result in the
primary damage of membrane cells followed by the oxidation of
proteins, DNA damage, and induce apoptosis.

Phagocytes are a greater source of ROS during viral and bacterial
infections.?® Here, we observed that non-ICU and ICU patients
showed lower mitochondrial depolarization and higher ROS produc-
tion, with higher alterations observed in severe cases of SARS-CoV-2
infection. In severe infections, the uncontrolled ROS production
generated by innate immune cells leads to extensive cell damage and
tissue injury which is associated with worse clinical outcomes. In this
sense, excessive levels of ROS from neutrophils have been implicated
in a cascade of biological events that drive pathological host response
in COVID-19, including tissue damage, thrombosis and red blood cell
dysfunction.?’ Furthermore, oxidative stress induced by neutrophils
predict COVID-19-associated mortality,>® and increased mitochon-
drial ROS production and impaired MMP in CD14+ monocytes were
observed in severe COVID-19 patients who presented higher SARS-
CoV-2 viral load.” The imbalance in redox state of innate immune
cells leads to the activation of intracellular inflammatory pathways,
mainly inflammasome, contributing to the COVID-19 hyperinflamma-
tion in severe cases.3! In fact, several pro-oxidant genes were
which
confirms the redox state imbalance evoked in leukocytes during
SARS-CoV-2 infection. Interestingly, the incubation of a THP-1

monocytic cell line with plasma obtained from non-ICU and ICU

upregulated in mononuclear cells of severe COVID-19,%2
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patients at T3 hospitalization period resulted in lower cell viability and

only severe cases of COVID-19 induced higher apoptosis. Collect-
ively, these results indicate that the redox imbalance induced during
the SARS-CoV-2 infection impacts on cellular process, inducing cell
damage and death.

The first phase of the SARS-CoV-2 infection is the viral
replication and the innate immune response, followed by symptoms
manifestation and higher levels of cytokines. Then, it is observed a
severe systemic inflammatory syndrome with the progression of the
disease.®33* So, the exacerbated response of the immune system
against SARS-CoV-2 infection is characterized by a hypercytokinae-
mia state, an increase in cytokines release leading to a hyperin-
flammatory condition to contain the viral infection. The increase in
cytokines release might be an indicator of the diseases severity.
Here, we observed the augment of the IL-6 concentration along
the hospitalization progression in non-ICU and ICU patients,
however, higher levels were observed in the ICU group. IL-6 is
mainly produce in response to pathogens by macrophages and T
lymphocytes to control viral infection, and it had a great
correlation with disease severity.3> Previous studies showed that
IL-6
concentration compared to patients with mild or moderate forms,

patients with severe form of the disease had higher

and IL-6 values was used to predict the risk of mortality in COVID-

19 patients hospitalized, which is observed in our study that

observed 46% of mortality in the ICU group.®¢%7
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Oxidative stress had an important role in the pathogenesis of

COVID-19, in the present study, we monitored the modification in
redox mechanism caused by SARS-CoV-2 infection in the beginning
of the disease and its progression in the hospitalization period. It
would be critically important to use the oxidative and inflammatory
parameters evaluated to COVID-19 monitoring. Here, we showed
that there is an interesting dynamic in the biomarkers with a potential

use in clinical management of the disease.
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