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The concept of the exposome refers to the totality of environmental exposures, including general or speciﬁc external,
internal, and psychosocial factors, aﬀecting the body from
the embryonic period to the old age. The importance of
exposome for the development of chronic diseases and multiorgan failure may account for about 70 to 90% of disease
risks. It has been documented that the majority of important
chronic diseases are likely to result from the combination of
environmental exposures to infective, chemical, and physical
stressors and their interaction with the human genome
[1–4]. Most often, a number of diﬀerent exposomic risk factors may act simultaneously and exert cumulative eﬀect.
When trying to understand the factors responsible for
the individual sensitivity to the development of malignant
and chronic diseases, the emphasis has been placed on individual genetic variations due to single-nucleotide polymorphism (SNP) and their proteome-related response. They
can be deﬁned as genetic exposure susceptibility to disease
development. Polymorphic variants in oxidative stress
enzymes may explain the interindividual variability in
response to chronic disease, tumor development, and tumor
therapy.
Among speciﬁc external exposures, the infectious agents,
especially viruses, environmental pollutants, drugs, diet, lifestyle factors (smoking, alcohol abuse), and medical interventions (supplemental oxygen ventilation and high ﬂow
oxygen therapy of critically ill patients), may aﬀect cell and
tissue systems, due to a deregulated free radical production

and their neutralization [5]. The balance between the exposome and endogenous circulating hormones, body composition, aging, inﬂammation, wider social, economic, and
psychological inﬂuences may aﬀect the host individual
response and the disease outcome.
The objective of the special issue is to provide molecular
mechanisms related to how speciﬁc environmental factors
provoke reactive oxygen species (ROS) production, and
how ROS, as a part of environmental exposure or internal
production, can aﬀect human health. It includes articles
related to the role of free radicals and multiomics in describing exposomic marker and other biomarkers of a disease.
The originality lies in the ability to distinguish and recognize
the earliest and innovative exposomic biomarkers accurately,
the earliest genetic predisposition markers, and new therapeutic inﬂuences in disease diagnostics, prevention, and
treatment. The articles may be clustered concerning speciﬁc
type(s) of diseases and to speciﬁc environmental factors. All
of the abovementioned exposomic factors are shown in
Figure 1.
Devastating eﬀects of viral infections, particularly the
COVID-19 (SARS-CoV-2) pandemic and HCV infection,
may belong to the most important external exposures at
the moment. Four of eight published articles refer to viral
infections. They are related to a deeper explanation of
molecular mechanisms associated with late consequences
and serious organ damage. The authors Zdravković M
et al. and Popadić et al. in their collaborating studies nested
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Figure 1: The concept of the exposome and its relation to cell injury and laboratory markers.

from more than 1000 COVID-19 patients per month. They
emphasized the importance of the appropriate risk stratiﬁcation in 460 COVID-19 patients with a higher risk of poor
clinical outcomes at admission to the ICU, under the speciﬁc
(prooxidative) conditions demanding high oxygen ﬂow. The
clinical outcome of the disease includes acute respiratory
distress syndrome, superinfection, shock, acute heart, liver,
and kidney injury, evaluated also by speciﬁc laboratory biomarkers. The use of AIDA score has been deﬁned as a reliable tool for delivering the appropriate therapy on time. It
was developed by combining signiﬁcant variables from the
multivariate logistic regression analysis including serum
albumin, interleukin-6, and D-dimer, accompanied by age.
They also developed and validated a multivariable predictive
model for mortality of COVID-19 patients at admission to
ICU, in relation to respiratory status (development of acute
respiratory distress syndrome ARDS) as the most important
clinical outcome. The appearance of ARDS was considered
in relation to invasive or noninvasive mechanical ventilation
and high ﬂow oxygen therapy. In the ﬁnal multivariate analysis, serum albumin (below 33 g/L), interleukin-6 (above
72 pg/mL), and D-dimer, accompanied by age and CT severity score as parts of univariate analysis, were marked as independent predictors of mortality. These predictors have been
referred to the three most probable pathophysiological
mechanisms of a lethal outcome, septic infections associated
with septic shock, procoagulable state, procoagulant state
associated with micro- and macrothrombosis, and cytokine
storm proceeded to multiorgan failure. The COVID-19
research-related articles were followed by a research of
Cekerevac et al. This is the ﬁrst study where it documented
the level of circulating oxidative stress parameters as predictors in the disease severity and mortality. In their prospective cross-sectional study, they reported novel information
about potential molecular mechanisms during the diﬀerent

degree of COVID-19 in adult patients, due to the inﬁltration
of neutrophils, a marked elevation of proinﬂammatory cytokines, and cytokine storm association with elevated levels of
superoxide anion radicals. They may act as signiﬁcant contributors to the disease progress, severity, and mortality.
Moreover, by using a linear regression model, they documented that hypertension, anosmia, ageusia, the O2−level,
and the duration at the ICU may be predictors of severity
of COVID-19 (SARS-CoV-2) disease in a group of 127
patients. In order to evaluate the inﬂuence of severity of
the disease, all patients were divided into a group with a mild
form of COVID-19 (mild symptoms up to mild pneumonia,
with moderate COVID-19 form (dyspnea, hypoxia, or less
than 50% lung involvement on imaging) and a group of
patients with a severe COVID-19 (severe respiratory failure,
high ﬂow oxygen therapy, mechanical ventilation, sepsis, or
multiorgan system dysfunction). Besides the evaluation of
standard laboratory markers, the concentration of prooxidative markers (superoxide anion radical (O2−), hydrogen peroxide (H2O2), nitric oxide (NO−), and lipid peroxidation
(TBARS)) and antioxidative markers (catalase (CAT), superoxide dismutase (SOD), and reduced glutathione GSH) were
determined in blood plasma and lysate.
The association of chronic HCV infection-speciﬁc genotype and viral load association with increased oxidative
stress has been emphasized by a comprehensive study by
Đorđevic et al. The intensity of oxidative stress may be a detrimental factor in liver injury and may determine the severity of the disease. In their case-control study, which involved
52 HCV patients and 50 control healthy patients, they demonstrated the intensity of oxidative stress (level of lipid peroxidation TBARS and protein oxidative modiﬁcation
AOPP) and decreased antioxidative defense (catalase activity) as a detrimental factor in liver injury and severity of
the disease. The cells responsible for ROS production and
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liberation are hepatocytes, Kupﬀer cells (resident macrophages), inﬂammatory cells, hepatic stellate cells (HSCs),
and other immune eﬀector cells. The values of oxidative
stress parameters (TBARS and AOPP) and catalase activity
in patients infected with diﬀerent HCV genotypes revealed
that HCV1b patients were more likely to have a higher
TBARS compared to others, HCV 3 patients were more
likely to have a higher AOPP level, while patients infected
with HCV1a were more likely to have a low catalase activity.
A positive correlation was found between virus genome copy
concentration and AOPP, while a high level of HCV viral
load was more likely to have a higher TBARS. In a genderbased comparison, a signiﬁcantly higher level of AOPP was
reported in female patients. The results obtained conﬁrmed
the existence of imbalance between the ROS production
and antioxidative defense system in HCV-infected patients.
Since oxidative stress may have a profound inﬂuence on disease progression, ﬁbrosis, and carcinogenesis, our results
may meet the aspirations of mandatory introduction of antioxidants as early HCV therapy to counteract ROS
consequences.
In in the cohort of 292 participants of adult population,
Klisic et al. highlighted the role of internal exposome as
potential factors speciﬁc to the individual physiology, age,
and body morphology and their relation to oxidative stress
markers. They examined a prooxidant-antioxidant balance
(PAB)) and the marker of antioxidant defense capacity (total
sulphydryl groups (tSHG)), their ratio (PAB/tSHG) and
their relationship with diﬀerent cardiometabolic risk factors
(waist-to-height ratio, body mass index, visceral adiposity
index, and lipid accumulation products). They reported
tSHG and PAB/tSHG correlation with lipid parameters
(HDL-c and TG) and lipid indices (VAI and LAP); HDL-c
showed negative and TG, VAI, and LAP positive independent associations and predictions. To assess the associations
of clinical markers with tSHG, PAB levels and PAB/tSHG
index univariate and multivariate ordinal regression analyses
were applied. By using principal component analysis (PCA),
various cardiometabolic risk parameters produced scores for
signiﬁcant factors, which were used in the subsequent binary
logistic regression analysis to estimate the predictive potency
of the factors towards the highest PAB and tSHG values. In
that way, obesity-renal function-related factor predicted
both high PAB and low tSHG, while obesity-dyslipidemiarelated factor predicted signiﬁcantly high tSHG values. The
authors concluded that unfavorable cardiometabolic proﬁle
was associated with higher tSHG values.
Durand et al. addressed the importance of oxidative
stress as a pathogenetic key for development of nonalcoholic
fatty liver disease (NAFLD). The severity of hepatic damage
depends on whether simple fat accumulation (steatosis),
nonalcoholic steatohepatitis (NASH), and hepatic ﬁbrosis
are developed. The lipid composition of mitochondrial
membranes, presumably the composition of PE and CL is
of crucial importance in maintaining mitochondrial structure and function in the assembly and activity of respiratory
chain complexes III and IV and supercomplex formation.
Accordingly, in the transport of electrons from complex I
to ubiquinone, the oxidized state of coenzyme Q (CoQ)
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depends on the composition of lipophilic environment, i.e.,
cardiolipins (CLs). Their experimental model of NAFLD
has been developed to integrate speciﬁc “omics” signature
(lipidomics) and oxidative stress markers speciﬁcally
adapted for mitochondrial liver cell fraction. Moreover, the
mRNA expression levels for the key transcription factors
for lipid synthesis, sterol regulatory element-binding transcription factor 1 (Srebf1), nuclear receptor peroxisome
proliferator-activated receptor α (Pparα) and inﬂammation,
Toll-like receptor 9 (Tlr9), and tumor necrosis factor (Tnfα) were evaluated. The cardiolipin and CoQ antioxidant
function impairment precede ﬁbrosis, emphasizing a causal
relationship with NAFLD development and progression.
The optimal structure of mitochondrial lipids may represent
a new therapeutic intervention in nonalcoholic fatty liver
disease (NAFLD) prevention strategy.
It was documented that cancer develops from a combination of exposomic factors inﬂuencing speciﬁc susceptibility genes and family history. Among exposomic factors,
there are speciﬁc external exposures and body-related internal exposome (Figure 1). The clear-cell renal cell carcinoma
(ccRCC) belongs to types of carcinomas associated with
Keap1/Nrf2 (Kelch-like ECH-associated protein 1/nuclear
factor (erythroid-derived 2)-like2) pathway alterations. The
authors Mihailovic et al. highlighted the relation between
the reactive oxygen species and electrophiles and the activation of speciﬁc adaptive cytoprotective response, including
changes in the Keap1/Nrf2 pathway. The enzymes encoded
by Nrf2 target genes are glutathione S-transferases (GST),
superoxide dismutase (SOD2), and glutathione peroxidase
(GPX). The interaction between GSTP1: JNK1 may reveal
the functional link between the upregulated GSTP1 and
malignant phenotype. At the same time, the reaction catalyzed by mitochondrial SOD2 releases H2O2, which may
act as the signaling molecule in cell proliferation, diﬀerentiation, and migration. It may also induce the activation of
AMP-activated kinase activating glycolysis, where the
energy production is essential for malignant cell survival.
The antioxidant enzyme, glutathione peroxidase (GPX),
catalyzes the reduction of H2O2. The single-nucleotide
polymorphisms of Nrf2 gene and genes encoding GSTP1,
SOD2, and GPX1 may change the expression of speciﬁc
protein or aﬀect the activity of synthesized proteins. The
authors investigated the eﬀect of speciﬁc Nrf2, SOD2,
and GPX1 gene variants and GSTP1ABCD haplotype on
ccRCC risk and the prognosis in 223 ccRCC patients
and 336 matched controls by PCR-CTTP and qPCR. Haplotype analysis revealed a signiﬁcant risk of ccRCC development in carriers of the GSTP1C haplotype, while
GSTP1 variant aﬀected the overall survival in ccRCC
patients. The increased ccRCC susceptibility was observed
among carriers of individual variant genotypes of SOD2
and GSTP1 and Nrf2. Moreover, the analysis of
GSTP1ABCD haplotype revealed signiﬁcant risk of ccRCC
development and the overall survival in patients with
ccRCC. This interaction is summarized in Figure 2.
Jerotic Dj et al. reported in an experimental study a
nowel mechanism of glutathione S-transferase M1 (GSTM1)
downregulation inﬂuence on increased oxidative stress and
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Figure 2: Relation between p-Nrf2 and expression pattern of detoxifying enzymes (created according to the results referred by Mihailovic et al.).

inﬂammation in endothelial cells in uremic conditions. The
also reported that the deletion polymorphism of glutathione
S-transferase M1 (GSTM1), a phase II detoxiﬁcation and
antioxidant enzyme, increased susceptibility to end-stage
renal disease (ESRD), as well as the development of cardiovascular diseases (CVD) among ESRD patients and their
shorter cardiovascular survival. When human umbilical vein
endothelial cells (HUVECs) were exposed to uremic serum,
they exhibited impaired redox balance, associated with
enhanced lipid peroxidation and decreased antioxidant
enzyme activities, expression of a series of inﬂammatory
cytokines including retinol-binding protein 4 (RBP4), regulated upon activation, normal T cell expressed and secreted
(RANTES), C-reactive protein (CRP), angiogenin,
dickkopf-1 (Dkk-1), and platelet factor 4 (PF4). In order to
obtain GSTM1-null genotype, with no GSTM1 protein
expression, HUVECs were transfected with GSTM1 small
interfering RNA (siRNA). The authors documented that
GSTM1-null genotype exposed to uremic serum led to the
upregulation of monocyte chemoattractant protein-1
(MCP-1), intracellular and vascular cell adhesion molecules
(ICAM-1 and VCAM-1). Very interesting was the ﬁnding
on the increased levels of serum ICAM-1 and VCAM-1
(sICAM-1 and sVCAM-1) in ESRD patients lacking
GSTM1, in comparison with patients with the GSTM1-active
genotype. A novel function of endothelial GSTM1 in the regulation of monocyte migration and adhesion, through its
role in the upregulation of MCP-1, might be relevant as a
potential therapy target.
In summary, this special issue is compatible and consistent with the research topic requirements, delineated in the
aim and description proposed for this special issue:
(i) to perform translational studies focused on speciﬁc
external exposures (viruses COVID-19 and HCV),
by using human blood samples

(ii) to create in vivo experimental animal models for the
examination of the role of free radical-induced
chronic diseases in relation to proteome and lipidome signature (NAFLD)
(iii) to perform in vitro cell culture models to explore a
role of free radicals in chronic diseases (HUVEC)
(iv) to identify and characterize potential cell signaling
pathways sensing speciﬁc external exposures and
body-related internal exposome in chronic disease
and tumor development (ccRCC and cardiometabolic syndrome)
(v) to identify and characterize the novel regulatory
pathways connecting redox-sensitive signaling
enzymes to cell transcriptome and proteome and
small interfering RNA silencing connection with
redox enzymes (GSTM1-null genotype)
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Introduction. Risk stratiﬁcation is an important aspect of COVID-19 management, especially in patients admitted to ICU as it can
provide more useful consumption of health resources, as well as prioritize critical care services in situations of overwhelming
number of patients. Materials and Methods. A multivariable predictive model for mortality was developed using data solely
from a derivation cohort of 160 COVID-19 patients with moderate to severe ARDS admitted to ICU. The regression coeﬃcients
from the ﬁnal multivariate model of the derivation study were used to assign points for the risk model, consisted of all
signiﬁcant variables from the multivariate analysis and age as a known risk factor for COVID-19 patient mortality. The newly
developed AIDA score was arrived at by assigning 5 points for serum albumin and 1 point for IL-6, D dimer, and age. The score
was further validated on a cohort of 304 patients admitted to ICU due to the severe form of COVID-19. Results. The study
population included 160 COVID-19 patients admitted to ICU in the derivation and 304 in the validation cohort. The mean
patient age was 66.7 years (range, 20–93 years), with 68.1% men and 31.9% women. Most patients (76.8%) had comorbidities
with hypertension (67.7%), diabetes (31.7), and coronary artery disease (19.3) as the most frequent. A total of 316 patients
(68.3%) were treated with mechanical ventilation. Ninety-six (60.0%) in the derivation cohort and 221 (72.7%) patients in the
validation cohort had a lethal outcome. The population was divided into the following risk categories for mortality based on the
risk model score: low risk (score 0–1) and at-risk (score > 1). In addition, patients were considered at high risk with a risk score
> 2. By applying the risk model to the validation cohort (n = 304), the positive predictive value was 78.8% (95% CI 75.5% to
81.8%); the negative predictive value was 46.6% (95% CI 37.3% to 56.2%); the sensitivity was 82.4% (95% CI 76.7% to 87.1%),
and the speciﬁcity was 41.0% (95% CI 30.3% to 52.3%). The C statistic was 0.863 (95% CI 0.805-0.921) and 0.665 (95% CI
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0.598-0.732) in the derivation and validation cohorts, respectively, indicating a high discriminative value of the proposed score.
Conclusion. In the present study, AIDA score showed a valuable signiﬁcance in estimating the mortality risk in patients with the
severe form of COVID-19 disease at admission to ICU. Further external validation on a larger group of patients is needed to
provide more insights into the utility of this score in everyday practice.

1. Introduction
COVID-19 infection represents a highly contagious infective
disease with a wide array of clinical presentations and a massive burden for the health systems worldwide [1–4]. Symptoms at disease onset are relatively mild, and a signiﬁcant
group of patients does not show apparent symptoms before
the development of respiratory failure, which makes it more
diﬃcult to identify patients at risk [5–7]. Diﬀerent prediction
models were developed based on various demographic, radiographic, and laboratory parameters but only a few of them
focusing on clinical risk, ICU care, and in-hospital mortality
[8–10]. Patients with the severe form of the disease were more
likely to be older, associated with multiple comorbidities,
severe lung involvement, and immune response [11, 12].
Risk stratiﬁcation is a very important part of the management of COVID-19 mostly due to the need to prioritize
critical care services in situations of an overwhelming number of patients. A proper risk stratiﬁcation could provide
more useful consumption of health resources, as well as to
reorient more attention to the patients most likely to develop
a severe form of the disease [13–15]. In certain studies, it is
shown that predictive models using laboratory parameters
had stronger discriminatory power compared to the clinical
models [16]. Careful monitoring of laboratory and clinical
parameters followed by a purposeful risk stratiﬁcation of
patients admitted to ICU could allow a forehand reaction in
case of disease progression, reducing further deterioration
and overall mortality.
In this multicenter study, we aimed to develop and
validate a multivariable predictive model for mortality of
COVID-19 patients admitted to ICU.

2. Materials and Methods
The AIDA score was developed according to the results and
methodology of the previous study by Popadic et al. [17],
combining all signiﬁcant variables from the multivariate
logistic regression analysis including serum albumin, interleukin-6, and D-dimer, accompanied by age.
2.1. Study Population and Risk Factors. The derivation group
consisted of 160 COVID-19 patients with moderate to severe
ARDS admitted to the Respiratory Intensive Care Unit
between June 23, 2020, and October 2, 2020, in University
Clinical Hospital Center Bezanijska kosa, Belgrade, Serbia,
while further analysis and validation were performed on
additional consecutive 318 patients admitted to ICU between
October 2, 2020, and January 14, 2021, in University Clinical
Hospital Center Bezanijska kosa, Belgrade, Serbia (160
patients), and University Clinical Hospital Center Zvezdara,
Belgrade, Serbia (158 patients). The patients in both groups
were treated by the National Protocol of the Republic of

Serbia for the treatment of COVID-19 infection, as explained
in Materials and Methods of the development study by
Popadic et al. [17].
The Institutional Review Boards of the University Clinical
Hospital Center Bezanijska kosa and University Clinical Hospital Center Zvezdara approved the conducting of the study.
2.2. Predictive Model Development. The predictive model was
developed using data completely from a development cohort,
which consisted of 160 patients. Patient characteristics were
ﬁrst assessed by univariate logistic regression analysis, following with the ﬁnal model being developed using a stepwise
multivariate logistic regression analysis. The characteristics
pool for stepwise-regression modeling was deﬁned based on
characteristics known relevance or correlation with increased
mortality risk (p value < 0.10 in univariate analysis). The variance inﬂation factor (VIF) was used to examine covariates
for colinearity. The risk prediction score was developed using
coeﬃcients from the ﬁnal regression multivariate model with
the addition of age from univariate analysis. Missing data was
rare (<5%) among characteristics considered for the ﬁnal
model development, and no imputations were performed.
Patients who had their data missing for an outcome (14
patients in total) were excluded from the analysis. Wilson
procedure, including continuity correction, was used to
evaluate diﬀerences between characteristics frequency in the
development and validation cohorts, shown with a 95% conﬁdence intervals (CI). Patients were divided into 2 risk
groups according to the risk score once the ﬁnal model had
been deﬁned.
2.3. Model Validation. The validation cohort (304 patients)
was used to assess the ﬁnal model. Deﬁnitions, measurements, and outcomes used in the validation study were the
same as the ones used in the development study. Model discrimination performance was tested by means of sensitivity,
speciﬁcity, positive, and negative predictive values. C statistic, representing the area under the receiver operating
characteristic curve, was used for overall assessment of the
predictive model. Larger values of C statistics indicated
improved discrimination. For the statistical analysis, the
SPSS version 25 statistical software (Chicago, USA) was used.

3. Results
3.1. Patient Characteristics. The study population included
160 COVID-19 patients admitted to ICU in the derivation
and 304 in the validation cohort. The two cohorts were well
balanced concerning the most assessed patient characteristics
(Table 1). The mean patient age was 66.7 years (range, 20–93
years), with 68.1% men and 31.9% women. Most patients
(76.8%) had comorbidities with hypertension (67.7%), diabetes (31.7), and coronary artery disease (19.3) as the most
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Table 1: Characteristics of patients in both development and validation cohorts.
Development cohort
(n = 160)

Validation cohort
(n = 304)

Gender, n (%)
Male
Female
Age, mean ± sd

110 (68.8)
50 (31.3)
65:6 ± 14:0

206 (67.8)
98 (32.2)
67:2 ± 12:6

CT score, mean ± sd

19:0 ± 4:9

17:6 ± 6:0

Mechanic ventilation, n (%)
Comorbidities, n (%)
Hypertension
Diabetes
Obesity
HOBP
Asthma
Coronary disease
Cardiomyopathy
Total number of patients with comorbidities, n (%)
Total number of patients with 2+ comorbidities, n (%)
Tocilizumab, n (%)

107 (66.9)
109 (69.4)
52 (33.1)
14 (8.9)
8 (5.1)
6 (3.8)
28 (17.8)
14 (8.9)
120 (75.9)
72 (45.6)
38 (23.8)

Patient characteristics

frequent. Obesity was present in 16.5% of patients and was
more prevalent in the validation cohort. A total of 316
patients (68.3%) were treated with mechanical ventilation,
and 89 (19.2%) received Tocilizumab. Ninety-six (60.0%) in
the derivation cohort and 221 (72.7%) patients in the validation cohort had a lethal outcome.
3.2. Risk Assessment Model. In the derivation cohort, the
following variables were associated with the mortality of
patients admitted to ICU due to COVID-19-related pneumonia in univariate logistic regression analysis: age (RR = 3:495,
95% CI 1.801–6.779), albumin (RR = 22:286, 95% CI 9.319–
53.294), D-dimer (RR = 2:111, 95% CI 1.091–4.085), IL-6 at
admission to ICU (RR = 6:100, 95% CI 2.857–13.023), and
CT score (RR = 2:362, 95% CI 1.120–4.980). In the
multivariate analysis, serum albumin (RR = 25:740, 95% CI
7.491–88.443), IL-6 (RR = 6:245, 95% CI 1.937–20.129), and
D-dimer at admission to ICU (RR = 4:574, 95% CI 1.375–
15.212) were independently associated with mortality [17].
Subsequently, the regression coeﬃcients from the ﬁnal multivariate model were used to assign points for the risk model.
The newly developed AIDA score included all signiﬁcant
patient characteristics from the multivariate analysis and age
as a known risk factor for COVID-19 patient mortality. The
AIDA score was arrived at by assigning 5 points for serum
albumin and 1 point for IL-6, D dimer, and age (Table 2).
Finally, based on the risk prediction score, the population consisted of the following division risk categories for mortality:
low risk (score 0–1) and at risk (score > 1). In addition,
patients were considered at high risk with a risk score > 2.
3.3. Accuracy and Validation of AIDA Risk Model. In the
development cohort, for patients classiﬁed as at risk
(score > 1), the AIDA risk model produced a positive predic-

Diﬀerence

95% CI for the
diﬀerence

-0.010

-0.100 to 0.080

-1.559

-4.067 to 0.949

1.394

0.009 to 2.778

209 (69.0)

-0.021

-0.111 to 0.069

203 (66.8)
94 (31.0)
62 (20.4)
13 (4.3)
14 (4.6)
61 (20.1)
24 (7.9)
235 (77.3)
137 (45.1)
51 (16.8)

0.027
0.021
-0.115
0.008
-0.008
-0.022
0.010
-0.014
0.005
0.070

-0.064 to 0.117
-0.069 to 0.111
-0.168 to -0.044
-0.032 to 0.049
-0.047 to 0.032
-0.099 to 0.054
-0.043 to 0.063
-0.095 to 0.068
-0.091 to 0.101
-0.006 to 0.145

tive value (probability of a lethal outcome in patient designated at risk) of 73.8% (95% CI 68.9% to 78.2%) and a
negative predictive value (probability of recovering in
patients designated low risk) of 91.2% (95% CI 76.7% to
97.0%). The sensitivity (probability of being classiﬁed as at
risk in patients with the lethal outcome) was 96.9% (95% CI
91.1% to 99.4%), and the speciﬁcity (probability of being classiﬁed as low risk in patients recovered) was 48.4% (95% CI
35.8% to 61.3%). A high-risk AIDA score > 2 had a positive
predictive value (probability of a lethal outcome in patient
designated at high risk) of 81.2% (95% CI 74.6% to 86.4%)
and a negative predictive value (probability of recovering in
patients designated as not being at high risk) of 76.3% (95%
CI 65.9% to 84.3%). The sensitivity (probability of being classiﬁed as at high risk in patients with the lethal outcome) was
85.4% (95% CI 76.7% to 91.8%), and the speciﬁcity (probability of being classiﬁed as not at high risk in patients recovered)
was 70.3% (95% CI 57.6% to 81.1%).
The AIDA risk model was then tested for accuracy in the
validation cohort (n = 304), where the positive predictive
value was 78.8% (95% CI 75.5% to 81.8%); the negative predictive value was 46.6% (95% CI 37.3% to 56.2%); the sensitivity was 82.4% (95% CI 76.7% to 87.1%), and the
speciﬁcity was 41.0% (95% CI 30.3% to 52.3%). The C statistic was 0.863 (95% CI 0.805-0.921) and 0.665 (95% CI 0.5980.732) in the development (Figure 1) and validation cohorts
(Figure 2), respectively. Both cohorts were similar according
to AIDA score accuracy, as well as the frequency of patients
classiﬁed into each risk category.

4. Discussion
The clinical setting of COVID-19 infection could be diverse,
aﬀecting multiple organs and provoking various symptoms
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Table 2: Predictive model for mortality in patientss admitted to
ICU due to COVID-19-related pneumonia.
Variable

Assigned score

Albumin, serum < 33 g/L
IL6 > 72 pg/mL
D dimer > 1000 ng/mL
Age ≥ 65 years

5
1
1
1

1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0

0.0

0.2

0.4
0.6
1-specificity

0.8

1.0

Figure 1: ROC curve in development cohort.
1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0

0.0

0.2

0.4
0.6
1-specificity

0.8

1.0

Figure 2: ROC curve in validation cohort.

and signs, making it more diﬃcult to enable an appropriate
risk stratiﬁcation of these patients [18]. Also, the clinical
course of the disease in terms of diﬀerent pathophysiological
mechanisms and complications, including acute respiratory
distress syndrome, superinfection, shock, acute heart, liver,
and kidney injury, is unpredictable and is leaving a limited
timespan to bring the right treatment decision in a real clinical scenario [19, 20].

In the present study, we reported a process of development and validation of a multivariable predictive model for
mortality of COVID-19 patients demanding high oxygen
ﬂow at admission to ICU.
In order to develop a simple but highly predictable risk
score, we have started by identifying credible predictors of
mortality in a group of patients with the worst possible clinical condition, considering respiratory status as the most
important aspect. This is why the derivation group consisted
only of patients with moderate to severe ARDS and on invasive, noninvasive mechanical ventilation and high ﬂow oxygen therapy. The main aim of the following analysis was to
extract only those clinical and laboratory parameters which
are most likely to be linked with the poor clinical outcome.
In the ﬁnal multivariate analysis, serum albumin, interleukin-6, and D-dimer, accompanied by age and CT severity
score as parts of univariate analysis, were marked as independent predictors of mortality. It is important to underline that
these predictors are reﬂecting the three most probable pathophysiological mechanisms of a lethal outcome, infection
with sepsis and shock, procoagulable state provoking micro
and macrothrombosis, and cytokine storm as a potential trigger of multiorgan failure [21]. Diﬀerent risk scores have been
developed to stratify hospitalized COVID-19 patients, with
very few being applicable in patients admitted to ICU. AIDA
score primarily relies on the high sensitivity (being 82.4%
(95% CI 76.7% to 87.1%) in the validation group) and positive predictive value (78.8% (95% CI 75.5% to 81.8%)), as
the most important part of the risk stratiﬁcation in
COVID-19 patients was to identify patients at risk, but not
to eliminate the subgroup of low-risk patients, as that would
be a two-edged sword, considering the unpredictability of the
disease and rapid progression of certain clinical forms. One
of the most important advantages of this score is a quite
respectable sample size in both derivation and validation
groups, encompassing more than 460 patients admitted to
ICU with a severe form of the disease. The validation group
consisted of patients from two diﬀerent hospital centers but
treated according to the same therapy protocol, while the
baseline characteristics between the derivation and validation
group did not diﬀer signiﬁcantly (Table 1). The score is easy
to use, as it includes usual laboratory parameters for every
COVID-19 patient. Also, the signiﬁcance of CT severity score
was already marked as an important part of risk stratiﬁcation,
although it was not statistically analyzed in our study, due to
the lack of data in the external validation group. However, it
can be helpful as an additional factor considering the results
of the univariate logistic regression model where values of CT
severity score above 20 were highly predictable for poor clinical outcome among patients admitted to ICU.
Interleukin-6 values above 72 pg/mL were signiﬁcant for
predicting poor clinical outcomes, which may be helpful in
the decision-making process, as immunomodulatory therapy
should be administrated earlier in the clinical course.
According to the results, the interleukin-6 receptor antagonists might be eﬀective in patients with elevated values of
interleukin-6 (but below 72 pg/mL), and before the clinical
deterioration in terms of respiratory failure and need for
mechanical ventilation, as positive results in terms of lower
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mortality rate among this subset of patients are still to be
demonstrated [22]. As presented in our derivation study,
the mortality rates did not diﬀer between the groups that
received and did not receive Tocilizumab in ICU, although
the baseline characteristics were not signiﬁcantly diﬀerent.
It is of great importance to note that a low value of serum
albumin, below 33 g/L, is already highly signiﬁcant as a predictor of mortality and is a suﬃcient parameter to stratify
patients into a high-risk group. Following the worsening of
the patient’s condition, the values of interleukin-6 and Ddimer were usually already elevated above their signiﬁcant
values, while the value of serum albumin was preserved a certain amount of time before further clinical worsening. In
patients with a severe form of COVID-19, hypoalbuminemia
should be considered the most pertinent marker of an
advanced clinical condition and is usually followed by the
further rising of proinﬂammatory parameters and D-dimer,
indicating a coupling of progressed shock and an increased
procoagulable state [23]. This is meaningful as it can point
out that various important regulatory mechanisms are
already expended, initiating an irreversible condition refractory to a wide specter of diﬀerent therapeutic modalities
[24]. The potential therapeutical beneﬁt of albumins in
patients with COVID-19 is yet to be established [25].
The main limitation of the study is a lack of a more comprehensive external validation in a condition of diﬀerent
therapy protocols being used. It is still unknown if diﬀerent
therapeutic modalities in the earlier phase of the disease
can signiﬁcantly aﬀect the credibility of the score, although
this score is primarily intended for the risk stratiﬁcation of
patients admitted to ICU. The score could be developed further by implementing diﬀerent ICU scoring systems to
encompass a wider image of the patient’s current condition.

5. Conclusion
Risk stratiﬁcation of patients with COVID-19 is an important aspect of everyday practice, having in mind the unpredictability of clinical course and possible complications of
the disease. AIDA score could be a reliable tool capable of
identifying patients with a higher risk of poor clinical outcomes at admission to the ICU, providing more space to
deliver an appropriate therapy on time. Further validation
on a larger group of patients will provide more insights into
the utility and deﬁnitive clinical signiﬁcance of this score.
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Nonalcoholic fatty liver disease (NAFLD) is a dysmetabolic hepatic damage of increasing severity: simple fat accumulation
(steatosis), nonalcoholic steatohepatitis (NASH), and hepatic ﬁbrosis. Oxidative stress is considered an important factor in
producing hepatocyte injury associated with NAFLD progression. Studies also suggest a link between the accumulation of
speciﬁc hepatic lipid species, mitochondrial dysfunction, and the progression of NAFLD. However, it is unclear whether
mitochondrial lipid modiﬁcations are involved in NAFLD progression. To gain insight into the relationship between
mitochondrial lipids and disease progression through diﬀerent stages of NAFLD, we performed lipidomic analyses on mouse
livers at diﬀerent stages of western diet-induced NAFLD, with or without hepatic ﬁbrosis. After organelle separation, we studied
separately the mitochondrial and the “nonmitochondrial” hepatic lipidomes. We identiﬁed 719 lipid species from 16 lipid
families. Remarkably, the western diet triggered time-dependent changes in the mitochondrial lipidome, whereas the
“nonmitochondrial” lipidome showed little diﬀerence with levels of hepatic steatosis or the presence of ﬁbrosis. In mitochondria,
the changes in the lipidome preceded hepatic ﬁbrosis. In particular, two critical phospholipids, phosphatidic acid (PA) and
cardiolipin (CL), displayed opposite responses in mitochondria. Decrease in CL and increase in PA were concurrent with an
increase of coenzyme Q. Electron paramagnetic resonance spectroscopy superoxide spin trapping and Cu2+ measurement
showed the progressive increase in oxidative stress in the liver. Overall, these results suggest mitochondrial lipid modiﬁcations
could act as an early event in mitochondrial dysfunction and NAFLD progression.

1. Introduction
Nonalcoholic fatty liver disease (NAFLD) is reaching epidemic proportions, aﬀecting a quarter of the world’s adult
population [1]. NAFLD begins with an accumulation of
cellular fat (steatosis), progresses to hepatocellular injury
with inﬂammation (nonalcoholic steatohepatitis (NASH)),
and culminates in hepatic ﬁbrosis, a cause of liver cirrhosis
and hepatocellular carcinoma [2]. The current mechanistic
view of the progression of simple steatosis into NASH pro-

poses that exceeding the elimination capacity of free fatty
acids in hepatocytes contributes to the formation of lipotoxic species, endoplasmic reticulum (ER) stress, and
maladaptive responses of mitochondria (mitochondrial
dysfunction) [3–5].
As the power house of hepatocytes, mitochondria play a
major role in oxidative metabolism and normal function of
the liver. In the early stages of NAFLD, namely, simple
steatosis, mitochondrial respiration increases to adapt to
the higher substrate availability and increased ATP demand.
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No defects were observed in the respiratory function of liver
mitochondria isolated from ob/ob mice with hepatic steatosis
[6]. The capacity of isolated liver mitochondria to oxidize
fatty acids was even increased in ob/ob mice [6]. Humans
with simple steatosis and insulin resistance show elevated
mitochondrial hepatic fatty acid oxidation and respiratory
function when measured noninvasively by metabolite
labeling in vivo [7, 8] and even ex vivo after isolating mitochondria from liver biopsies [9]. As hepatocytes store more
lipids and reach full storage capacity, free fatty acidmediated toxicity damages mitochondria. In the transition
to NASH, mitochondrial respiration is decreased and reactive oxygen species (ROS) are increased. The adaptation of
hepatic mitochondrial function in humans to simple steatosis
is lost in steatohepatitis [7].
The lipid composition of mitochondrial membranes is
pivotal to maintain mitochondrial structure and function
[10]. The proximity of mitochondrial phospholipids known
as cardiolipins (CLs) to the electron transport chain (ETC)
provides the lipophilic environment necessary for oxidative
phosphorylation [11]. CLs maintain supercomplexes [12]
and regulate the transport of electrons from complex I to
ubiquinone, the oxidized state of coenzyme Q (CoQ) [13].
Notably, in NAFLD, changes in CL [14] and CoQ [15,
16] contribute to the altered activity of respiratory chain
complexes and oxidative stress. Accumulation of hepatic
CL and CoQ in NAFLD patients has been interpreted as
an early adaptive mechanism to preserve mitochondrial
function [17].
Despite all this recent progress, it is still unclear whether
mitochondrial dysfunction is involved in NAFLD progression or whether it is a consequence of cellular stress or ﬁbrosis. Preclinical models for NAFLD are increasingly evaluated
on the basis of “omics” features, rather than on histology
alone [2]. Hepatic mitochondrial lipidome is accessible
[18], and its physiological changes can be assessed [19].
However, the hepatic mitochondrial lipidome alterations
during NAFLD progression are unknown. We hypothesized
that hepatic mitochondria undergo speciﬁc alterations during NAFLD evolution that could be causative of mitochondrial dysfunction. In this respect, we aimed to study the
evolution of liver mitochondrial lipidome and oxidative
stress in a diet-induced NAFLD mouse model.

2. Materials and Methods
2.1. Animals. The local ethics committee approved the care
and use of experimental animals (Pays de la Loire, France,
project
APAFIS#6697,
compliant
with
directive
2010/63/EU). We studied ﬁve-week-old male C57Bl/6J mice
fed ad libitum with either a control chow diet (A04; Safe
Diets, France: 8.4% of energy from fat, no cholesterol) or a
western diet (WD) for 8, 16, or 25 weeks. The WD associated
a high-fat diet (U8958v250, Safe Diets, France: 45% of energy
from fat and 2% cholesterol) with 42 g/L fructose (61252
from Safe Diets) in drinking water. Mice were housed ﬁve
per cage under 12 h : 12 h light : dark conditions. Mice were
euthanatized by exsanguination under isoﬂurane anesthesia.
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2.2. Liver Steatosis and Fibrosis Quantiﬁcation. A slice of the
liver was ﬁxed in 4% paraformaldehyde for 24 h before parafﬁn embedding. Then, 5-micron thick sections were stained
with hematoxylin-eosin-saﬀron (HES) or 0.1% picrosirius
red (area of steatosis and ﬁbrosis) solution. The entire stained
specimen was analyzed by an automatic thresholding technique using an algorithm developed in HIFIH laboratory
(EA 3859, Angers, France) as previously described [20].
2.3. Isolation of Liver Mitochondria. For mitochondria isolation, the diﬀerential centrifugation method was used, as
described previously [21], with minor modiﬁcations. All
steps were on ice or at 4°C. Caudate liver lobes (≈100 mg)
were rinsed, chopped with scissors, and homogenized with
a Dounce tissue grinder in 1.5 mL mitochondria isolation
buﬀer (70 mM sucrose, 210 mM mannitol, 5 mM HEPES,
1 mM EGTA, and 0.2% fatty acid BSA, pH 7.2). The homogenate was spun 8 min at 800 g. The ﬁltered supernatants
(70 μM cell strainer) were spun 8 min at 8.000 g. The resulting pellet was rinsed and spun 5 min at 8000 g. The ﬁnal
pellet represented the mitochondria-enriched fraction. The
ﬁrst pellet was pooled with the supernatants of the last two
centrifugations to make the “nonmitochondrial fraction.”
2.4. Lipidome Analysis
2.4.1. Preparation of Samples. The nonmitochondrial fraction
was evaporated to dryness under a nitrogen stream. The
mitochondrial-enriched and nonmitochondrial pellets were
resuspended in PBS. The samples were diluted at 10 mg
protein/mL.
2.4.2. Nontargeted Lipidomic Analysis by Mass Spectrometry.
The lipids were extracted with a methanol/chloroform
method [18] and MTBE [22] method. For the methanol/chloroform method, 30 μL of “extracted solution” was mixed
consecutively with 200 μL of methanol, 400 μL of dichloromethane, and 120 μL of water. After 10 minutes of incubation at room temperature (RT), the mix was spun 10 min at
8000 g at 10°C, and 370 μL of the lower phase was sampled.
For MTBE, 50 μL of “extracted solution” was successively
mixed with 450 μL of ice-cold methyl-tert-butyl-ether
(MTBE, Biosolve, Netherlands), 1500 μL of ice-cold methanol (Biosolve, Netherlands), and 375 μL of water. The mixes
were centrifuged 10 min at 10,000 g at 4°C, and 800 μL of
the supernatant was sampled. For the two methods, the
samples were dried under a nitrogen stream. Samples were
ﬁnally resuspended in 150 μL acetonitrile/isopropanol/water
(65/30/5, v/v/v) for liquid chromatography–high-resolution
mass spectrometry (LC-HRMS). A quality control (QC)
was prepared by pooling 20 μL of each. Samples and QC were
loaded in the analytical system consisting of a SYNAPT G2
HRMS Q-TOF mass spectrometer, equipped with an electrospray ionization (ESI) interface operating in positive and
negative mode, and a AQUITY UPLC H-Class System
(Waters Corporation, Milford, MA, USA). Five microliters
of each sample was randomly injected onto a reverse-phase
CSH C18 (2:1 × 100 mm; 1.7 μM) column (Waters Corporation) as described previously [23]. The data was acquired and
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normalized using MassLynx and MarkerLynx software,
respectively (version 4.1, Waters Corporation).
2.4.3. Apolipoprotein E (ApoE) Measurements. ApoE was
measured by liquid chromatography–tandem mass spectrometry (LC–MS/MS) as described previously [24].
2.4.4. Targeted Lipidomic Analysis. Data points with zero
values or with a coeﬃcient of variation for QC ≥ 30% were
excluded from the analysis. Lipid markers were extracted
from variables using both LipidMaps (http://www
.lipidmaps.org) and an in-house database containing reference lipid standards. All lipid markers were checked for their
exact mass-to-charge ratio (m/z), their elemental compositions with a mass error of ±5 ppm, their retention time
(±30 s), and their fragmentation patterns obtained by tandem
mass spectrometry (Supplementary Table S1).
2.5. Total RNA Extraction and RT-qPCR. Pieces of the liver
(≈50 mg) were homogenized in 750 μL of NucleoZOL
(Macherey-Nagel, Germany) and spun 5 min at 12,000 g.
The supernatant was mixed with 300 μL of RNase-free
H2O, incubated 15 min, and spun 15 min at 12,000 g. For
phase separation, 3.75 μL of 4-bromoanisole was added to
800 μL of the supernatant and incubated 5 min. After spinning 10 min at 12,000 g, the supernatant was mixed with
isopropanol (1 : 1, v/v), incubated 10 min, and spun 10 min
at 12,000 g. The ﬁnal pellet was washed twice with 750 μL
of 75% ethanol and spun 3 min at 10,000 g. The RNA pellet
was dried and resuspended in water.
Following reverse transcription (High-Capacity cDNA
Reverse Transcription Kit, Applied Biosystems, CA, USA),
we performed real-time quantitative PCR (qPCR) with
PowerUp SYBR Green Master Mix (Applied Biosystems, CA,
USA) on a 7900 HT Fast Real-Time PCR system (Applied Biosystems, CA, USA). The primer sequences are listed in Supplementary Table S2. The mRNA expression levels are presented
as the ratio of the gene of interest and a housekeeping gene
(glyceraldehyde-3-phosphate dehydrogenase (GAPDH)).
2.6. Electron Paramagnetic Resonance (EPR). Pieces of the
same liver lobe were used for Cu2+, O2-, and semiquinone
radical detection on a MiniScope MS 5000 spectrometer
(Freiberg Instruments, Germany).
For Cu2+ measurements, a pale yellow-brown opalescent
colloid Fe-(DETC)2 was obtained by separately dissolving
15 mM of Na-DETC (Sigma-Aldrich) and 8 mM of FeSO47H20 (Sigma-Aldrich) in ice-cold Krebs-HEPES buﬀer under
nitrogen gas bubbling and mixing the two solutions immediately. The tissue was incubated for 45 min at 37°C in colloid
Fe-(DETC)2 solution as a spin trap. Then, the samples were
frozen in liquid nitrogen before spectrometry (microwave
power: 10 mW, amplitude modulation: 1 mT, modulation
frequency: 100 kHz, sweep time: 150 s, 3 scans). The spectra
were used to detect the peak corresponding to the oxidized
Copper (Cu2+) linked to DETC [25].
We measured O2- levels in tissues as described previously
[26]. The tissue was incubated for 45 min at 37°C in a KrebsHEPES solution containing 1-hydroxy-3-methoxycarbonyl2,2,5,5-tetramethylpyrrolidine (CMH, 500 mM, Noxygen;
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Denzlingen, Germany) as spin probe, deferoxamine
(25 mM, Sigma-Aldrich), and diethyldithiocarbamate
(DETC, 5 mM, Sigma-Aldrich). The sample was analyzed in
liquid nitrogen (microwave power: 10 mW, amplitude modulation: 0.4 mT, modulation frequency: 100 kHz, sweep time:
60 s, 3 scans).
For semiquinone radical detection, the tissue was frozen
and analyzed in liquid nitrogen (microwave power: 10 mW,
amplitude modulation: 0.7 mT, modulation frequency:
100 kHz, sweep time: 180 s, 3 scans) [27].
Signals were quantiﬁed from the amplitude peaks of the
spectra after baseline correction (ESR Studio software,
Freiberg Instruments, Germany). All values were expressed
in arbitrary units (a.u.)/CL (a.u.).
2.7. Statistical Analysis. First, the unsupervised analyses,
principal component analysis (PCA), were performed to
assess the separation of the experiment. Then, the supervised
partial least square regression analyses (PLS-DA) were performed to maximize the discrimination of the groups.
All multivariate analyses were computed under R version
3.6.0 (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org),
with Factominer and pls packages for multivariate analysis.
For quantitative data depending on diet group and duration of diet, we used a two-way analysis of variance
(ANOVA) test with a subsequent Bonferroni post hoc test,
and when the equal variance test failed, a two-way ANOVA
on rank test with the subsequent Tukey post hoc test was
used. All statistical analyses were realized with GraphPad
Prism 6 and SigmaStat 4.0 software. N represents the number
of mice used for each time point and condition; ∗ p < 0:05 was
considered statistically signiﬁcant.

3. Results
3.1. Metabolic Phenotyping of Mice on the Western Diet. Mice
with WD developed obesity, increased liver weight normalized to body weight, hepatic steatosis, ASAT, ALAT, and liver
ﬁbrosis. Notably, ﬁbrosis was delayed, appearing at week 25
only as opposed to steatosis that was present from week 8
(Figures 1(a)–1(f)). mRNA expression of the key transcription factor for lipid synthesis, Sterol Regulatory ElementBinding Transcription Factor 1 (Srebf1), was increased, while
that of the nuclear receptor peroxisome proliferatoractivated receptor α (Pparα) was decreased. There was also
an increase of mRNA levels of inﬂammatory pathway genes
toll-like receptor 9 (Tlr9) and tumor necrosis factor (Tnf-α)
with steatosis (Figure 1(g)).
CL 72 : 8 and 70 : 7, used as references for the CL family, were more extracted using MTBE method than the
methanol/chloroform method (Supplementary Figure 1a).
Thus, we used the MTBE method. We veriﬁed that the
diet type or duration did not aﬀect the isolation process.
Based on CL retrieval, the mitochondrial fraction
contained over 70% of the total mitochondria. Based on
ApoE content, cytosolic contamination was below 5%
(Supplementary Figure 1b).
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Figure 1: Course of metabolic phenotype under the western diet regimen. CD: control diet; WD: western diet. (a) Body weight. (b) Liver
weight. (c) Hepatic steatosis. (d) Hepatic ﬁbrosis. (e) ALAT. (f) ASAT. (g) mRNA expression of genes involved in lipid metabolism
(Srebf1, Pparα) and inﬂammation (Tlr9, Tnf-α), from left to right. Data are expressed as mean + / − SEM; 2-way ANOVA with a
subsequent Bonferroni post hoc test or 2-way ANOVA with rank with Tukey post hoc test; ∗ p < 0:05, ∗∗ p < 0:01, and ∗∗∗ p < 0:001 versus
control diet; $$$p < 0:001 versus weeks of diet. n = 9 – 10 mice per time point and condition.

3.2. NAFLD Alters the Hepatic Mitochondrial Lipidome. The
complete raw MS results and the corresponding identiﬁed
lipid species are presented in Supplementary Table 1. We
identiﬁed 719 lipids from 16 diﬀerent lipid families in the
liver samples (Figure 2(a)). Five families (phosphatidic acid
(PA), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), diacylglycerol (DAG), and triacylglycerol (TAG))
represented over 80% of the number of detected lipid
species. For all fractions, over 90% of the lipid species were
detected in the positive mode.

The PCA discriminated the CD and WD groups and
showed an evolution over time for the mitochondriaenriched fractions in the WD condition (Supplementary
Figure 2). The PLS-DA (a supervised method, contrary to
the PCA) discriminated the CD and WD groups both for
the mitochondrial and nonmitochondrial fractions
(Figure 2(b)). Notably, for the mitochondrial fraction, PLSDA showed an evolution over time only for the WD
condition (Figure 2(b)), in the positive mode. This pattern
was not seen in the nonmitochondrial fraction
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Figure 2: The western diet triggers time-dependent changes in the hepatic mitochondrial lipidome. (a) Venn diagram of the 719 lipid
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Figure 3: NAFLD alters mitochondrial lipid species. LC-HRMS semiquantiﬁcation analysis of lipids extracted from the mitochondriaenriched fraction of the liver. After identiﬁcation of the individual lipid signatures, lipids were grouped in families by adding the
individual peak areas. The number of lipid species is indicated between brackets. Peak area values are arbitrary. CL: cardiolipins; PE:
phosphatidylethanolamine; PC: phosphatidylcholine; SM: sphingomyelin; PS: phosphatidylserine; PA: phosphatidic acid; LPE:
lysophosphoethanolamine; LPC: lysophosphatidylcholine; CER: ceramide; PI: phosphatidylinositol; FA: fatty acids; DAG: diacylglycerol;
TAG: triacylglycerol. (a, b) Data are expressed as mean + / − SEM; 2-way ANOVA with subsequent Bonferroni or 2-way ANOVA with
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3.4. Liver Steatosis Increases Hepatic Oxidative Stress. To
investigate whether the alteration of mitochondrial lipids
was associated with oxidative stress, we analyzed ROS levels
by EPR in the whole liver. Free Cu2+ and O2- levels were similar at week 8 between groups. Cu2+ (Figure 4(a)) and O2(Figure 4(b)) increased in the WD group at weeks 16 and
25 compared to the controls. For O2-, there was an increase
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3.3. NAFLD Speciﬁcally Decreases Mitochondrial Cardiolipin.
We performed a semiquantiﬁcation of the lipid families to
determine the evolution of mitochondrial lipids under WD
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at all time points while ceramides (CER) were increased at all
time points. In contrast, phosphatidylinositol (PI) was
unchanged by WD over time.
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(Figure 2(b)), indicating that WD speciﬁcally aﬀected the
mitochondrial lipidome over time.
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the liver. EPR was applied to a piece of the liver for the detection
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over time in mice under CD that quadrupled between week 8
and week 25. The increase in O2- was signiﬁcantly higher in
mice with WD.
3.5. Liver Steatosis Increases Semiquinone and Ubiquinone
Levels in Mitochondria. To determine the consequences of
steatosis on mitochondrial function, we performed a semiquantiﬁcation of semiquinone by EPR and ubiquinone by
LC-HRMS (Figure 5). Semiquinone is the intermediate molecule between the fully oxidized (ubiquinone) and the fully
reduced states (ubiquinol) of coenzyme Q and participates
to modulate ROS production during the electron traﬃc from
complexes I and II to complex III of the ETC [28]. EPR analysis showed a signiﬁcant increase after 25 weeks of WD for
semiquinone (Figure 5(a)). In contrast to its intermediate
form, ubiquinone sharply increased already from week 8 of
WD (Figure 5(b)).

4. Discussion
We used a murine dietary model of NAFLD to demonstrate
for the ﬁrst time the presence of a speciﬁc evolution of the
hepatic mitochondrial lipidome during NAFLD progression.
The most notable modiﬁcations are a progressive decrease in
CL, PE, and PC and a progressive increase in PA and CoQ
(ubiquinone and semiquinone). These alterations accompany steatosis and oxidative stress but precede hepatic
ﬁbrosis.
WD induces steatosis in the short time of eight weeks
[29]. The C57BL/6 mouse strain is prompt to develop hepatic
steatosis [30]. However, further stages of NAFLD are not
triggered with a high-fat diet (HFD) and fructose supplementation in drinking water is necessary [31]. Our nontargeted
LC-HRMS proﬁling method with the Q-TOF mass spectrometer identiﬁed 719 species from 16 diﬀerent lipid families. Previous lipidomic studies using LTQ-Orbitrap for

mass spectrometry in liver mitochondria identiﬁed 217
species in mice fed 2 weeks [19] and 381 species in rats fed
8 weeks [18].
Mitochondrial membranes are composed of 80% of PE
and PC, as well as 10-15% of CL, a component exclusive to
mitochondria. Mice fed a WD for 6 to 24 weeks (45% fat and
fructose in drinking water) showed an alteration of the mitochondrial lipidome with monounsaturated fatty acids [32].
Dietary-induced obesity studies in mice show changes in
hepatic lipid composition, with an increase of TAG, FA, and
LPC and a decrease in PE [33]. CER are typically increased
and have been linked to the pathogenicity of NAFLD in association with inﬂammation [34]. DAG [35], CER [36, 37], and
LPC [38, 39] are candidate lipotoxic species in NAFLD.
We showed that the increase of ROS was associated with
lipidome alteration. The increase of ROS in NAFLD is
involved in ﬁbrosis development [15]. Interestingly, free copper was increased as well. Copper in the oxidized (Cu2+) state
assists oxidative tissue injury through a free radical-mediated
pathway [40]. In this context, Cu2+ may also participate in
CL decrease by catalyzing its fragmentation as was demonstrated in the Atp7b-/- mouse model of Wilson’s disease
[41]. ROS would be aggravating the mitochondrial dysfunction itself by damaging lipids and complexes of the respiratory chain [42]. Here, a vicious circle developing between
the ROS and mitochondrial lipidome changes is possible.
Alteration of the oxidative phosphorylation process is a key
factor in pathological ROS production [28]. The modiﬁcation of mitochondrial lipidome, furthermore, among several
factors involved in increasing steatosis, was highlighted as a
factor for the alteration of mitochondrial structure and
complex I of the respiratory chain [32].
Phospholipids such as PE and CL have a speciﬁc role in
the assembly and activity of respiratory chain complexes,
especially complexes III and IV, and supercomplex formation [43]. The modiﬁcation of membrane lipids leads to a
deﬁciency of respiratory complex proteins causing oxidative
stress, mitochondrial damage, and insulin resistance [44].
In the context of steatosis progression, we found a signiﬁcant
increase in oxidative stress, associated with a decrease of CL
and PE. A possibility is that the alteration of phospholipid
nature, in particular CL, could be due to an overproduction
of ROS. This is suggested by studies on mitochondrial dysfunction in NAFLD that showed complex I and III alterations
[45] and fat accumulation [46]. We also observed that the
decrease of CL is associated with an increase in ubiquinone,
which could reﬂect an alteration of the respiratory chain.
The close association between CL and ubiquinone has been
previously shown to facilitate the eﬃciency of the electron
transporter chain [13]. In a study on NAFLD in humans,
an increase of CL and ubiquinone was interpreted as a compensatory mechanism [17], and our results suggest that the
relationship may be more complex, depending on the stage
of disease.

5. Conclusions
Our results show that a speciﬁc evolution of the hepatic mitochondrial lipidome typiﬁes NAFLD natural history. Changes
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such as cardiolipin and CoQ antioxidant function impairment precede ﬁbrosis, raising the possibility of a causal
relationship with NAFLD progression. This speciﬁc lipid signature allows the identiﬁcation of new lipid candidates in the
genesis of NAFLD mitochondrial dysfunction. It could pave
the way for association studies with oxidative stress or even
therapeutic interventions to delay mitochondrial dysfunction. Exploration of speciﬁc mitochondrial composition
alterations may oﬀer new intervention points to treat
NAFLD.
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Introduction. Mortality among critically ill COVID-19 patients remains relatively high despite diﬀerent potential therapeutic
modalities being introduced recently. The treatment of critically ill patients is a challenging task, without identiﬁed credible
predictors of mortality. Methods. We performed an analysis of 160 consecutive patients with conﬁrmed COVID-19 infection
admitted to the Respiratory Intensive Care Unit between June 23, 2020, and October 2, 2020, in University Hospital Center
Bezanijska kosa, Belgrade, Serbia. Patients on invasive, noninvasive ventilation and high ﬂow oxygen therapy with moderate to
severe ARDS, according to the Berlin deﬁnition of ARDS, were selected for the study. Demographic data, past medical history,
laboratory values, and CT severity score were analyzed to identify predictors of mortality. Univariate and multivariate logistic
regression models were used to assess potential predictors of mortality in critically ill COVID-19 patients. Results. The mean
patient age was 65.6 years (range, 29–92 years), predominantly men, 68.8%. 107 (66.9%) patients were on invasive mechanical
ventilation, 31 (19.3%) on noninvasive, and 22 (13.8%) on high ﬂow oxygen therapy machine. The median total number of ICU
days was 10 (25th to 75th percentile: 6–18), while the median total number of hospital stay was 18 (25th to 75th percentile: 12–
28). The mortality rate was 60% (96/160). Univariate logistic regression analysis conﬁrmed the signiﬁcance of age, CRP, and
lymphocytes at admission to hospital, serum albumin, D-dimer, and IL-6 at admission to ICU, and CT score. Serum albumin,
D-dimer, and IL-6 at admission to ICU were independently associated with mortality in the ﬁnal multivariate analysis.
Conclusion. In the present study of 160 consecutive critically ill COVID-19 patients with moderate to severe ARDS, IL-6, serum
albumin, and D-dimer at admission to ICU, accompanied by chest CT severity score, were marked as independent predictors of
mortality.
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1. Introduction
COVID-19 infection is a pandemic disease that to this date
aﬀected more than 70 million people over the world with
more than 1.6 million registered death cases [1]. Numerous
studies over the last few months have shown a wide specter
of clinical presentation of infection with SARS-CoV-2 virus.
It is usually presented as bilateral pneumonia, but with multiple extrapulmonary manifestations that can lead to severe
complications and death [2–5]. Rapid worsening of clinical
status is a result of a combination of severe viral illness,
increased demand on the heart, systemic inﬂammatory
response, compounded by low oxygen levels due to pneumonia, and increased propensity for blood clot formation. Supportive oxygenation therapy, as well as mechanical
ventilation, is still a key management strategy in treating
patients. Although the overall intrahospital mortality is
decreasing lately, the mortality rate of patients admitted to
the Intensive Care Unit (ICU) remains relatively high [6].
Deﬁnitive predictors of poor clinical outcomes are still uncertain, mainly due to the unpredictability of the disease and
multiple underlying pathophysiological mechanisms that
can aﬀect patient’s condition and further prognosis [7–9]. It
is shown so far that advanced age, male sex, the presence of
comorbidities including hypertension, diabetes mellitus,
malignancies, and cardiovascular and cerebrovascular diseases are associated with higher mortality rate [10–12]. Identifying credible predictors of mortality, especially in critically
ill patients, is a challenging task considering the variety of different critical conditions, including acute respiratory distress
syndrome, secondary infection, shock, acute heart, and kidney injury. Predictors of mortality among laboratory parameters are important as they can reﬂect possible mechanisms
of disease progression and give important information on
potentially useful therapeutic modalities [13].
In the present study, we analyzed patients admitted to
ICU to evaluate potential independent predictors of mortality in critically ill COVID-19 patients with moderate to
severe acute respiratory distress syndrome (ARDS).

2. Methods
In this single-center study, we included 160 consecutive
patients with conﬁrmed COVID-19 infection admitted to
the Respiratory Intensive Care Unit of University Hospital
Center Bezanijska kosa, Belgrade, Serbia, between June 23,
2020, and October 2, 2020. University Hospital Center Bezanijska kosa is a reference COVID-19 high-volume center,
treating more than 1000 COVID-19 patients per month
overall and more than 100 patients in ICU. Infection with
SARS-CoV-2 virus was conﬁrmed by real-time PCR assay
from a nasopharyngeal swab sample. Chest X-ray was performed at hospital admission and onwards in terms of control if necessary. Chest CT was obligatory at admission,
including the estimation of CT severity score. Typical
COVID-19 pneumonia changes were evaluated including
bilateral lung involvement with ground-glass opacities, consolidations, interlobular septal thickening, and crazy paving
patterns, as well as pleural eﬀusion and lymphadenopathy.
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According to the severity of the observed changes, every lobe
was given 0-5 points (for upper, middle, and lower right lung
lobe, and upper and lower left lung lobe, respectively) forming the maximum possible score of 25 points. Except scoring,
the disease was classiﬁed into 4 stages (early, progressive,
peak, and absorption). A follow-up chest CT was indicated
in case of clinical deterioration and was usually performed
right before or after the admission to ICU. Main clinical criteria for Respiratory Intensive Care Unit admission was
radiographic or CT scan severity score progression, peripheral oxygen saturation (Sp02) below 93% despite maximal
conventional supportive oxygen therapy (up to 15 L/min
through a nasal cannula, conventional oxygen, or nonrebreather mask), laboratory test results, mainly an increase of
inﬂammatory parameters after repeated controls and arterial
blood gas test. Critically ill patients on invasive, noninvasive
ventilation, and high ﬂow oxygen therapy with moderate and
severe ARDS were selected for the study according to the Berlin deﬁnition of ARDS [14]. Patients on conventional oxygen
therapy being admitted to ICU due to gradual clinical deterioration were not included. During the hospitalization,
patients were treated according to the adjusted National Protocol of the Republic of Serbia for the treatment of COVID19 infection. Antiviral agents (favipiravir, remdesivir) were
used in 5-7 days from symptom onset in patients on supportive oxygen therapy and with radiographically veriﬁed severe
bilateral pneumonia. Favipiravir was administered orally,
3200 mg in two doses the ﬁrst day, and 600 mg in two doses
for the next 4 days. Remdesivir was administered intravenously, 200 mg the ﬁrst day, and 100 mg for the next 4-9 days
in consultation with an infectologist. Corticosteroids (prednisone 0.5 mg/kg in two doses, methylprednisolone 12 mg/kg, dexamethasone 6 mg/day) were used in patients
with moderate to severe clinical image with signs of gradual
clinical deterioration or in patients with incipient or developed acute respiratory distress syndrome (ARDS). Anticoagulant therapy was used in standard prophylactic dose of
LMWH for patients with multiple risk factors and on conventional oxygen therapy. Therapeutical doses were used,
according to the anti-Xa levels, for patients in intensive care
unit requiring mechanical ventilation or hi-ﬂow oxygen therapy, those on long-term anticoagulant therapy or in patients
with suspectable or conﬁrmed thrombosis. Antibiotics were
used empirically or according to the antibiogram. The main
criteria for tocilizumab administration was an increase in
IL-6 values above 40 ng/L and CRP values above 50 mg/L or
a threefold increase during the last 48 h in patients with clinical worsening with more than 25 resp/min, saturation below
93%, and p02 value bellow 8,66 kPa without supportive oxygen therapy. Tocilizumab was administered intravenously at
8 mg/kg body weight (up to a maximum of 800 mg) in two
doses, 12 h apart. Convalescent plasma was used in patients
with rapid worsening, positive PCR test for SARS-CoV-2
virus, the ﬁrst two weeks from symptom onset. The recommended dose was 4-5 ml/kg or 200-500 ml per day in two
doses. The indication was established according to the speciﬁc scoring system with diﬀerent variables including
patient’s clinical status, form of the disease, time from symptom onset, respiratory status, radiographic ﬁndings,
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Table 1: Characteristics of patients admitted to ICU with moderate to severe ARDS due to COVID-19-related pneumonia, overall and
subpopulation analysis according to survival.
Total (n = 160)
Gender, n (%)
Male
Female
Age, mean ± sd

110 (68.8)
50 (31.3)
65:6 ± 14

Laboratory at admission to hospital, median (IQR)
CRP
81.2 (53.8–173.4)
Lymphocytes
0.74 (0.53–1.04)
D-dimer
881 (523–2660)
Ferritin
875 (497–1482)
Thrombocytes
235 (177–329)
INR
1.13 (1.01–1.30)
PT
87 (69–100)
APTT
25.2 (21.9–29–8)
Fibrinogen
3.9 (3.4–4.9)
Laboratory at admission to ICU, median (IQR)
CRP
87.8 (51.5–173.3)
Lymphocytes
0.63 (0.44–0.88)
D-dimer
1414 (701–5030)
Ferritin
1108 (485–1698)
Thrombocytes
191 (150–278)
Serum albumin
31 (29–34)
INR
1.15 (1.05–1.29)
PT
89 (72–103)
APTT
25.9 (23.1–28.5)
Fibrinogen
4.3 (3.6–5.3)
IL6
91 (38.80–286.00)
CT score
20 (16–23)
From beginning of symptoms to hospital
7 (4–9)
admission (days), median (IQR)
From beginning of symptoms to IUC
10 (8–12)
admission (days), median (IQR)
Mechanical ventilation, n (%)
107 (66.9)
Tocilizumab, n (%)
38 (23.8)

comorbidities, and applied therapy. Among the inotropic
agents, noradrenaline, dobutamine, vasopressin, and adrenaline were used. Outcomes were stratiﬁed as deceased or discharged from the hospital. All 160 patients were followed
until their outcomes.
2.1. Data Collection. The data were collected through medical
documentation and the hospital’s health informational system (Heliant, v7.3, r48602). Demographic data (age, gender,
and BMI), past medical history (hypertension, diabetes mellitus, COPD, coronary heart disease, heart failure, and
chronic kidney disease), laboratory values (IL-6, CRP, PCT,
ferritin, D-dimer, serum albumin, lymphocytes, thrombocytes, prothrombin time, activated partial thromboplastin
time, and ﬁbrinogen), and CT severity score were analyzed
to identify predictors of mortality in critically ill COVID-19

ICU patients

p

Live (n = 64)

Dead (n = 96)

47 (73.4)
17 (26.6)
58:8 ± 15:1

63 (65.6)
33 (34.4)
70:2 ± 11:1

<0.001

74.7 (46.7–117.5)
0.84 (0.56–1.36)
646 (372–1582)
850 (516–1521)
247 (200–345)
1.12 (0.99–1.28)
90 (72–103)
24.1 (21.4–28.0)
4.0 (3.5–4.8)

105.2 (58.1–200.5)
0.66 (0.46–0.86)
1051 (650–3642)
891 (484–1482)
228 (159–302)
1.14 (1.04–1.34)
86 (68–99)
26.1 (22.7–30.2)
3.8 (3.2–4.9)

0.008
0.001
0.004
0.794
0.096
0.130
0.325
0.077
0.605

78.4 (52.3–148.9)
0.7 (0.49–0.99)
1027 (566–2585)
1181 (625–1640)
191 (151–259)
35 (33–37)
1.13 (1.01–1.28)
96 (74–108)
25.4 (22.7–27.6)
4.4 (3.7–5.4)
50.42 (24.45–100.90)
19 (16–22)

95.1 (50.7–195.9)
0.61 (0.38–0.81)
1944 (860–7423)
1058 (454–1764)
195 (149–291)
29 (27–31)
1.16 (1.08–1.35)
86 (69–99)
26.1 (23.3–29.8)
4.2 (3.6–5.2)
133.80 (74.00–426.80)
21 (19–23)

0.166
0.019
0.001
0.947
0.668
<0.001
0.087
0.115
0.272
0.744
<0.001
0.017

7 (5–9)

7 (4–10)

0.844

11 (8–13)

10 (7–12)

0.461

13 (20.3)
13 (20.3)

94 (97.9)
25 (26)

<0.001
0.452

0.384

patients. Clinical and laboratory parameters were followed
upon admission to the hospital and Intensive Care Unit, with
certain parameters being followed by their peak or lowest
values (IL-6, CRP, PCT, D-dimer, serum albumin, lymphocytes, and CT severity score) during hospitalization. IL-6
values were followed in the period before the Tocilizumab
administration. Reference values for evaluated laboratory
parameters are presented in Supplemental Table 1.

3. Results
The study population included 160 consecutive patients
admitted to ICU with moderate to severe ARDS due to
COVID-19-related pneumonia. The mean patient age was
65.6 years (range, 29–92 years), predominantly men 68.8%.
Laboratory values at admission to hospital and ICU are
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Table 2: The presence of comorbidities in the study population.

Comorbidities, n (%)
Hypertension
Diabetes
Obesity
HOBP
Asthma
Coronary disease
Cardiomyopathy
Number of comorbidities
None
1
≥2
Total number of patients with comorbidities

Total (n = 160)

ICU patients
Live (n = 64)
Dead (n = 96)

109 (69.4)
52 (33.1)
14 (8.9)
8 (5.1)
6 (3.8)
28 (17.8)
14 (8.9)

40 (62.5)
26 (40.6)
6 (9.5)
1 (1.6)
2 (3.1)
10 (15.6)
6 (9.4)

69 (74.2)
26 (28.0)
8 (8.5)
7 (7.5)
4 (4.3)
18 (19.4)
8 (8.6)

37 (23.7%)
48 (30.8%)
71 (45.5%)
120 (76.4%)

18 (28.6%)
17 (27.0%)
28 (44.4%)
46 (71.9%)

19 (20.4%)
31 (33.3%)
43 (46.2%)
74 (79.6%)

presented in Table 1. D-dimer, CRP, and ferritin levels were
elevated, while the absolute number of lymphocytes was
decreased. The median CT score was 20 (25th to 75th percentile: 16-23). 107 (66.9%) patients were on invasive mechanical ventilation, 31 (19.3%) on noninvasive, and 22 (13.8%)
on high ﬂow oxygen therapy machine. Median total number
of ICU days was 10 (25th to 75th percentile: 6-18), while the
median total number of hospital stay was 18 (25th to 75th percentile: 12-28). Detailed characteristics for the whole study
population, as well as according to the survival groups, are
presented in Table 1. The mortality rate was 60% (96/160).
Patients who died were older and had higher CRP and Ddimer levels, and lower levels of lymphocytes at admission
to hospital, higher CT score, as well as higher levels of Ddimer and IL-6 and lower levels of lymphocytes and serum
albumin at admission to ICU, and they were signiﬁcantly
more on mechanical ventilation. There were no diﬀerences
in the number of days from the beginning of symptoms to
hospital admission or ICU admission between deceased and
discharged patients. Tocilizumab was administered to 38
patients (23.8%). There were no diﬀerences in mortality
between the groups according to Tocilizumab use. In addition, there were no signiﬁcant baseline diﬀerences between
the patients who received and did not receive Tocilizumab
in the ICU, other than for age, i.e., patients who received
Tocilizumab in the ICU were younger (see Supplemental
Table 2).
The presence of comorbidities is presented in Table 2.
There were 37 patients without comorbidities (23.7%) and
48 with one comorbidity (30.8%), while 71 patient had multiple comorbidities (45.5%). The total number of patients
with comorbidities was 120 (76.4%). There were no signiﬁcant diﬀerences in the presence of comorbidities according
to the survival groups.
Univariate logistic regression analysis conﬁrmed the signiﬁcance of the following variables associated with the mortality of patients admitted to ICU due to COVID-19-related
pneumonia: age, CRP, and lymphocytes at admission to hospital, albumin, D-dimer, and IL-6 at admission to ICU, and
CT score Table 3.

p
0.158
0.121
1.000
0.095
0.706
0.672
1.000

0.457
0.339

Based on ROC curves (Figure 1) we determined cut-oﬀ
points for signiﬁcant continuous variables from the logistic
regression analysis predicting mortality and used the categorical variables further in analysis to develop easy to use predictive model.
The following variables were independently associated
with mortality in the ﬁnal multivariate analysis: serum albumin, IL-6, and D-dimer at admission to ICU (Table 4).

4. Discussion
The present study on critically ill COVID-19 patients with
moderate to severe ARDS showed a correlation of serum
albumin, IL-6, and D-dimer all together at admission to
ICU, accompanied by chest CT severity score, as independent predictors of mortality. These results are relying on
the fact that cytokine storm and endothelial injury with
induced procoagulable state have been marked as essential
pathophysiological mechanisms of multiorgan failure and
death in patients with severe COVID-19 infection [15–20].
It is important to point out that the results from univariate logistic regression analysis revealed age, CRP, and lymphocytes at admission to hospital as predictors of mortality
in patients admitted to ICU, while serum albumin, D-dimer,
IL-6, and CT severity score were signiﬁcant predictors of
mortality at admission to the ICU. Final multivariate analysis
revealed serum albumin, IL-6, and D-dimer at admission to
ICU as independently associated with mortality. These
results are reﬂecting the unpredictability of the disease and
its clinical course, aggravating the usage of appropriate therapy in a timely manner.
Hypoalbuminemia (serum albumin levels below 35 g/L)
is more severe in critically ill patients and is associated with
poor outcomes [21]. Its correlation with elevated D-dimer
values in these patients, as in the study by Violi et al., has
been linked to an enhanced risk of arterial and venous
thrombosis [22]. Patients showed not only higher levels of
D-dimer but also higher levels of CRP and creatinine, probably due to increased vascular permeability, kidney, or liver
disease. Serum albumin is also a marker of severe oxidative
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Figure 1: ROC curves for (a) age, (b) serum albumin, (c) IL-6, (d) D-dimer, and (e) CT score.
Table 3: Univariate logistic regression analysis for mortality of
patients admitted to ICU due to COVID-19-related pneumonia,
continuous variables used in the model.
Variable
Age
At admission to hospital
CRP
Lymphocytes
D-dimer
At admission to ICU
Lymphocytes
D-dimer
Serum albumin
IL6
CT score
Mechanical ventilation

p

RR

95% CI for RR

<0.001

1.067

1.039–1.097

0.013
0.003
0.585

1.005
0.341
1.000

1.001–1.009
0.168–0.690
1.000–1.000

0.059
0.013
<0.001
0.020
0.032
<0.001

0.513
1.000
0.553
1.002
1.089
184.385

0.256–1.027
1.000–1.000
0.455–0.673
1.000–1.003
1.008–1.178
40.037–849.161

stress and an acute phase reactant with antioxidant properties that may undergo irreversible oxidation [21]. It is a
source of free thiols that can expel reactive oxidant species.
Reactive oxidant species comprehend platelet and clotting
activation, which is the reason why more patients with severe

hypoalbuminemia are at greater risk of potential thrombotic
events. Overall, synthesis in the liver is downregulated due to
the eﬀects of cytokines being released during the cytokine
storm. Hypoalbuminemia followed by massive ﬂuid loss
due to severe infection is also responsible for hypovolemia
and shock in these patients [23]. Correlation of albumin
levels and severity of the infection is presented through the
speciﬁc CRP/albumin ratio, already marked as an independent risk factor for severe COVID-19 infection [24, 25].
IL-6 induces oxidative stress and endothelial dysfunction
by overexpression of the Angiotensin II type 1 receptor,
which was presented 15 years ago in paperwork by Wassman
et al. [26]. This also represents an important pathogenetic
mechanism of the atherosclerotic process. Having in mind
the cell entry mechanism of the SARS-CoV-2 virus through
ACE2 receptors, the viral invasion is subsequently causing a
dysregulation between ACE, Angiotensin II, and AT1 receptors, favoring the progression of inﬂammatory and thrombotic processes [27]. Lately, several studies have presented
IL-6 as an independent predictor of patient outcomes in
terms of the severity of the disease and survival [28, 29]. In
our study, the values of IL-6 during hospitalization were
followed before tocilizumab administration, as there was an
elevation of IL-6 levels after usage due to disrupted clearance
after drug saturation of the receptors. In a large study evaluating the role of diﬀerent cytokines in COVID-19 infection,
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Table 4: The univariate logistic regression analysis with categorical variables used and the full multivariate prognostic logistic model
predicting mortality.
Variable

p

Univariate analysis
RR
95% CI for RR

p

Multivariate analysis
RR
95% CI for RR

Age > 65 yrs

<0.001

3.495

1.801–6.779

/

/

/

At admission to ICU
Albumin < 33

<0.001

22.286

9.319–53.294

<0.001

25.740

7.491–88.443

<0.001

6.100

2.857–13.023

0.002

6.245

1.937–20.129

IL – 6 > 72
D − dimer > 1000
CT score ≥ 20

0.026

2.111

1.091–4.085

0.013

4.574

1.375–15.212

0.024

2.362

1.120–4.980

/

/

/

only IL-6 and TNF-α showed signiﬁcant prognostic value
[28]. Unlike other states where cytokine levels are increased,
as in sepsis, the levels of IL-6 and TNF-α in patients with
COVID-19 were sustained during days or even weeks, which
makes the decision for administering the anticytokine treatment on time more diﬃcult. Evaluating the levels of IL-6
early in disease onset can stratify patients at higher risk to
develop a more severe form of the disease [30].
Increased levels of D-dimer, a ﬁbrin degradation product, are associated with worse prognosis in patients with
COVID-19, including an increased risk of ICU admission,
mechanical ventilation, and death [31–33]. Severe endothelial dysfunction, subsequently caused by direct viral
involvement and overproduction of cytokines, is causing
a hypercoagulable state creating a suitable soil for intravascular thrombosis in both macro and microcirculation. The
incidence of pulmonary embolism has been increased in
patients with COVID-19 infection, estimated to be up to
9% of the cases, veriﬁed by CT pulmonary angiography
[34]. In certain studies, venous thrombosis was found in
up to 35% of the cases, mainly as deep vein thrombosis
(DVT) [35]. Patients with ARDS within COVID-19 infection have a substantially increased rate of pulmonary
embolism, estimated to be 11.8%, while patients diagnosed
with thrombotic complications have more than a 5-fold
increase in all-cause mortality [36]. The reported percentage of patients with increased D-dimer levels in ICU is
going up to 81%, speaking in favor of a large portion of
patients with microthrombosis as the main presentation
of hypercoagulable state [37]. The overall coagulation status in patients with COVID-19 is extremely signiﬁcant, as
prolonged prothrombin time and activated partial thromboplastin time are also found to be associated with higher
mortality from COVID-19 infection [38, 39].
Chest CT severity score is a useful imaging modality tool
in evaluating the extensiveness of pulmonary involvement
and stratifying patients not only numerically but also
descriptively by estimating in which of the 4 stadiums of
the disease the patient is (early, progressive, peak, or absorption) [40, 41]. In our study, the cut-oﬀ value of 20 points was
related to poor clinical outcome, according to the prognostic
logistic model. Previous studies on the importance of chest
CT severity score are supporting this conclusion, with similar
cut-oﬀ values being deﬁned [42].

During the hospitalization, patients were strictly treated
according to the protocol, as explained in the Methods section. Previously, the eﬀects of anticoagulant therapy have
been undisputedly proven to be connected with improved
survival. In hospitalized COVID-19 patients receiving both
prophylactic and therapeutical doses, there is a 30% lower
chance of intubation and 50% higher chance of survival,
especially in patients receiving low molecular weight heparin,
as used in our study [43]. Although the anticoagulant therapy
in COVID-19 patients has become almost mandatory in
treatment protocols, the signiﬁcant decrease in overall mortality of critically ill patients has not been noted yet, speaking
in favor of multiple pathophysiological mechanisms being
responsible for poor clinical outcomes.
The main diﬀerence between used therapeutic modalities
in our study was the introduction of antiviral agents (remdesivir and favipiravir), although only 19 (11.8%) patients did not
have it available during hospitalization. Considering the eﬀects
on outcomes, WHO recently recommended against the use of
remdesivir, as evidence suggested no eﬀects on mortality, need
for mechanical ventilation, and other outcomes [44]. The positive eﬀects, as presented by Beigel et al., are for now limited to
evidence of shorter time to recovery, as this was the primary
endpoint of the study [45]. Favipiravir promotes rapid viral
clearance and a higher clinical recovery rate by shortening
the disease course and reducing the need for oxygen requirement. However, the supportive data on resulting in lower rates
of respiratory failure, ICU admissions, or all-cause mortality is
missing [46]. Further studies will provide more insights into
its clinical safety and eﬃcacy.
Potential therapeutic eﬀects of albumins must be considered, having in mind that serum albumin was the strongest
independent predictor of mortality in our study. It is already
shown that the administration of albumin in critically ill
patients with acute respiratory distress syndrome might have
its advantages. It improves oxygenation early after the treatment, probably by reducing the alveolar-capillary leakage,
but without eﬀects on the overall mortality rate [47]. Several
limitations regarding the administration of albumin solutions are inevitable, including dosage, treatment length, possible eﬀects on renal function, and the optimal moment of
therapy initiation. However, the usefulness in critically ill
COVID-19 patients is yet to be established in randomized
controlled trials.

Oxidative Medicine and Cellular Longevity
Speaking of novel therapeutic modalities, it is important
to emphasize that in our results, there were no diﬀerences
in mortality between the groups according to Tocilizumab
use. To properly estimate the eﬀectiveness of Tocilizumab
and the possible role of IL-6 as an independent predictor of
mortality, patients that received Tocilizumab before admission to ICU were not included in the study. Also, the baseline
characteristics between the groups were not statistically signiﬁcant, which is especially important to underline (Supplemental Table 2). After numerous trials investigating the
potential beneﬁts of this IL-6 receptor blocker, the
deﬁnitive results are still controversial, probably due to an
undetermined time frame of the best usability in correlation
with clinical course [48, 49].
There are several limitations to the study. This is a singlecenter study. Although the sample size is quite satisfying, considering that these are critically ill patients, future multicenter,
prospective studies will shed light on stronger correlations
between diﬀerent predictors of mortality in COVID-19 patients
paving the way for potentially useful novel therapeutic modalities. ICU scoring systems (mainly SOFA and APACHE II
scores) were not used as a part of the data considering their clinical utility has already been proven in several studies [50, 51].

5. Conclusion
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In this single-center study of 160 consecutive critically ill
COVID-19 patients with moderate to severe ARDS demanding high oxygen ﬂow, serum albumin, IL-6, and D-dimer at
admission to ICU, accompanied by a chest CT severity score,
were marked as independent predictors of mortality. This
conclusion supports previous studies on cytokine storm
and diﬀuse microvascular thrombosis/thrombotic events as
potential mechanisms of poor clinical outcomes. Further
larger prospective multicenter studies are necessary to determine the exact correlation between diﬀerent predictors of
mortality in order to stratify patients with a signiﬁcant
chance of developing a severe form of the disease.
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Deleterious eﬀects of SNPs found in genes encoding transcriptional factors, as well as antioxidant and detoxiﬁcation enzymes, are
disputable; however, their functional signiﬁcance seems to modify the risk for clear cell renal cell carcinoma (ccRCC) development
and progression. We investigated the eﬀect of speciﬁc Nrf2, SOD2, GPX1 gene variants and GSTP1ABCD haplotype on ccRCC risk
and prognosis and evaluated the association between GSTP1 and regulatory (JNK1/2) and executor (caspase-3) apoptotic molecule
expression in ccRCC tissue samples and the presence of GSTP1 : JNK1/2 protein : protein interactions. Genotyping was performed
in 223 ccRCC patients and 336 matched controls by PCR-CTTP and qPCR. Protein expression was analyzed using immunoblot,
while the existence of GSTP1 : JNK1 protein : protein interactions was investigated by immunoprecipitation experiments. An
increased risk of ccRCC development was found among carriers of variant genotypes of both SOD2 rs4880 and GSTP1 rs1695
polymorphisms. Nrf2 rs6721961 genetic polymorphism in combination with both rs4880 and rs1695 showed higher ccRCC risk
as well. Haplotype analysis revealed signiﬁcant risk of ccRCC development in carriers of the GSTP1C haplotype. Furthermore,
GSTP1 variant forms seem to aﬀect the overall survival in ccRCC patients, and the proposed molecular mechanism underlying
the GSTP1 prognostic role might be the presence of GSTP1 : JNK1/2 protein : protein interactions.

1. Introduction
Cellular redox homeostasis is maintained by constant metabolic ﬂuxes and redox feedback consisting of electrophilic
molecules produced by all kinds of stressors that activate
diverse mechanisms aimed at reestablishing nucleophilic
environment [1]. Disturbance of this ﬁne balance between

reactive oxygen species (ROS) production and their disintegration leads to oxidative stress and cellular damage on multiple levels [2]. In order to adapt, a phenotypic switch has to
take place [1]. Cells that have a high proliferation rate, such
as cancer cells, demand constant energy production to
maintain biosynthesis of macromolecules. In order to adapt
and support their basic needs, both intrinsic and extrinsic

2
molecular mechanisms are involved in modifying cellular
metabolism [3]. While constantly rapidly proliferating, cancer cells are, at the same time, exposed to increased ROS
levels, which further upregulate antioxidant systems and create environment in which they are able to develop new redox
balance and resistance to oxidative damage [3].
Clear cell renal cell carcinoma (ccRCC) remains one of
the most frequent and the most aggressive adult renal malignancies, accounting for up to 90% of all kidney tumors [4, 5].
Since alterations in metabolism are among ccRCC hallmarks,
it has been suggested that besides histological classiﬁcation of
RCC, certain molecular subtypes should also be identiﬁed
[6, 7]. Precise classiﬁcation is of utmost importance, since
it might reveal types with more or less aggressive clinical
features and therefore point out which patients should be
more closely monitored and followed [8].
Clear cell RCC belongs to types of carcinomas associated with Keap1/Nrf2 (Kelch-like ECH-associated protein
1/nuclear factor (erythroid-derived 2)-like2) pathway alterations [8]. Namely, when cellular levels of reactive oxygen
species and electrophiles are increased, speciﬁc adaptive
cytoprotective response is activated, including changes in
the Keap1/Nrf2 pathway [9, 10]. Induced allosteric changes
in Keap1 lead to decreased proteasomal degradation of the
transcriptional factor Nrf2 [10]. Once accumulated, Nrf2
enters the cell nucleus and binds to antioxidant response element (ARE) DNA sequences of Nrf2 target genes, further
causing intensiﬁed transcription of numerous enzymes,
including detoxifying enzymes, metabolic enzymes, and
stress response proteins [8, 10, 11]. Although at ﬁrst perceived as an anticancer molecule, some authors emphasize
the role of Nrf2 in cancer cell survival and even suggest that
it should be regarded as a possible target for future anticancer
therapeutic approaches [9, 12, 13].
Among various enzymes encoded by Nrf2 target genes
and regulated by their binding to AREs are glutathione
S-transferases (GST). They represent a family of multifunctional enzymes involved in a number of catalytic and noncatalytic processes, still traditionally recognized as phase II cellular
detoxiﬁcation system enzymes [3, 14]. The liver, lung, and kidneys, as organs with intense metabolic activity, are known to
have high expression of cytosolic GSTs, especially the pi
(GSTP) form, whose gene activation is regulated by Nrf2
[14, 15]. GSTP1 also possesses binding activity toward macromolecules, as well as small molecules, and displays ability to
participate in a large signal transduction pathway [14, 16].
Speciﬁcally, GSTP1 acts as a negative regulator of kinasedependent apoptotic signaling pathways by forming protein : protein complexes with regulatory mitogen-activated kinases
such as JNK1 (c-Jun NH2-terminal kinase) [14, 17]. The particular GSTP1 : JNK1 interaction has gained attention as the
new, functional link between the upregulated GSTP1 and
malignant phenotype [3]. Additionally, GSTP1 has a potential
to form a GSTP1/Nrf2 protein complex, suggesting a possibility that GSTP1 protein might help Nrf2 stabilization and its
further actions [18]. When considering its role in cancer
metabolism, in addition to detoxiﬁcation of potential cancerogenic substances, GSTP1 is capable of increasing drug eﬄux
from the cell thus contributing to chemoresistance [19].
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Since cancer cells are energy-dependent, metabolic
reprogramming is the basis of their sustenance [7]. In order
to keep up with high energy demands and to defend themselves from many reactive molecules, tumor cells rely on
enzymes that enable both processes [20, 21]. There are three
isoenzymes of SOD, a major antioxidant enzyme [22]. In the
reaction catalyzed by mitochondrial SOD2, H2O2, a wellknown molecule with novel functions in cell proliferation,
diﬀerentiation, and migration, is being produced. In addition
to acting as a signaling molecule, H2O2 facilitates activation
of AMP-activated kinase and promotes glycolysis which is a
key change for cancer cells [20, 22]. Therefore, by controlling
the H2O2 production, SOD2 plays an important role in
numerous pathways.
And while SOD2 leads to H2O2 synthesis, another key
antioxidant enzyme, glutathione peroxidase (GPX), leads to
its further reduction and production of a neutral water molecule [23]. Eight members comprise the GPX family [24]. By
helping cancer cells eliminate potentially harmful hydrogen
peroxide, the role of GPX1 as the most abundant GPX form
might be contradictory [25]. Namely, its increased activity
protects normal cells from oxidative damage, while this could
be helpful for cancer cells to escape ROS as well [25].
Both the Nrf2 gene and genes encoding GSTP1, SOD2,
and GPX1 have functional polymorphisms, which either
change the level of expression of speciﬁc protein or aﬀect
the activity of synthesized proteins. The widely analyzed
Nrf2 SNP polymorphism rs6721961 involves substitution of
C to A, positioned at -617 of the proximal promoter [26].
Deﬁnite consequent functional changes are still unsolved,
and it is discussed whether higher or lower transcriptional
activity is associated with a variant-type genotype (-617AA)
[27]. However, since this SNP is located in the ARE-like
motif of the gene, importance for self-induction of the Nrf2
is being emphasized throughout the literature [26, 28, 29].
In the case of GSTP1 gene polymorphisms, two most commonly occurring SNPs are rs1695 and rs1138272 [30]. Substitution of A313G in the case of rs1695 causes change of
isoleucine with valine at position 105 (Ile105Val) [31].
This Val allele variant represents a more potent c-Jun
N-terminal kinase 1 (JNK1) inhibitor and has a stronger
antiapoptotic eﬀect [32]. The presence of T instead of C at
position 341 results in coding of protein with valine instead
of alanine (rs1138272, Ala114Val) [33]. It is assumed that the
341T variant of GSTP might have decreased activity or modiﬁed substrate speciﬁcity [34]. The haplotype GSTP1ABCD
represents a combination of these two polymorphisms.
When it comes to SOD2 polymorphism, rs4880 corresponds
to substitution of C>T in exon 2 leading to change from alanine to valine at position 16 [35]. Since there is a channel
within the inner mitochondrial membrane that cannot
import the Val16 variant of SOD2 as eﬃciently as Ala16,
the Val16 variant remains trapped and later degraded by
the proteasome [35]. The mostly studied SNP in the case of
the GPX1 gene is rs1050450 (Pro200Leu). Due to change of
proline with leucine, secondary and tertiary structures of
GPX1 are altered, leading to conformational change of the
enzyme as a whole [36]. Proline is basically essential, because
of its unsubstituted amino group on the α carbon atom which
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enables formation of a speciﬁc kink; therefore, when absent,
the whole structure is modiﬁed [36].
Considering the potential functional signiﬁcance of polymorphisms in genes encoding the Nrf2 transcriptional factor,
as well as antioxidant SOD2, GPX1, and detoxiﬁcation
GSTP1 enzymes in both the onset and prognosis of clear cell
RCC, the aim of this study was to evaluate the eﬀect of speciﬁc Nrf2, SOD2, and GPX1 gene variants and GSTP1ABCD
haplotype on the risk, development, and postoperative
prognosis in patients with ccRCC. Furthermore, the aim
was to evaluate the association between GSTP1 expression
and expression of regulatory (JNK1/2) and executor (caspase-3) apoptotic molecules in human ccRCC tissue samples,
as well as the presence of GSTP1 : JNK1/2 protein : protein
interactions.

2. Materials and Methods
2.1. Participants. The case-control study included 223
patients with histologically conﬁrmed clear cell renal cell
carcinoma treated and followed at the Clinic of Urology of
Clinical Center of Serbia, Belgrade. Incident cases were
recruited at the time of diagnosis which included the presence
of malignantly enhanced lesions detected by imaging techniques and conﬁrmed by histological diagnosis. Obtained
blood and tissue samples were assessed within the Biobank
formed in the Laboratory for Functional Genetics and Proteomics at the Institute of Medical and Clinical Biochemistry
of the Faculty of Medicine, University of Belgrade. The
enrolled 336 controls were gender- and age-matched cancerfree subjects. These individuals with no previous history of
cancer had undergone surgery for benign conditions at the
same clinical center, unrelated to both nonmalignant and
malignant urological conditions. Participants gave their
informed consent for inclusion in the study. The study was
conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee of
the Faculty of Medicine, University of Belgrade (no. 29/X-3).
Both cases and controls were interviewed using a standard
epidemiological questionnaire in order to gain information
about risk factors for ccRCC development. Smokers were
deﬁned as subjects who had a period of at least 60 days
of consuming cigarettes prior to inclusion in the study.
Pack-years was calculated by the formula pack‐years =
ðcigarettes/day ÷ 20Þ × years of smoking. Overall survival
was deﬁned as time from nephrectomy to the date of death
or last follow-up (November 2018).
2.2. DNA Isolation. Genomic DNA was isolated from 200 μl
of the whole blood sample or from 25 mg of distant nontumor kidney tissue samples, using a QIAamp DNA mini kit
(Qiagen, Chatsworth, CA, USA). Isolated DNA was stored
at -20°C. The concentration, as well as purity of isolated
DNA, was measured by spectrophotometry at 230, 260,
280, and 320 nm on GeneQuant pro (Biochrom, Cambridge,
England).
2.3. Analysis of Examined Genotypes. The polymorphism
rs6721961 for Nrf2 was examined by the PCR-CTTP (poly-
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merase chain reaction with confronting two-pair primers)
method according to Shimoyama et al. [37]. Products of
ampliﬁcation were divided by electrophoresis with 2% agarose gel. Visualization of PCR products was enabled with
SYBR® Safe DNA Gel Stain (Invitrogen Corporation, Carlsbad, California, USA) on a UV ChemiDoc camera (BioRad, Hercules, California, USA). A lane containing 282 and
113 bp was considered a C/C genotype; a lane with 282,
205, and 113 bp, a heterozygous genotype; and a lane with
282 and 205 bp, a A/A genotype.
Genotyping of GSTP1 (rs1695 and rs1138272), SOD2
(rs4880), and GPX1 (rs1050450) was done by applying quantitative polymerase chain reaction (qPCR) on Mastercycler ep
realplex (Eppendorf, Hamburg, Germany) using appropriate
assays of Applied Biosystems TaqMan Drug Metabolism
Genotyping (Life Technologies, Applied Biosystems, Carlsbad,
CA, USA). Assays C_3237198_20 in the case of GSTP1 rs1695,
C_1049615_20 for GSTP1 rs1138272, and C_8709053_10
were used for SOD2. For the GPX1 rs1050450 polymorphism,
a custom-designed assay with sequences 5 ′ VIC-ACAGCT
GGGCCCTT-MGB-3 ′ and 5 ′ FAM-ACAGCTGAGCCCTTMGB-3 ′ was used.
2.4. Immunoblot Analysis. Cytosols were obtained from
ccRCC tumor (n = 20) and respective nontumor kidney tissue samples. A pool of nontumor kidney tissue was made
by mixing the equal parts of six diﬀerent samples. 50 μg of
total protein per sample was subjected to immunoblot
analysis of JNK1/2, GSTP1, and cleaved caspase-3 expression
[38, 39]. Membranes were blocked overnight and treated
with primary antibodies against JNK1/2 (Sigma-Aldrich, St.
Louis, Missouri, USA), GSTP1 (Abcam, Cambridge, UK),
cleaved caspase-3 (Cell Signaling, Danvers, Massachusetts,
USA), and housekeeping protein β-actin (Sigma-Aldrich,
St. Louis, Missouri, USA). Afterwards, membranes were
incubated with appropriate secondary antibodies, treated
with a chemiluminescence detection substrate (Invitrogen
Corporation, Carlsbad, CA, USA), and exposed to X-ray ﬁlms
(Amersham Hyperﬁlm ECL, GE Healthcare, Buckinghamshire, England). Densitometry analysis was performed using
ImageJ (National Institutes of Health, Bethesda, USA). In
order to obtain relative quantitation, the results were normalized using β-actin housekeeping protein.
In order to investigate the presence of GSTP1 : JNK1 protein : protein interactions in tumor ccRCC samples, immunoprecipitation experiments were performed using Catch and
Release® v2.0 High Throughput (HT) Immunoprecipitation
Assay Kit-96 well (Upstate Biotech Inc. for Merck Millipore,
Darmstadt, Germany) according to the manufacturer’s
instructions. Namely, a 96-well ﬁlter plate was used for a precoating procedure with provided 20% w/v slurry resign and
Aﬃnity Ligand. Selected cytosols, containing 1 μg/μl of total
cell proteins, previously quantiﬁed by using the Bicinchoninic Acid Protein Assay Kit (BCA-1, Sigma-Aldrich, St. Louis,
Missouri, USA) were incubated with 2 μg of the primary antibody against GSTP1 (Cell Signaling, Danvers, Massachusetts,
USA), followed by several washing steps. Finally, samples
were resuspended in 30 μl of 2x Laemmli buﬀer (Bio-Rad,
Hercules, CA, USA), denatured at 90°C for ﬁve minutes,
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Table 1: Baseline characteristics of ccRCC patients and age- and gender-matched controls.

Age (years)

b

Gender, n (%)
Female
Male
Obesity, n (%)e
BMI < 25
BMI > 25
2

BMI (kg/m )
Smoking, n (%)
Never
Everg
Pack-yearsi
Hypertension, n (%)e
No
Yes
Tumor grade, n (%)k
Grade I, G1
Grade II, G2
Grade III, G3
Grade IV, G4
pT stage, n (%)k
pT1
pT2
pT3
pT4

ccRCC patients

Controls

OR (95% CIa)

p

58:95 ± 11:65

60:44 ± 10:84

/

0.125

73 (33)
147 (67)

138 (41)
198 (59)

1.00c
1.467 (0.756-2.847)d

0.258

65 (36)

110 (35)

1.00c

115 (64)

204 (65)

0.866 (0.494-1.518)f

0.616

26:61 ± 4:43

26:78 ± 4:08

/

0.677

82 (44)
106 (56)
31 (0.30-96.00)

164 (49)
171 (51)
30.00 (0.20-88.00)

1.00c
1.289 (0.863-1.925)h
/

0.215
0.131

83 (45)
102 (55)

211 (65)
116 (35)

1.00c
2.450 (1.375-4.435)j

0.002

e

28 (15)
106 (55)
49 (26)
8 (4)
93 (45)
23 (11)
87 (42)
5 (2)

a

CI: conﬁdence interval; bmean ± SD; creference group; dOR: odds ratio adjusted for age, BMI (body mass index), pack-years, and hypertension; ebased on the
data available; fOR adjusted for age, gender, pack-years, and hypertension; gminimum of a 60-day period any time prior to the study onset; hOR adjusted for age,
gender, BMI, and hypertension; imedian (Min–Max); jOR adjusted for age, gender, BMI, and pack-years; kdata available on patients’ tumor grade and pT stage,
depending on the type of surgery and pathohistological diagnostics.

and collected by centrifugation at 1500 rpm for one minute.
Supernatant fraction was further subjected to SDS-PAGE
and Western blot analysis according to the previously
described protocols.

ation between GSTP1 and cleaved caspase-3 expression was
analyzed using Spearman’s coeﬃcient of linear correlation.

3. Results and Discussion
2.5. Statistical Analysis. Calculations for this investigation
were performed using the SPSS software version 17.0
(Chicago, IL, USA). Continuous variables were expressed as
mean ± standard deviation (SD) or median (minimum–
maximum). Frequency (n, %) counts were used for categorical variables. Distribution of diﬀerent variables was tested by
using the Kolmogorov-Smirnov test. For each examined
polymorphism, the Hardy-Weinberg equilibrium was tested.
The risk each genetic variant carries for ccRCC development
was computed by odds ratios (OR) and 95% conﬁdence
intervals (CI) by logistic regression analysis. OR was adjusted
for age, gender, and variables indicating recognized risk factors for ccRCC as potential confounders. Survival analysis
was performed using the Kaplan-Meier method to estimate
the cumulative survival probability. The log-rank test was
performed for the assessment of diﬀerences in survival
according to the diﬀerent categories of variables. The associ-

3.1. Analysis of Genotypes. The analyzed sample included a
total number of 223 ccRCC patients and 336 age- and
gender-matched controls with the same geographic origin.
The main demographic and clinical features of patients and
controls are summarized in Table 1.
As presented, recognized risk factors for ccRCC, history
of obesity, hypertension, and smoking status, were evaluated.
While no signiﬁcant diﬀerence among groups was found
regarding obesity and smoking status, more than 50% of
patients were presenting hypertension in comparison with
35% hypertensive controls. Additionally, subjects who had
history of hypertension exhibited 2.45-fold increased risk
for ccRCC development compared to normotensive subjects
(95%CI = 1:375-4.435, p < 0:05). Grade II, according to the
Fuhrman grading system, was the most prevalent among
enrolled cases (106 patients—55%). When staged according
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Table 2: Nrf2, SOD2, GPX1, and GSTP1 genotypes in relation to the risk of ccRCC.
Genotypes
Nrf2 (rs6721961)
C/Cc
C/A and A/Ad
SOD2 (rs4880)
Ala/Alae
Ala/Val and Val/Valf
GPX1 (rs1050450)
Pro/Prog
Pro/Leu and Leu/Leuh
GSTP1 (rs1695)
Ile/Ilei
Ile/Val+Val/Valj
GSTP1 (rs1138272)
Ala/Alak
Ala/Val+Val/Vall
GSTP1 (rs1695 and rs1138272)
(Ile/Ile) (Ala/Ala)m
(Ile/Ile) (Ala/Val+Val/Val)n
(Ile/Val+Val/Val) (Ala/Ala)o
(Ile/Val+Val/Val) (Ala/Val+Val/Val)p

ccRCC patients, n (%)

Controls, n (%)

OR (95% CI)a

p

166 (77)
50 (23)

241 (72)
95 (28)

1.00b
0.692 (0.370-1.295)

0.250

45 (30)
175 (70)

111 (21)
225 (79)

1.00b
4.521 (2.167-9.432)

<0.001

109 (49)
113 (51)

142 (42)
194 (58)

1.00b
0.567 (0.323-0.994)

0.048

55 (25)
168 (75)

159 (47)
177 (53)

1.00b
3.714 (1.952-7.069)

<0.001

197 (89)
25 (11)

297 (89)
39 (11)

1.00b
0.712 (0.309-1.642)

0.426

54 (24)
1 (1)
143 (64)
24 (11)

144 (43)
15 (4)
153 (46)
24 (7)

1.00b
0.000 (NAq)
3.250 (1.668-6.331)
2.719 (0.970-7.624)

0.999
0.001
0.057

a

OR: odds ratio adjusted for age, gender, BMI, pack-years, and hypertension; CI: conﬁdence interval; breference group; cC/C: carriers of both referent alleles;
C/A and A/A: carriers of at least one variant allele; eAla/Ala: carriers of both referent alleles; fAla/Val and Val/Val: carriers of at least one variant allele;
g
Pro/Pro: carriers of both referent alleles; hPro/Leu and Leu/Leu: carriers of at least one variant allele; iIle/Ile: carriers of both referent alleles; jIle/Val and
Val/Val: carriers of at least one variant allele; kAla/Ala: carriers of both referent alleles; lAla/Val and Val/Val: carriers of at least one variant allele; m(Ile/Ile)
(Ala/Ala): carriers of both referent alleles for rs1695 and rs1138272; n(Ile/Ile) (Ala/Val+Val/Val): carriers of both referent alleles for rs1695 and at least one
variant allele rs1138272; o(Ile/Val+Val/Val) (Ala/Ala): carriers of at least one variant allele for rs1695 and both referent alleles for rs1138272;
p
(Ile/Val+Val/Val) (Ala/Val+Val/Val): carriers of at least one variant allele for both rs1695 and rs1138272; qNA: not applicable.
d

to the TNM system, we found pT1 and pT3 to be the most
numerous stages (93 pT1 cases and 87 pT3 cases).
The distribution of speciﬁc genotypes among ccRCC
patients and controls is shown in Table 2.
No signiﬁcant ccRCC risk was revealed for subjects carrying the C/A and A/A Nrf2 genotype in comparison with carriers of the C/C genotype (OR = 0:692, 95%CI = 0:370–1.295,
p = 0:250). On the contrary, the risk for ccRCC development
was highly increased in individuals with at least one SOD2
Val allele or precisely Ala/Val and Val/Val SOD2 genotypes
(OR = 4:521, 95%CI = 2:167–9.432, p < 0:001). Regarding
GPX1 polymorphism, the risk for ccRCC development was
reduced in subjects carrying Pro/Leu and Leu/Leu genotypes
when compared to individuals with the Pro/Pro genotype
(OR = 0:567, 95%CI = 0:323–0.994, p = 0:048). GSTP1 polymorphisms rs1695 and rs1138272 were studied individually
and in combination, as well as the GSTP1ABCD haplotype.
As presented, subjects with the Ile/Val and Val/Val rs1695
genotype combined with the Ala/Ala rs1138272 genotype
had more than 3-fold increased risk for developing clear cell
renal cell carcinoma in comparison with carriers of referent
genotypes for both polymorphisms (OR = 3:250, 95%CI =
1:668–6.331, p = 0:001).
As a part of an immensely complex redox homeostasis
maintenance system, the examined enzymes and their genetic
polymorphisms were assessed in combination (Table 3).

When observed altogether, subjects with the C/C Nrf2 genotype who were, at the same time, carrying the Ala/Val or
Val/Val SOD2 genotype, exhibited three-fold increased ccRCC
risk (OR 3.234, 95%CI = 1:436–7.280, p = 0:005), while subjects with C/A or A/A Nrf2 in combination with the Ala/Val
or Val/Val SOD2 genotype had 2.9-fold increased risk for
ccRCC development (OR = 2:918, 95%CI = 1:131–7.532,
p = 0:027). Almost equally higher risk was found among
carriers of combined C/C Nrf2 and Ile/Val or Val/Val
GSTP1 rs1695 genotypes (OR = 3:211, 95% CI 1.516–
6.814, p = 0:002). Logistic regression showed no substantial risk when Nrf2 genotypes were analyzed in combination with GPX1 and GSTP1 rs1138272 genotypes.
The increased ccRCC risk was the most pronounced
when SOD2 and either GSTP1 rs1695 or rs1138272 polymorphisms were examined. Ala/Val and Val/Val SOD2 genotypes in combination with Ile/Val and Val/Val rs1695
genotypes were associated with almost 20-fold increased
risk (OR = 19:724, 95%CI = 4:267–91.165, p < 0:001), while
4-fold increased risk for ccRCC development was observed
when in combination with the Ala/Ala GSTP1 rs1138272
genotype (OR = 4:374, 95%CI = 2:012–9.508, p < 0:001).
Finally, the presence of the GPX1 Pro/Pro genotype combined with either the Ala/Val or Val/Val SOD2 genotype
and Ile/Val or Val/Val GSTP1 rs1695 genotype leads to
signiﬁcantly higher risk for this cancer (OR = 3:653, 95%

—
—

—

—

d

Nrf2 (rs6721961)
C/Cc
C/A and A/Ad

—

0.005

0.087

—

0.018

0.067

0.388

0.440 (0.223-0.868) 0.456 (0.188-1.057) 0.553 (0.144-2.120)

—

1.00b

b

0.117

2.533 (0.793-8.094)

0.028

3.653 (1.148-11.63)

—

—

0.002

3.211 (1.513-6.814)
—

1.00b

0.894

1.067 (0.41-2.779)

GSTP1 (rs1138272)
Ala/Alak
Ala/Val+Val/Vall

0.062

4.796 (0.927-24.81)

0.029

—

1.00b

0.594

0.646

0.594 (0.064-5.504)

0.099

<0.001

5.476 (2.127-14.10)

<0.001

—

1.00b

<0.001

0.763

0.826 (0.238-2.868)

0.040

c

0.558

0.079
d

0.079

0.098

0.720 (0.239-2.165) 2.194 (0.912-5.287) 0.585 (0.322-1.063) 0.372 (0.115-1.199)

—

1.00b

0.030

5.875 (1.190-29.00) 19.724 (4.267-91.16) 4.374 (2.012-9.508) 3.290 (1.054-10.26)

—

1.00b

0.182

0.385 (0.095-1.564) 2.731 (1.107-6.739) 0.835 (0.430-1.621) 0.162 (0.019-1.408)

—

1.00b

GSTP1 (rs1695)
Ile/Ilei
Ile/Val+Val/Valj

OR: odds ratio adjusted for age, gender, BMI, pack-years, and hypertension; CI: conﬁdence interval; reference group; C/C: carriers of both referent alleles; C/A and A/A: carriers of both referent alleles; eAla/Ala:
carriers of both referent alleles; fAla/Val and Val/Val: carriers of at least one variant allele; gPro/Pro: carriers of both referent alleles; hPro/Leu and Leu/Leu: carriers of at least one variant allele; iIle/Ile: carriers of both
referent alleles; jIle/Val and Val/Val: carriers of at least one variant allele; kAla/Ala: carriers of both referent alleles; lAla/Val and Val/Val: carriers of at least one variant allele.

a

OR (95% CI)a
p

h

0.423 (0.158-1.133)

1.00b

GPX1 (rs1050450) Pro/Leu and Leu/Leu

OR (95% CI)a
p

0.027

—

—

—

—

0.161

3.234 (1.436-7.280) 2.918 (1.131-7.532)

GPX1 (rs1050450) Pro/Prog

OR (95% CI)a
p

—

—

—

—

—

—

—

—

—

—

SOD2 (rs4880)
Ala/Alae
Ala/Val and Val/Valf

0.308 (0.059-1.599)

—

—

1.00b

e

—

—

SOD2 (rs4880) Ala/Val and Val/Valf

OR (95% CI)a
p

SOD2 (rs4880) Ala/Ala

OR (95% CI)a
p

Nrf2 (rs6721961) C/A and A/A

OR (95% CI)a
p

Nrf2 (rs6721961) C/Cc

Genotypes

Table 3: Combined eﬀect of Nrf2, SOD2, GPX1, and GSTP1 genotypes in relation to the risk of ccRCC carriers of at least one variant allele.
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Table 4: Haplotype analysis of GSTP1 rs1695 and rs1138272 polymorphisms in patients with ccRCC.

d

GSTP1A
GSTP1Be
GSTP1Cf
GSTP1Dg

Genotype
rs1695

rs1138272

∗A
∗G
∗G
∗A

∗C
∗C
∗T
∗T

Haplotype frequencies
ccRCC patients, %
Controls, %

OR (95% CI)a

56
64
38
30
5
3
1
3
Global haplotype association p value: <0.001

p value

b

1.00
1.50 (1.10–2.05)
3.50 (1.49–8.22)
0.00 (N/Ac)

0.012
0.004
1.000

a

OR: odds ratio adjusted for age, gender, BMI, pack-years, and hypertension; CI: conﬁdence interval; breference group; cN/A: not applicable; dGSTP1A genotype
consisting of Ile105 and Ala114; eGSTP1B genotype consisting of Val105 and Ala114; fGSTP1C genotype consisting of Val105 and Val114; gGSTP1D genotype
consisting of Ile105 and Val114.

Table 5: Nrf2, SOD2, GPX1, and GSTP1 genotype distribution among living and deceased ccRCC patients.
Genotype
Nrf2 (rs6721961)
C/Ca
C/A and A/Ab
SOD2 (rs4880)
Ala/Alac
Ala/Val and Val/Vald
GPX1 (rs1050450)
Pro/Proe
Pro/Leu and Leu/Leuf
GSTP1 (rs1695 and rs1138272)
(Ile/Ile) (Ala/Ala)g
(Ala/Ala)(Pro/Leu+Leu/Leu)
(Ala/Val+Val/Val)(Pro/Pro)
(Ala/Val+Val/Val)(Pro/Leu+Leu/Leu)h

Living patients, n (%)

Deceased patients, n (%)

p value

99 (76)
31 (24)

59 (75)
19 (25)

0.530

31 (24)
101 (76)

12 (15)
68 (85)

0.093

57 (43)
77 (57)

46 (57)
34 (43)

0.024

41 (31)

12 (15)

93 (69)

68 (85)

0.007

a

C/C: carriers of both referent alleles; bC/A and A/A: carriers of at least one variant allele; cAla/Ala: carriers of both referent alleles; dAla/Val and Val/Val:
carriers of at least one variant allele; ePro/Pro: carriers of both referent alleles; f Pro/Leu and Leu/Leu: carriers of at least one variant allele; g(Ile/Ile)
(Ala/Ala): carriers of both referent alleles for rs1695 and rs1138272; hcarriers of at least one variant allele for either rs1695 or rs1138272.

CI = 1:148–11.630, p = 0:028 and OR = 5:476, 95%CI =
2:127–14.102, p < 0:001, respectively).
In the next step, haplotype analysis of GSTP1 rs1695 and
rs1138272 polymorphisms was performed and is presented
in Table 4. The GSTP1A genotype represents a combination
of A313 and C114, meaning that the enzyme has isoleucine
at position 105 and alanine at 114. The genotype with G313
and C114 or valine at 105 and alanine at 114 is GSTP1B.
The presence of G313 and T114 or valine at both 105 and
114 represents GSTP1C, while the form consisting of isoleucine at position 105 and valine at 114 (A313 and T114) is
GSTP1D [40]. The haplotype composed of wild-type alleles
∗A and ∗C was the most frequent among ccRCC patients
(56%) and controls (64%). Regarding the eﬀect of the
GSTP1ABCD haplotype on ccRCC susceptibility, the haplotype consisting of variant alleles of both polymorphisms
∗G and ∗T was associated with 3.5-fold increased risk
(OR = 3:50, 95%CI = 1:49–8.22, p = 0:004).
3.2. Follow-Up Analysis. Of 223 ccRCC cases, follow-up data
were acquired for 215 (96%) patients in a period from 2005 to

2018. There were a total number of 80 deaths (37%) and 135
survivals during the mean follow-up period of 67:31 ± 37:68
months (ranging from 1 to 161 months). Table 5 presents
Nrf2, SOD2, GPX1, and GSTP1 genotype distribution among
living and deceased ccRCC patients.
Statistically signiﬁcant diﬀerence in frequencies was
observed among carriers of Pro/Leu and Leu/Leu genotypes
of the examined GPX1 polymorphism (p = 0:024). Regarding
the GSTP1ABCD haplotype, statistically signiﬁcant diﬀerence in frequencies was observed between carriers of at least
one variant allele and carriers of a referent genotype of both
GSTP1 polymorphisms (Table 5).
Table 6 represents the analysis of diﬀerent examined
genotypes as potential predictors for overall mortality. The
analysis was performed in two models, based on diﬀerent
adjustments. Although without reaching statistical signiﬁcance, the GSTP1-variant genotype consisting of at least
one Val105 allele in the case of rs1695, in combination with
at least one Val114 allele in the case of rs1138272, expressed
the highest hazard ratio in ccRCC patients (model 1 HR =
1:627, 95%CI = 0:664–3.986, p = 0:287; model 2 HR = 3:897,
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Table 6: Nrf2, SOD2, GPX1, and GSTP1 polymorphisms as predictors for overall mortality in patients with ccRCC.
Model 1a

Model 2b

p value

HR (95% CI)

c

HR (95% CI)

Risk for overall mortality comparing Nrf2-variant genotype to Nrf2-reference -type genotype carriers
1.030 (0.579–1.833)
0.919
1.104 (0.456–2.674)
Risk for overall mortality comparing SOD2-variante genotype to SOD2-referencef-type genotype carriers
1.290 (0.676–2.461)
0.440
1.687 (0.494–5.755)
g
h
Risk for overall mortality comparing GPX1-variant genotype to GPX1-reference -type genotype carriers
0.737 (0.462–1.177)
0.201
1.388 (0.654–2.946)
Risk for overall mortality comparing GSTP1-varianti genotype to GSTP1-referencej-type genotype carriers
1.627 (0.664–3.986)
0.287
3.897 (0.681–22.304)
a

p value

d

0.826
0.404
0.393
0.126

b

Model 1 adjusted for age and gender; model 2 adjusted for the covariates from model 1 and recognized risk factors for ccRCC development (pack-years, BMI,
and hypertension); cNrf2-variant-type genotype—C/A+A/A; dNrf2-reference genotype—C/C; eSOD2 variant-type genotype—Ala/Val+Val/Val; fSOD2
reference genotype—Ala/Ala; gGPX1-variant-type genotype—Pro/Leu+Leu/Leu; hGPX1-reference genotype—Pro/Pro; iGSTP1-variant-type
genotype—combination of genotypes of rs1695 and rs1138272 SNPs (Ile/Val+Val/Val) (Ala/Val+Val/Val); jGSTP1-reference genotype—combination of
reference genotypes of both rs1695 and rs1138272 (Ile/Ile) (Ala/Ala); HR: hazard ratio; CI: conﬁdence interval.

95%CI = 0:681–22.304, p = 0:126). On the other hand, none
of the other investigated genotypes showed any predicting
potential in terms of ccRCC overall mortality.
The Kaplan-Meier survival curves for overall mortality
according to Nrf2, GSTP1, SOD2, and GPX1 genes in ccRCC
patients are presented in Figure 1. This analysis for overall
survival did not show signiﬁcantly shorter time of survival
in patients carrying a speciﬁc Nrf2, SOD2, or GPX1 genotype
(p > 0:05, Figures 1(a), 1(c), and 1(d)). However, patients
who were carrying any of variant GSTP1 genotypes were
recognized as patients with shorter overall survival (log-rank
p = 0:038) (Figure 1(b)).
3.3. Analysis of Protein Expression. Since GSTP1 protein may
negatively regulate JNK and therefore aﬀect the apoptotic
activity, especially within tumor tissue, we analyzed the
GSTP1 protein expression both in a pool of nontumor kidney
tissue samples and in ccRCC tissue samples, however independently of the GSTP1 genotype. Moreover, the potential
presence of GSTP1 : JNK1/2 complexes was assessed in specimens of tumor tissue obtained from 20 patients with ccRCC.
Despite gradual increase in the expression across tumor
grades (G1-G3), signiﬁcant diﬀerence was not observed neither for GSTP1 protein levels in ccRCC tissue samples alone
(Figure 2, p > 0:05) nor between the nontumor kidney tissue
pool and ccRCC tissue samples (p > 0:05).
Although the JNK1/2 expressed was evidently higher in
the nontumor kidney tissue pool in comparison with ccRCC
tissue samples (Figure 3), the obtained results were not statistically signiﬁcant (p > 0:05).
Still, the expression of executor cleaved caspase-3 gradually decreased across tumor grade (G1-G3), reaching the statistical signiﬁcance only in G3, when compared to the pool of
nontumor kidney tissue samples (Figure 4, p < 0:05).
However, a weak positive correlation (correlation coeﬃcient, r < 0:3) was found only between GSTP1 and cleaved
caspase-3 expression (r = 0:024, p = 0:999).
In order to investigate the presence of GSTP1 : JNK1 protein : protein interactions, tumor tissue samples were divided
into three groups, according to the tumor’s grade. Although

the eﬀect of GSTP1 polymorphic expression was not assessed,
the analyzed samples comprised all three GSTP genotypes.
Namely, the GSTP1 IleIle genotype was present in 30%,
GSTP1 IleVal in 40%, and GSTP1 ValVal in 30% samples.
Protein immunoprecipitation, followed by Western blot
analysis, showed the presence of JNK1/2/GSTP1 complexes
in all assessed ccRCC samples (Figure 5).

4. Discussion
In recent years, attention has been raised toward genetic variants, often referred to as “quantitative trait loci” that could
contribute to a small, but signiﬁcant, risk not only for the
development but also for the progression of complex disorder such as cancer [41]. Deleterious eﬀects of SNP polymorphisms found in genes encoding transcriptional factors, as
well as antioxidant and detoxiﬁcation enzymes, are still disputable; however, their functional signiﬁcance might seem
to modify the risk for RCC development. Moreover, there is
a growing body of evidence that glutathione transferases
may participate in tumor progression and aﬀect patients’ survival by regulating a number of cellular processes via protein : protein interactions as endogenous negative regulators
of protein kinases [16, 17, 42–45].
In this study, we examined the role of genetic polymorphisms of the transcriptional factor Nrf2 and genes coding
SOD2 and GPX1, as well as GSTP1, in ccRCC development.
We noticed an increased risk of ccRCC development among
carriers of variant genotypes of both SOD2 rs4880 and
GSTP1 rs1695 polymorphisms. Nrf2 rs6721961 genetic polymorphism in combination with both rs4880 and rs1695
showed higher risk for this type of tumor as well. Since two
examined SNPs of GSTP1, rs1695 and rs1138272, are close
in their position, haplotype analysis was performed. It
revealed that signiﬁcant risk of ccRCC development is associated with a genotype consisting of variant forms of both
polymorphisms, while the molecular mechanism underlying
the role of GSTP1 forms in RCC progression might be
explained by the presence of GSTP1 : JNK1/2 protein : protein interactions.
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Figure 1: Kaplan-Meier survival curves for overall mortality according to (a) Nrf2 polymorphism, (b) GSTP1 polymorphisms rs1695 and
rs1138272 in combination (GSTP1 ∗ reference genotype—(Ile/Ile) (Ala/Ala); GSTP1 ∗ variant-type genotypes—(Ile/Val+Val/Val)(Ala/Ala),
(Ile/Ile)(Ala/Val+Val/Val), and (Ile/Val+Val/Val)(Ala/Val+Val/Val)), (c) SOD2 polymorphism, and (d) GPX1 polymorphism.

It has been shown that Nrf2 deﬁciency decreases the ability of tissue to properly react to exposure to oxidative and
electrophilic stressors [46]. The importance of SNP
rs6721961 for further Nrf2 activity has been shown, since this
polymorphism is positioned in the middle of the ARE motif
and aﬀects the binding of Nrf2 to the ARE. Homozygous
A/A subjects exhibit lower level of Nrf2 mRNA which further
leads to lower protein activity [47]. Suzuki et al. demonstrated that smokers—carriers of the A/ANrf2 genotype—-

had increased risk of lung cancer development [47], while
at the same time, Okano et al. even suggested that this polymorphism should be considered a prognostic biomarker for
assessing prognosis in lung adenocarcinoma patients [29].
What is more, women carrying this speciﬁc genotype have
higher risk for breast cancer development and decreased protein expression in cancer tissue [48].
There are no studies of whether the Nrf2-617C/A polymorphism has impact on RCC development. When it comes
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Figure 2: Expression of GSTP1 (23 kDa) protein analyzed by immunoblot in a pool of nontumor kidney tissue samples, as well as in ccRCC
tissue samples (G1-G3). G1: tumor grade I; G2: tumor grade II; G3: tumor grade III. Expression of β-actin (42 kDa) protein in a pool of
nontumor kidney tissue samples, as well as in ccRCC tissue samples (G1-G3), is used as a normalization control.
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Figure 3: Expression of JNK1/2 (44/56 kDa) protein in a pool of nontumor kidney tissue samples, as well as in ccRCC tissue samples (G1-G3).
G1: tumor grade I; G2: tumor grade II; G3: tumor grade III. Expression of β-actin (42 kDa) protein in a pool of nontumor kidney tissue
samples, as well as in ccRCC tissue samples (G1-G3), is used as a normalization control.

to tumors of the urinary tract, Reszka et al. found no association between SNP rs6721961 and risk for urinary bladder
cancer [27]. Similarly, our results did not show any signiﬁcant diﬀerence in frequencies of diﬀerent genotypes among
ccRCC patients and corresponding controls. Still, in already
developed renal cell carcinoma, higher expression of Nrf2
protein in carriers of the C/C genotype seems to point out
the patients with poor prognosis and shorter overall survival
[49]. Furthermore, when the expression of Nrf2 is elevated,
RCC metastasis has inadequate and unsatisfying response

to therapy which leads to unfavorable outcome [50]. According to our follow-up analysis, patients with the C/C genotype
did have shorter overall survival compared to C/A and A/A
carriers, although it was not statistically signiﬁcant.
Many genes targeted by Nrf2 encode enzymes essential in
antioxidative stress response which enables cellular adaptation to new conditions [47]. Glutathione S-transferases as
enzymes regulated by Nrf2 activity take part in defense
against stressors [51]. Although meta-analysis did not ﬁnd
association between GSTP1 rs1695 polymorphism and RCC
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Figure 4: Expression of cleaved caspase-3 (19/17 kDa) protein in a pool of nontumor kidney tissue samples, as well as in ccRCC tissue
samples (G1-G3) (∗ p < 0:05). Expression of β-actin (42 kDa) protein in a pool of nontumor kidney tissue samples, as well as in ccRCC
tissue samples (G1-G3), is used as a normalization control.
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Figure 5: Cytosols obtained from ccRCC tissue homogenates were immunoprecipitated with an anti-GST3/GST pi antibody. The samples
were subjected to SDS-PAGE on 10% gel, followed by incubation with the primary antibodies against GST3/GST pi and JNK1/2. G1:
tumor grade I; G2: tumor grade II; G3: tumor grade III; IP: immunoprecipitation; WB: Western blot.

development [31, 52], the results of our previous studies on
RCC patients indeed demonstrated a signiﬁcantly increased
risk for cancer development in patients carrying the
GSTP1-variant (Ile/Val+Val/Val) genotype [16], which was
in line with the results obtained on the subpopulation of
ccRCC patients [53]. In addition to rs1695, in this study,
we analyzed rs1138272 SNP as well. There was signiﬁcant
diﬀerence in distribution of the rs1695 genotype among
patients and controls, but no association between ccRCC
and rs1138272. Four haplotypes involving these two polymorphisms have been deﬁned. Maniglia et al. found haplotypes GSTP1A and GSTP1D having higher frequency
among cases of head and neck squamous cell carcinoma than
among controls [54]. Since the overall functions of GSTs also
include the regulation of cell signaling, the GSTP1C haplotype has been considered a better c-Jun N-terminal kinase 1
inhibitor than the reference GSTP1A haplotype [32]. In line

with these results, our study showed higher risk for ccRCC
for carriers of the GSTP1C haplotype.
Based on the established role of the GSTPi class in inhibition of JNK1 and its antiapoptotic eﬀect [17, 45], we assessed
the expression of GSTP1 and expression of regulatory
(JNK1/2) and executor (caspase-3) apoptotic molecules in
human ccRCC tissue samples, as well as the presence
GSTP1 : JNK1/2 protein : protein interactions, however irrespective of the GSTP1 genotype. At ﬁrst, we noticed gradual
increase in the GSTP1 protein across tumor grades, although
without signiﬁcant diﬀerence. Secondly, our results showed
lower level of JNK1/2 expressed in tumor tissue in comparison with nontumor kidney tissue. Furthermore, the expression of cleaved caspase-3, one of the key executory enzymes
leading to apoptosis, was statistically signiﬁcantly decreased
in grade 3 when compared to expression in nontumor tissue.
In addition, we found a weak, yet positive, correlation
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between GSTP1 and cleaved caspase-3 expression. Finally, by
analyzing ccRCC tissue homogenates, we found GSTP1 :
JNK1/2 complexes in all assessed samples. The particular
interaction has been found in human leukemia, hepatic carcinoma, bladder cancer, and neuroblastoma cells [55]. Presumably, tumors with upregulated GSTP1, such as RCC,
could have their kinase-dependent apoptotic signaling pathways suppressed, owning to negative regulation of JNK1.
Thévenin et al. showed that protein produced in carriers of
the Val105 and Val114 genotype acts as a better JNK inhibitor [32]. Indeed, our results have shown that carriers of
GSTP1-variant-type genotypes—(Ile/Val+Val/Val) (Ala/Val
+Val/Val)—exhibited poorer survival. It is important to note
that the GSTP-JNK interaction is shown to be redoxdependent with possible formation of oligomeric forms of
GSTP and other thiol-containing proteins, such as Prdx both
1 and 6 [56, 57]. Since Prdx6 seems to be responsible for substantial inhibition of GSTP1 heterodimerization, independently of allelic variations, while Prdx1, once released from
the GSTP-JNK complex, maintains its peroxidase activity, it
seems plausible that genetic variations in Prdx, both 1 and
6, might play a critical role in this context [57].
Another enzyme inﬂuenced by Nrf2 is manganese superoxide dismutase. Involvement of polymorphism rs4880 in
cancer susceptibility has been extensively investigated. Comprehensive meta-analysis by Wang et al. showed SOD2
rs4880 polymorphism to be connected with lung cancer
[58]. Various meta-analyses found no association between
this SNP and urinary bladder or breast cancer risk [21, 59].
Those studies that actually reported increased risk for breast
cancer usually reported the Ala/Ala genotype to be the most
frequent, although the carriers of the Val16 variant are
expected to be at greater cancer risk [60]. Similarly, some
authors found aggressive forms of prostate cancer to be associated with the Ala/Ala genotype [61]. Atilgan et al. found
that risk for development of any kind of histologic subtypes
of renal cell carcinoma is increased with Ala/Val and Ala/Ala
genotypes [35]. In our study, when only clear cell carcinoma
was observed, carriers of Ala/Val and Val/Val genotypes
were exposed to signiﬁcantly greater risk. When analyzed in
combination with Nrf2, GPX1, and both rs1695 and
rs1138272 GSTP1 SNPs, signiﬁcant risk was also noted. In
addition, according to our results, overall survival was
shorter among patients with Ala/Val and Val/Val genotypes
still without statistical signiﬁcance. It is suggested that the
Val16 variant of SOD2 comprises parts of β-sheet structure
and therefore is ineﬃciently transported into the mitochondrial cytosol which diminishes its function and further leads
to inadequate superoxide anion neutralization [62]. However, Dasgupta et al. found that excessive H2O2 production
leads to reduced sensitivity to tumor necrosis factor-α-mediated apoptosis [63]. Hence, it is still debated whether higher
or lower SOD2 protein activity should be seen as a deﬁnite
risk factor.
Glutathione peroxidase-1 is considered a gatekeeper able
to stop detrimental damage caused by H2O2 produced by
higher SOD2 activity [64]. In diﬀerent stages of carcinogenesis, regulation of GPX1 levels is essential [65]. Many authors
advocate SNP rs1050450 in the GPX1 gene to contribute to
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susceptibility to various cancers [36, 66]. Namely, metaanalysis investigating the eﬀect of this polymorphism
revealed that variant genotypes (Pro/Leu and Leu/Leu) were
associated with increased risk for lung cancer, bladder cancer, prostate cancer, head and neck cancer, and brain cancer
[21, 67, 68]. However, Nikic et al. found no impact of GPX1
polymorphism on overall survival in patients with metastatic
urothelial bladder cancer [69]. Our results did not reveal
increased risk for carriers of Pro/Leu and Leu/Leu; on the
contrary, risk was reduced among these subjects. Follow-up
analysis revealed that these variant allele carriers had shorter
cumulative survival, but this was not statistically signiﬁcant.
This is not the ﬁrst time to encounter that the Leu allele is
associated with protection. Considering the fact that the variant GPX1 exhibits lower enzyme activity, the explanation of
such phenomenon in ccRCC is challenging. However, as
recently suggested, the roles of hydrogen peroxide in signal
transduction and regulation of genes involved in longevity
might have priority when compared to its potential to cause
oxidative damage [70]. Further studies are needed to elucidate the mechanisms by which alteration in H2O2 reduction
is associated with better survival and lower susceptibility to
clear cell renal cell carcinoma.
Just recently, when expression of GPX1 protein was evaluated in RCC, high GPX1 level was in a positive correlation
with tumor stage, distant metastasis, lymphatic metastasis,
and shorter overall survival [24]. These contradictory results
on the inﬂuence of GPX1 polymorphism on both enzyme
synthesis and activity should be further examined and
revealed.
This study has several limitations that need to be
addressed. The case-control study design and therefore selection bias, as well as the recall bias, regarding the recognized
risk factors for ccRCC development might have inﬂuenced
the results. Also, the control group was relatively small and
comprised of hospital-based patients. Furthermore, the possible eﬀect of ethnicity could not be evaluated as the study
group consisted of Caucasians only.

5. Conclusions
Some important novel aspects regarding the role of SNPs in
genes encoding the transcriptional factor Nrf2, mitochondrial SOD2, and GPX1 and GSTP1ABCD haplotype in pathophysiology of ccRCC are provided in this study. Namely,
increased ccRCC susceptibility was observed among carriers
of individual variant genotypes of both SOD2 rs4880 and
GSTP1 rs1695 polymorphisms, as well as in combination
with Nrf2 rs6721961 genetic polymorphism. Furthermore,
GSTP1ABCD haplotype analysis revealed signiﬁcant risk of
ccRCC development in carriers of the GSTP1C haplotype
consisting of variant forms of both GSTP1 polymorphisms
comprising this haplotype. Our study also provides evidence
in favor of hypothesis that certain GST variant genotypes
represent not only signiﬁcant genetic risk factors for ccRCC
development but also a signiﬁcant prognostic factor. In this
line, GSTP1 variant forms seem to aﬀect the overall survival
in patients with ccRCC and the proposed molecular mechanism underlying the role of GSTP1 forms in RCC progression
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might be the presence of GSTP1 : JNK1/2 protein : protein
interactions.
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Diﬀerent byproducts of oxidative stress do not always lead to the same conclusion regarding its relationship with cardiometabolic
risk, since controversial results are reported so far. The aim of the current study was to examine prooxidant determinant
((prooxidant-antioxidant balance (PAB)) and the marker of antioxidant defence capacity (total sulphydryl groups (tSHG)), as
well as their ratio (PAB/tSHG) in relation to diﬀerent cardiometabolic risk factors in the cohort of adult population.
Additionally, we aimed to examine the joint eﬀect of various cardiometabolic parameters on these markers, since to our
knowledge, there are no studies that investigated that issue. A total of 292 participants underwent anthropometric
measurements and venipuncture procedure for cardiometabolic risk factors assessment. Waist-to-height ratio (WHtR), body
mass index, visceral adiposity index (VAI), and lipid accumulation product (LAP) were calculated. Principal component
analysis (PCA) grouped various cardiometabolic risk parameters into diﬀerent factors. This analysis was used in the subsequent
binary logistic regression analysis to estimate the predictive potency of the factors towards the highest PAB and tSHG values.
Our results show that triglycerides, VAI, and LAP were positively and high density lipoprotein cholesterol (HDL-c) were
negatively correlated with tSHG levels and vice versa with PAB/tSHG index, respectively. On the contrary, there were no
independent correlations between each cardiometabolic risk factor and PAB. PCA revealed that obesity-renal function-related
factor (i.e., higher WHtR, but lower urea and creatinine) predicts both high PAB (OR = 1:617, 95% CI (1.204-2.171), P < 0:01)
and low tSHG values (OR = 0:443, 95% CI (0.317-0.618), P < 0:001), while obesity-dyslipidemia-related factor (i.e., lower HDL-c
and higher triglycerides, VAI, and LAP) predicts high tSHG values (OR = 2:433, 95% CI (1.660-3.566), P < 0:001). In
conclusion, unfavorable cardiometabolic proﬁle was associated with higher tSHG values. Further studies are needed to examine
whether increased antioxidative capacity might be regarded as a compensatory mechanism due to free radicals’ harmful eﬀects.

1. Introduction
A growing body of evidence revealed an enhanced prooxidant environment in a variety of cardiometabolic disorders.
At the same time, the antioxidative potential of many enzymatic and nonenzymatic biomolecules is compromised in
an attempt to cope with increased free radicals production
[1–3].
Free radicals, if not properly and timely scavenged or
decomposed by antioxidants, destroy cellular functionality
and structures including lipid membranes, proteins, and

nucleic acids and even lead to cellular death [1, 2, 4]. Since
reactive oxygen/nitrogen species (ROS/RNS) are highly reactive and exhibit a short half-life, their measurement is diﬃcult [4]. Therefore, oxidative stress secondary products are
measured for such purposes. However, diﬀerent byproducts
of oxidative stress do not always reveal the same conclusion
regarding its relationship with cardiometabolic risk. Hence,
there is no universal index by which oxidative stress can be
deﬁned [5].
Prooxidant-antioxidant balance (PAB) represents the
ratio of prooxidants to antioxidants concomitantly in one
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assay, which is calibrated on the basis of diﬀerent ratios of
uric acid and hydrogen peroxide [6, 7]. High serum PAB
values are assumed to be related to an increased production
of ROS/RNS. It is presumed that PAB can be a better determinant of oxidative stress than each prooxidant measured
separately [7].
Total protein sulphydryl groups (tSHG), a part of the
antioxidant system also called thiols, are derived from amino
acids, such as methionine and cysteine and their derivatives
(i.e., homocysteine and glutathione), both in extracellular
ﬂuids and cells [8, 9]. In the state of increased ROS/RNS production, tSHG could be oxidized, and therefore, the antioxidant defence pool becomes diminished. Hence, the serum
levels of tSHG directly represent the whole-body redox status, in terms that its decrease is indicative of increased oxidative stress, and vice versa its higher levels are attributed to cell
repairment and detoxiﬁcation of the harmful eﬀects of
ROS/RNS [2]. Namely, in case of increased prooxidant
milieu, tSHG becomes oxidized and converted into
disulphide bond structures. This process is reversible, and
when prooxidant environment resolves, disulphide bonds
shift into reduced thiol groups, therefore maintaining a
thiol/disulphide and extracellular redox homeostasis [2, 8–
10].
Although the majority of studies reported increased prooxidant byproducts and decreased antioxidative molecules
and antioxidative enzyme activities [11–17] in many diseases,
others reported the opposite, i.e., no changes or even
increased antioxidative capacity [18–22].
As far as we know, there are no studies that investigated
the joint eﬀect of various cardiometabolic parameters on oxidative stress status. In the light of all these facts, the relationship between the antioxidant defence system and
cardiometabolic disturbances still represents an open question. Therefore, in the current study, we aimed to examine
PAB as a determinant of an increased prooxidant milieu
and a marker of antioxidant defence capacity (tSHG), as well
as their ratio (PAB/tSHG index) in relation to diﬀerent cardiometabolic risk factors in the cohort of adult population.
Moreover, to better understand the inﬂuence of diﬀerent cardiometabolic risk factors on high PAB and tSHG, we aimed
to group them into several factors in line with their common
pathophysiological characteristics and further examine the
direction of such potential relationships.

2. Patients and Methods
2.1. Subjects. A cohort of 292 patients participated in this
cross-sectional study, which was approved by the Institutional Ethics Committee of the Primary Health Care Center,
Podgorica, Montenegro. The patients were recruited consecutively in the period from May to July 2017. Each participant
provided signed informed consent, with an attached ﬁlled
questionnaire consisting of answers regarding demographic
data, lifestyle habits, and acute/chronic diseases.
Blood pressure (systolic (SBP) and diastolic blood pressure (DBP)) and anthropometric indices (body weight (kg),
height (cm), and waist circumference (WC)) were provided
for each participant, whereas waist-to-height ratio (WHtR)
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and body mass index (BMI) were calculated. Lipid indices
were calculated also [23].
Visceral adiposity index (VAI) was obtained as follows:
f½WC/36:58 + ð1:89 × BMIÞ × ðTG/0:81Þ × ð1:52/HDL − cÞ
g for women, and f½WC/39:68 + ð1:88 × BMIÞ × ðTG/1:03Þ
× ð1:31/HDL − cÞg for men, where WC is expressed in cm,
BMI in kg/m2, and triglycerides (TG) and high density lipoprotein cholesterol (HDL-c) in mmol/L.
Lipid accumulation product (LAP) was provided as follows: ½ðWC − 58Þ x TG for women and ½ðWC − 65Þ x TG
for men, where WC is expressed in cm and TG in mmol/L.
In addition to lipid indices, we have also calculated siMS
score, as a novel comprehensive approach for metabolic status quantiﬁcation [24]. It was calculated as follows: siMS
score = 2 x WC/height + glucose/5:6 + TG/1:70 + SBP/130 –
HDL − c/1:02 or 1:28 (for males and females, respectively),
where WC and height are expressed in cm, glucose, TG,
and HDL-c in mmol/L and SBP in mmHg [24].
The inclusion criteria for the current study were participants older than 18 years and who were willing to enter the
study. On the other hand, subjects that reported acute infection, endocrine disorders other than type 2 diabetes, malignant disease, severe anaemia, acute myocardial infarction or
stroke in the previous 6 months, ethanol consumption
>20 g/day, use of antibiotics, glucocorticoids and nonsteroidal anti-inﬂammatory medications, and pregnancy were
excluded from the study. Additionally, patients with an estimated glomerular ﬁltration rate ðeGFRMDRD Þ < 30 mL/min/
1:73 m2 and with high-sensitivity C-reactive protein (hsCRP)
(>10 mg/L) were also excluded.
2.2. Methods. Two blood samples were obtained from each
individual. The venipuncture was performed in the morning
after a fast of at least 8 hours. The preanalytical processes of
blood sampling and analyses have been described previously
[12]. In brief, one blood sample was provided in the tube with
serum separator and clot activator for determination of cardiometabolic and oxidative stress parameters, whereas the
other one was collected in the tube with K2EDTA for measurement of glycated haemoglobin (HbA1c) levels.
All biochemical parameters (i.e., fasting glucose, HbA1c,
hsCRP, creatinine, urea, uric acid, gamma glutamyl transferase (GGT), total cholesterol, TG, HDL-c, and low-density
lipoprotein cholesterol (LDL-c)) were analyzed using Roche
Cobas c501 chemistry analyzer (Roche Diagnostics GmbH,
Mannheim, Germany), using standard procedures.
Furthermore, tSHG groups were determined spectrophotometrically using 5,5’-dithiobis (2- nitro benzoic acid) [25],
whereas PAB measurement was done spectrophotometrically
using 3,3’, 5,5’-tetramethylbenzidine as a chromo gen [6].

3. Statistical Analysis
Data distributions were tested by the Kolmogorov-Smirnov
test. Normally distributed data were compared by Student’s
t-test and presented as arithmetic mean ± standard
deviation. Skewed data were compared by the Mann–Whitney test and presented as median (interquartile range). Categorical variables were compared by Chi-square test for
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Table 1: General data of participants according to gender.
N
Age, years
BMI, kg/m2
WC, cm#

P

Men

Women

110

182

63 (56-68)
29.2 (26.9-32.0)
104:5 ± 9:8

61 (56-69)
28.2 (25.1-31.6)
95:4 ± 11:1

<0.001

0.878
0.082

WHtR

0:587 ± 0:054

0:582 ± 0:071

0.528

SBP, mmHg
DBP, mmHg
Diabetes, %
Diabetes duration, years
Smokers, %
Antihyperglycemics, %
Insulin therapy, %
Antihypertensives, %
Hypolipidemics, %

134 (126-144)
85 (78-90)
49.1
6 (2-10)
21.8
42.7
16.4
71.8
38.2

133 (124-148)
84 (77-94)
26.9
4 (1-10)
18.9
23.1
7.7
60.4
31.9

0.642
0.923
<0.001
0.251
0.515
<0.001
0.022
0.049
0.271

Data are presented as median (interquartile range) and compared with the Mann–Whitney U-test. #Normally distributed data are presented as arithmetic
mean ± standard deviation and compared with Student’s t-test. Categorical variables are presented as relative frequencies and compared by Chi-square test
for contingency tables.

Table 2: Laboratory markers of the examined population according to gender.

Glucose, mmol/L
HbA1c, %
Total cholesterol, mmol/L
HDL-c, mmol/L
LDL-c, mmol/L
TG, mmol/L
HsCRP, mg/L
GGT, U/L
Uric acid, μmol/L
VAI
LAP
tSHG, μmol/L
PAB, HKU
PAB/tSHG index
siMS score

Men

Women

P

6.1 (5.5-8.2)
5.9 (5.5-7.2)
5.09 (4.57-6.03)
1.20 (0.98-1.43)
3.02 (2.36-3.84)
1.81 (1.36-2.44)
1.05 (0.53-2.38)
22 (16-33)
330 (277-383)
2.20 (1.41-3.29)
73.40 (46.50-98.90)
0.29 (0.24-0.35)
95.85 (61.30-115.10)
314 (213-439)
3.46 (2.78-3.99)

5.7 (5.3-6.7)
5.6 (5.3-6.2)
6.06 (5.13-6.88)
1.44 (1.19-1.76)
3.68 (2.78-4.40)
1.85 (1.20-2.54)
1.18 (0.59-2.29)
15 (11-21)
265 (215-318)
1.77 (1.08-3.21)
65.22 (36.40-99.45)
0.24 (0.19-0.31)
116.05 (74.10-136.00)
464 (304-644)
3.22 (2.49-3.86)

0.002
<0.001
<0.001
<0.001
<0.001
0.714
0.804
<0.001
<0.001
0.137
0.254
<0.001
<0.001
<0.001
0.243

Data are presented as median (interquartile range) and compared with the Mann–Whitney U-test.

contingency tables and given as absolute and relative frequencies. Correlation coeﬃcient (ρ) determination was performed by nonparametric bivariate Spearman’s correlation
analysis. To assess in-depth associations of clinical markers
with tSHG, PAB levels and PAB/tSHG index (ordinal dependent variables given as tertiles) in univariate and multivariate
ordinal regression analysis were applied. In univariate analysis, the independent variables were the indices VAI and LAP,
and anthropometric (BMI and WC) or lipid markers (HDL-c
and TG) were used for their calculations. They had the identical eﬀect at each cumulative split of each ordinal dependent
variable. In multivariate analysis, covariates were selected

based on these criteria: ﬁrstly, continuous variables were in
signiﬁcant bivariate correlation with the dependent variable,
and secondly, categorical variables had an unequal signiﬁcant
distribution between ordinal dependent variable tertiles. In
multivariate ordinal regression analysis, none of the covariates showed multicollinearity. Data from ordinal regression
analysis were presented as odds ratios (ORs) and 95% conﬁdence intervals (CIs). The explained variations in tSHG, PAB
levels, and PAB/tSHG index in the observed population were
given by the Nagelkerke R2 value. Principal component analysis (PCA) [26] with varimax–normalized rotation was used
to reduce the number of variables (which were in signiﬁcant
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correlation with tSHG, PAB, and PAB/tSHG index) in several signiﬁcant factors. Criterion for factor extraction was
its >1, and factor loadings >0.5, and both were used for variable inclusion; the number of factors was ﬁxed at 3. PCA
produced scores for signiﬁcant factors, which were used in
the subsequent binary logistic regression analysis to estimate
the predictive potency of the factors towards the highest PAB
and tSHG values. The IBM® SPSS® Statistics version 22 software (USA) was used for statistical calculations. Signiﬁcance
level set at P value less than 0.05 was considered statistically
signiﬁcant.

4. Results
Demographic and clinical characteristics of the examined
population were compared between men and women and
were listed in Table 1. All participants were of similar ages.
Although males and females did not diﬀer in BMI and
WHtR, females had lower WC than males. More patients
with type 2 diabetes were among males than females, as well
as more antihyperglycemic, insulin, and antihypertensive
users were among males.
Males had higher glucose, HbA1c, GGT, uric acid levels,
and tSHG levels than females (Table 2). However, females
had higher lipid status markers (TC, HDL-c, and LDL-c),
PAB levels, and PAB/tSHG index than males (Table 2). TG
and hsCRP levels, VAI and LAP indices, and siMS score
did not show signiﬁcant diﬀerences between genders.
Since there were signiﬁcant diﬀerences between oxidative
stress markers (tSHG, PAB, and PAB/tSHG index) between
males and females, we further wanted to examine whether
or not anthropometric and/or lipid markers could serve as
their potential determinants. Firstly, we performed Spearman’s correlation analysis (Table 3). tSHG positively correlated with WC, WHtR, glucose, HbA1c, TG, GGT, uric
acid, VAI, LAP, and siMS score. Signiﬁcant negative correlation was only evident between tSHG and HDL-c. PAB levels
correlated negatively with age, glucose, HbA1c, GGT, and
uric acid and positively with SBP, HDL-c, LDL-c, and hsCRP.
PAB/tSHG index demonstrated mostly negative correlations
with age, WC, glucose, HbA1c, TG, GGT, uric acid, VAI,
LAP, and siMS score. Positive correlation was observed
between PAB/tSHG index and HDL-c.
Further investigations of the associations between tSHG,
PAB levels, and PAB/tSHG index and anthropometric (BMI
and WC), lipid (HDL-c and TG) markers and their indices
(VAI and LAP), and siMS score were assessed by ordinal
regression analysis (Table 4).
In univariate ordinal regression analysis, WC, TG, VAI,
LAP, and siMS score positively and HDL-c negatively correlated with tSHG (Table 4). Examinees with higher WC, TG,
VAI, LAP, and siMS score were 1.029, 2.337, 1.560, 1.015,
and 2.020 times, respectively, more likely to exhibit higher
tSHG levels. However, the odds of having higher tSHG was
72% greater in participants with lower HDL-c. Nagelkerke
R2 for WC, HDL-c, TG, VAI, LAP, and siMS score were
0.038, 0.086, 0.170, 0.158, 0.144, and 0.148, respectively,
which means that 3.8%, 8.6%, 17%, 15.8%, 14.4%, 14.8%, of
variation in tSHG could be explained by each marker. Before
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Table 3: The bivariate Spearman’s correlation analysis between
tSHG, PAB, and PAB/tSHG index and clinical markers.
tSHG,
μmol/L

PAB,
HKU

PAB/tSHG
index

-0.037

-0.215∗∗∗

-0.121∗

0.092
0.183∗∗

-0.059

WC, cm

-0.084

-0.093
-0.164∗∗

WHtR

0.158∗∗

0.036

0.017

SBP, mmHg

-0.005

0.116∗

0.072

DBP, mmHg
Glucose, mmol/L

0.004
0.243∗∗∗

0.035
-0.192∗∗

0.016
-0.294∗∗∗

HbA1c, %

0.271∗∗∗

-0.138∗

-0.237∗∗∗

Total cholesterol,
mmol/L

-0.029

0.160∗∗

0.114∗

HDL-c, mmol/L

-0.355∗∗∗

0.116∗

0.308∗∗∗

LDL-c, mmol/L

-0.061

0.178∗∗

0.146∗

Age, years
BMI, kg/m

2

TG, mmol/L

0.397∗∗∗

-0.096

-0.318∗∗∗

HsCRP, mg/L

0.033

0.154∗∗

0.067

0.258∗∗∗

-0.150∗

-0.265∗∗∗

GGT, U/L
Uric acid, μmol/L

0.171∗∗

-0.206∗∗∗

-0.258∗∗∗

VAI

0.391∗∗∗

-0.104

-0.334∗∗∗

LAP

0.347∗∗∗

-0.094

-0.320∗∗∗

—

-0.114

-0.742∗∗∗

PAB, HKU

-0.114

—

0.701∗∗∗

siMS score

0.377∗∗

-0.111

-0.321∗∗

tSHG, μmol/L

Data are presented as the correlation coeﬃcient Rho (ρ). ∗P < 0:05, ∗∗P <
0:01, ∗∗∗ P < 0:001.

performing multivariate ordinal regression analysis, we
tested categorical data distribution among tSHG tertiles to
determine potential covariates. Unequal distributions were
evident for gender (P = 0:003), diabetes presence (P = 0:036
), antihyperglycemic (P = 0:003), insulin (P = 0:003), and
antilipemic (P = 0:035) users between tSHG tertiles.
Independent continuous variables which correlated signiﬁcantly with tSHG (Table 3) (HbA1c, GGT, and uric acid)
and categorical variables (diabetes presence, antilipemic therapy, and gender) obtained by Chi-square analysis were
included in the multivariate ordinal regression analysis as
covariates (Table 4). TG, VAI, and LAP kept their positive
and HDL-c negative independent associations and predictions of tSHG levels.
In univariate ordinal regression analysis, only HDL-c was
positively associated with PAB levels (Table 4). Odds of having higher PAB levels were 1.976 times greater in participants
with higher HDL-c concentration. Nagelkerke R2 was 0.027,
indicating that 2.7% variation in PAB levels could be
explained by HDL-c (Table 4). When tested categorical data
distribution among PAB levels tertiles, we determined
unequal distributions for gender (P < 0:001), diabetes presence (P = 0:001), antihyperglycemic (P = 0:004), antihypertensive (P = 0:006) users between tertiles. Independent
continuous variables which correlated signiﬁcantly with
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Table 4: Estimated odds ratios after ordinal regression analysis for
tSHG, PAB, and PAB/tSHG tertiles, respectively, as dependent
variable.

BMI
WC
WHtR
HDL-c
TG
VAI
LAP
siMS score

Model
WC
WHtR
HDL-c
TG
VAI
LAP

PAB tertiles as
dependent variable
BMI
WC
HDL-c
TG
VAI
LAP
siMS score

OR (95% CI)
1.046
(0.957-1.097)
1.029
(1.011-1.049)
2.27
(2.19-2.37)
0.281
(0.164-0.481)
2.337
(1.784-3.062)
1.560
(1.339-1.820)
1.015
(1.010-1.020)
2.020
(1.600-2.550)
Adjusted
OR (95% CI)
1.011
(0.989-1.033)
0.128
(0.065-0.325)
0.359
(0.199-0.646)
2.333
(1.754-3.102)
1.540
(1.310-1.811)
1.015
(1.009-1.021)
Unadjusted
OR (95% CI)
0.978
(0.932-1.026)
0.985
(0.967-1.003)
1.976
(1.185-3.294)
0.924
(0.768-1.112)
1.001
(0.924-1.083)
0.999
(0.996-1.003)
0.840
(0.694-1.017)

Adjusted
Model

Unadjusted
tSHG tertiles as
dependent variable

Table 4: Continued.

P

Nagelkerke R2

0.072

0.013

0.002

HDL-c

PAB/tSHG tertiles as
dependent variable

0.038
BMI

0.022

0.037
WC

<0.001

0.086
HDL-c

<0.001

0.170
TG

<0.001

0.158

<0.001

0.144

<0.001

0.148

VAI
LAP
siMS score
P

Nagelkerke R2

0.319

0.088

Model
WC
0.069

0.121
HDL-c

0.001

0.126
TG

<0.001

0.220
VAI

<0.001

0.204
LAP

<0.001

0.192

P

Nagelkerke R2

0.371

0.013

0.104

0.010

0.009

0.027

0.401

0.002

0.988

0

0.677

0.001

0.075

0.012

OR (95% CI)
1.142
(0.640-2.056)
Unadjusted
OR (95% CI)
0.970
(0.924-1.019)
0.978
(0.959-0.995)
3.699
(2.145-6.360)
0.742
(0.467-0.749)
0.784
(0.691-1.124)
0.992
(0.987-0.996)
0.603
(0.486-0.748)
Adjusted
OR (95% CI)
1.014
(0.991-1.039)
2.206
(1.214-4.011)
0.602
(0.466-0.788)
0.810
(0.709-0.925)
0.993
(0.988-0.998)

P

Nagelkerke R2

0.653

0.136

P

Nagelkerke R2

0.217

0.006

0.014

0.024

<0.001

0.088

<0.001

0.088

<0.001

0.075

<0.001

0.062

<0.001

0.090

P

Nagelkerke R2

0.231

0.164

0.009

0.181

<0.001

0.216

0.002

0.200

0.010

0.185

Data are given as OR (95% CI). Adjusted model for tSHG: Model included
each marker and continuous (HbA1c, GGT, and uric acid) and categorical
variables (diabetes presence, antilipemic therapy, and gender). Adjusted
model for PAB: Model included continuous variables: age, HbA1c, hsCRP,
GGT, uric acid, and categorical variables: diabetes presence,
antihypertensive therapy, and gender. Adjusted model for PAB/tSHG:
Model included continuous variables: age, HbA1c, GGT, uric acid, and
categorical variables: diabetes presence, antihypertensive and antilipemic
therapy, and gender.

PAB levels (Table 3) (age, HbA1c, hsCRP, GGT, and uric
acid) and categorical variables (diabetes presence, antihypertensive therapy, and gender) obtained by Chi-square analysis
were included in the multivariate ordinal regression analysis
as covariates (Table 4). HDL-c lost signiﬁcant independent
association and prediction of PAB levels.
In univariate ordinal regression analysis, WC, TG, VAI,
LAP, and siMS score were negatively and HDL-c positively
associated with PAB/tSHG index (Table 4). Examinees with
lower WC, TG, VAI, LAP, and siMS score were 2.2%, 25.8%,
21.6%, 0.8%, and 39.7%, respectively, more likely to exhibit
higher PAB/tSHG index. However, the odds of having the
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Table 5: Principal component analysis extracted factors connected
with tSHG and PAB values.
Factors

Obesity-dyslipidemia
related factor

Obesity-renal functionrelated factor
Blood pressure-related factor

Included variables
with loadings
HDL-c (-0.628)
TG (0.956)
VAI (0.964)
LAP (0.959)
WHtR (0.581)
Urea (-0.652)
Creatinine (-0.666)
SBP (0.884)
DBP (0.903)

Factor
variability

43%

16%
13%

higher PAB/tSHG index were 3.699 times greater in participants with higher HDL-c. Nagelkerke R2 for WC, HDL-c,
TG, VAI, LAP, and siMS score were 0.024, 0.088, 0.088,
0.075, 0.062, and 0.090, respectively, which means that
2.4%, 8.8%, 8.8%, 7.5%, 6.2%, and 9.0% of variation in
PAB/tSHG index could be explained by each marker. When
tested categorical data distribution among PAB/tSHG tertiles,
we determined unequal distributions for gender (P < 0:001),
diabetes presence (P = 0:002), antihyperglycemic (P < 0:001),
antihypertensive (P = 0:032), and antilipemic (P = 0:033)
users between tertiles.
Independent continuous variables which correlated signiﬁcantly with PAB/tSHG index (Table 3) (age, HbA1c,
GGT, and uric acid) and categorical variables (diabetes
presence, antihypertensive and antilipemic therapy and
gender) obtained by Chi-square analysis were included in
the multivariate ordinal regression analysis as covariates
(Table 4). TG, VAI, and LAP kept their negative and
HDL-c positive independent associations and predictions
of PAB/tSHG index.
PCA was implemented to get a smaller number of factors
grouped according to the same level of variability, from the
large number of parameters which signiﬁcantly correlated
with tSHG and PAB. This analysis emphasized 3 diﬀerent
factors explaining 72% of variance of the tested parameters
(Table 5). The largest percent of variance (43%) showed the
ﬁrst, obesity-dyslipidemia-related factor with positive loadings of TG and lipid indices (VAI and LAP) and with negative loading of HDL-c. The second factor explained 16% of
the variation and consisted of obesity-renal function parameters (obesity with positive and renal factors with negative
loadings), and the third, blood pressure-related factor,
explained 13% of the variation (both parameters with positive loadings).
Binary logistic regression analysis enabled us to estimate
which factors, expressed as scores and given by PCA, could
predict high PAB and tSHG values (Table 6). Our analysis
showed that obesity-renal function-related factor predicts
both high PAB and low tSHG, while obesity-dyslipidemiarelated factor predicted signiﬁcantly only high tSHG values.
The third factor (i.e., blood pressure-related factor) did not
predict either PAB or tSHG values.

5. Discussion
This study has shown several ﬁndings that merit to be
emphasized. Firstly, tSHG and PAB/tSHG indices were independently correlated with lipid parameters (HDL-c and TG)
and lipid indices (VAI and LAP), whereas no independent
correlation between PAB and each examined parameter
alone was found. Namely, multivariate ordinal regression
analysis revealed that HDL-c showed negative and TG,
VAI, and LAP positive independent associations and predictions of tSHG and vice versa of PAB/tSHG levels. Secondly,
PCA analysis after grouping the variables into three factors
(i.e., obesity-dyslipidemia related factor, obesity-renal
function-related factor, and blood pressure-related factor)
produced PCA scores for the mentioned factors. These scores
were used in binary logistic regression analysis to estimate its
predictive ability towards high PAB and tSHG values.
Obesity-renal function-related factor (which included higher
WHtR, but lower urea and creatinine) predicted high PAB
values, but at the same time low tSHG values. The direction
of this inﬂuence was opposite, i.e., higher values of this factor
increase PAB, but a lower summary value of the same factor
predicted higher tSHG. Obesity-dyslipidemia-related factor
(which included lower HDL-c and higher TG, VAI, and
LAP) predicted higher tSHG values, and this could be
explained as a compensatory induction of available antioxidative potential. On the contrary, the third factor connected
with blood pressure homeostasis did not predict any of these
two redox status-related parameters. Such ﬁndings represent
the novelty, since to the best of our knowledge, there are no
studies that examined the joint eﬀect of various cardiometabolic parameters on the circulating levels of prooxidants and
antioxidants. Moreover, no previous studies examined lipid
indices (VAI and LAP) in relation to oxidative stress indicators in the adult population. We have also shown for the ﬁrst
time positive association between siMS score and tSHG, and
an inverse association between siMS and PAB/tSHG index,
respectively. The siMS score represents a novel comprehensive score for quantiﬁcation of metabolic status that included
beside body height, several metabolic syndrome related
parameters, i.e., WC, glucose, TG, and HDL-c, as well as
SBP in its calculation) [24]. Furthermore, the relatively large
sample size of our study (i.e., nearly 300 participants) is
another strength of our research.
Previous reports suggested VAI and LAP as better
determinants of cardiometabolic risk than anthropometric
measures (i.e., BMI and WC) [27]. Indeed, although anthropometric indices correlated with oxidative stress determinants, these correlations lost their independence after
further analysis in our study. Since both of these lipid indices
are gender-speciﬁc and include a simple measure of central
obesity as a principal indicator of increased cardiometabolic
risk, it would be expected that with a greater extent of central
obesity, prooxidants would be increased, whereas antioxidants would be lowered, as previous studies reported [3,
11]. However, results in the current study have shown the
opposite, such as positive association between lipid indices
and tSHG. Enhancement of antioxidant protection (in terms
of higher tSHG) may be attributed to its compensation due to
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Table 6: Binary logistic regression analysis of the highest PAB and the highest tSHG tertile values.
PAB values (3rd tertile)

tSHG values (3rd tertile)

Obesity-dyslipidemia-related factor

1.069 (0.821-1.391)

2.433 (1.660-3.566)∗∗∗

Obesity-renal function-related factor

1.617 (1.204-2.171)∗∗

0.443 (0.317-0.618)∗∗∗

1.184 (0.889-1.576)

1.013 (0.763-1.345)

Predictors

Blood pressure-related factor

Data are presented as OR (95% CI). Abbreviations: OR, odds ratio; CI, conﬁdence interval. ∗∗P < 0:01, ∗∗∗ P < 0:001.

increased free radicals generation, since in the obese state
prooxidant-antioxidant homeostasis is disturbed [3].
In such circumstances, lipids become very susceptible to
oxidation. Enlarged visceral adipose tissue contributes to
lipid accumulation and lipid peroxidation. The increased
production of highly reactive free radicals (i.e., superoxide
anions) through the mitochondrial electron transport chain
can cause cellular damage in almost all organs if the antioxidant defence system fails to cope with them, as previously
stated [1, 4, 28].
In a nutshell, proinﬂammatory adipokines (i.e., leptin,
resistin, visfatin, apelin, etc.) and cytokines (interleukin-1,
interleukin-6, tumor necrosis factor alpha, etc.), which are
secreted by the enlarged visceral adipose tissue, aﬀect insulin
signalling pathways favouring the insulin resistant state.
Therefore, antilipolytic eﬀects of insulin and phosphatidylinositol 3-kinase (PI3K) pathways are compromised
in favour of increased lipolysis of TG and increased release of
free fatty acids (FFA) from adipose tissue. The latter reach
the liver, enhancing oxidative phosphorylation, ROS production, and liver fat peroxidation [3], leading to increased synthesis of NADH/NAD+ ratio in mitochondria. All these
processes favour an enhanced activation of protein kinase C
(PKC), increased activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and increased free radicals production. Consequently, inhibition of endothelial
nitric oxide synthase (eNOS) and decreased nitric oxide
(NO) synthesis, a potent vasodilatator, in vascular smooth
muscle cells occur and precede vasoconstriction and endothelial dysfunction [3, 4].
The increased hepatic synthesis of lipotoxic TG-rich
very-low-density lipoproteins (VLDL), small dense lowdensity lipoproteins (sdLDL), and shifted distribution of
HDL particles to smaller proatherogenic HDL3 ones is
another consequence of insulin resistant state [29]. The
sdLDL and smaller HDL3 particles are susceptible to oxidative modiﬁcations and enable the onset and progression of
atherosclerosis [30]. Moreover, cytotoxic eﬀects of FFA and
accumulated lipids lead to other organ impairments, such
as tubulointerstitial and glomerular cells injury, thus promoting renal disease [31]. In line with this, the independent association between renal function markers and lipid parameters
was reported earlier [32, 33].
Additionally, it was reported that sterol regulatory
element-binding protein-1c (SREBP1-c), a sort of transcription factor, is involved in the regulation of gene expression
responsible for the diﬀerentiation of adipocytes, lipogenesis,
and FFA oxidation [3].
Since ROS/RNS are generated through various pathways,
each prooxidant and antioxidant represent a diﬀerent mea-

sure of oxidative stress [5]. This could explain in part the discrepancies in the results concerning antioxidative defence
capacity in various cardiometabolic disorders. A study by
Pande et al. [34] has shown higher levels of total thiol (i.e.,
tSHG) in both patients with prediabetes and diabetes as compared to control group. On the contrary, no diﬀerence in
serum tSHG levels was reported between women with IR
and noninsulin-resistant counterparts [18], as well as in
patients with diabetes and prediabetes vs. control group
[16]. Additionally, diﬀerences in ethnic background, sample
sizes, and gender distribution in the examined cohorts and
even diﬀerent methods for measurement of prooxidant and
antioxidant markers may also contribute to the inconclusive
results. Moreover, the degree and duration of obesity and
other comorbidities might be an important bias factor since
antioxidative enzymes might be enhanced at the beginning
of the process, but later depleted when the antioxidative pool
becomes exhausted [3, 20]. Our unexpected results might
also be explained by other environmental factors such as regular physical activity and nutritional habits (dietary factors)
which may increase synthesis of antioxidant molecules and
induce antioxidative enzymes activity [4, 35]. Namely, adequate intake of proteins and supplement N-acetylcysteine
(which contains thiol compounds) may lead to the increase
in tSHG [36]. Also, daily intake of antioxidant vitamins [4]
may signiﬁcantly contribute to cellular redox homeostasis.
Unfortunately, this study is limited for such information.
The other limitation of our study is its cross-sectional nature,
and thus, the causality between the unfavorable cardiometabolic proﬁle and higher tSHG and PAB could not be conﬁrmed. At last, we were limited to examine thiol-disulphide
homeostasis, which could provide better insight into the
whole-body redox status [8].

6. Conclusion
Unfavorable cardiometabolic proﬁle was associated with
higher tSHG values. Longitudinal design of other studies is
needed to further explore the underlying mechanisms of
the relationship between prooxidants, antioxidants, and cardiometabolic disturbances and to enlighten the role of antioxidants in the ﬁght against free radicals production and its
negative side eﬀects. These ﬁndings would enable us to ﬁnd
the most appropriate pharmaceutical target for treatment of
population with increased cardiometabolic risk.
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SARS-CoV-2 virus causes infection which led to a global pandemic in 2020 with the development of severe acute respiratory
syndrome. Therefore, this study was aimed at examining its possible role in predicting severity and intrahospital mortality of
COVID-19, alongside with other laboratory and biochemical procedures, clinical signs, symptoms, and comorbidity. This study,
approved by the Ethical Committee of Clinical Center Kragujevac, was designed as an observational prospective cross-sectional
clinical study which was conducted on 127 patients with diagnosed respiratory COVID-19 viral infection from April to August
2020. The primary goals were to determine the predictors of COVID-19 severity and to determine the predictors of the negative
outcome of COVID-19 infection. All patients were divided into three categories: patients with a mild form, moderate form, and
severe form of COVID-19 infection. All biochemical and laboratory procedures were done on the ﬁrst day of the hospital
admission. Respiratory (p < 0:001) and heart (p = 0:002) rates at admission were signiﬁcantly higher in patients with a severe
form of COVID-19. From all observed hematological and inﬂammatory markers, only white blood cell count (9:43 ± 4:62, p =
0:001) and LDH (643:13 ± 313:3, p = 0:002) were signiﬁcantly higher in the severe COVID-19 group. We have observed that in
the severe form of SARS-CoV-2, the levels of superoxide anion radicals were substantially higher than those in two other groups
(11:3 ± 5:66, p < 0:001) and the nitric oxide level was signiﬁcantly lower in patients with the severe disease (2:66 ± 0:45, p <
0:001). Using a linear regression model, TA, anosmia, ageusia, O2−, and the duration at the ICU are estimated as predictors of
severity of SARS-CoV-2 disease. The presence of dyspnea and a higher heart rate were conﬁrmed as predictors of a negative,
fatal outcome. Results from our study show that presence of hypertension, anosmia, and ageusia, as well as the duration of ICU
stay, and serum levels of O2− are predictors of COVID-19 severity, while the presence of dyspnea and an increased heart rate on
admission were predictors of COVID-19 mortality.

2

1. Introduction
SARS-CoV-2, a new RNA virus, caused the worldwide pandemic in 2020 by developing severe acute respiratory syndrome [1]. Coronavirus disease 2019 (COVID-19) is
induced by SARS-CoV-2 with varying symptomatology,
from being asymptomatic to having pneumonia of diﬀerent
degrees of severity of acute respiratory distress syndrome
(ARDS) or death [2]. Some reports from China estimated
that the majority of cases were limited to a mild and moderate symptomatology, noticed in 81% of the infected population, 14% patients with progressive, severe pneumonia and
5% of the infected population developing ARDS [3]. And
while the mortality rate still cannot be estimated, in most
cases, it is related to multiple organ failure and ARDS. Direct
or indirect lung injury results in the acute systemic inﬂammatory response and leads to ARDS, the same as acute myocardial injury and renal injury (7–17% and 3–15%,
respectively) [2, 4–7]. However, the most important pathophysiological processes that lead to severe forms of the disease are not yet precisely known.
It has been postulated that marked elevation of proinﬂammatory cytokines and cytokine storm are signiﬁcant
contributors to the disease progress, as they signiﬁcantly correlate to the severity and COVID-19 mortality [8]. Besides
cytokine release and elevations in classic markers of acute
inﬂammation, inﬁltration of immune cells, and progressive
lymphopenia, the particularly ratio of neutrophil-tolymphocyte is recognized as a prognostic marker [9]. It is
hypothesized that in COVID-19, this inﬁltration of neutrophils leads to reactive oxygen species (ROS) secretion that
boosts both hyperinﬂammation and further damage [10].
Alongside, the disturbed antioxidant-prooxidant balance
that leads to oxidative stress (OS) is also contributed by the
decreased antioxidant defense in viral infections, leading to
lipid peroxidation and DNA oxidation [11].
However, besides several reviews hypothesizing the
potential role of oxidative stress in COVID-19 and its possible implication in the disease severity, there is no data available on prooxidative and antioxidative parameters and their
possible eﬀects on prognosis in COVID-19 patients. Therefore, we aimed to explore their possible role in predicting
severity and intrahospital mortality of COVID-19, alongside
with other laboratory and biochemical procedures, symptoms, and admission arterial gas analysis parameters.

2. Patients and Methods
2.1. Ethical Concerns. The study was approved by the Ethical
Committee of Clinical Center Kragujevac, number 01/20/485
from 24/04/2020. All researched procedures were done in
Clinical Center Kragujevac, Serbia, and in the Laboratory
for Cardiovascular Research, Faculty of Medical Science. In
the study, all procedures were done according to the Declaration of Helsinki (Revision 2013) and Good Clinical Practice.
Written informed consent for participation was obtained
from all patients.
2.2. Protocol of the Study. This study was designed as an
observational prospective cross-sectional clinical study
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which was conducted on 127 patients with diagnosed respiratory COVID-19 viral infection. All participants were
included in the study during the second peak of the pandemic
period from April to the end of August 2020. Inclusion criteria were written informed consent, older than 18 years,
and PCR-conﬁrmed (polymerase chain reaction test) SARSCoV-2-etiology of disease. All patients were, after admission,
followed-up for diﬀerent periods, according to the course of
the disease. From all patients, we collected anamnestic data,
clinical symptom data, and biochemical data and oxidative
stress parameters on the ﬁrst day of hospitalization. We set
two primary goals in our study:
(1) To determine the predictors of severity of COVID-19
and disease progression
(2) To determine the predictors of negative outcome
(fatal) or positive outcome (complete or incomplete
regression on chest roentgenogram at hospital
discharge)
2.3. Clinical Management. All conﬁrmed COVID-19 patients
were hospitalized with precautions for airborne transmission. Patients were followed prospectively during hospital
treatment. All predictors were determined on the ﬁrst day
of hospitalization: clinical symptoms and signs, comorbidities, and biochemical and oxidative stress parameters.
Patients with moderate to severe hypoxia (requiring of
inspired oxygen ≥ 40%) were transferred during hospitalization to the intensive care unit (ICU) for high-ﬂow oxygen
via nasal cannula, noninvasive ventilation, or invasive
mechanical ventilation. According to the World Health
Organization (WHO), patients were assigned to one of the
three categories/groups [12]:
(1) Patients with a mild form of COVID-19 (mild symptoms up to mild pneumonia) (n = 17)
(2) Patients with a moderate COVID-19 (dyspnea, hypoxia, or less than 50% lung involvement on imaging)
(n = 40)
(3) Patients with a severe COVID-19 (patients with
severe respiratory failure, need for high ﬂow oxygen
therapy, mechanical ventilation, sepsis, or multiorgan system dysfunction) (n = 70)
2.4. Biochemical Analysis. All biochemical procedures were
done on the ﬁrst day of hospital admission in a specialized
biochemical laboratory of the Clinical Center Kragujevac,
Serbia. Complete blood cell count (CBC) was measured using
a hematology analyzer (DxH 800 Hematology Analyzer by
Beckman Coulter). The biochemical parameters such as glucose, creatinine, urea, cholesterol, triglyceride (TG), aspartate
aminotransferase (AST), alanine aminotransferase (ALT)
gamma-glutamyl transferase (GGT), lactate dehydrogenase
(LDH), total and direct bilirubin, C-reactive protein (CRP),
sodium, and potassium were estimated from the serum samples by using standard kits in an automatic clinical chemistry
analyzer (AU680 Clinical Chemistry Analyzer by Beckman
Coulter). Measurement of the vitamin D level was performed
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using an automated immunoassay analyzer—the Alinity i
system (Abbott Laboratories, IL, USA) that utilizes the
chemiluminescent microparticle immunoassay (CMIA)
principle. The level of procalcitonin in the serum was determined by the method of electrochemiluminescence, on the
immunochemistry analyzer (Cobas e 411 by Roche). D dimer
concentration measurement was performed on coagulation
analyzer ACL-TOP 300 (Instrumentation Laboratory, Bedford, USA) employing the automated latex-enhanced particle
immunoturbidimetric method.
2.5. Determination of Markers of Oxidative Stress in Plasma
and Lysate Samples. In plasma samples, on the ﬁrst day of
hospital treatment, we measured the concentration of prooxidative markers such as superoxide anion radical (O2−),
hydrogen peroxide (H2O2), nitric oxide (NO−), and the index
of lipid peroxidation measured as TBARS (TBARS). The
determination of the nonenzymatic antioxidant activity, such
as the activity of the enzymatic defense system, by evaluating
the catalase (CAT) and concentrations of superoxide dismutase (SOD) and reduced glutathione (GSH) was determined in
the lysate.
Determination of the superoxide anion radical (O2−) was
performed by measuring the concentration of the superoxide
anion radical (O2−) after the reaction of nitro blue tetrazolium in Tris buﬀer with the plasma at 530 nm. Distilled water
solution served as a blank probe [13]. An indirect method for
monitoring nitric oxide (NO) by determining nitrate (NO3−)
and nitrite (NO2−) was performed as previously described by
Pick and Keisari [14]. The plasma volume of 0.5 ml was precipitated with 200 μl of 30% sulfosalicylic acid, then vortexed
for 30 min, and centrifuged at 3000 × g. Supernatant and
Griess reagent in the equal volumes containing 0.1% naphthalene ethylenediamine dihydrochloride/1% sulphanilamide in 5% phosphoric acid were added and then
incubated for 10 min in the dark and measured at 543 nm
[15]. The degree of lipid peroxidation in the plasma (TBARS)
was estimated by measuring TBARS using 1% thiobarbituric
acid in 0.05 NaOH, incubated with plasma at 100°C for
15 min, and measured at 530 nm. Distilled water served as a
blank probe [16].
The level of reduced glutathione (GSH) was determined
based on GSH oxidation with 5.5-dithio-bis-6.2-nitrobenzoic
acid using the method of Beutler [17]. CAT activity was
determined according to Aebi. Lysates were diluted with
H2O (1 : 7 v/v) and treated with chloroform-ethanol (0.6 : 1
v/v) in order to remove the hemoglobin. After that, 1 ml of
10 mM H2O2, 100 μl of the sample, and 50 μl of CAT buﬀer
were added to the samples. Detection was performed at
360 nm [18]. In order to determine the SOD activity, the epinephrine method of Beutler was used. A total of 1 ml of carbonate buﬀer and 100 μl of lysate were mixed, after
which100 μl of epinephrine was added. Detection was performed at 470 nm [19].
2.6. Statistical Analysis. Statistical analysis was conducted
with the SPSS for Macintosh version 26.0 software. Data are
presented as the mean values ± standard errors of the mean/standard deviations with statistical signiﬁcance. For the cate-
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gorical variable, results are presented as the frequency from
the total sample (in percent). The normality of the distribution of the parameters being analyzed was determined using
the Shapiro-Wilk test. We used a parametric Friedman’s
ANOVA test or a nonparametric Kruskal-Wallis test or
chi-squared test according to the data characteristics and distribution. Also, Pearson’s correlation analysis and the linear
regression model were used to test the association between
variables and to ﬁnd the signiﬁcant predictors for general
outcome and severity of SARS-CoV-2 infection. The
accepted level of signiﬁcance was deﬁned as p < 0:05 for conﬁdence interval of 95%.

3. Results
3.1. Demographic and Clinical Characteristics of Patients
Infected with SARS-CoV-2. In Table 1, the basic demographic
characteristics and presence of comorbidity in the study population according to the subgroups of patients are shown.
Distribution of comorbidities and hypertension was signiﬁcantly diﬀerent in three groups of COVID-19 patients.
Comorbidities were present in 66.7% of the patients with
severe COVID-19 infection and in 20.5% of the patients with
a moderate form of the disease. One of them, hypertension,
was present in 70.1% of the patients with a severe form and
in 16.4% of the patients with a moderate form of COVID19 infection (Table 1). Other comorbidities were not signiﬁcantly diﬀerent in our three groups.
In Table 2, distribution of speciﬁc symptoms of COVID19 infection in the study group is shown. It is observed that
elevated body temperature, cough, and diarrhea were significantly diﬀerent, distributed in these three groups: the elevated temperature was signiﬁcantly present in the group
with a severe form of the disease (58.6%) and in the group
with a moderate form of the disease (28.8%); cough was present in 61.5% of the patients with a severe form and 23.1% of
the patients with a moderate form of the disease; diarrhea
was not present in 58.4% of the patients with a severe form
and 31.9% in the group of patients with a moderate form of
the disease (Table 2). Other speciﬁc symptoms such as anosmia, ageusia, and dyspnea were not signiﬁcantly diﬀerent,
present in mild, moderate, and severe groups.
3.2. Respiratory and Cardiovascular Symptoms of COVID-19
in the Study Population. In our study, we evaluated the means
of respiratory and cardiovascular symptoms in three groups
of patients (Table 3). Patients with severe forms of infection
were signiﬁcantly older than other patients in groups. Also,
respiratory and heart rates at admission were signiﬁcantly
higher in patients with severe and mild forms compared with
respiratory and heart rates in patients with a moderate SARSCoV-2 form of the disease. Also, SBP (systolic blood pressure) and DBP (diastolic blood pressure) were signiﬁcantly
higher in patients with the severe form of the disease. Other
respiratory signs such as SatO2 (oxygen saturation) did not
signiﬁcantly diﬀer between these groups (Table 3).
Furthermore, from all observed hematological and
inﬂammatory markers, only WBC (white blood cell) count
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Table 1: Basic demographic characteristics and presence of comorbidity in the study population (n = 127). Data are presented as frequency
(%) from the total number of participants.
Variables

Degree of COVID19 infection (n = 127)
Moderate
Severe

Mild

p values

11/6 (12.6%/15%)

27/13 (31%/32.5%)

49/21 (56.3%/52.5%)

p = 0:903

Smoking (no/yes)

13/4 (11.8%/23.5%)

34/6 (30.9%/35.3%)

63/7 (57.3%/41.2%)

p = 0:318

Comorbidity (no/yes)

7/10 (14.3%/12.8%)

24/16 (49%/20.5%)

18/52 (36.7%/66.7%)

p = 0:002a,b,c

Hypertension (no/yes)

8/9 (13.3%/13.4%)

29/11 (48.3%/16.4%)

23/47 (38.3%/70.1%)

p ≤ 0:001a,b,c

Gender (M/F)

Diabetes mellitus (no/yes)

11/6 (11.5%/19.4%)

34/6 (35.4%/19.4%)

51/19 (53.1%/61.3%)

p = 0:193

Obesity (no/yes)

12/5 (11.3%/23.8%)

36/4 (34%/19%)

58/12 (54.7%/57.1%)

p = 0:192

COPD (no/yes)

16/1 (13.2%/16.7%)

38/2 (31.4%/33.3%)

67/3 (55.4%/50%)

p = 0:957

16/1 (13%/25%)

39/1 (37.1%/25%)

68/2 (55.3%/50%)

p = 0:782

Malignant disease (no/yes)

Statistical signiﬁcance was established by chi square test (X 2 test) as follows: a mild vs. moderate; b mild vs. severe; c moderate vs. severe.

Table 2: Characteristic symptoms of SARS-CoV19 infection in the study population (n = 127). Data are presented as frequency (%) from the
total number of participants.
Variables

Degree of COVID19 infection (n = 127)
Moderate
Severe

Mild

p values

Elevated body temperature (no/yes)

3/14 (18.8%/12.6%)

8/32 (50%/28.8%)

5/65 (31.3%/58.6%)

p = 0:008a,b,c

Cough (no/yes)

3/14 (8.3%/15.4%)

19/21 (52.8%/23.1%)

14/56 (38.9%/61.5%)

p = 0:005a,b,c

Anosmia (no/yes)

13/4 (12%/21.1%)

35/5 (32.4%/26.3%)

60/10 (55.6%/52.6%)

p = 0:550

Ageusia (no/yes)

14/3 (13%/16.7%)

35/5 (32.4%/27.8%)

59/10 (54.6%/55.6%)

p = 0:887

Dyspnea (no/yes)

10/7 (13.9%/12.7%)

26/14 (36.1%/25.5%)

36/34 (50%/61.8%)

p = 0:378

Diarrhea (no/yes)

11/6 (9.7%/42.9%)

36/4 (31.9%/28.6%)

66/4 (58.4%/28.6%)

p = 0:002a,b,c

Statistical signiﬁcance was established by chi square test (X 2 test) as follows: a mild vs. moderate; b mild vs. severe; c moderate vs. severe.

Table 3: Respiratory and cardiovascular symptoms of SARS-CoV19 infection in study population (n = 127). Data are presented as mean and
standard deviation in all study groups.
Severity of
COVID-19
infection

Mild

Moderate

Severe

Resp rate Heart rate
Age (years)
(beats/min) (beats/min)
Mean
Std.
deviation
n
Mean
Std.
deviation
n
Mean
Std.
deviation
n

Respiratory symptoms
SBP
DBP
(mmHg)
(mmHg)

SatO2
(%)

PaO2
PaCO2
(mmHg) (mmHg)

pH

59.24

24.00

88.47

139.41

81.76

92.47

72.35

44.59

549.71

14.76

4.62

11.68

15.90

9.67

5.99

25.87

12.64

316.01

17

17

17

17

17

11

17

17

17

49.60

19.62

82.58

127.88

77.50

93.57

77.79

44.26

694.54

16.12

1.58

7.12

13.58

8.03

6.55

38.49

9.47

182.55

40

26

26

26

26

7

28

27

26

61.39

24.02

90.67

142.81

83.76

92.33

74.31

41.07

683.98

12.87

3.83

8.30

12.62

7.24

4.19

32.78

15.18

197.59

70

42

42

42

42

15

51

46

43

p ≤ 0:001a,b p ≤ 0:001a,c p ≤ 0:001a,c p ≤ 0:001a,b,c p = 0:010a,b,c p = 0:596 p = 0:852 p = 0:494 p = 0:075
Statistical signiﬁcance was established by ANOVA analysis with Tukey-B post hoc test as follows: a mild vs. moderate; b mild vs. severe; c moderate vs. severe.

Mean
Std. deviation
Mean
Std. deviation
Mean
Std. deviation

17.50
12.57
19.26
10.62
17.38
12.79
p = 0:517

1.36
0.69
1.39
0.84
1.65
1.81
p = 0:306

p = 0:011b,c

Lym%

7.47
3.47
8.14
4.43
9.43
4.62

Lym

p = 0:453

127.43
14.56
131.51
18.91
130.54
17.09

HGB

p = 0:405

274.45
128.62
259.92
103.79
281.94
125.19

PLT

p = 0:063

p = 0:603

0.00
0.00
0.00
0.00
0.86
9.06

Parameters
Trop

12.29
24.53
5.38
4.50
5.92
5.62

Fe

p = 0:076

58.65
97.44
51.10
61.76
76.19
87.28

CRP

p = 0:112

6.12
6.21
4.79
1.78
5.26
1.96

FIB

p = 0:252

192.00
485.70
114.57
102.47
128.19
148.96

CK

3

p = 0:594

14.04
7.74
12.48
5.72
12.62
6.76

CK-MB

p = 0:003a,b,c

513.35
218.50
501.80
314.78
643.13
313.30

LDH

Statistical signiﬁcance was established by ANOVA analysis with Tukey-B post hoc test as follows: a mild vs. moderate; b mild vs. severe; c moderate vs. severe. WBC: white blood cells (10 /μl); Lym: lymphocytes
(103/μl); HGB: hemoglobin (g/l); PLT: platelets (103/μl); Fe: iron levels (g/dl); D: dimer (mcg/ml); TropP: troponin T (ng/ml); CRP: C-reactive protein (mg/l); Fib: ﬁbrinogen (g/l); CK and CK-MB: creatin
kinase (U/l).

Severe

Moderate

Mild

WBCs

Table 4: Hematological markers, cardiac enzymes, and inﬂammatory markers in all study groups. Data are presented as mean and standard deviation in all study groups.
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Table 5: Prooxidative and antioxidative parameters in the blood in all study groups. Data are presented as mean and standard deviation in all
study groups.
Severity of COVID 19
infection

Mild

Moderate

Severe

O2−
(nmol/ml)
Mean
Std.
deviation
n
Mean
Std.
deviation
n
Mean
Std.
deviation
n

Prooxidants
TBARS
H2O2
(μmol/ml)
(nmol/ml)

NO−
(nmol/ml)

Antioxidant enzymes
CAT
SOD
GSH
(U/Hb × 103 ) (U/Hb × 103 ) (U/Hb × 103 )

3.50

1.34

2.30

3.03

0.79

22.49

103394.79

1.83

0.48

0.68

0.62

0.38

9.27

17473.95

33

35

35

35

35

35

35

4.84

1.28

2.18

3.20

0.68

19.76

96202.84

3.29

0.64

0.65

0.68

0.36

9.53

21664.02

48

50

50

50

50

48

50

11.30

1.20

2.07

2.66

1.15

22.39

95272.71

5.66

0.71

0.44

0.45

0.90

11.19

21315.30

34

34

34

33

34

p = 0:603

p = 0:287

31
p ≤ 0:001

a,b,c

34

p ≤ 0:001

b,c

a

p = 0:001

a,b,c
b

p = 0:363

p = 0:184

c

Statistical signiﬁcance was established by ANOVA analysis with Tukey-B post hoc test as follows: mild vs. moderate; mild vs. severe; moderate vs. severe.

and LDH activity were signiﬁcantly diﬀerent in patients with
mild, moderate, and severe forms of the disease (Table 4).
3.3. Prooxidative and Antioxidative Parameters in Blood in
SARS-CoA-2 Infection. In Table 5 are presented values of
the main prooxidants and antioxidative enzymes measured
in our study at hospital admission. We have observed that
in the patients with a severe form of SARS-CoV-2, levels of
superoxide anion radicals were signiﬁcantly higher than
those in the two other groups. On the other hand, the nitric
oxide level was signiﬁcantly lower in patients with severe
COVID-19. Catalase activity was signiﬁcantly lower in the
patients with a moderate form of the disease compared with
the group of patients with a severe form of the disease
(Table 5).
3.4. Correlation and Linear Regression Analysis of Data. In
correlation analysis (Table 6), we included all statistically signiﬁcant variables from previous statistical research. We
observed the positive correlation between age and most of
the tested variables (Table 6). Also, HTA as a categorical variable was signiﬁcantly associated with RR (respiration rate),
SBP, DBP, WBC, and negative outcome (fatal outcome). In
our study from total number of patients, fatal outcome was
observed in 14.4% and positive outcome was in 85.6%. Furthermore, anosmia showed a strong positive correlation only
with ageusia. Dyspnea was in positive moderate correlation
with RR, negative outcome (fatal), and RTG outcome. On
the other hand, RR was in inverse correlation with NO− levels
and in positive correlation with HR, SBP, DBP, negative outcome, and duration at the ICU. Also, the mean duration at
the ICU was in correlation with the severity of the disease,
so, the duration in the group with a severe form of the disease
was 5:96 ± 4:2 days and that in the group of with mild
COVID-19 was 3:06 ± 2:2 days. In general, the duration of

hospital treatment was 14:4 ± 5:2 days in the mild group,
10:45 ± 5:6 in moderate, and 16:62 ± 9:2 in patients with a
severe form. Interestingly, concentrations of NO− were in
moderate negative correlation with CAT activity, RTG outcome, duration at the ICU, and in-hospital death (Table 6).
the linear regression model for two separated dependent
variables, such as the general outcome (positive or negative)
and severity of COVID-19 infection, provided signiﬁcant
results (Tables 7 and 8 Figures 1(a)–1(e)). HTA, anosmia,
ageusia, O2−, and duration at ICU are estimated as predictors
of severity of COVID-19 (Table 7). Regression variable plots
present the nature of association of two diﬀerent variables
(Figures 1(a)–1(e)). As it shows, HTA was in positive linear
association with severity of COVID-19 infection, as well as
the duration of stay in the ICU. Also, dyspnea was in positive
linear association with positive outcome, while the anosmia
was in negative linear association with severity of SARSCoV-2 infection in patients. Very interestingly, HR was in
positive linear association with outcome in patients and the
higher heart rate was a good predictor of negative outcome
in patients with conﬁrmed COVID-19 disease
(Figures 1(a)–1(e)). Deﬁnitely, the presence of dyspnea and
the higher heart rate were conﬁrmed as predictors of a negative outcome (fatal) (Table 8).

4. Discussion
The main purpose of this clinical prospective cross-sectional
study was to provide novel information about potential
molecular mechanisms during the diﬀerent degree of
COVID-19 in adult patients and in consequence to provide
potential new preventive and therapeutical strategies.
Our population of 127 patients consisted predominantly
of middle-aged, nonsmoker males, with hypertension as the
most common comorbidity. Distribution of comorbidity
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−0.05

0.50

−0.06

0.24

R 0.349∗∗

0.02

0.08

p

R

R −0.226∗

0.04

0.01

p
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p
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R
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0.20

0.02

0.17

0.12
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0.21
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0.02

0.257∗

0.10

0.18

0.00

0.434∗∗

Anosmia Ageusia Dyspnea

R 0.646∗∗ 0.598∗∗

0.00

p

R

R 0.402∗∗ 0.367∗∗

0.06

p

∗

0.00

p

R

R 0.569∗∗

p

R

HTA

RTG_
outcome

CAT

NO

O2

WBC

PaCO2

PaO2

DBP

SBP

HR

RR

Dyspnea

Ageusia

Anosmia

HTA

Age

Age

0.432∗∗

0.00

0.354∗∗

0.25

0.13

0.01

−0.278∗

0.98

0.00

0.04

0.828∗

0.91

0.01

0.00

DBP

0.00

0.406∗∗

0.77

0.03

0.21

−0.14

0.58

0.06

0.41

0.41

0.62

0.06

0.02

0.03

0.267∗

0.47

0.08

0.82

−0.02

0.76

−0.03

0.74

0.17

0.98

0.00

0.02

−0.261∗ −0.257∗

0.00

0.769∗∗

SBP

0.418∗∗ 0.415∗∗ 0.365∗∗

0.23

0.15

0.11

0.18

0.37

−0.10

0.65

0.05

0.94

0.04

0.17

−0.15

0.07

0.02
−0.20

0.00

0.261∗

0.00

0.340∗∗

HR

−0.357∗∗

0.434

∗∗

0.00

0.493∗∗

0.00

0.452∗∗

RR

−0.08

0.01

−.314∗∗

0.02

−0.06

0.26

−0.14

0.30

0.48
0.11

0.03

−0.08

0.16

0.16

0.51

−0.34

O2

0.07
0.12

0.15

0.01

−0.249∗∗

NO

0.65

0.31

−0.07

0.38

−0.09

0.01

−0.39 −0.10 −0.265∗∗

0.37

−0.30

0.43

−0.27 −0.17

0.13

0.52

PaCO2 WBC

−0.234∗

0.229∗

0.28

0.12

0.37

−0.41

0.48

0.08

PaO2

0.05

0.08

0.18

CAT

0.32

RTG
outcome
Outcome

ICU
(days)

Hospital
(days)

Table 6: Correlation matrix of signiﬁcantly diﬀerent parameters between groups of patients. Results of Pearson’s correlation analysis are presented as statistical signiﬁcance (p) and with
Pearson correlation coeﬃcient (R).
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0.17

0.00

p

0.12

−0.14

0.25

0.30

0.13

0.01

−0.10

0.38

0.07

−0.16

0.23

−0.11

0.33

0.28

0.10

0.38

0.08

0.01

Anosmia Ageusia Dyspnea

0.09

0.00

R 0.287∗∗

p

R 0.231

∗∗

0.00

HTA

0.08

0.19

0.00

0.367

∗∗

0.00

RR

∗

0.61

0.06

0.01

0.274

0.00

HR

0.02

0.248∗

0.00

0.409

∗∗

0.00

SBP

0.58

0.06

0.06

0.21

0.00

DBP

0.59

0.06

0.13

−0.16

0.44

PaO2

0.64

−0.05

0.73

−0.04

0.60

0.53

0.21

0.96

−0.02

0.00

PaCO2 WBC

0.42

−0.08

0.83

0.02

0.47

O2

0.05

−.185∗

0.01

−.243

∗∗

0.37

NO

0.82

−0.02

0.15

0.13

0.62

CAT

0.00

0.336∗∗

0.08

0.17

0.00

RTG
outcome

0.22

0.11

0.00

0.439∗∗

Outcome

0.00

0.743∗∗

ICU
(days)

Hospital
(days)

Pearson’s correlation. RR: respiratory rate; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; WBC: white blood cells; O2: superoxide anion radical; NO: nitric oxide; CAT: catalase; ICU:
intensive care unit.

Hospital
(days)

ICU (days)

p

Age

Table 6: Continued.
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Table 7: Linear regression analysis of candidate predictors for dependent variable—severity of COVID-19 infection (mild, moderate, or
severe form of SARS-CoV-2 infection).
Dependent variable: severity of COVID-19 infection
Unstandardized coeﬃcients (B)
Std. error
Standardized coeﬃcients (beta)
Age
Male gender
Present HTA
Elevated body temperature
Anosmia
Ageusia
Cough
Dyspnea
RR
HR
SBP
DBP
PaO2
WBC
O2H2O2
TBARS
NOCAT
Hospital (days)
ICU (days)

0.007
−0.022
0.322
0.310
−1.621
1.601
−0.015
0.101
0.005
0.012
0.008
0.006
0.001
0.447
0.087
−0.069
−0.055
−0.087
0.175
−0.098
0.025

0.006
0.146
0.124
0.186
0.696
0.712
0.160
0.141
0.026
0.010
0.009
0.016
0.003
0.251
0.012
0.098
0.118
0.093
0.098
0.084
0.013

0.133
−0.014
0.225
0.144
−0.811
0.783
−0.010
0.070
0.023
0.143
0.148
0.065
0.042
1.040
0.565
−0.056
−0.045
−0.074
0.141
−0.641
0.191

t

p

1.111
−0.152
2.598
1.662
−2.328
2.247
−0.096
0.714
0.178
1.172
0.845
0.370
0.365
1.781
7.330
−0.700
−0.464
−0.932
1.780
−1.163
1.989

0.270
0.879
0.011
0.099
0.022
0.026
0.924
0.477
0.859
0.245
0.401
0.712
0.716
0.217
≤0.001
0.485
0.644
0.353
0.078
0.365
0.049

RR: respiratory rate; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; WBC: white blood cells; O2−: superoxide anion radical; H2O2:
hydrogen peroxide; CAT: catalase; ICU: intensive care unit.

and hypertension was signiﬁcantly diﬀerent in the mild,
moderate, and severe groups. Also, hypertension was present
in 70.1% of the patients with a severe form and in 16.4% of
the patients with a moderate form of COVID-19 infection.
First reports from COVID-19 showed a higher incidence
of hypertension in patients hospitalized with severe COVID19 [7, 12, 20].
The link between COVID-19 and hypertension remains
ambiguous, despite these observations. The severity of
COVID-19 disease is ampliﬁed in aging members of the population with a higher prevalence of hypertension; on the
other hand, it corresponds to a percentage in the general population. Still is unknown, whether this relationship is ageassociated or causally linked to obesity and diabetes mellitus.
We also found a higher incidence of diabetic and obese
patients in the group of severe COVID-19 patients, but without statistical signiﬁcance.
Despite the fact that it has been reported that current
smokers show the expression of the ACE-2 gene which is
higher comparing to nonsmokers and the possibility of a
higher risk for COVID, all epidemiological data that have
been published so far show low prevalence of smokers, as well
as the lack of a link between current smoking status and
severity of COVID-19 [13, 14]. Furthermore, there was no
link between patients who never smoked and ex-smokers
and severity of COVID-19. Also, the frequency of current
smokers in our study did not diﬀer considerably between

groups with diﬀerent severity of COVID-19. The number of
active smokers in the study group was low 11/127 (8.6%),
given that the prevalence of smoking in Serbia stands around
35%. Literature data suggests that smoking status, however,
appears to correlate with ACE2 gene expression thus implicating diﬀerences in gender-speciﬁc behaviors. A previous
study compared current smokers with never smokers and
concluded that smokers have signiﬁcantly upregulated
ACE2 expression in the lung and oral epithelium [21].
We found that cough as a symptom of respiratory infection, was a signiﬁcantly more common symptom in patients
with severe COVID-19. In a study by Leung et al., fatigue,
expectoration, and stuﬀed nose were prognostic symptoms
of severe COVID-19. Fever existed in 92.1% of the COVID19 patients but was not predictor of disease severity [22].
On other hand, in a study by Guan et al., fever was signiﬁcantly correlated with the trend of intensiﬁcation of
COVID-19. In this study, despite that 43.8% of the patients
have fever upon admission, 88.7% of the patients had a fever
in the course of hospitalization [6]. Fever that developed as a
result of critical pulmonary infection was regularly observed
in patients with severe COVID-19; therefore, temperature
monitoring should not be the only screening method for
COVID-19.
Relevant studies have shown that elderly patients have an
increasing risk of serious diseases, with 80% of deaths occurring in individuals over 60 years old [2]. This association is
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Table 8: Linear regression analysis of candidate predictors for
dependent variable—outcome of COVID-19 infection (positive or
negative outcome).
Dependent variable: outcome of COVID-19 infection
Potential
Standardized
Unstandardized Std.
predictors
coeﬃcients
t
p
coeﬃcients (B) error
(beta)
HTA
DM
Obesity
Smoking
Temp
Anosmia
Cough
Dyspnea
Diarrhea
RR
HR
SBP
DBP
PaO2
O 2−
H2 O 2
CAT

0.049
0.007
−0.006
−0.052
0.062
0.074
0.105
0.179
0.022
0.022
0.011
0.005
0.004
0.001
−0.007
−0.081
0.018

0.113
0.085
0.092
0.091
0.100
0.089
0.074
0.063
0.099
0.012
0.005
0.004
0.007
0.001
0.007
0.059
0.059

0.070
0.008
−0.006
−0.050
0.059
0.076
0.134
0.252
0.020
0.224
0.262
0.190
0.079
0.115
−0.096
−0.139
0.032

0.436
0.078
−0.060
−0.568
0.621
0.836
1.422
2.826
0.224
1.872
2.432
1.207
0.518
1.115
−0.975
−1.376
0.312

0.664
0.938
0.953
0.571
0.536
0.405
0.158
0.006
0.823
0.065
0.017
0.231
0.606
0.268
0.332
0.172
0.756

believed to be related to the weakened immune function in
the elderly population [23]. However, the rate of the disease
severity increased with age, suggesting variable susceptibility
to the virus in diﬀerent age groups, not only related to the
weakened immune function of the elderly population. Our
results also show that the mean age was highest in the severe
COVID-19 group (61:39 ± 12:87). Despite this, age-related
associations need further investigation. Also, several social,
behavioral, and comorbid factors are implicated in the generally worse outcomes in men compared with women. Underlying biological sex diﬀerences and their eﬀects on COVID19 outcomes still are not clear [21].
Analyzing vital signs, we found in the group with severe
COVID-19 a signiﬁcantly higher respiratory rate, heart rate,
and values of systolic and diastolic pressure at admission,
while SatO2 values did not signiﬁcantly diﬀer at admission.
It has been shown that the increased respiratory rate and
decreased oxygen saturation were associated with higher
odds of mortality [24]. Also, the available data shows that
COVID-19 patients who experienced the start of CPAP,
NIV, admission to ICU, or death in the hospital at admission were increasingly tachypneic and required growing
amounts of supplemental oxygen. On average, these patients
suﬀered a minor increase in heart rate [25]. These results
correspond to the results of Zhou et al., where tachycardia
was a rare feature [7].
When lymphocyte and leukocyte counts were compared
between the patients with severe versus mild cases of
COVID-19, we found a signiﬁcantly higher number of
WBC in the group with severe COVID-19, while the number
of lymphocytes did not vary signiﬁcantly between groups.
Overall, patients with severe COVID-19 tend to have lower

lymphocyte counts and higher leukocyte counts. It is not
yet known why lymphopenia is associated with a severe form
of COVID-19. The possible association is explained by the
consequences of direct infections with lymphocytes, apoptosis caused by inﬂammation, lactic acidosis that inhibits lymphocytes, and destruction of lymph tissue [26]. In our study
baseline, LDH values were highest in the group with severe
COVID 19. Li et al. analyzed the relationship between LDH
and disease progression and in-hospital death. They showed
that LDH levels in the group with fatal outcome were substantially higher. A cutoﬀ LDH value of 353.5 U/l predicted
the in-hospital mortality (sensitivity of 94.4% and a speciﬁcity of 89.2%) [27]. The high LDH level was a risk factor for
the progression of diseases in mild COVID-19 patients
[28]. It has been reported that LDH may be a predictor of
respiratory failure in patients with COVID [29], as well as a
predictive factor for early recognition of severe COVID-19
cases [30].
The onset of inﬂammation was considered to have a primordial role in the evolution of the disease. The group of
severe COVID-19, in our study, had the highest mean value
of CRP at admission although there was no statistical significance between the groups. During inﬂammatory disease
phases of infection, CRP can activate the immune system
classical complement cascade and modulate phagocytic cell
activity [31]. In COVID-19, it has been reported that CRP
levels can be used for early identiﬁcation of pneumonia
[27] and the assessment of severe pulmonary infectious diseases [32], even though the exact eﬀect remains unclear. In
addition, our ﬁndings show that CRP levels on admission
were an early indicator for COVID-19 severity, which is consistent with recent publications [33]. Previous authors suggested that an early elevation in C-reactive protein (CRP)
greater than 15 mg/l provides a marker of disease severity
and levels greater than 200 mg/l on admission are independently associated with ﬁve times the odds of death [21].
In our study, anosmia was singled out as a predictor of a
milder form of the disease by linear regression analysis
(Table 6, Figure 1(e)). Patients with anosmia have been
shown to have lower mortality (OR: 0.438) and less severe
disease, with lower ICU admission as well. [34]. A potential
explanation is a diﬀerent inﬂammatory response in these
patients and distinctive clinical presentation. Moreover,
some of the studies even point that the persistence of severe
chemosensitive dysfunction could be related to the need for
hospitalization after 20 days. Up to this day, there are no
studies which analyze other contributing risk factors for the
outcomes [35].
We have a few concerns about our results, particularly
those linked to arterial hypertension. In our study, these
comorbidities signiﬁcantly aﬀected the severity of the disease
during hospital treatment (Figure 1(a)). Guan et al. found
that in the critical ill group (admission to ICU, the use of
mechanical ventilation, or death) (35.8% versus 13.7%) with
severe forms of the COVID-19 disease (23.7% versus
13.4%), hypertension was a more prevailing condition [6].
It has also been described that cardiovascular diseases and
hypertension were more frequent in patients with fatal outcome than those who were discharged (43% versus 28%, p
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Figure 1: (a-e) Regression variable plots.

= 0:07) [36, 37]. All the evidence seem to be consistent. Contributing factors such as older age as well as associated cardiovascular disease, primarily coronary heart disease, can
signiﬁcantly aﬀect the association between arterial hypertension and severity of COVID-19 and mortality rate.
The length of stay in the ICU signiﬁcantly aﬀected the
severity of the disease in our study (Figure 1(c)). The mean
value of days spent in the ICU in the group with severe
COVID-19 was 5:96 ± 4:2 days, while the duration of hospital treatment was 14:4 ± 5:2 days in the mild group, 10:45
± 5:6 in the moderate group, and 16:62 ± 9:2 in patients with
a severe form. It has been reported that the majority of the
patients (58%) were admitted to the ICU on the ﬁrst day of
hospital admission and in the following two days for most
cases [38]. In severe pneumonia, late admission to ICU was
associated with poor outcome [33]. The high extent of ICU
stays and the duration of stay make challenges for hospital
management. The main challenge is adequate initial assessment and treatment of patients to shorten their stay in the
ICU and duration of hospitalization. On the other hand, it
has been shown that a longer stay in the ICU leads to a better
outcome. Reasons include slower patients weaning from the
ventilator, longer follow-up of patients, prevention of relapse,
and readmission in the ICU [39].
Although symptoms like dyspnea are subjective and tend
to increase with reduced lung function or age, it often signiﬁes serious underlying disease. We have shown that dyspnea on hospital admission represents an independent
predictor of negative outcome (fatal). In the study of Xie
et al., dyspnea was independently related with fatal outcome
in COVID-19 (hazard ratio, 2.60, p = 0:01) [35]. Results of
meta-analysis, based on 11 studies with 2091 COVID-19
patients, showed that dyspnea was frequently correlated with
higher mortality (OR = 4:34, p < 0:001) [40].
Regarding the redox status, we evaluated the concentrations of reactive oxygen and nitrogen species, as well as the

activity of enzymes of the antioxidative defense system in
COVID-19 patients. As we know, the pathophysiology of
pneumonia (bacterial or viral) includes activation of defense
mechanisms, characterized by an immense inﬂux of activated
phagocytes [41]. Also, we know that the polymorphonuclear
neutrophils and macrophages kill microorganisms by using
ROS, increasing oxidative stress in the lung, which may cause
a direct injury in the tissue and activate transcription factors.
This leads to a local inﬂammatory response, which could
progress to a systemic inﬂammatory response [42]. Deﬁnitely, oxidative stress could be an important factor in pneumonia and the crucial pathogenic mechanism underlying the
development of this respiratory disease. In our study, we conﬁrmed that in the severe form of SARS-CoA-2, levels of
superoxide anion radicals were considerably higher than
those in the two other groups. On the other hand, levels of
nitric oxide were signiﬁcantly lower in patients with the
severe COVID-19. Catalase activity was signiﬁcantly lower
in the moderate form of the disease compared with the severe
form (Table 5). A very interesting result was that the O2− as
of the measured markers could be a sign of the severity of
SARS-CoV-2 disease (Table 7). Also, the bioavailability of
NO− was in negative correlation with CAT activity, RTG outcome, duration at ICU, and in-hospital stay in general.
Today, there are very limited data about the role of oxidative stress in diﬀerent degrees of viral pneumonia caused by
SARS-CoV-2. Up to date, there are just a few studies which
examined the redox status in COVID-19 patients. Laforge
et al. examined the association of reactive oxygen species
(ROS) with COVID-19 disease severity and concluded that
ROS induce tissue damage, thrombosis, and red blood cell
dysfunction, which contribute to COVID-19 disease severity
[11]. Also, Ntyonga-Pono conﬁrmed that oxidative stress is a
strong contributor to COVID-19 infections [43]. Cecchini
and Cecchini suggested that COVID-19 infection pathogenesis is a consequence of oxidative stress and after that,
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cytokine storm and coagulopathy [44]. Also, they suggested
that virus prompts oxidative stress but at the same time facilitates the nuclear translocation of Nrf2 with subsequent
expression of HO-1, a protective enzyme against oxidative
injury in the human alveolar epithelial cells. Our results, as
well as results of previous studies, conﬁrmed the connection
between the severity of the disease; present comorbidities,
such as elderly with diabetes, hypertension, and cardiovascular diseases; and elevated oxidative stress. In these patients,
the viral infection will increase this stress, giving us one possible explanation of the severity of COVID-19 in these categories of patients [45]. With regard to the abovementioned,
the oxidative stress is an important factor inﬂuencing the
success or failure of the response to virus infection. The latest
data about the role of oxidative stress in COVID-19 infection
support the recommendation of antioxidant supplementation as a useful strategy against COVID-19. Several nutraceuticals have a proven ability of immune-boosting, antiviral,
antioxidant, and anti-inﬂammatory eﬀects. These include
Zn, vitamin D, vitamin C, curcumin, cinnamaldehyde, probiotics, selenium, lactoferrin, quercetin, and other polyphenols. Grouping some of these phytonutrients in the right
combination in the form of a food supplement may help to
boost the immune system, prevent virus spread, preclude
the disease progression to the severe stage, and further suppress the hyper inﬂammation providing both prophylactic
support and therapeutic support against COVID-19 [46].
The literature clearly highlights the pharmacological activities of polyphenols from plants, that is, antioxidant, antiinﬂammatory, anticancer, antibacterial, antifungal, and antiviral. Luteolin, daidzein, apigenin, amentoﬂavone, quercetin,
epigallocatechin, epigallocatechin gallate, and gallocatechin
gallate show antiviral activity through inhibition of the proteolytic activity of SARS-CoV 3C-like protease, which plays
a key role for the viral replication [21].
The main limitations of our study are the presence of
confounding factors (such as hypertension and obesity) that
could inﬂuence the levels of oxidative stress parameters other
than SARS-CoV2 infection. But given the fact that exclusion
of all these factors could lead to bias regarding the predictive
potential of each following parameter, we overcame this by
using linear regression analysis. Also, the inﬂuence of diﬀerent treatment and oxygenation types was not investigated
and taken into consideration; also as one of confounding factors, however, most of the study population in our study was
treated with the same type of treatment, diﬀering just in oxygenation management.
We are sure that SARS-CoV2, probably like other RNA
viruses, can trigger oxidative stress [44, 45] by disturbing
the main reactive oxygen and nitrogen species such as superoxide anion radical and nitric oxide. Based on these results,
we propose a reduction of patient’s level of oxidative stress
by supplying them with substances that improve their antioxidant system.

5. Conclusion
This is the ﬁrst study to investigate the circulating oxidative
stress parameters in COVID-19 patients, as well as their pre-
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dictive role in the disease severity and mortality. Deﬁnitely,
oxidative stress could be an important factor in this viral
pneumonia and the crucial pathogenic mechanism underlying the development of this respiratory disease. We conﬁrmed that in the diﬀerent severity of SARS-CoA-2
infection are diﬀerently changed levels of superoxide anion
radical, nitric oxide, and catalase activity.
Furthermore, hypertension, anosmia, and ageusia, as well
as the duration of ICU stay, were identiﬁed as predictors of
COVID-19 severity, while the presence of dyspnea and
increased heart rate on admission were predictors of
COVID-19 mortality.
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Hepatitis C virus (HCV) is a major cause of liver disease worldwide. Chronic HCV infections are usually associated with increased
oxidative stress in the liver tissue. The intensity of oxidative stress may be a detrimental factor in liver injury and may determine the
severity of the disease. The aim of the present case-control study was to determine the level of lipid peroxidation (TBARS), protein
oxidative modiﬁcation (AOPP), and catalase activity in sera of patients infected with HCV, in relation to diﬀerent HCV genotypes
and viral load. Considering the HCV patients with chronic hepatitis C (52) and control subject (50) recruitment, the study was
designed as a case–control-type. The HCV RNA isolation, viral load, and HCV genotyping were performed according to the
standard protocols. A signiﬁcant diﬀerence compared to control healthy subjects was reported for TBAR (p < 0:001), AOPP
(p = 0:001), and catalase activity (p = 0:007). In a gender-based comparison, a signiﬁcantly higher level of AOPP for females was
reported (p < 0:001). As stratiﬁed by HCV genotype, the most common was HCV-1 (HCV-1a and HCV 1b), with the overall
participation of more than 60%, followed by genotype 3, while the least represented was genotype 2. No signiﬁcant diﬀerence
was documented among genotypes in regard to oxidative stress markers, although somewhat higher TBARS level, but not
signiﬁcant, was registered in patients infected with genotype 1b. A statistically signiﬁcant positive correlation was found between
the concentration of HCV genome copies and AOPP (r = 0:344; p = 0:012). A high level of HCV viral load was more likely to
have a higher TBARS, but still without statistical signiﬁcance (p = 0:072). In conclusion, the results obtained conﬁrmed an
imbalance between the ROS production and antioxidative defense system in HCV-infected patients. Since oxidative stress may
have a profound inﬂuence on disease progression, ﬁbrosis, and carcinogenesis, our results may meet the aspirations of
mandatory introduction of antioxidants as early HCV therapy to counteract ROS consequences.

1. Introduction
Hepatitis C virus (HCV) is a major cause of liver disease
worldwide. According to the World Health Organization
(WHO) report, the estimated prevalence of 0.5%-3% is registered worldwide. In Europe, it is estimated that there are
about 14 million people infected [1]. Hepatitis C virus
(HCV) belongs to the Flaviviridae family, genus Hepacivirus.
HCV is a small (55-65 nm in diameter), enveloped, icosahedral particle. The genome of the virus is positive singlestranded RNA with approximately 9600 nucleotides in

length. It is composed of two conserved untranslated terminal regions at the 5 ′ and 3 ′ ends and the open reading frame
(ORF) in the middle. ORF is divided into structural genes (C,
E1, and E2) and nonstructural genes (NS2, NS3, NS4a, NS4b,
NS5a, and NS5b). The C gene encodes nucleocapsid protein;
E1 and E2 genes encode glycosylated proteins of the envelope
membrane; nonstructural genes encode nonstructural proteins, which participate in the processes of virus replication
[2]. According to the level of nucleotide sequence homology,
HCV isolates are divided into seven genotypes. The isolates,
which belong to the same genotype, are further divided into
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subtypes (a, b, c, etc.) [3]. The degree of homology of nucleotide sequences between diﬀerent genotypes is about 65%
[4]. The region 5 ′ , the core and nonstructural genes are
highly conserved sequences of the viral genome, while E1
and E2 genes show a high nucleotide sequence heterogeneity
among isolates of diﬀerent genotypes [4]. In addition, a very
important biological characteristic of HCV is the variability of
its E2 gene domains HVR1 and HVR2. Mutations in the E2
gene lead to the appearance of HCV mutants (quasispecies).
Since the E2 protein is a target for neutralizing antibodies,
mutations of this HCV region enable the virus to escape the
elimination by the humoral immune response. This is explained
as the mechanism of establishing a persistent infection [5].
The HCV infection is a serious health problem, because of
a persistent infection in most infected individuals. It may be
clinically manifested by chronic liver disease, often with a progressive course, from chronic hepatitis, through liver cirrhosis,
to primary hepatocellular carcinoma. About 20 to 30% of
patients with chronic hepatitis develop cirrhosis after 10 to
30 years. In these patients, the risk of death from cirrhosisrelated complications is 4% per year, and the risk of developing a hepatocellular carcinoma (HCC) in cirrhotic patients is
1% to 5% per year. Thirty-three percent of patients with
HCC die within one year after diagnosis [6, 7]. The pathogenetic mechanisms responsible for hepatocyte damage include
cytotoxic T cell immune response and oxidative stress [8].
Chronic hepatitis C virus (HCV) infections are usually
associated with increased oxidative stress in the liver tissue.
The intensity of oxidative stress may be a detrimental factor
in liver injury and may determine the severity of the disease
[9, 10]. The cells responsible for ROS production and liberation are hepatocytes, nonparenchymal liver cells, such as
Kupﬀer cells (resident macrophages), inﬂammatory cells,
hepatic stellate cells (HSCs), and other immune eﬀector cells
[11]. They interact with each other, and a vicious cycle arises.
Following liver injury, a set of reactive oxygen species (ROS) is
released throughout the disturbance of mitochondrial electron
transfer chain and oxidase activity [12]. Among the increased
rate of ROS, species are the superoxide anions (O2−), hydrogen
peroxide (H2O2), and the most hazardous hydroxyl radical
(HO∙). It may lead to a serious disintegration of cell lipid components (phospholipid membranes), the oxidative modiﬁcation of proteins, and oxidative modiﬁcation of DNA. They
may induce cell damage, protein functional deﬁciency, and
genome instability, associated with the increased incidence of
cell death and/or hepatocellular carcinoma. Hepatic ﬁbrosis
is a complex process, which involves the death of hepatocytes
and activation of hepatic stellate cells [13].
Liver cells possess a specialized system of defense against
oxidative stress, which comprises enzymes and nonenzymatic system of vitamin and nonvitamin origin. Among the
enzymatic systems in the liver tissue, the most pronounced
are catalase, superoxide dismutase (SOD), glutathione reductase (GSR), and glutathione transferase (GST). Consequent
cell damage may lead to a short-term adaptation via induced
liver regeneration, but very quickly, the adaptive mechanisms
are reduced and the two possible pathways may arise, i.e.,
genomic instability, which may lead to carcinogenesis or to
cell death. As a consequence of altered protein synthesis
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and consequent protein oxidative modiﬁcation, the antioxidative defense enzymatic system becomes relatively insuﬃcient to protect against the enormous attack of liberated
ROS [14, 15]. Cell death induces the replacement of functional liver tissue by ﬁbroblasts and in consequence functional liver failure and cirrhosis begin. ROS may play an
important role as signal molecules responsible for the activation of stress-surviving signaling pathways and the redoxsensitive transcriptional factors. It may further induce
inﬂammation and consequent free radical release from the
next actor-inﬂammatory cells. Among them are Kupﬀer cells,
which secrete interleukin- (IL-) 1?, tumor necrosis factor-α
(TNF-α), TGF-beta, and release ROS by activation of
NADPH oxidase. ROS production induces the activation of
redox-sensitive proinﬂammatory transcription factor NF?B. Released free radicals activate hepatic stellate cells further,
which become the next player and important source of ROS
responsible for further hepatocyte damage and induction of
the ﬁbrosis process [16, 17].
The aim of the present case-control study was to determine the level of lipid peroxidation (TBARS), protein oxidative modiﬁcation (AOPP), and catalase activity in serum of
patients infected with HCV, in relation to diﬀerent HCV
genotypes and viral load.

2. Patients and Methods
Considering the patients with chronic hepatitis C (52) and
control subject (50) recruitment, the study was designed as
a case–control-type. The study was approved by the Ethical
Committee of Faculty of Medicine (Decision no. 12-69722/6). All subjects recruited for the study signed the informed
consent. The investigation was performed at the Institute for
Public Health and Faculty of Medicine University of Niš
(Serbia).
The enrolled patients, besides being HCV positive, were
recruited by speciﬁc eligibility criteria, including the absence
of HBV infection, HIV infection, other chronic liver diseases,
any acute or chronic systemic immunologic conditions and
inﬂammatory diseases, cancer, cardiovascular, or kidney diseases. The control group comprised 50 healthy volunteers,
who met the same eligibility criteria, i.e., they were HCV negative, and were age- and gender-matched.
The diagnosis of HCV was performed according to the
standard diagnostic protocols. The HCV RNA isolation was
performed by kit Ribo-virus Sacace. Plasma HCV RNA was
detected using HCV REAL-TM QUAL new version Sacace.
For the detection of HCV RNA concentration (IU/mL of
plasma)-viral load, HCV REAL-TM QUANT new version
Sacace was used. HCV genotyping was performed using
HCV Genotype PLUS REAL-TN, Sacace. All the diagnostic
procedures were performed according to the recommendations of the manufacturer.
For the analysis, morning blood samples from HCV
patients and control subjects were taken and centrifuged at
3.000 rpm; serum samples were kept at −80°C.
The concentration of TBARS-reactive compounds
(MDA level) was performed according to the method
described by Sahreen et al. [18], based on the determination
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of malondialdehyde (MDA), which reacts with the thiobarbituric acid, forming a pink complex. The reaction mixture
contained 0.2 mL of serum, 0.2 mL of the ascorbic acid
(100 mM), 0.58 mL of the potassium phosphate buﬀer
(0.1 M; pH = 7:4), 0.02 mL of the Ferric chloride-FeCl3
(100 mM), 1 mL of the CCl3COOH (10%), and 1 mL of the
TBA (0.67% dissolved in 0.1 M NaOH) and heated for
30 min in a boiling water bath (100°C). After the centrifugation at 4000 rpm for 10 min, the absorbance of pink color was
read at 535 nm. The concentration of the TBARS was
expressed in μmol/L MDA.
The concentration of AOPP was determined by spectrophotometric method according to the method of WitkoSarsat et al. [19]. The quantity of 200 μL of serum, diluted
as 1 : 5 in PBS, and chloramine-T standard solutions were
placed in a 96-well microtiter plate, followed by 20 μL of
acetic acid. Ten microliters of 1.16 M KJ was added, followed
by 20 μL of the glacial CH3COOH. The yellow color was read
at 340 nm in a microplate reader against a blank. The concentration of the AOPP was expressed in μmol/L chloramine T.
Catalase activity in serum was determined using a spectrophotometric method of Nabavi et al. [20]. Brieﬂy, a reaction mixture contained 0.5 mL of 50 mM phosphate buﬀer
(pH 5.0), 1.5 mL of 5.9 mM H2O2, and 0.1 mL of serum. It
was incubated for 5 min; afterward, the reaction was stopped
by adding 0.1 mL of 20% TCA and 1 mL of 4% ammonium
molybdate. The samples were centrifuged and, the change
in absorbance was calculated at 240 nm, by subtracting from
the standard sample, where 0.1 mL of distilled water was
added instead of serum. CAT activity was deﬁned as Kat/L,
meaning an absorbance change of 0.01 as unit/min.
Statistical data analysis was performed in the SPSS program, version 20. The normality of data distribution was
tested by the Kolmogorov-Smirnov test. The comparison
between groups was performed by the Student’s t-test and
ANOVA in the case of normally distributed data. In the case
when the data distribution was not normal, Mann–Whitney
U test or Kruskal-Wallis test was used. The correlation
between the variables was performed by the Pearson coeﬃcient of the linear correlation. Statistical signiﬁcance is considered for p < 0:05.

3. Results
Table 1 shows the HCV genotype distribution among
patients. As stratiﬁed by HCV genotype, the distribution of
the study population was as follows: the most common was
HCV-1 (HCV-1a and HCV 1b), with the overall participation of HCV-1 more than 60%, followed by genotype 3, while
the least represented was genotype 2.
Table 2 shows the level of oxidative stress parameters
(TBARS, AOPP) and catalase activity in HCV patients and
control healthy subjects. All parameters examined showed a
signiﬁcant diﬀerence compared to control healthy subjects,
which for TBAR was as p < 0:001, for AOPP as p = 0:001,
and for catalase as p = 0:007.
Table 3 shows a gender-based comparison of oxidative
stress parameters (TBARS and AOPP) and catalase activity
in the HCV patient group. A signiﬁcantly higher level of
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Table 1: Genotype distribution among HCV patients.

1a
1b
2
3

n

%

17
14
4
16

33.3
27.5
7.8
31.4

HCV genotyping was performed using HCV Genotype PLUS REAL-TN.

AOPP for females was reported, which was as p < 0:001.
Additionally, a gender distribution showed that males were
more likely to have a higher TBARS level and catalase activity, but without any statistical signiﬁcance.
The values of oxidative stress parameters (TBARS and
AOPP) and catalase activity in patients infected with diﬀerent HCV genotypes are summarized in Table 4. Genotype
distribution revealed that HCV1b patients were more likely
to have a higher TBARS compared to others, HCV 3 patients
were more likely to have a higher AOPP level, while patients
infected with HCV1a were more likely to have a low catalase
activity, but without statistical signiﬁcance.
Table 5 shows the correlation of HCV viral load and oxidative stress parameters (TBARS and AOPP) and catalase
activity. A statistically signiﬁcant positive correlation was
found between virus genome copies concentration and
AOPP (r = 0:344; p = 0:012), which means that with the
increase in the concentration of gene copies the level of
AOPP increases signiﬁcantly. Correlation analysis showed
that the high level of HCV viral load was more likely to have
a higher TBARS, but without statistical signiﬁcance
(p = 0:072).

4. Discussion
Our study documented that among all HCV genotypes
detected, genotype 1 (a and b) represents the most prevalent
genotype with the distribution of over 60%, followed by
genotype 3 (Table 1). This frequency distribution is reported
worldwide [4].
The present study further involved the evaluation of oxidative stress markers (TBARS and AOPP) and catalase activity in patients infected with HCV genotypes 1a, 1b, 2, and 3.
The results obtained indicated that patients infected with different genotypes were under altered equilibrium between the
ROS production and antioxidant defense system, due to
overproduction of ROS and a decreased antioxidative
defense. The level of TBAR-reacting substances, expressed
as MDA level, was almost twice as that of the uninfected,
healthy controls (Table 2). A gender-based comparison of
oxidative stress parameters (TBARS and AOPP) and catalase
activity in the HCV patients group revealed a signiﬁcantly
higher level of AOPP for females, while males were more
likely to have a higher TBARS level, but without statistical
signiﬁcance (Table 3).
No signiﬁcant diﬀerence was documented among genotypes, although somewhat higher TBARS level, but not signiﬁcant, was registered in patients infected with genotype
1b (Table 4). Our results are in accordance with Ansari et al.
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Table 2: Oxidative stress parameters (TBARS and AOPP) and
catalase activity between HCV patients and control healthy group.
HCV patients

Control group

t/Z

p

TBARS

6:99 ± 4:02

4:38 ± 1:38

3.712

<0.001

AOPP

122:40 ± 43:12

97:92 ± 30:90

3.285

0.001

Catalase

183:41 ± 134:08

260:60 ± 132:04

2.677

0.007

Data are expressed as mean ± SD.TBARS were expressed as (μmol/LMDA),
AOPP as μmol/L chloramine T, and catalase as (Kat/L). Statistical analysis
was performed by using Z- Mann–Whitney U test.

Table 3: Gender-based comparison of oxidative stress parameters
(TBARS and AOPP) and catalase activity in the HCV patient group.

TBARS

Man

Women

t/Z

p

7:72 ± 5:00

6:55 ± 3:26

3.712

0.522

AOPP

107:42 ± 40:38

131:74 ± 42:72

2.034

0.047

Catalase

195:84 ± 118:33

174:67 ± 145:69

2.677

0.409

Data are expressed as mean ± SD. TBARS were expressed as (μmol/LMDA),
AOPP as μmol/L chloramine T, and catalase as (Kat/L). Statistical analysis
was performed by using Z- Mann–Whitney U test.

Table 4: Oxidative stress parameters (TBARS and AOPP) and
catalase activity in regard to HCV genotype.
TBARS

AOPP

Catalase

1a

6:73 ± 3:11

117:27 ± 33:84

172:17 ± 149:34

1b

7:45 ± 5:86

122:46 ± 48:53

190:92 ± 137:66

2

6:93 ± 4:47

124:14 ± 43:41

192:00 ± 180:68

3

6:73 ± 3:15

125:87 ± 50:98

182:38 ± 125:25

0.180
0.981

0.107
0.955

0.420
0.936

F/χKW2
p

Data are expressed as mean ± SD. TBARS were expressed as (μmol/LMDA),
AOPP as μmol/L chloramine T, and catalase as (Kat/L). Statistical analysis
was performed by using F-ANOVA and χKW2 –Kruskal-Wallis test.

Table 5: Correlations between HCV viral load and oxidative stress
parameters.

Viral load

p
TBARS

0.251

0.344

0.020

1

0.072

0.012

0.897

0.098

0.189

1

AOPP

0.489

r
p

Catalase

TBARS

r
p

AOPP

Viral load
r

Catalase

0.209
0.101

1

0504

r
p

1

HCV RNA concentration (IU/mL of plasma)-viral load was correlated with
TBARS, AOPP, and catalase by using r-Pearson correlation coeﬃcient.

[21] and Limongi et al. [22], in which only subtle changes in
MDA level in groups of 1a and 1b genotype have been documented [21].

The HCV genotype studies have been mainly oriented
toward the evaluation of their correlation with the severity
of the disease, the appearance of ﬁbrosis, carcinogenesis,
and resistance to therapy. The increase in ROS production
and their consequences on lipid peroxidation and protein
oxidative modiﬁcation are among the mechanisms which
have been implicated in the end-stage cirrhosis following
the HCV infection [23–25]. As our study suggests, the correlation of viral load and oxidative stress parameter AOPP
revealed a statistically signiﬁcant positive correlation
(Table 5). This result suggests that viral load can be directly
responsible for ROS production and liberation and consequent cell damage. Since the correlation analysis showed that
the high level of HCV viral load was more likely to have a
higher TBARS, it may suggest that viral load can also have
an impact on membrane damage and lipid peroxidation.
It is possible that HCV genome-encoded nonstructural
proteins have a role in pathogenetic mechanisms responsible for excessive ROS release in hepatocytes. Among them,
the best explained is a NS5A, which is a multifunctional
protein and it contributes to the HCV replication. Besides
the central role of NS5A in HCV replication, it is capable
of inducing IFN resistance, through the repression of PKR
function. The mechanisms of triggering the liberation of
ROS by NS5A are complex, ﬁnally leading to consequent
activation of inﬂammatory, redox-sensitive NF-κ B, and
AP-1 transcription factors. Proinﬂammatory transcription
factor NF-κB has been declared the central mediator of
cell immune and inﬂammatory response. Its active subunits, comprising the NF-κB1 (p50, p105), NF-κB2 (p52,
p100), RelA (p65), RelB, and c-Rel, induce the expression
of many genes, with consequent synthesis of a number
of inﬂammatory cytokines, such as tumor necrosis factorα (TNF-α), IL-1, IL-6, IL-18, lymphotoxin CXCL4, IFNγ, chemokines, and TGF-β [26, 27]. It is very interesting
to note that generated ROS although HCV NS protein
reaction products, in turn, may suppress HCV replication
[23]. A recent publication documented that HCV core
protein may induce inﬂammasome activation and IL-1β
release from hepatic macrophages [28]. The precise mechanisms for this have been documented by using an in vitro
model of Huh-7 cell culture, transfected with NS5A, where
untransfected tissue served as control. By studying the
existing NS5A three domains involvement in ROS production, it was reported that besides full-length NS5A protein,
its domain I may exclusively induce ROS production [29].
As a possible mechanism of NS5A-induced release of ROS
is a direct NS5A-induced damage of intracellular membrane components, including ER, peroxisomes, and mitochondria. After the association with membrane
components, it induces ER stress, followed by a simultaneous eﬄux of Ca2+ ions from the ER. They can be taken
up by mitochondria, altering in that way a transmembrane
potential, followed by a reduction of molecular oxygen,
which induces the accumulation of unstable superoxide
anion radical (O2−) in mitochondria. In this pathway, the
mitochondrial oxidative phosphorylation chain located on
the inner mitochondrial membrane is the main source of
free radical generation [30–32].

Oxidative Medicine and Cellular Longevity
Besides the abovementioned mitochondrial mechanism
of NS5A-induced release of ROS, the expression of NADPH
oxidase family (NOX1 and NOX4) and cyclooxygenase 2
(COX-2) have been shown to occur simultaneously. As in
the case of the mitochondrial pathway, it was reported that
the domain I can induce NOX1. Speciﬁc cascade of their
eﬀect lead to the conclusion that all systems can act in accord
with a speciﬁc order, which includes TGFβ1, NOX1, COX-2,
and NOX4. In that context, the next player involved in active
ROS generation seems to be a Cytochrome P450 2E1
(CYP2E1) which has a typical localisation in the ER membrane. Besides NS5A, the eﬀect on NOX4 may exert HCV
structural proteins as well [29]. The importance of NADPH
oxidase and CYP2E1 was documented in the development
of chronic inﬂammation and hepatocyte death. Since the
activation of ﬁbroblasts migration and excessive collagen
deposition overcome liver regenerative capacity, consequent
liver ﬁbrosis seems to be a necessary harm [29, 33, 34].
Released ROS may damage susceptible cell biomolecules
and related cell structures, such as unsaturated free fatty acids
of membrane phospholipids, proteins of structural and functional cellular components, such as enzymes and receptors,
and DNA. As concerns the cell membranes, generated ROS
can alter the structure and function of cell organelles and
outer cell membrane, leading to peroxidative breakdown of
membrane phospholipids. The release of lysosomal hydrolytic enzymes can further aggravate liver cell damage. The
released damaged particles may further act as the DAMP
molecules (damage-associated molecular patterns), activating HSCs, which proliferate and belong to the transformation
into myoﬁbroblast-like cells. Following the transformation,
they exert ﬁbrogenic potential, by secreting collagen type I,
III, and IV, ﬁbronectin, laminin, proteoglycans, and transforming growth factor-β (TGF-β). In this way, they ﬁll irreversibly the empty spaces of dead hepatocytes.
Inﬂammatory cytokines, released from the surrounding
inﬂammatory cells, may further produce ROS [35, 36]. ROS
has the potential to decrease tumor-suppressor p53 protein
expression [14, 15], stimulating a possible carcinogenesis.
The values of oxidative stress parameters (TBARS and
AOPP) and catalase activity in diverse to HCV genotypes
(Table 4) may suggest that among the genotype distribution,
the HCV1b patients were more likely to have a higher
TBARS compared to others, HCV 3 patients were more likely
to have a higher AOPP level, while patients infected with
HCV1a were more likely to have a low catalase activity, but
without statistical signiﬁcance. The absence of a statistically
signiﬁcant diﬀerence in the production of ROS between the
genotypes can be explained by the fact that nonstructural
viral proteins have a high level of homogeneity between different genotypes.
Considering the activity of catalase in relation to the single genotypes, a trend of signiﬁcantly decreased catalase
activity was observed in each of the presented genotypes.
Liver cells develop diﬀerent protective mechanisms to prevent ROS eﬀects. It is well-documented that among the antioxidative enzymes, the activity of catalase is very high in liver
tissue. In this way, it provides the ﬁrst line of antioxidative
defense enzymatic system. In the case of chronic hepatitis
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C, a number of results documented decreased antioxidative
defense system, expressed as total antioxidative capacity or
the low level of reduced glutathione. Decreased antioxidative
capacity in view of catalase activity brings about the inability
of liver tissues to counteract oxidative stress or persistent and
chronic tissue damage [21, 23].
In this way, both increased ROS production and
decreased antioxidative defense are working in accord with
inﬂammation to produce cell damage and hepatic genome
instability. Our results are consistent with the results of other
studies, concerning the level of nonenzymatic antioxidative
defense level (GSH) [33]. The activity of antioxidative
enzymes may vary, depending on preserved compensatory
mechanisms. Some reports discussed the increased activity
of antioxidant enzymes MnSOD and catalase in HCV infections [37–39].
In conclusion, the results obtained conﬁrmed an imbalance between the ROS production and antioxidative defense
system in HCV infected patients, with a markedly enhanced
lipid peroxidation and protein oxidative modiﬁcation,
followed by the reduction of catalase activity. Since oxidative
stress may have a profound inﬂuence on disease progression,
ﬁbrosis, and carcinogenesis, our results may meet the aspirations of mandatory introduction of antioxidants as early
HCV therapy to counteract ROS consequences.
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Deletion polymorphism of glutathione S-transferase M1 (GSTM1), a phase II detoxiﬁcation and antioxidant enzyme, increases
susceptibility to end-stage renal disease (ESRD) as well as the development of cardiovascular diseases (CVD) among ESRD
patients and leads to their shorter cardiovascular survival. The mechanisms by which GSTM1 downregulation contributes to
oxidative stress and inﬂammation in endothelial cells in uremic conditions have not been investigated so far. Therefore, the aim
of the present study was to elucidate the eﬀects of GSTM1 knockdown on oxidative stress and expression of a panel of
inﬂammatory markers in human umbilical vein endothelial cells (HUVECs) exposed to uremic serum. Additionally, we aimed
to discern whether GSTM1-null genotype is associated with serum levels of adhesion molecules in ESRD patients. HUVECs
treated with uremic serum exhibited impaired redox balance characterized by enhanced lipid peroxidation and decreased
antioxidant enzyme activities, independently of the GSTM1 knockdown. In response to uremic injury, HUVECs exhibited
alteration in the expression of a series of inﬂammatory cytokines including retinol-binding protein 4 (RBP4), regulated on
activation, normal T cell expressed and secreted (RANTES), C-reactive protein (CRP), angiogenin, dickkopf-1 (Dkk-1), and
platelet factor 4 (PF4). GSTM1 knockdown in HUVECs showed upregulation of monocyte chemoattractant protein-1 (MCP-1),
a cytokine involved in the regulation of monocyte migration and adhesion. These cells also have shown upregulated intracellular
and vascular cell adhesion molecules (ICAM-1 and VCAM-1). In accordance with these ﬁndings, the levels of serum ICAM-1
and VCAM-1 (sICAM-1 and sVCAM-1) were increased in ESRD patients lacking GSTM1, in comparison with patients with the
GSTM1-active genotype. Based on these results, it may be concluded that incubation of endothelial cells in uremic serum
induces redox imbalance accompanied with altered expression of a series of cytokines involved in arteriosclerosis and
atherosclerosis. The association of GSTM1 downregulation with the altered expression of adhesion molecules might be at least
partly responsible for the increased susceptibility of ESRD patients to CVD.
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1. Introduction

2. Materials and Methods

Endothelial dysfunction is an underlying mechanism of cardiovascular diseases (CVD) which are the leading cause of
death among patients with end-stage renal disease (ESRD)
[1–4]. The vascular endothelium is likely the primary target
of uremic toxins generated in ESRD. In these conditions,
the endothelium is continuously exposed to accumulated
uremic toxins hence inducing oxidative stress and inﬂammation, which can lead to endothelial impairment [2, 5–7].
Homozygous deletion of glutathione S-transferase M1
(GSTM1), which is a phase II detoxiﬁcation enzyme, leads to
accumulation of oxidative stress byproducts which indicates
its role in antioxidant protection as well [8]. Between 30 to
50 percent of diﬀerent human population are homozygous
for GSTM1 deletion (usually denoted as GSTM1-null genotype), thus completely lacking the GSTM1 enzyme [9]. The
GSTM1 deﬁciency is linked to higher susceptibility to CVD
as individuals with GSTM1-null genotype were shown to have
signiﬁcantly increased risk for developing resistant hypertension [10], coronary artery disease/atherosclerosis [11, 12],
and stroke [13, 14]. In addition, the GSTM1-null genotype
increases susceptibility to ESRD and leads to shorter overall
and cardiovascular survival of the patients on haemodialysis
[8, 15–17]. The association between GSTM1 deletion and oxidative stress in ESRD patients was supported by our previous
results that demonstrated elevated levels of several byproducts
of protein and lipid oxidative damage in ESRD patients with
GSTM1-null genotype compared to those with GSTM1-active
genotype [8]. It has been suggested that in inﬂammatory and
prooxidant environment observed in patients with ESRD,
the endothelium responds by expressing intracellular and vascular cell adhesion molecules (ICAM-1 and VCAM-1) that
facilitate migration and adhesion of leukocytes to the endothelial cells [18]. We have recently shown that soluble ICAM-1
and VCAM-1 (sICAM-1 and sVCAM-1) levels have a strong
predictive role in terms of overall and cardiovascular survival
in ESRD patients on haemodialysis [17]. Nevertheless, the
potential inﬂuence of GSTM1 deletion on the aforementioned
inﬂammatory markers has not been elucidated before in dialyzed patients or in endothelial cells exposed to uremic toxins
commonly present in ESRD.
Despite the convincing ﬁndings in human cohorts showing
the importance of GSTM1 deletion on susceptibility and development of CVD among dialyzed patients [15, 16, 19, 20], its
role in the vascular pathophysiology has not been established
yet. A functional role of GSTM1 was investigated in vascular
smooth muscle cells (VSMC), showing that the reduction in
GSTM1 expression in these cells caused increased cell proliferation, oxidative stress, and migration [21]. However, the mechanisms associated with GSTM1 downregulation in endothelial
cells in uremic conditions have not been investigated so far.
Therefore, the aim of the present study was to elucidate
the eﬀects of GSTM1 knockdown on oxidative stress and
expression of a panel of inﬂammatory markers in human
umbilical vein endothelial cells (HUVECs) exposed to uremic serum. Additionally, we aimed to discern whether the
GSTM1-null genotype is associated with serum levels of
adhesion molecules in ESRD patients.

2.1. Cell Cultures. HUVECs (ATCC Manassas, Virginia,
USA) were seeded on 0.2% gelatine-coated culture plates
and grown in a MV2 growth medium (Endothelial Cell
Growth Medium MV2, PromoCell, Germany) under standard
cell culture conditions (humidiﬁed atmosphere, 5% CO2,
37°C). Cells were seeded in gelatine-coated plates for viability
assays, Western blot analyses, oxidative stress measurements,
and assessment of cytokine expression. HUVECs were incubated in a pool of human serums obtained from either
healthy volunteers (control serum, n = 10) or ESRD patients
on haemodialysis (uremic serum, n = 30). All patients underwent haemodialysis 3 times a week for at least 3 months
before the study onset using polysulfone dialysis membranes
and conventional bicarbonate-buﬀered dialysate. Participants with any form of malignancy, autoimmune disease,
or infectious comorbidities (HIV, HBV, or HCV infections)
were excluded. The blood was taken from patients prior to
a haemodialysis session at the Center for the Renal Diseases,
Zvezdara University Medical Center, Belgrade. All patients
signed informed consent agreeing to participate in the study.
This study was approved by the Ethical Committee of the
Faculty of Medicine, University of Belgrade (No. 1550/V30), and conducted in accordance with the Helsinki Declaration from 2013.
2.2. Cell Viability Assay. Cell viability was assessed by a colorimetric method based on measuring mitochondrial dehydrogenase activity, using the MTS Cell Proliferation Assay Kit
(Abcam, UK), according to the manufacturer’s protocol.
5000 cells/well were cultured in a 96-well plate. After 24 h,
growth media were discarded and cells were treated with
media, 10%, 20%, or 30% control or uremic serum for 4 h
and 6 h. The formazan salt produced by viable cells was
quantiﬁed by measuring the absorbance at 490 nm on the
FLUOstar® Omega plate reader (BMG Labtech, Germany).
The viability of cells incubated in pooled human sera for
6 h did not change signiﬁcantly compared to the cells incubated in the normal growth medium (Figure 1S A&B, Supplement). Therefore, all further HUVEC treatments were
performed using 30% control or uremic serum-containing
media for 6 h, before cytokine expression and oxidative stress
measurements were performed.
2.3. GSTM1 Knockdown Using siRNA in HUVECs. To silence
GSTM1 protein expression, HUVECs were seeded at a density of 1:5 × 105 cells per well in 6-well plates and grown in
a MV2 growth medium. The following day, cells were transfected with 100 nM GSTM1 small interfering RNA (siRNA)
(Thermo Fisher Scientiﬁc, UK) using the DharmaFECT transfection reagent (GE Healthcare, USA) or treated with DharmaFECT as a control. Ninety-six hours posttransfection,
the silencing eﬀect was conﬁrmed by Western blot.
2.4. Western Blot Analysis. HUVECs were lysed in a RIPA
buﬀer (50 mM Tris-HCL pH 8.0, 150 mM NaCl, 1% IGEP
AL, 0.5% sodium deoxycholate, and 10% SDS) supplemented
with protease inhibitor cocktail (Roche, UK). After extraction,
protein concentrations were determined by the Bicinchoninic
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Acid Protein Assay kit (BCA, Thermo Fisher Scientiﬁc, UK). An
equal amount of proteins was loaded on 10% polyacrylamide
gel, and electrophoresis was performed at 80 V for 10 min,
then 100 V for 90 min. After wet transfer, nitrocellulose membranes were blocked in 5% nonfat milk (Bio-Rad, UK) for 1 h
at room temperature and then incubated overnight at 4°C with
primary antibodies: monoclonal mouse anti-GSTM1 (1 : 1000,
R&D Systems, USA), monoclonal mouse anti-ICAM1 (1 : 200,
Santa Cruz, USA), polyclonal goat anti-VCAM1 (1 : 200, Santa
Cruz, USA), and monoclonal mouse anti-β actin (1 : 10 000,
Thermo Fisher Scientiﬁc, UK). The following day, membranes
were incubated with appropriate HRP-conjugated secondary
antibodies: anti-mouse 1 : 5000 (Abcam, UK) and anti-goat
1 : 1000 (RayBiotech, USA) for 1 h at room temperature.
Chemiluminescent bands were detected using the West Femto
Maximum sensitivity substrate (Thermo Fisher Scientiﬁc, UK)
on the G-box (Kodak, UK) or ChemiDoc (BioRad, USA). Densitometry analysis was performed using ImageJ software
(National Institutes of Health, Bethesda, USA).
2.5. Measurement of the Activity of Antioxidant Enzymes in
HUVECs. The activity of antioxidant enzymes, superoxide
dismutase (SOD) and glutathione peroxidase (GPX), in cell
lysates was determined by spectrophotometric methods.
SOD activity was assessed as previously described by Misra
and Fridovich [22]. This method is based on the ability of
SOD to inhibit the autoxidation of adrenaline at pH 10.2.
The production of colored adrenochrome in reaction mixtures with cell protein extracts (sample) or without them
(control) was followed at 480 nm. Activity of SOD was
expressed as the percentage of inhibition of adrenaline autoxidation. GPX activity was assessed as reported by Günzler
et al. [23]. GPX activity was assayed by the subsequent oxidation of NADPH at 340 nm with t-butyl-hydroperoxide as the
substrate. One unit of enzyme activity was expressed as nmol
NADPH oxidized per minute, assuming 6:22 × 103 /l/mol/cm
to be the molar absorbance of NADPH at 340 nm.
2.6. Measurement of Malondialdehyde Levels in HUVECs.
Malondialdehyde (MDA) levels in cell lysates were measured
using the competitive ELISA kit (Elabscience, Wuhan, China)
in accordance with the manufacturer’s instructions. In brief,
50 μl of standards, samples, and blanks was added to each
well of the MDA precoated ELISA plate with consecutive
addition of 50 μl biotinylated antibody. After the 45 min of
incubation, wells were washed in order to eliminate excess
conjugate and unbound sample or standard, and HRPconjugated antibody was added. The color change was
measured spectrophotometrically at a wavelength of 450 nm.
2.7. Measurement of Total Reactive Oxygen Species in
HUVECs. The total reactive oxygen species (ROS) production was assessed by ﬂow cytometry (FACS) using 2 ′ ,7 ′
-dichlorodihydroﬂuorescein diacetate (H2DCFDA; Invitrogen, California, USA) stain. HUVECs were seeded in 6-well
plates (1:5 × 105 cells/well) and transfected with GSTM1
siRNA as described above. After 90 h incubation, the transfection solution was discarded, and cells were incubated for
the next 6 h with the 30% control or uremic serum-
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containing media. Treatments were removed, and cells were
trypsinised. Cell pellets were resuspended in 5 ml ﬂow
cytometry buﬀer (1% FBS in PBS) and incubated with 5 μl
H2DCFDA stain for 30 min at 37°C. FACS tubes were centrifuged at 400 g for 8 min, supernatants were removed, and
cells were allowed to recover for 15 min at 37°C in 1 ml of
MV2 growth media. In the ﬁnal step, cells were resuspended
in 500 μl FACS buﬀer, and 5 μl 7-AAD-viability staining
solution (eBioscience, San Diego, USA) was added prior to
performing measurements on the Attune NxT Acoustic
Focusing Flow Cytometer (Invitrogen, California, USA). The
results were analysed using FlowJo, ver. 10.4 (Stanford Jr.
University, USA).
2.8. Analysis of Cytokine Expression in HUVECs. To explore
the eﬀect of uremic serum and GSTM1 silencing on endothelial cell inﬂammation, the relative expression of 105 cytokines
was assessed simultaneously in cell protein extracts using the
Proteome Proﬁler™ Human XL Cytokine Array Kit (R&D Systems, UK) according to the manufacturer’s instruction.
HUVECs were seeded in 6-well Petri dishes at a density of
1:5 × 105 cells per well. Following the transfection, GSTM1+/+
and GSTM1+/- cells were incubated in 30% control or uremic
serum-containing media for 6 h. After the incubation time
expired, treatments were removed and cells were rinsed with
PBS. Cells were then scraped in a lysis buﬀer 17 (R&D Systems,
UK), supplemented with 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 10 μg/ml pepstatin. Cell lysates were obtained after
centrifugation at 14 000 g for 5 min. Pooled cell lysates
(n = 3/group) were probed on four separate nitrocellulose
membranes. Each membrane contained capture and control
antibodies spotted in duplicate, which allowed simultaneous
measuring of 105 cytokine expressions. Chemiluminescent
spots were visualised on the G-box (Kodak, UK). Results were
quantiﬁed using HLimage++ software and normalized to the
reference spots positioned at three of the corners of each blot
(Western Vision Software, US).
2.9. Analysis of Circulating Adhesion Molecules in Plasma of
ESRD Patients. Circulating adhesion molecules were determined in plasma of ESRD patients by enzyme immunoassays, according to the manufacturer’s protocols. The
description of a cohort of 199 ESRD patients involved in this
study has been described in details previously [17]. sICAM-1
was assayed by commercial solid-phase sandwich ELISA
(Thermo Fisher Scientiﬁc, Waltham, Massachusetts, USA).
sVCAM-1 was determined by a solid-phase sandwich ELISA
kit (Novex, Life Technologies). Absorbances were read at
450 nm on the LKB 5060-006 Micro Plate Reader (Vienna,
Austria). sICAM concentrations were expressed as pg/ml,
and sVCAM levels were expressed as ng/ml.

3. Statistical Analysis
Statistical analysis was performed using the SPSS version 17.0
statistical package (IBM SPSS Statistics). All analysed parameters were tested for normality of the data using the ShapiroWilk test. For normally distributed data, diﬀerences between
the groups were evaluated by the independent sample t-test
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or one-way ANOVA with Fisher’s least signiﬁcant diﬀerence
(LSD) post hoc. For non-normally distributed data, the
Mann-Whitney or Kruskal-Wallis test was used. The results
were considered statistically signiﬁcant if p < 0:05.

4. Results
To determine the eﬀects of GSTM1 expression on oxidative
stress and expression of a panel of inﬂammatory markers,
we used speciﬁc siRNA to silence GSTM1 gene in HUVECs.
Following 96 h of transfection, diminished GSTM1 expression
was conﬁrmed by immunoblotting which showed around
~90% reduction in GSTM1 protein levels in HUVECs treated
with GSTM1 siRNA (GSTM1+/-) compared to the control
(GSTM1+/+) (p < 0:001; Figure 2S, Supplement).
4.1. The Inﬂuence of Uremic Serum and GSTM1 Knockdown
on Biomarkers of Oxidative Stress (SOD, GPX, MDA, and
ROS) in HUVECs. Antioxidant enzyme activity and byproducts of oxidative stress were assessed in GSTM1+/+ and
GSTM1+/- HUVECs incubated in control or uremic serumcontaining media. The incubation of HUVECs with uremic
serum led to a signiﬁcant decrease in the activity of SOD
and GPX antioxidant enzymes in GSTM+/+ HUVECs compared to control serum conditions (p < 0:05; Figures 1(a)
and 1(b)). To determine the extent of GSTM1 activity loss
on redox status of HUVECs, we silenced the GSTM1 gene
by corresponding siRNA. Silencing of the GSTM1 gene did
not aﬀect antioxidant enzyme activity in any of the observed
settings (Figures 1(a) and 1(b)). With respect to oxidative
stress byproducts, the exposure to the uremic serum led to
the signiﬁcantly higher MDA concentrations (p < 0:05) in
GSTM1+/+ HUVECs compared to their counterparts incubated in control serum (Figures 1(c) and 1(d)). However,
the GSTM1 knockdown did not have statistically signiﬁcant
impact on total oxidative stress byproducts in HUVECs in
either control or uremic serum (Figures 1(c) and 1(d)). Only
a trend towards increased MDA levels was observed in
GSTM1+/- HUVECs compared to GSTM1+/+ HUVECs in
control serum (p = 0:053).
4.2. The Inﬂuence of Uremic Serum and GSTM1 Knockdown
on Cytokine Expression in HUVECs. In order to explore the
eﬀects of uremic serum and GSTM1 knockdown on endothelial cell inﬂammation, we assessed the relative expression of
over 100 inﬂammatory markers with the proteome array.
Pooled protein lysates (n = 3/group) from four diﬀerent
groups of treated cells (GSTM1+/+ control serum, GSTM1+/control serum, GSTM1+/+ uremic serum, and GSTM1+/- uremic serum) were probed on four separate nitrocellulose
membranes to measure cytokine expression. The array key
and original blots are presented in Table 1 and Figure 2,
respectively.
The relative expression of 103 cytokines is also presented
as a graded heatmap (Figure 3S, Supplement) where the lowest expressions of proteins are showed in green, and the highest expression in black. The most highly expressed proteins
in HUVECs, according to our results, are shown in Figure 3
in the manuscript. In addition, the proteins whose expression
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was changed 2-fold in response to GSTM1 knockdown or
uremic serum treatment are presented as bars (Figure 4).
According to our analysis, the most highly expressed proteins in HUVECs were serpin, endoglin (data not shown due
to their impact on the heatmap legend), and CD31. CD31 is
well-established as one of the markers of HUVECs, which
conﬁrms the technical validity of the performed assay. The
most prominent changes in cytokine expression were exerted
by uremic serum treatment (Figures 2–4). Notably, incubation in uremic serum resulted in markedly higher expression
of retinol-binding protein 4 (RBP4), regulated on activation,
normal T cell expressed and secreted (RANTES), C-reactive
protein (CRP), and angiogenin (Figure 4). Besides, the uremic serum treatment suppressed the expression of
dickkopf-1 (Dkk-1) and platelet factor 4 (PF4). Interestingly,
among numerous cytokines determined, the expression of
only one protein was above the set threshold in response to
GSTM1 knockdown. Namely, the monocyte chemoattractant
protein-1 (MCP-1) expression increased 2-fold in GSTM1+/HUVECs incubated in control serum and 3.8-fold in
GSTM1+/- HUVECs incubated in uremic serum in comparison to corresponding GSTM1+/+ HUVECs.
4.3. The Inﬂuence of GSTM1 Deletion on ICAM-1 and
VCAM-1 Expression in ESRD Patients and Endothelial Cells
Exposed to Uremic Serum. According to proteome array analysis, ICAM-1 and VCAM-1 expression was elevated in
HUVECs silenced for the GSTM1 gene, although these did
not achieve the set 2-fold threshold limit. Given that we previously demonstrated ICAM-1 and VCAM-1 as key biomarkers of cardiovascular survival in ESRD patients [17],
we investigated the changes in these proteins separately using
Western blotting (Figures 5(a) and 5(b)). The incubation of
HUVECs with uremic serum led to a signiﬁcant increase in
ICAM-1 expression in GSTM+/- HUVECs compared to control serum conditions (p < 0:05). GSTM1 knockdown led to
the increase in ICAM-1 expression in HUVECs incubated
in control serum, which was more pronounced in HUVECs
incubated in uremic serum (p < 0:05). Similarly, HUVECs
silenced for the GSTM1 gene had higher expression of
VCAM-1 when incubated in control serum, as well as in uremic serum treatment when compared to HUVECs with normal levels of GSTM1; however, this was not statistically
signiﬁcant.
Using clinical plasma samples from patients with ESRD,
we compared the concentrations of soluble adhesion molecules, sICAM-1 and sVCAM-1, between patients with
GTSM1-null and GSTM1-active genotypes (Figures 6(a) and
6(b), respectively). These results present reﬁned analyses of
the recent ﬁndings on oxidative stress and endothelial dysfunction biomarkers that can predict survival in ESRD
patients [17]. As hypothesized, sICAM-1 levels were 24%
higher in patients with GSTM1-null genotype compared to
the GSTM1-active genotype (93.28 (78.34-108.16) pg/ml
and 75.34 (68.32-95.4) pg/ml, respectively, p < 0:05). Similarly, patients with GSTM1-null genotype had 24% higher
levels of sVCAM-1 levels (662.38 (637.98-704.38) ng/ml),
in comparison to ESRD patients with GSTM1-active genotype (532.51 (420.78-653.24) ng/ml, p < 0:001).
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Figure 1: The inﬂuence of uremic serum and GSTM1 knockdown on oxidative stress parameters in HUVECs. GSTM1+/+ and GSTM1+/HUVECs were incubated in 30% control and 30% uremic serum-containing media for 6 h. (a) SOD activity and (b) GPX activity were
determined by spectrophotometry. (c) The total ROS were determined by ﬂow cytometry after DCF staining. (d) MDA levels were
determined by ELISA. Results are presented as the mean ± SD, n = 3. ∗ p < 0:05.
Table 1: Array key.

A
B
C
D
E
F
G
H
I
J

1
2
Reference

GRO-𝛼
IL-4
IL-19
Leptin
MPO
Serpin E1
Reference

3
4
Adiponectin
CD40 L
ENA-78
Somatotropin
IL-5
IL-22
LIF
Osteopontin
SHBG

5
6
Apo A-I
CHI3L1
Endoglin
HGF
IL-6
IL-23
Lipocalin -2
PDGF-AA
ST2
Vit D BP

7
8
Angiogenin
Compl.F D
Fas Ligand
ICAM-1
IL-8
IL-24
MCP-1
PDGF-AB/BB
TARC
CD31

9
10
ANGPT1
CRP
FGF basic
IFN-γ
IL-10
IL-27
MCP-3
Pentraxin -3
TFF3
TIM-3

11 12
ANGPT2
Cripto -1
FGF-7
IGFBP-2
IL-11
IL-31
M-CSF
PF4
TfR
VCAM-1

5. Discussion
In this study, we showed that uremic serum caused redox
imbalance independently of the GSTM1 knockdown, as
well as an alteration in the expression of a series of

13
14
BAFF
Cystatin C
FGF-19
IGFBP-3
IL-12 p70
IL-32
MIF
RAGE
TGF-𝛼

15 16
BDNF
Dkk-1
Flt-3 L
IL-1𝛼
IL-13
IL-33
MIG
RANTES
THBS1

17
18
C5/C5a
DPPIV
G-CSF
IL-1𝛽
IL-15
IL-34
MIP-1𝛼/1𝛽
RBP-4
TNF-𝛼

19
20
CD14
EGF
GDF-15
IL-1ra
IL-16
IP-10
MIP-3 𝛼
Relaxin -2
uPAR

21
22
CD30
EMMPRIN
GM-CSF
IL-2
IL-17A
I-TAC
MIP-3 𝛽
Resistin
VEGF

23
24
Reference

IL-3
IL-18 BPa
Kallikrein 3
MMP -9
SDF-1𝛼
NC

inﬂammatory cytokines. Moreover, the reduction in
GSTM1 in HUVECs led to an increase in MCP-1 expression. In addition, GSTM1 knockdown induced in vitro
upregulation of cell adhesion molecules and markers of
endothelial dysfunction, ICAM-1 and VCAM-1, which
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Figure 2: Proteome Proﬁler Human XL Cytokine Array and original blots. Cytokines that exhibited ≥2-fold change in uremic serum when
compared to control serum treatment are marked blue (vertical comparison between images). Cytokines that exhibited ≥2-fold change in
GSTM1+/- cells when compared to GSTM1+/+ are marked red (horizontal comparison between images).
Control serum

Uremic serum

GSTM1+/+ GSTM1+/– GSTM1+/+ GSTM1+/–
Adiponectin
Apolipoprotein A-I
Angiogenin
Angiopoietin-2
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Figure 3: Expression of 25 cytokines determined by Proteome
Proﬁler Human XL Cytokine Array. HUVECs (n = 3/group,
pooled) transfected with GSTM1 siRNA and GSTM1+/+ HUVECs
were incubated in 30% control or uremic serum-containing media
for 6 h. Heatmap represents pixel densities of spots normalized by
respective reference spots.

has also been conﬁrmed in the clinical settings using
plasma samples from patients with ESRD.
GSTM1 belongs to the detoxifying group of enzymes able
to remove numerous reactive compounds from the body [24,
25]. Patients on haemodialysis homozygous for GSTM1 deletion are at higher overall and cardiovascular mortality risk [16,
17], most likely due to higher oxidative burden [8]. Given the
pivotal role that oxidative stress plays in the development of

endothelial dysfunction, we postulated that the lack of GSTM1
activity contributes to the formation of ROS and oxidative
damage. To further elucidate the eﬀects of the GSTM1 reduction on oxidative stress in uremic conditions, in this study, we
performed a series of HUVEC-based in vitro experiments following GSTM1 knockdown. The results presented herewith
show that uremic serum caused a decrease in both SOD and
GPX antioxidant enzyme activities, which was accompanied
by an increase of MDA levels. These results are in line with
the in vitro study of Chen et al., as well as well-documented
increase of MDA levels and downregulated extracellular antioxidant capacity in the clinical settings [26–28]. Taken
together, our results provide further evidence that endothelial
cells contribute to systemic oxidative stress in uremia. This
eﬀect on oxidative stress in HUVECs exposed to uremic
conditions appears independent of GSTM1 levels.
Regarding the expression of cytokines, incubation in uremic serum resulted in markedly higher expression of RBP4,
RANTES, CRP, and angiogenin, while the expression of
Dkk-1 and PF4 was suppressed. These changes should be
interpreted in the context of complex pathophysiology of
ESRD patients’ vasculature, often leading to arteriosclerosis
and atherosclerosis. Disturbance of calcium and phosphate
homeostasis together with uremic toxins plays a key role in
arteriosclerosis and contributes to accelerated calciﬁcations
of arteries in CKD patients. One of the proteins involved in
mineralization or calciﬁcation of arterial walls is Dkk-1
[29]. Dkk-1 is a well-established protein associated with
impaired osteoblast activation and bone loss. Up to date, several approaches to study Dkk-1 suggest its protective role in
arterial calciﬁcations. Interestingly, negative association
between circulating Dkk-1 and arterial stiﬀness was found
in predialysis CKD patients [30]. In the present study, we
have shown, for the ﬁrst time, that components of the uremic
serum alter the expression of Dkk-1 in HUVECs. Our results
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Figure 4: The relative expression of cytokines that exhibited at least 2-fold change in response to GSTM1 knockdown or uremic serum
treatment.

are in line with those of other authors that report a negative
association between circulating Dkk-1 and arterial calciﬁed
plaques in type 2 diabetes mellitus [31]. Although our ﬁndings should be conﬁrmed in larger clinical studies, these
results likely suggest that Dkk-1 could be a potential therapeutic target in ESRD.
Atherosclerosis is primarily a disorder of the intima of
medium diameter arteries, characterized by plaque formation, narrowing, and occlusion of the blood vessels. It is likely
that the mechanism of atherosclerosis in ESRD patients
includes the same events as in the rest of the population without CKD. However, the rate of progression of atherosclerosis
as well as the degree of oxidative modiﬁcations, expression of
adhesion molecules, formation of foam cells, and proliferation of smooth muscle cells is more pronounced in CKD
patients. Results of our study showed that uremic serum
exerted changes in the expression of several molecules
involved in the atherosclerotic processes in HUVECs. These
proteins have been shown to stimulate either cell proliferation (angiogenin) or monocyte adhesion (ICAM-1,
RANTES, and PF4). Angiogenin induces angiogenesis by
activating endothelial and vascular smooth muscle cells
[32]. According to our results, uremic serum led to an
increase in endothelial angiogenin expression. It has been
shown before that angiogenin levels increase signiﬁcantly
with CKD progression [33]. Moreover, high angiogenin
levels have been linked with peripheral occlusive arterial disease and acute coronary syndrome [34, 35]. Therefore, our
results indicate that the endothelium might contribute to
accelerated atherosclerosis in uremic conditions by upregulating angiogenin expression. During the early stages of atherosclerosis, stimulation of endothelial cells results in the
secretion of adhesion molecules, leading to the recruitment
of leukocytes to the vascular wall. ICAM-1 is constitutively
expressed, whereas VCAM-1 is weakly expressed by resting

endothelium [36]. Both molecules are upregulated by inﬂammatory stimuli. Our western blot analysis showed increased
expression of ICAM-1, but not VCAM-1, in HUVECs incubated in uremic serum. Our results are in line with the study
of Tumur et al. who found that one of the uremic toxins,
indoxyl sulfate, signiﬁcantly increased ICAM-1 expression
in HUVECs, while this eﬀect on VCAM-1 was slower [36].
In our experimental design, the incubation in uremic serum
lasted only 6 h, which may not be a suﬃcient time for endothelial response in terms of VCAM-1 expression. Previous
reports showed that CKD patients have elevated levels of
ICAM-1 and VCAM-1 adhesion molecules [37]. The possible explanation might be that elevated levels of VCAM-1 in
patients with CKD are inﬂuenced not only by the endothelium but also by the other sources such as monocytes and
macrophages. An additional adhesion molecule, whose
expression was increased upon incubation in uremic serum
in our study, was RANTES. RANTES mediates transmigration and arrest of monocytes onto activated endothelium.
To our knowledge, this is the ﬁrst report on upregulated
RANTES expression in uremic conditions in vitro. RANTES
is a well-established mediator of atherogenic processes [38].
Moreover, the importance of RANTES in renal disease was
established in a study of renal transplants undergoing rejection [39], since rejecting grafts exhibited large amounts of
RANTES bound to the vascular endothelium. In our study,
RANTES was expressed in HUVECs exposed to uremic
serum, while the HUVECs incubated in control serum did
not have visually detectable expression of this protein. In
our study, the only adhesion molecule with reduced expression in uremic serum was PF4. Given the fact that PF4
inhibits progenitor cell proliferation and angiogenesis [40],
its decreased expression in HUVECs might result in
atherosclerosis promotion and therefore seems biologically
plausible.

GSTM1+/– u.s.

GSTM1+/– c.s.

GSTM1+/+ u.s.
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Figure 5: The inﬂuence of uremic serum and GSTM1 knockdown on ICAM-1 and VCAM-1 expression in HUVECs. GSTM1+/+ and
GSTM1+/- HUVECs were incubated in 30% control- (c.s.-) or 30% uremic serum- (u.s.-) containing media for 6 h. ICAM-1 and VCAM-1
expression was determined by Western blot. Results are presented as the median with interquartile range, n = 5. ∗ p < 0:05 GSTM1+/HUVECs compared to GSTM1+/+ HUVECs; #p < 0:05 GSTM1+/- HUVECs in uremic serum compared to GSTM+/- HUVECs in control
serum.
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Figure 6: The inﬂuence of GSTM1 deletion on sICAM and sVCAM plasma concentration in ESRD patients. A cohort of ESRD patients was
genotyped for GSTM1 gene by multiplex PCR. sICAM-1 and sVCAM concentrations were determined in plasma of ESRD patients by ELISA.
Results are presented as the median with interquartile range. ∗ p < 0:05, ∗∗∗ p < 0:001.
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Additionally, in our study, HUVECs incubated in uremic
serum showed increased expression of two acute-phase reactants, RBP4 and CRP. RBP4 is a plasma protein, which is
mainly secreted by the liver and adipose tissue, and is known
to transport retinol in the blood [41]. It has been shown that
RBP4 elevation induces inﬂammation in primary human retinal microvascular endothelial cells (HRECs) and HUVECs
by increasing the expression of proinﬂammatory cytokines,
chemokines, and adhesion molecules [42]. RBP4 levels have
also demonstrated positive association with the degree of
carotid intima media thickness [43]. Moreover, RBP4 levels
have been reported to be elevated in kidney disorders in late
stages [44]. Notably, Frey et al. showed that the relative
amount of RBP4 isoforms was increased in CKD patients in
comparison to controls [45]. In relation to other wellestablished marker of inﬂammation, CRP was over 2-fold
overexpressed in HUVECs incubated in uremic serum compared to control serum. HUVECs express CRP mRNA and
protein constitutively, revealing that vascular cells are
another source of CRP production [46]. In addition to being
a marker of inﬂammation, a growing body of evidence suggests that CRP may directly participate in the development
of atherosclerotic vascular disease. Therefore, elevated CRP
levels have emerged as one of the most powerful independent
predictors of cardiovascular disease. Our study showed for
the ﬁrst time that CRP expression might increase in endothelial cells upon exposure to uremic serum.
It is tempting to speculate that regulatory and executive
adhesion molecule response to uremic serum could be a consequence of activation of the overlapping signaling pathway.
Namely, the promoters of ICAM-1, RANTES, RBP4, and
CRP genes contain binding sites for the transcription factor
NF-κB [36, 47–49]. It is well established that uremic toxins
promote oxidative stress which activates the NF-κB signaling
pathway in HUVECs [50–53]. Given that uremic serum led
to redox imbalance in HUVECs in our study, induction of
the NF-κB signaling pathway might be one of the possible
mechanisms potentially explaining the upregulation of aforementioned adhesion molecules in HUVECs.
Silencing of GSTM1 in HUVECs led to an increased
expression of endothelial adhesion molecules including
MCP-1 and ICAM-1 and a possible trend in VCAM-1 overexpression. Notably, the MCP-1 expression increased over 2fold in response to GSTM1 knockdown in HUVECs incubated in both control and uremic serum. With respect to
the role of MCP-1 in attracting monocytes to the site of vascular injury, our results provide one of the mechanistic clues
for higher risk of cardiovascular diseases in subjects lacking
GSTM1 (GSTM1-null genotype), which is even more pronounced in uremic milieu in ESRD patients. Our results are
in line with the very recent report of Gigliotti et al., which
showed that GSTM1 knockout mice had a signiﬁcant
increase in renal expression of MCP-1 [54]. MCP-1 is also
an important factor in the pathogenesis and progression of
renal failure [55]. Higher urinary MCP-1 concentrations
were found in CKD patients and correlated with kidney damage. Although the precise mechanism of GSTM1-mediated
regulation of MCP-1 remains elusive, it is important to note
that GSTM1 has a functional noncatalytic domain that
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inhibits activation of the apoptosis signaling-regulating
kinase 1 (ASK1)-p38 signaling pathway [56]. Terada et al.
reported that ASK1 directly regulates MCP-1 expression
[57]. Moreover, p38 MAPK-mediated regulation of MCP-1
expression has also been conﬁrmed in HUVECs [58]. Therefore, it is reasonable to assume that the lack of GSTM1 protein in GSTM1+/- HUVECs results in higher expression of
MCP-1 due to the lack of ASK1 inhibition. Similarly, it is
likely that another two upregulated proteins, ICAM-1 and
VCAM-1, in response to GSTM1 knockdown might be
associated with the ASK1 signaling pathway [59]. This
should be explored in future studies.

6. Conclusions
The results of the present study show that uremic serum
caused redox imbalance characterized by enhanced lipid peroxidation and decreased antioxidant enzyme activities, independently of the GSTM1 knockdown. In response to uremic
injury, HUVECs exhibited changes in the expression of a
series of cytokines involved in either arteriosclerosis and/or
atherosclerosis, some of which might be relevant as therapy
targets. Markers of endothelial dysfunction, ICAM-1 and
VCAM-1, were both increased in ESRD patients lacking
GSTM1, while ICAM-1 was upregulated in endothelial cells
with a low level of GSTM1 exposed to uremic serum, further
strengthening their potential biomarker role as predictors of
CVD in ESRD patients. Interestingly, our study describes a
novel function of endothelial GSTM1 in the regulation of
monocyte migration and adhesion, through its role in the
upregulation of MCP-1. Future studies conﬁrming and
expanding on these ﬁndings with the inclusion of functional
assays of cell adhesion migration, and invasion would
strengthen of our results.
Based on these results, it may be concluded that incubation of endothelial cells in uremic serum induces redox
imbalance accompanied with altered expression in a series
of cytokines involved in arteriosclerosis and atherosclerosis
pathogenesis. The association of GSTM1 downregulation
with the altered expression of adhesion molecules might be
at least partly responsible for increased susceptibility of
ESRD patients to CVD.
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for 4 h and 6 h. Cell viability was determined by the MTS test.
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