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Abstract

:

In SARS-CoV-2 infection, excessive activation of the immune system intensively increases reactive oxygen species levels, causing harmful hyperinflammatory and oxidative state cumulative effects which may contribute to COVID-19 severity. Therefore, we assumed that antioxidant genetic profile, independently and complemented with laboratory markers, modulates COVID-19 severity. The study included 265 COVID-19 patients. Polymorphism of GSTM1, GSTT1, Nrf2 rs6721961, GSTM3 rs1332018, GPX3 rs8177412, GSTP1 rs1695, GSTO1 rs4925, GSTO2 rs156697, SOD2 rs4880 and GPX1 rs1050450 genes was determined with appropriate PCR-based methods. Inflammation (interleukin-6, CRP, fibrinogen, ferritin) and organ damage (urea, creatinine, transaminases and LDH) markers, complete blood count and coagulation status (d-dimer, fibrinogen) were measured. We found significant association for COVID-19 progression for patients with lymphocytes below 1.0 × 109/L (OR = 2.97, p = 0.002). Increased IL-6 and CRP were also associated with disease progression (OR = 8.52, p = 0.001, and OR = 10.97, p < 0.001, respectively), as well as elevated plasma AST and LDH (OR = 2.25, p = 0.021, and OR = 4.76, p < 0.001, respectively). Of all the examined polymorphisms, we found significant association with the risk of developing severe forms of COVID-19 for GPX3 rs8177412 variant genotype (OR = 2.42, p = 0.032). This finding could be of particular importance in the future, complementing other diagnostic tools for prediction of COVID-19 disease course.
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1. Introduction


Clinical course and manifestations of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the disease caused by this virus (COVID-19) may vary, from asymptomatic to severe [1,2,3]. A particular challenge in COVID-19 treatment is to recognize patients who are at increased risk for developing a severe form of the disease in its early stage [4,5]. To date, several risk factors for the disease progression have been identified, such as arterial hypertension, diabetes mellitus, renal impairment, certain malignancies, older age and male sex [4,6,7,8]. However, a certain number of patients without any of these known risk factors develop a severe form of COVID-19. According to the latest reports, the overall mortality from COVID-19 is 3.77–5.4%, but it increases to 41.1–61.5% in severely or critically ill patients [9]. Biochemical markers important for monitoring and prognosis of COVID-19 patients are inflammation parameters (interleukin-6 (IL-6), C-reactive protein (CRP), fibrinogen, ferritin), leucocyte count, platelets, biochemical markers of tissue damage (urea, creatinine (Cr), transaminases (AST, ALT), lactate-dehydrogenase (LDH)), as well as coagulation parameters (fibrinogen and d-dimer) [10,11,12]. These markers may be a helpful tool in identifying patients with an increased risk of developing a more severe form of COVID-19 [4,13].



Previous studies indicated that oxidative stress plays one of the key roles in the development of severe acute respiratory failure caused by SARS-CoV-2 infection [14,15]. It is possible that SARS-CoV-2, like other RNA viruses, can induce oxidative stress [14,16,17]. It is assumed that oxidative stress in COVID-19 infection has multiple roles in various processes, such as the interaction of the virus with host cells and replication of the virus, in addition to the involvement in an enhanced inflammatory response as well as in damage of various types of tissues and organs [18,19]. Moreover, the hyperproduction of free radicals, among which reactive oxygen species (ROS) are the most important, as well as the inability of antioxidant mechanisms to compensate them further contribute to the development of more severe clinical manifestations of the disease [20,21]. Moreover, SARS-CoV-2 infection activates phagocytic cells, which leads to excessive production of ROS, while antioxidant protection mechanisms are insufficiently expressed.



In order to protect biologically important macromolecules against oxidative damage, numerous non-enzymatic and enzymatic antioxidant systems exist in the human body [22]. The immediate line of enzymatic antioxidant protection consists of superoxide dismutase (SOD) isoenzymes, while the first line of defense against ROS includes glutathione peroxidase (GPX) and glutathione transferase (GST) isoenzymes [23]. On the other hand, one of the most important regulatory antioxidant proteins is Nrf2 (nuclear factor-erythroid-2-related factor 2), a transcription factor that regulates basal activity and coordinated gene expression for the aforementioned antioxidant enzymes, especially certain classes of cytosolic GSTs, such as GSTA-1, GSTM-1, GSTM-3 and GSTP-1 [24,25]. Several studies have shown decreased expression of Nrf2 in patients with COVID-19 [26,27]. The activity of antioxidant enzymes and regulatory proteins is also influenced by genetic heterogeneity due to the presence of deletion polymorphisms (GSTM1 null and GSTT1 null variant genotypes) as well as single-nucleotide polymorphisms (SNPs) in both coding regions (GSTP1rs1695*Ile/Val + Val + Val, GSTO1rs4925*Ala/Asp + Asp/Asp, GSTO2 rs156697*Asn/Asp + AspAsp, SOD2rs4880*Ala/Val + Val/Val, GPX1rs1050450*Pro/Leu + Leu/Leu variant genotypes) and non-coding gene regions (Nrf2rs6721961*CA + AA, GSTM3rs1332018*AC + CC, GPX3rs8177412*TC + CC variant genotypes) [28,29,30,31]. Many of these variations found within genes encoding for leading regulatory and catalytic antioxidant proteins make a direct impact on the protein structure, function and expression, reshaping their activity and substrate diversity as well.



Oxidative stress seems to impose a certain milieu in COVID-19 pathogenesis. Previous studies have pointed out that the genetic profile of antioxidant enzymes plays a very important role in risk assessment and prognosis of disease course in patients with COVID-19 [32]. Our previous results have shown that SNPs found in genes encoding for antioxidant enzymes, such as GSTP1, GSTM3, GSTO1 and GSTO2, were significantly associated with the probability of getting COVID-19 along with developing certain clinical manifestations [29,33]. Moreover, it has been indicated that individuals with the GSTT1 null genotype have a positive correlation with the mortality from COVID-19 [34]. With the intention to further expand the knowledge on the interplay between inflammation and oxidative stress in SARS-CoV-2 infection course, in this study we aimed to analyze the association of genetic polymorphisms of regulatory and catalytic antioxidant proteins with the severity of COVID-19 disease, both independently and complemented with commonly assessed laboratory parameters.




2. Results


The distribution of patients according to the severity of COVID-19 is presented in Table 1. Most of our study population had moderate disease (53.2%), severe and critical form was present in 25.7% of patients, while 21.1% had mild clinical presentation. As presented, our study group consisted predominantly of males (61%), and the mean age was 56 years. The most frequently observed comorbidity was hypertension, which was present in half of our patients. Other comorbidities, such as diabetes mellitus and obesity were also present among the studied population in 13% and 32% of patients, respectively. More than half of our study participants declared themselves to be non-smokers (55%).



Results of selected laboratory parameters of inflammation, complete blood count, biochemical parameters of damage to certain organs and indicators of coagulation status in patients with COVID-19 at the time of hospital admission are shown in Table 2.



Among blood count parameters, leucopoenia was present in 22%, and lymphopenia was present in 32% of study participants. Also, thrombocytopenia was present in 22% of our study participants. As expected, we observed significant number of participants with elevated inflammatory markers such as IL-6 (51%), CRP (73%) and ferritin (32%) on admission. When it comes to coagulation parameters, 50% of our participants had elevated d-dimer, while 37% had elevated fibrinogen at the time of admission. LDH and AST activities were among markers of organ damage that were also high on admission in a significant number of patients, in 48% and 34% of participants, respectively.



Using ordinal repression, we analyzed the association between specific laboratory parameters and the risk of developing a severe form of COVID-19 (either medium or severe form) as shown on Table 3. Among blood count parameters, statistically significant association for progression of COVID-19 was found for patients with lymphocytes below 1.0 × 109/L (OR = 2.97, p = 0.002). Elevated concentration of inflammatory markers IL-6 and CRP was also associated with progression of the disease (OR = 8.52, p = 0.001, and OR = 10.97, p < 0.001, respectively). Overall, patients with low lymphocyte count, elevated IL-6 and CRP were at 3 to 11 times increased risk of progressing to a more severe form of COVID-19. We also found that elevated fibrinogen concentration carries increased the risk of disease progression (OR = 2.29, p = 0.029). In addition, patients with elevated AST and LDH activities were susceptible to a more severe COVID-19 form (OR = 2.25, p = 0.021, and OR = 4.76, p < 0.001, respectively). Namely, our results have indicated that patients with elevated AST and LDH activities were at approximately 2.3 and 5 times greater risk (p = 0.021 and p < 0.001) of developing more severe COVID-19, respectively. We found no association for creatinine and urea concentrations.



Among analyzed gene polymorphisms, we found no significant association for null/variant genotypes of GSTM1 (OR = 0.87, p = 0.673), GSTT1 (OR = 0.75, p = 0.455), Nrf2rs6721961 (OR = 0.8, p = 0.538), GSTM3rs1332018 (OR = 1.76, p = 0.091), GPX3rs8177412 (OR = 1.51, p = 0.247), GSTP1rs1695 (OR = 1.02, p = 0.978), GSTO1rs4925 (OR = 1.23, p = 0.551), GSTO2rs156697 (OR = 1.23, p = 0.551), SOD2rs4880 (OR = 0.65, p = 0.287) and GPX1rs1050450 (OR = 1.02, p = 0.952) or the risk for the disease progression when ordinal regression was adjusted to gender, age, selected comorbidities and smoking status (Table 4).



The associated effect of laboratory parameters and gene polymorphisms for proteins important in the regulation of redox homeostasis with the risk of developing a more severe form of COVID-19 is presented in Table 5. In our study, we found no significant association for the null/variant genotypes related to the following gene polymorphisms: GSTM1, GSTT1, Nrf2 rs6721961, GSTM3rs1332018, GSTP1rs1695, GSTO1rs4925, GSTO2rs156697, SOD2 rs4880 and GPX1 rs1050450 (p > 0.05). However, the carriers of GPX3 variant genotype (GPX3*TC + CC), associated with decreased intracellular enzyme expression, were at 2.42-fold increased risk for developing more severe forms of COVID-19 compared to the carriers of the GPX3 genotype of the referent genotype (OR = 2.42, p = 0.032) when the OR adjusted to inflammatory markers (leukocyte, lymphocyte and platelet count, IL-6, CRP, fibrinogen, ferritin, d-dimmer concentration) was computed in ordinal regression.




3. Discussion


Since oxidative stress has an important role in and SARS-CoV-2 susceptibility and infection, we assumed that variations in catalytic and regulatory antioxidant proteins, independently and complemented with commonly assessed laboratory parameters, may also modulate COVID-19 severity. In our study, we found that inflammatory markers such as lymphocyte count, CRP and IL-6 levels correlated with the risk for the disease progression. In addition, laboratory markers of organ damage, such as AST and LDH, are also shown to be of prognostic value for development of more severe forms of COVID-19. On the other hand, we did not find significant association for the null/variant genotypes of proteins important in redox homeostasis regulation (GSTM1, GSTT1, Nrf2 rs6721961, GSTM3rs1332018, GSTP1rs1695, GSTO1rs4925, GSTO2rs156697, SOD2 rs4880 and GPX1 rs1050450) with the risk of developing a more severe form of COVID-19. However, we found that carriers of the GPX3 rs8177412 variant allele were at approximately 2.5-fold increased risk for developing more severe forms of COVID-19 compared to the carriers of the GPX3 referent genotype when adjusted to inflammatory markers.



Several laboratory parameters have been proposed to correlate with a poorer outcome of COVID-19 [10,13,35]. Our study reported that low lymphocytes and elevated levels of CRP and IL-6 on admission correlate with the risk of progression to a more severe form of COVID-19, which is similar to results of numerous studies. Namely, the meta-analysis of Henry BM. et al., which included about 3400 patients and 33 laboratory parameters, shows that patients with severe and fatal disease had significantly increased white blood cell (WBC) count and decreased lymphocyte and platelet counts compared to patients with mild disease [11,36]. Another meta-analysis of Huang I. et al., with total of 5350 patients, showed that an elevated serum CRP, PCT, D-dimer and ferritin were associated with a poor outcome in COVID-19 [37]. Worsening of laboratory markers, including a decrease in the number of lymphocytes, elevated neutrophil/lymphocyte ratio (NLR), CRP, ferritin, TNF, IL-6, IL-10, d-dimer and PT, was registered during the progression of the disease [19,38,39]. It is well established that TNF and IL-6 trigger CRP synthesis in the liver, while IL-8 increases neutrophil recruitment [40,41]. IL-6 activates neutrophils and monocytes, which leads to increased production of ROS [42]. At the same time, ROS can elevate levels of IL-6 in this vicious circle of cytokine and oxidative stress storm [43]. That is one of the reasons why high levels of IL-6 during COVID-19 are related to high mortality rates in patients treated in the ICU [44]. Our study also found that high levels of organ damage laboratory markers, such as AST and LDH, are associated with more severe forms of COVID-19. Similar results were reported by Battaglini D. et al., who have shown that on admission, lower lymphocyte and platelet counts and higher values of ferritin, D-dimer, LDH and AST correlated well with clinical severity of COVID-19 patients [45]. Moreover, a large meta-analysis with a total of 15,354 COVID-19 cases showed that cardiac biochemical markers, including LDH, are associated with the severity of COVID-19 [45].



Non-communicable diseases, such as arterial hypertension and diabetes mellitus, that are seen more frequently in the elderly population are associated with increased formation of reactive oxygen species. Moreover, increased BMI may be regarded as state of chronic systemic inflammation with persistently elevated levels of pro-inflammatory cytokines (such as IL-6 and consequently CRP) that is perplexed with disturbed redox homeostasis. Presumably, in patients with the aforementioned conditions, extensive exposure to free radicals produced by cigarette smoking may further contribute to the crosstalk between inflammation and oxidative stress. Therefore, aged, obese, diabetic and hypertensive smokers may represent the frailest group of patients in whom SARS-CoV-2 infection can further amplify the vicious cycle of oxidative stress and inflammation that mutually enforce each other. Such patients would highly benefit from the assessment of non-specific inflammatory parameters on admission, usually procured from routine laboratory practice. Still, the aforementioned conditions (hypertension, diabetes mellitus, obesity and smoking) are rather frequent in general population. However, only a certain number of affected individuals will eventually develop severe forms of COVID-19. This can be partially explained by variations found in genes encoding proteins for enzymatic antioxidative defense.



Our previous results of association of antioxidant genetic profile and COVID-19 susceptibility have shown that SNPs found in genes encoding GSTP1, GSTM3, GSTO1 and GSTO2 were significantly associated with disease susceptibility [29,33]. Namely, Coric V. et al. have shown that individuals carrying the GSTP1* (Ile105Val rs1695) or GSTP1* (Ala114Val rs1138272) as well as GSTM3*AC (rs1332018) variants were less prone to developing COVID-19, while Djukic T. et al. reported that individuals carrying GSTO1*AA and GSTO2*GG polymorphic variants had a significantly increased COVID-19 risk. However, regarding developing a more severe form of COVID-19, in this study we found no significant association for the null/variant genotypes of the following gene polymorphisms: GSTM1, GSTT1, Nrf2 rs6721961, GSTM3rs1332018, GSTP1rs1695, GSTO1rs4925, GSTO2rs156697, SOD2 rs4880 and GPX1 rs1050450. Our results are in contrast with a study of Abbas M. et al. conducted on a population of North American natives, which reported that the frequency of null alleles GSTM1−/− and GSTT1−/− were more prevalent in patients with severe COVID-19 compared to those who had a milder clinical presentation [46]. In another study, Saadat M. et al. [34] suggested that individuals carrying GSTT1−/− genotype had a higher COVID-19 mortality rate. A recent Polish study conducted by Orlewska K. et al. reported that GSTP1 Ile/Val genotype was associated with higher risk of developing a severe form of the disease. However, they found that GSTM1 null and GSTT1 null genotypes had no significant association with risk of developing severe forms of COVID-19, which is in agreement with results of our study [47].



When we adjusted analysis to inflammatory markers, we found that among all examined polymorphisms only the GPX3 variant allele was associated with more severe forms of the disease. Namely, carriers of GPX3 rs8177412 variant allele were at approximately 2.5-fold increased risk for developing more severe forms of COVID-19 compared to the carriers of the GPX3 referent genotype. Results of our previous study have shown that the GPX3 rs8177412 variant allele is also associated with COVID-19 susceptibility [28]. Among the eight recognized GPX isoforms, GPX3 is the only one localized within the extracellular space. Present within plasma, it serves as a major antioxidant enzyme responsible for scavenging hydrogen peroxide and organic hydroperoxides [48,49]. The occurrence of a polymorphism within the GPX3 gene, denoted as rs8177412, leads to downregulation of gene transcription and consequently to distinct reduction in the GPX3 plasma activity [30,50]. This reduction in plasma GPX3 activity subsequently contributes to increased extracellular oxidative stress, diminished bioavailability of nitric oxide and the stimulation of platelet activation. These activated pathways of oxidative stress exert a negative impact upon the vascular endothelium and trigger inflammatory processes contributing to the pathophysiology of COVID-19 and potentially to the progression of more severe forms of the disease [21,51,52].



Finally, some limitations related to this study should be addressed. Apart from the relatively small sample size, selected oxidative-stress-related genetic variants were assessed without taking into account the effect of other ones. Moreover, the study comprised virus variants present during the second wave of the epidemic in Serbia, as reported by Miljanovic et al. [53]. Therefore, the potential impact of specific mutations on the severity of symptoms was not considered. Another potential drawback of this study comprises the lack of knowledge regarding patients’ recovery time and its association with assessed gene variants. Finally, other confounding factors might have posed a certain effect, although regression analysis was used to minimize the impact of non-genetic factors on the results of our study.




4. Materials and Methods


The study included 265 patients who were consecutively admitted to hospital treatment at the Infectious and Tropical Diseases Clinic of University Clinical Center of Serbia, between September 2020 and June 2021. The criteria for including patients in the study were SARS-CoV-2 infection, confirmed by a positive PCR test in nasopharyngeal swab samples, between June 2020 and October 2020. The excluding criteria were the presence of an associated infection (human immunodeficiency virus—HIV, hepatitis B virus—HBV, hepatitis C virus—HCV), malignant disease, as well as the participant’s refusal to participate in the research. We also excluded COVID-19 patients that required treatment in the intensive care unit or patients with fatal outcome.



The assessment of the clinical stage of the severity of the disease at the time of diagnosis and/or hospitalization was performed according to the guidelines of the National Protocol for COVID-19 version 11, which was current at that time. Patients were divided into three groups depending on the severity of disease at the time of admission: 1. asymptomatic/mildly symptomatic, 2. medium severity patients with X-ray signs of pneumonia and 3. severe patients with severe pneumonia, signs of cytokine storm or acute respiratory distress syndrome (ARDS) and signs of multiorgan dysfunction.



An epidemiological questionnaire was used to collect demographic and epidemiological data. To collect the results of clinical and laboratory tests, during the recruitment and monitoring of patients (arterial hypertension, obesity, diabetes), data obtained by a specialist examination of the patient, as well as data from the medical history, were used. The database was created through the server of the Faculty of Medicine of the University of Belgrade (“RedCap system”, available online: http://med.bg.ac.rs/?page_id=20953, accessed on 25 September 2023).



Blood samples for DNA isolation were obtained during the study recruitment phase. DNA isolation was performed on the EDTA-anticoagulated peripheral blood obtained from the study participants using PureLink™ Genomic DNA Mini Kit (ThermoFisher Scientific, Waltham, MA, USA). Gene polymorphisms for regulatory and catalytic proteins involved in the regulation of redox homeostasis (Nrf2 rs6721961, GSTM1, GSTT1, GSTP1 rs1695, GSTO1 rs4925, GSTO2 rs156697, GSTM3 rs1332018, SOD2 rs4880, GPX1 rs1050450 and GPX3 rs8177412) were determined with previously described PCR-based methods [19,29,31,33]. Levels of non-specific markers of inflammation (interleukin-6, C-reactive protein, fibrinogen, ferritin), complete blood count, biochemical markers of organ damage (urea, creatinine, transaminases and lactate dehydrogenase) and indicators of coagulation status (d- dimer, fibrinogen) were determined using methods within the routine laboratory practice of the University Clinical Center of Serbia.



Depending on the type of variable and the type of distribution, the description of the data was presented as a total number (n) and percentage, mean +/− standard deviation or median (minimum-maximum value). A 95% confidence interval was used to estimate the population parameters. The methods for testing statistical hypotheses were t-test, χ2 test and analysis of variance. Ordinal logistic regression was used to model the association of dependent variables with potential predictors. During the initial analysis, all p values for both goodness of fit as well as the proportionality of the odds of the models tested were >0.05. Namely, selected laboratory parameters were adjusted to sociodemographic data (age, gender and smoking status) and relevant clinical background (hypertension, diabetes mellitus and obesity), whereas the assessed polymorphisms were additionally adjusted to inflammatory markers (leukocyte, lymphocyte and platelet count, IL-6, CRP, fibrinogen, ferritin and d-dimmer concentration).Values of p less than 0.05 were considered as an indicator of statistical significance. All data was processed in “IBM SPSS Statistics version 22” software (“SPSS Inc., Chicago, IL, USA”) or the software package “R software environment” (“R Core Team (2019)”).




5. Conclusions


In conclusion, clinical parameters such as lymphocyte count, CRP, IL6, AST and LDH levels as well as GPX3 variant allele were associated with the risk of development more severe forms of COVID-19. According to the results of our study, simultaneous determination of non-specific markers of inflammation, complete blood count along with GPX3 genotype would represent a specific set of markers designed for specific patients (aged, obese, diabetic and hypertensive smokers), exhibiting increased risk for severe forms of COVID-19. These findings could be used as supportive tools helpful in timely identification of such patients with the intention of enabling prevention, proper treatment strategies and hopefully reducing COVID-19 mortality rate in severely or critically ill patients.







Author Contributions


Conceptualization, M.M. (Marija Matic), V.C. and T.S.; methodology, T.D., M.M. (Marko Markovic) and D.J.; software, Z.B.; validation, T.D., M.M. (Marko Markovic) and D.J.; formal analysis, Z.B.; investigation, T.D., M.M. (Marko Markovic) and D.J.; resources, G.S., J.R., I.M., M.M. (Marko Markovic), M.A. and M.E.; writing—original draft preparation, M.M. (Marko Markovic), V.C. and M.M. (Marija Matic); writing—review and editing, T.S., A.S.-R., M.P.-E., M.M. (Marija Matic), T.D., V.C., D.J., G.S., J.R., I.M., M.M. (Marko Markovic), M.A., M.E. and Z.B.; visualization, T.D., M.M. (Marko Markovic) and D.J.; supervision, M.M. (Marija Matic), J.R. and V.C.; project administration, T.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Special Research Program on COVID-19, Project No. 7546803, entitled AntioxIdentification, Science Fund of the Republic of Serbia.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Board) of University Clinical Centre of Serbia, Serbia, approval number 566/01 from 13 July 2020 and 608/01 from 7 August 2020).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data supporting reported results are available at the RedCap platform (Research Electronic Data Capture, Vanderbilt University) of Faculty of Medicine University in Belgrade and will be made available by the corresponding authors upon request without undue reservation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tao, K.; Tzou, P.L.; Nouhin, J.; Gupta, R.K.; de Oliveira, T.; Kosakovsky Pond, S.L.; Fera, D.; Shafer, R.W. The Biological and Clinical Significance of Emerging SARS-CoV-2 Variants. Nat. Rev. Genet. 2021, 22, 757–773. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and Clinical Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in Wuhan, China: A Descriptive Study. Lancet 2020, 395, 507–513. [Google Scholar] [CrossRef] [PubMed]

	



Cummings, M.J.; Baldwin, M.R.; Abrams, D.; Jacobson, S.D.; Meyer, B.J.; Balough, E.M.; Aaron, J.G.; Claassen, J.; Rabbani, L.E.; Hastie, J.; et al. Epidemiology, Clinical Course, and Outcomes of Critically Ill Adults with COVID-19 in New York City: A Prospective Cohort Study. Lancet 2020, 395, 1763–1770. [Google Scholar] [CrossRef] [PubMed]

	



Tjendra, Y.; Al Mana, A.F.; Espejo, A.P.; Akgun, Y.; Millan, N.C.; Gomez-Fernandez, C.; Cray, C. Predicting Disease Severity and Outcome in COVID-19 Patients: A Review of Multiple Biomarkers. Arch. Pathol. Lab. Med. 2020, 144, 1465–1474. [Google Scholar] [CrossRef]

	



Li, Y.; Li, H.; Song, C.; Lu, R.; Zhao, Y.; Lin, F.; Han, D.; Chen, L.; Pan, P.; Dai, M. Early Prediction of Disease Progression in Patients with Severe COVID-19 Using C-Reactive Protein to Albumin Ratio. Dis. Mrk. 2021, 2021, 6304189. [Google Scholar] [CrossRef]

	



Liu, W.; Yang, C.; Liao, Y.; Wan, F.; Lin, L.; Huang, X.; Zhang, B.-H.; Yuan, Y.; Zhang, P.; Zhang, X.-J.; et al. Risk Factors for COVID-19 Progression and Mortality in Hospitalized Patients without Pre-Existing Comorbidities. J. Infect. Public Health 2022, 15, 13–20. [Google Scholar] [CrossRef]

	



Gao, Y.; Ding, M.; Dong, X.; Zhang, J.; Kursat Azkur, A.; Azkur, D.; Gan, H.; Sun, Y.; Fu, W.; Li, W.; et al. Risk Factors for Severe and Critically Ill COVID-19 Patients: A Review. Allergy 2021, 76, 428–455. [Google Scholar] [CrossRef]

	



Mostaza, J.M.; García-Iglesias, F.; González-Alegre, T.; Blanco, F.; Varas, M.; Hernández-Blanco, C.; Hontañón, V.; Jaras-Hernández, M.J.; Martínez-Prieto, M.; Menéndez-Saldaña, A.; et al. Clinical Course and Prognostic Factors of COVID-19 Infection in an Elderly Hospitalized Population. Arch. Gerontol. Geriatr. 2020, 91, 104204. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhu, F.; Xie, L.; Wang, C.; Wang, J.; Chen, R.; Jia, P.; Guan, H.Q.; Peng, L.; Chen, Y.; et al. Clinical Characteristics of COVID-19-Infected Cancer Patients: A Retrospective Case Study in Three Hospitals within Wuhan, China. Ann. Oncol. 2020, 31, 894–901. [Google Scholar] [CrossRef]

	



Bivona, G.; Agnello, L.; Ciaccio, M. Biomarkers for Prognosis and Treatment Response in COVID-19 Patients. Ann. Lab. Med. 2021, 41, 540–548. [Google Scholar] [CrossRef]

	



Henry, B.M.; De Oliveira, M.H.S.; Benoit, S.; Plebani, M.; Lippi, G. Hematologic, Biochemical and Immune Biomarker Abnormalities Associated with Severe Illness and Mortality in Coronavirus Disease 2019 (COVID-19): A Meta-Analysis. Clin. Chem. Lab. Med. (CCLM) 2020, 58, 1021–1028. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Zhang, B.; Zhang, S.; Hu, H.; Liu, T. LDH, CRP and ALB Predict Nucleic Acid Turn Negative within 14 Days in Symptomatic Patients with COVID-19. Scott. Med. J. 2021, 66, 108–114. [Google Scholar] [CrossRef] [PubMed]

	



Parimoo, A.; Biswas, A.; Baitha, U.; Gupta, G.; Pandey, S.; Ranjan, P.; Gupta, V.; Barman Roy, D.; Prakash, B.; Wig, N. Dynamics of Inflammatory Markers in Predicting Mortality in COVID-19. Cureus 2021, 13, e19080. [Google Scholar] [CrossRef] [PubMed]

	



Muhammad, Y.; Kani, Y.A.; Iliya, S.; Muhammad, J.B.; Binji, A.; El-Fulaty Ahmad, A.; Kabir, M.B.; Umar Bindawa, K.; Ahmed, A. Deficiency of Antioxidants and Increased Oxidative Stress in COVID-19 Patients: A Cross-Sectional Comparative Study in Jigawa, Northwestern Nigeria. SAGE Open Med. 2021, 9, 205031212199124. [Google Scholar] [CrossRef]

	



La Maestra, S.; De Flora, S.; Balansky, R. Antioxidants and COVID-19. J. Prev. Med. Hyg. 2021, 62, E34. [Google Scholar] [CrossRef]

	



Kaul, P.; Biagioli, M.C.; Singh, I.; Turner, R.B. Rhinovirus-Induced Oxidative Stress and Interleukin-8 Elaboration Involves P47- Phox but Is Independent of Attachment to Intercellular Adhesion Molecule–1 and Viral Replication. J. Infect. Dis. 2000, 181, 1885–1890. [Google Scholar] [CrossRef]

	



Boudreau, H.E.; Emerson, S.U.; Korzeniowska, A.; Jendrysik, M.A.; Leto, T.L. Hepatitis C Virus (HCV) Proteins Induce NADPH Oxidase 4 Expression in a Transforming Growth Factor β-Dependent Manner: A New Contributor to HCV-Induced Oxidative Stress. J. Virol. 2009, 83, 12934–12946. [Google Scholar] [CrossRef]

	



Delgado-Roche, L.; Mesta, F. Oxidative Stress as Key Player in Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) Infection. Arch. Med. Res. 2020, 51, 384–387. [Google Scholar] [CrossRef]

	



Kosanovic, T.; Sagic, D.; Djukic, V.; Pljesa-Ercegovac, M.; Savic-Radojevic, A.; Bukumiric, Z.; Lalosevic, M.; Djordjevic, M.; Coric, V.; Simic, T. Time Course of Redox Biomarkers in COVID-19 Pneumonia: Relation with Inflammatory, Multiorgan Impairment Biomarkers and CT Findings. Antioxidants 2021, 10, 1126. [Google Scholar] [CrossRef]

	



Beltrán-García, J.; Osca-Verdegal, R.; Pallardó, F.V.; Ferreres, J.; Rodríguez, M.; Mulet, S.; Sanchis-Gomar, F.; Carbonell, N.; García-Giménez, J.L. Oxidative Stress and Inflammation in COVID-19-Associated Sepsis: The Potential Role of Anti-Oxidant Therapy in Avoiding Disease Progression. Antioxidants 2020, 9, 936. [Google Scholar] [CrossRef]

	



Chernyak, B.V.; Popova, E.N.; Prikhodko, A.S.; Grebenchikov, O.A.; Zinovkina, L.A.; Zinovkin, R.A. COVID-19 and Oxidative Stress. Biochem. Mosc. 2020, 85, 1543–1553. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H. Hydrogen Peroxide as a Central Redox Signaling Molecule in Physiological Oxidative Stress: Oxidative Eustress. Redox Biol. 2017, 11, 613–619. [Google Scholar] [CrossRef] [PubMed]

	



Mijatović, S.; Savić-Radojević, A.; Plješa-Ercegovac, M.; Simić, T.; Nicoletti, F.; Maksimović-Ivanić, D. The Double-Faced Role of Nitric Oxide and Reactive Oxygen Species in Solid Tumors. Antioxidants 2020, 9, 374. [Google Scholar] [CrossRef] [PubMed]

	



Herengt, A.; Thyrsted, J.; Holm, C.K. NRF2 in Viral Infection. Antioxidants 2021, 10, 1491. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.; Nakayama, K.; et al. Nrf2 Suppresses Macrophage Inflammatory Response by Blocking Proinflammatory Cytokine Transcription. Nat. Commun. 2016, 7, 11624. [Google Scholar] [CrossRef] [PubMed]

	



Gümüş, H.; Erat, T.; Öztürk, İ.; Demir, A.; Koyuncu, I. Oxidative Stress and Decreased Nrf2 Level in Pediatric Patients with COVID-19. J. Med. Virol. 2022, 94, 2259–2264. [Google Scholar] [CrossRef]

	



Zhang, J.; Ejikemeuwa, A.; Gerzanich, V.; Nasr, M.; Tang, Q.; Simard, J.M.; Zhao, R.Y. Understanding the Role of SARS-CoV-2 ORF3a in Viral Pathogenesis and COVID-19. Front. Microbiol. 2022, 13, 854567. [Google Scholar] [CrossRef]

	



Jerotic, D.; Ranin, J.; Bukumiric, Z.; Djukic, T.; Coric, V.; Savic-Radojevic, A.; Todorovic, N.; Asanin, M.; Ercegovac, M.; Milosevic, I.; et al. SOD2 Rs4880 and GPX1 Rs1050450 Polymorphisms Do Not Confer Risk of COVID-19, but Influence Inflammation or Coagulation Parameters in Serbian Cohort. Redox Rep. 2022, 27, 85–91. [Google Scholar] [CrossRef]

	



Coric, V.; Milosevic, I.; Djukic, T.; Bukumiric, Z.; Savic-Radojevic, A.; Matic, M.; Jerotic, D.; Todorovic, N.; Asanin, M.; Ercegovac, M.; et al. GSTP1 and GSTM3 Variant Alleles Affect Susceptibility and Severity of COVID-19. Front. Mol. Biosci. 2021, 8, 747493. [Google Scholar] [CrossRef]

	



Kasai, S.; Shimizu, S.; Tatara, Y.; Mimura, J.; Itoh, K. Regulation of Nrf2 by Mitochondrial Reactive Oxygen Species in Physiology and Pathology. Biomolecules 2020, 10, 320. [Google Scholar] [CrossRef]

	



Ercegovac, M.; Asanin, M.; Savic-Radojevic, A.; Ranin, J.; Matic, M.; Djukic, T.; Coric, V.; Jerotic, D.; Todorovic, N.; Milosevic, I.; et al. Antioxidant Genetic Profile Modifies Probability of Developing Neurological Sequelae in Long-COVID. Antioxidants 2022, 11, 954. [Google Scholar] [CrossRef] [PubMed]

	



Tsermpini, E.E.; Glamočlija, U.; Ulucan-Karnak, F.; Redenšek Trampuž, S.; Dolžan, V. Molecular Mechanisms Related to Responses to Oxidative Stress and Antioxidative Therapies in COVID-19: A Systematic Review. Antioxidants 2022, 11, 1609. [Google Scholar] [CrossRef] [PubMed]

	



Djukic, T.; Stevanovic, G.; Coric, V.; Bukumiric, Z.; Pljesa-Ercegovac, M.; Matic, M.; Jerotic, D.; Todorovic, N.; Asanin, M.; Ercegovac, M.; et al. GSTO1, GSTO2 and ACE2 Polymorphisms Modify Susceptibility to Developing COVID-19. JPM 2022, 12, 458. [Google Scholar] [CrossRef] [PubMed]

	



Saadat, M. An Evidence for Correlation between the Glutathione S-Transferase T1 (GSTT1) Polymorphism and Outcome of COVID-19. Clin. Chim. Acta 2020, 508, 213–216. [Google Scholar] [CrossRef]

	



COVIDSurg Collaborative; GlobalSurg Collaborative; Nepogodiev, D.; Simoes, J.F.; Li, E.; Picciochi, M.; Glasbey, J.C.; Baiocchi, G.; Blanco-Colino, R.; Chaudhry, D.; et al. SARS-CoV-2 Infection and Venous Thromboembolism after Surgery: An International Prospective Cohort Study. Anaesthesia 2022, 77, 28–39. [Google Scholar] [CrossRef]

	



Li, Q.; Cao, Y.; Chen, L.; Wu, D.; Yu, J.; Wang, H.; He, W.; Chen, L.; Dong, F.; Chen, W.; et al. Hematological Features of Persons with COVID-19. Leukemia 2020, 34, 2163–2172. [Google Scholar] [CrossRef]

	



Huang, I.; Pranata, R.; Lim, M.A.; Oehadian, A.; Alisjahbana, B. C-Reactive Protein, Procalcitonin, D-Dimer, and Ferritin in Severe Coronavirus Disease-2019: A Meta-Analysis. Adv. Respir. Dis. 2020, 14, 1753466620937175. [Google Scholar] [CrossRef]

	



Mahmood, N.; Riaz, Z.; Sattar, A.; Kiran, M. Hematological Findings in COVID-19 and Their Correlation with Severity of Disease. Pak. J. Med. Sci. 2023, 39, 795–798. [Google Scholar] [CrossRef]

	



Srivastava, S.; Garg, I.; Bansal, A.; Kumar, B. COVID-19 Infection and Thrombosis. Clin. Chim. Acta 2020, 510, 344–346. [Google Scholar] [CrossRef]

	



Lee, E.E.; Hwang, W.; Song, K.-H.; Jung, J.; Kang, C.K.; Kim, J.-H.; Oh, H.S.; Kang, Y.M.; Lee, E.B.; Chin, B.S.; et al. Predication of Oxygen Requirement in COVID-19 Patients Using Dynamic Change of Inflammatory Markers: CRP, Hypertension, Age, Neutrophil and Lymphocyte (CHANeL). Sci. Rep. 2021, 11, 13026. [Google Scholar] [CrossRef]

	



Chen, R.; Sang, L.; Jiang, M.; Yang, Z.; Jia, N.; Fu, W.; Xie, J.; Guan, W.; Liang, W.; Ni, Z.; et al. Longitudinal Hematologic and Immunologic Variations Associated with the Progression of COVID-19 Patients in China. J. Allergy Clin. Immunol. 2020, 146, 89–100. [Google Scholar] [CrossRef] [PubMed]

	



Kharazmi, A.; Nielsen, H.; Rechnitzer, C.; Bendtzen, K. Interleukin 6 Primes Human Neutrophil and Monocyte Oxidative Burst Response. Immunol. Lett. 1989, 21, 177–184. [Google Scholar] [CrossRef] [PubMed]

	



Makris, A.C.; Sotzios, Y.; Zhou, Z.; Makropoulou, M.; Papapetropoulos, N.; Zacharatos, P.; Pyriochou, A.; Roussos, C.; Papapetropoulos, A.; Vassilakopoulos, T. Nitric Oxide Stimulates Interleukin-6 Production in Skeletal Myotubes. J. Interferon Cytokine Res. 2010, 30, 321–327. [Google Scholar] [CrossRef]

	



Arachchillage, D.R.J.; Laffan, M. Abnormal Coagulation Parameters Are Associated with Poor Prognosis in Patients with Novel Coronavirus Pneumonia. J. Thromb. Haemost. 2020, 18, 1233–1234. [Google Scholar] [CrossRef] [PubMed]

	



Battaglini, D.; Lopes-Pacheco, M.; Castro-Faria-Neto, H.C.; Pelosi, P.; Rocco, P.R.M. Laboratory Biomarkers for Diagnosis and Prognosis in COVID-19. Front. Immunol. 2022, 13, 857573. [Google Scholar] [CrossRef]

	



Abbas, M.; Verma, S.; Verma, S.; Siddiqui, S.; Khan, F.H.; Raza, S.T.; Siddiqi, Z.; Eba, A.; Mahdi, F. Association of GSTM1 and GSTT1 Gene Polymorphisms with COVID-19 Susceptibility and Its Outcome. J. Med. Virol. 2021, 93, 5446–5451. [Google Scholar] [CrossRef]

	



Orlewska, K.; Klusek, J.; Zarębska-Michaluk, D.; Kocańda, K.; Oblap, R.; Cedro, A.; Witczak, B.; Klusek, J.; Śliwczyński, A.; Orlewska, E. Association between Glutathione S-Transferases Gene Variants and COVID-19 Severity in Previously Vaccinated and Unvaccinated Polish Patients with Confirmed SARS-CoV-2 Infection. Int. J. Environ. Res Public Health 2023, 20, 3752. [Google Scholar] [CrossRef]

	



El-far, M.A.; Bakr, M.A.; Farahat, S.E.; El-Fattah, E.A.A. Glutathione Peroxidase Activity in Patients with Renal Disorders. Clin. Exp. Nephrol. 2005, 9, 127–131. [Google Scholar] [CrossRef]

	



Herbette, S.; Roeckel-Drevet, P.; Drevet, J.R. Seleno-Independent Glutathione Peroxidases: More than Simple Antioxidant Scavengers. FEBS J. 2007, 274, 2163–2180. [Google Scholar] [CrossRef]

	



Radic Savic, Z.; Coric, V.; Vidovic, S.; Vidovic, V.; Becarevic, J.; Milovac, I.; Reljic, Z.; Mirjanic-Azaric, B.; Skrbic, R.; Gajanin, R.; et al. GPX3 Rs8177412 Polymorphism Modifies Risk of Upper Urothelial Tumors in Patients with Balkan Endemic Nephropathy. Medicina (Kaunas) 2023, 59, 1421. [Google Scholar] [CrossRef]

	



Fodor, A.; Tiperciuc, B.; Login, C.; Orasan, O.H.; Lazar, A.L.; Buchman, C.; Hanghicel, P.; Sitar-Taut, A.; Suharoschi, R.; Vulturar, R.; et al. Endothelial Dysfunction, Inflammation, and Oxidative Stress in COVID-19—Mechanisms and Therapeutic Targets. Oxidative Med. Cell. Longev. 2021, 2021, 8671713. [Google Scholar] [CrossRef] [PubMed]

	



Forcados, G.E.; Muhammad, A.; Oladipo, O.O.; Makama, S.; Meseko, C.A. Metabolic Implications of Oxidative Stress and Inflammatory Process in SARS-CoV-2 Pathogenesis: Therapeutic Potential of Natural Antioxidants. Front. Cell. Infect. Microbiol. 2021, 11, 654813. [Google Scholar] [CrossRef] [PubMed]

	



Miljanovic, D.; Milicevic, O.; Loncar, A.; Abazovic, D.; Despot, D.; Banko, A. The First Molecular Characterization of Serbian SARS-CoV-2 Isolates From a Unique Early Second Wave in Europe. Front. Microbiol. 2021, 12, 691154. [Google Scholar] [CrossRef] [PubMed]








 





Table 1. Basic demographic and clinical data of COVID-19 patients.






Table 1. Basic demographic and clinical data of COVID-19 patients.









	Parameter
	Value





	Disease form
	n (%)



	1
	56 (21.1%)



	2
	141 (53.2%)



	3
	68 (25.7%)



	Age a
	56.46 ± 14.70



	Gender n (%)
	



	Female
	103 (39%)



	Male
	162 (61%)



	Hypertension n (%)
	



	No
	121 (50%)



	Yes
	120 (50%)



	Diabetes mellitus n (%)
	



	No
	230 (87%)



	Yes
	35 (13%)



	BMI kg/m2 n (%)
	



	>30
	83 (32%)



	<30
	176 (68%)



	Smoking habit, n (%)
	



	No
	139 (55%)



	Ceased smoking
	87 (34%)



	Yes
	28 (11%)







a The value is presented as mean ± SD; 1. asymptomatic/mildly symptomatic, 2. medium severity patients with X-ray signs of pneumonia and 3. severe patients with severe pneumonia, signs of cytokine storm or acute respiratory distress syndrome and signs of multiorgan dysfunction.













 





Table 2. Selected laboratory parameters of COVID-19 patients at admission.
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	Parameter
	Value a
	Referent Range

and Units
	Number of Patients with Laboratory Parameters Outside of Referent Range n (%) b





	Leucocyte count
	5.80 (2.00–19.00)
	3.4–9.7 × 109/L
	↓59 (22%)



	Lymphocyte count
	1.12 (0.27–9.68)
	1.2–3.4 × 109/L
	85↓(32%)



	Platelet count
	201 (62–727)
	150–450 × 109/L
	58↓ (22%)



	IL-6
	26 (1.40–205.50)
	0–8 pg/L
	136↑ (51%)



	CRP
	48.20 (1.10–355.40)
	0–10 mg/L
	194↑ (73%)



	Ferritin
	538.30 (10.10–4937.20)
	Female 5–159

Male 28–397 ng/L
	85↑ (32%)



	Fibrinogen
	4.00 (0.42–9.00)
	1.8–3.5 g/L
	97↑ (37%)



	d-dimer
	0.52 (0.18–17.05)
	<0.5 mg/L
	133↑ (50%)



	Urea
	5.40 (2.0–95)
	2.5–7.5 mmol/L
	39↑ (15%)



	Creatinine
	90 (47–539)
	59–104 µmol/L
	58↑ (22%)



	AST
	34 (12–152)
	0–37 U/L
	89↑ (34%)



	ALT
	43 (11–205)
	14–63 U/L
	49↑ (19%)



	LDH
	254 (106–2001)
	85–227 U/L
	128↑ (48%)







a Median (min–max); IL-6—interleukin 6, CRP—C-reactive protein, AST—aspartate aminotransferase, ALT—alanine aminotransferase, LDH—lactate dehydrogenase; b ↓—below the lower limit of normal range, ↑—above the upper limit of normal range.













 





Table 3. Estimated risk of developing a more severe form of COVID-19 for selected laboratory parameters.






Table 3. Estimated risk of developing a more severe form of COVID-19 for selected laboratory parameters.





	Parameter
	Cut-Offs
	OR
	95% CI
	P





	Leucocyte count
	<3.4 × 109/L
	0.47
	0.22–1.00
	0.050



	Lymphocyte count
	<1.0 × 109/L
	2.97
	1.49–5.92
	0.002



	Platelets
	<100 × 109/L
	0.91
	0.42–1.98
	0.813



	IL-6
	>8 pg/L
	8.52
	2.48–29.28
	0.001



	CRP
	>10 mg/L
	10.97
	4.16–28.96
	<0.001



	Ferritin
	>500 ng/L
	1.92
	0.84–4.36
	0.121



	Fibrinogen
	>3.5 g/L
	2.29
	1.09–4.81
	0.029



	d-dimer
	>0.5 mg/L
	1.37
	0.68–2.79
	0.382



	Urea
	>7.5 mmol/L
	0.67
	0.29–1.58
	0.362



	Creatinine
	>104 µmol/L
	1.41
	0.66–3.04
	0.376



	AST
	>37 U/L
	2.25
	1.13–4.49
	0.021



	ALT
	>63 U/L
	1.16
	0.53–2.54
	0.703



	LDH
	>227 U/L
	4.76
	2.22–10.22
	<0.001







IL-6—interleukin 6, CRP—C-reactive protein, AST—aspartate aminotransferase, ALT—alanine aminotransferase, LDH—lactate dehydrogenase; odds ratio (OR) adjusted to gender, age, comorbidities (hypertension, diabetes mellitus, obesity) and smoking status; CI—confidence interval.













 





Table 4. The association of gene polymorphisms for proteins involved in the redox homeostasis regulation with the risk of severe forms of COVID-19.
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Variant vs. Referent Genotypes

	
OR

	
95% CI

	
P






	
Deletion polymorphisms a




	
GSTM1 null vs. GSTM1 active

	
0.87

	
0.46–1.66

	
0.673




	
GSTT1 null vs. GSTT1 active

	
0.75

	
0.35–1.60

	
0.455




	
Single-nucleotide polymorphisms in non-coding regions b




	
Nrf2*CA + AA vs. Nrf2*CC

	
0.80

	
0.4–1.62

	
0.538




	
GSTM3* AC + CC vs. GSTM3*AA

	
1.76

	
0.91–3.41

	
0.091




	
GPX3*TC + CC vs. GPX3*TT

	
1.51

	
0.75–3.03

	
0.247




	
Single-nucleotide polymorphisms in coding regions c




	
GSTP1*Ile/Val + Val/Val vs. GSTP1*Ile/Ile

	
1.02

	
0.35–2.94

	
0.978




	
GSTO1* Ala/Asp + Asp/Asp vs.

GSTO1*Ala/Ala

	
0.99

	
0.53–1.85

	
0.968




	
GSTO2**Asn/Asp + AspAsp vs.

GSTO2*Asn/Asn

	
1.23

	
0.62–2.46

	
0.551




	
SOD2*Ala/Val + Val/Val vs. SOD2*Ala/Ala

	
0.65

	
0–1.43

	
0.287




	
GPX1*Pro/Leu + Leu/Leu vs. GPX1* Pro/Pro

	
1.02

	
0.55–1.88

	
0.952








a no enzyme present; b affecting enzyme expression; c affecting enzyme activity; odds ratio (OR) adjusted to gender, age, comorbidities (hypertension, diabetes mellitus, obesity) and smoking status; CI—confidence interval.













 





Table 5. The advanced adjusted analysis of gene polymorphisms for proteins involved in the redox homeostasis regulation of with the risk of developing a more severe form of COVID-19.






Table 5. The advanced adjusted analysis of gene polymorphisms for proteins involved in the redox homeostasis regulation of with the risk of developing a more severe form of COVID-19.





	
Variant vs. Referent Genotypes

	
OR

	
95% CI

	
P






	
Deletion polymorphisms a




	
GSTM1null vs. GSTM1 active

	
1.01

	
0.50–2.05

	
0.982




	
GSTT1 null vs. GSTT1 active

	
1.58

	
0.65–3.82

	
0.315




	
Single-nucleotide polymorphisms in non-coding regions b




	
Nrf2*CA + AA vs. Nrf*CC

	
0.62

	
0.28–1.40

	
0.253




	
GSTM3* AC + CC vs. GSTM3*AA

	
1.05

	
0.51–2.18

	
0.890




	
GPX3*TC + CC vs. GPX3*TT

	
2.42

	
1.08–5.40

	
0.032




	
Single-nucleotide polymorphisms in coding regions c




	
GSTP1*Ile/Val + Val/Val vs. GSTP1*Ile/Ile

	
1.94

	
0.55–6.87

	
0.305




	
GSTO1* Ala/Asp + Asp/Asp vs. GSTO1*Ala/Ala

	
1.33

	
0.66–2.72

	
0.427




	
GSTO2**Asn/Asp + AspAsp vs GSTO2*Asn/Asn

	
1.05

	
0.49–2.28

	
0.892




	
SOD2*Ala/Val + Val/Val vs. SOD2*Ala/Ala

	
0.72

	
0.31–1.70

	
0.460




	
GPX1*Pro/Leu + Leu/Leu vs. GPX1* Pro/Pro

	
1.45

	
0.71–2.94

	
0.309








a no enzyme present; b affecting enzyme expression; c affecting enzyme activity; odds ratio (OR) adjusted to inflammatory markers (leukocyte, lymphocyte and platelet count, IL-6, CRP, fibrinogen, ferritin, d-dimmer concentration); CI—confidence interval.
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