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Abstract: The present preliminary case-control study was undertaken to detect the potential association
of six single nucleotide polymorphisms (SNPs) in oxidative stress-related genes: SOD2 (c.47T > C; rs4880),
CAT (c.-89A > T; rs7943316), GPX4 (c.660T > A; rs713041), NOS1 (g.117803515C > T; rs1879417) and
NOS2 (c.1823C > T; rs2297518 and c.-227G > C; rs10459953) and the occurrence of a stroke. The
SNPs were determined using the TaqMan® Allelic Discrimination Assay in 107 patients with strokes
and 107 age- and sex-matched individuals who had not experienced cerebrovascular accidents.
The T alleles of the rs4880 were positively correlated with a stroke (bootstrap OR 1.31; 1.07–1.59
95% CI). In the case of the rs713041, an association with the T allele was found (bootstrap OR 1.36;
1.12–1.67). In addition, the occurrence of a stroke was associated with the presence of the C allele
of the rs1879417 (bootstrap OR 1.32; 1.09–1.61). We also found that the C/C genotype and C allele
of the rs2297518 increased the risk of a stroke (bootstrap ORs 7.00; 4.34–11.29 and 4.96; 3.88–6.34,
respectively). Moreover, the C allele of the rs10459953 was associated with an increased occurrence of
this disease (bootstrap OR 1.31; 1.08–1.60). These results indicated that genetics variants in the SOD2,
GPX4, NOS1 and NOS2 might be associated with susceptibility to strokes in the Polish population.

Keywords: stroke; genetic variation; oxidative-stress; SNP; single nucleotide polymorphism; is-
chemic stroke

1. Introduction

According to the World Health Organization, ischemic stroke is the second most
common cause of death in the world, mostly affecting people over 40. Population aging
and adverse lifestyle changes could increase the number of strokes and their implications
in the near future [1]. Stroke leads to energy deficits of nerve tissue, which are clinically
manifested focal or global neurological deficits, including: paresis, disorders of the cerebel-
lar, body axis control and extrapyramidal, as well as cognition impairment and depressive
syndromes [2]. Important social consequences caused by cerebrovascular disease cause the
implementation of general strategies to reduce the risk of a stroke. To this end, modifiable
risk factors of a stroke should be eliminated, and associated diseases properly treated,
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including smoking, high blood pressure, diabetes, physical inactivity and obesity, atrial
fibrillation (AFib) or other heart disease, carotid or other artery disease, certain blood
disorders, and excessive alcohol intake [3]. To reduce the degree of disability and mortality
is an essential, quick, intensive, and effective implementation of treatment for patients
in the early stages of a stroke and in the introduction of stroke rehabilitation. Risk of
subsequent stroke should be reduced by using effective secondary prevention methods [4].
A comprehensive approach to the prevention and treatment of a stroke allows significantly
reductions in the medical and social consequences of this disease. In the United States,
where this strategy enables reducing the incidence of a stroke by almost 40% and mortality
by 30%, it is currently only the fifth most common cause of death [5].

In the hemodynamic mechanism, impaired brain perfusion leads to ischemic stroke,
which is a result of critical vasoconstriction or vessel obstruction. Cerebral circulation
in patients with cerebral vasoconstriction is maintained due to cerebral autoregulation,
as well as collateral blood circulation from the Willis circle and other sources [6]. In the
ischemia core, the accumulation of lactate and an increase in CO2 pressure cause acidosis
and vasodilatation–luxury perfusion. Acidosis actuates an increase in H+ concentration,
which leads to an enhancement of superoxide anion (O−) dismutation to hydroxyl peroxide
(H2O2) or the peroxyl radical (a more reactive form) [7].

An inflammatory process and oxidative stress are fundamental mechanisms of post-
stroke brain damage [8]. Brain ischemia leads to O2 and glucose depletion. Reduced
ATP synthesis causes inhibition of the sodium potassium pump, subsequent membrane
depolarization, and an influx of Ca2+ ions [9]. As a result of calcium accumulation, many
Ca2+-dependent enzymes are activated (nucleases, NO synthetases, proteases), which are
the basic mechanism of cell damage. Singularly, brain susceptibility to oxidative damage is
associated with a high consumption of oxygen under basal conditions, high concentrations
of peroxidizable lipids, and high levels of Fe2+, which is a substrate in the Fenton reaction.
The particular sensitivity of brain tissue to oxidative stress is due to high oxygen demand
and augmented mitochondrial density [10].

Cell death and tissue damage are consequences of the accumulation of reactive oxygen
species (ROS) and insufficient ability of antioxidant mechanisms. Cellular effects of ROS in-
clude protein denaturation, damage of the cytoskeletal structure, nucleic acid modification,
lipid peroxidation, and enzyme inactivation [11]. ROS are characterized by vascular activity
due to their effects on cerebral blood flow. Superoxide anions, peroxynitrite (ONOO−),
and hydrogen peroxide act to increase endothelial permeability, vasodilation, and platelet
aggregation. Furthermore, ROS cause changes in the reactivity of vasodilators, as well as
focal lesions generation in endothelial cell membranes [12]. After ischemia/reperfusion,
ROS are generated as a result of mitochondrial disfunction, activation of cyclooxygenase-2
(COX-2), nNOS and N-methyl-d-aspartate (NMDA) receptors, and the oxidation of cate-
cholamines [13]. In turn, activation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors stimulates O-production, which, in reactions with NO, generate
highly reactive ONOO− [14].

Based on the above findings, oxidative stress can be directly involved in stroke patho-
genesis and could be able to constitute a novel target for stroke therapy in the future. We
hypothesize that single nucleotide polymorphisms (SNPs) in the SOD2, CAT, GPX4, NOS1
and NOS2 genes might be associated with altered susceptibility to oxidative stress and
stroke development. In order to test our hypothesis, we have searched for the association
between six polymorphisms: c.47T > C (rs4880) in the SOD2 gene, c.-89A > T (rs7943316)
in the CAT gene, c.660T > A (rs713041) in the GPX4 gene, g.117803515C > T (rs1879417) in
the NOS1 gene, c.1823C > T (rs2297518) and c.-227G > C (rs10459953) in the NOS2 gene
and the risk of stroke.
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2. Materials and Methods
2.1. Ethics

An approval of the study was obtained from the Bioethics Committee of the Faculty
of Biology and Environmental Protection of the University of Lodz, Poland (approval
no. 28/2015). Written informed consent and an approval form for genetic analysis were
obtained from all participants, in accordance with the Declaration of Helsinki.

2.2. Patients and Blood Sample Collection

A total of 214 subjects, including 107 patients with stroke and 107 age- and sex-
matched individuals without stroke (controls) were recruited from the Neurorehabilitation
Department of the 3rd General Hospital in Lodz, Poland, in the years 2015–2017, which
has been described previously [15]. The cerebral ischemic event in each patient had been
documented using computed tomography (CT) of the brain. Neurological and CT findings
was interpreted by two or more independent and experienced neurologists. All the patients
had been diagnosed with an ischemic stroke. In present study, we did not include patients
who had had other types of strokes. Besides, among the selected individuals, the people
with a history of cranial trauma, cerebral hemorrhage, atrial fibrillation, other major sources
of cardioembolism, coagulation disorders, tumors, chronic inflammatory diseases, and
autoimmune diseases were excluded from the study.

All study participants were Caucasian and were recruited at the same time from the
same demographic area, i.e., central Poland. The control subject had no clinical evidence
of a stroke nor other cardiovascular disease. Additionally, there was no confirmation of
a history of stroke for all family members (the exclusion criteria were the same as in the
study group). Moreover, the patients and the control group were not related, and no one
reported any genetic diseases.

Approximately 5 mL of venous blood was drawn from each participant in the morning
after 7–9 h of fasting and stored according to the same protocol.

2.3. SNPs Selection and Analysis

We selected 6 potentially functional SNPs of five crucial oxidative stress-related genes,
using the public domain of the single nucleotide polymorphism database (dbSNP) at the
National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/snp;
accessed on 01 July 2020) and the available literature. We selected SNPs with known
genotype distribution in the European population. Our choice was mainly determined
by a potential biological significance of the SNPs resulting from their location (detailed
description is included in the Discussion section). The most important information about
the studied polymorphisms is shown in Table 1.

Table 1. Basic information of the SOD2, CAT, GPX4, NOS1 and NOS2 polymorphisms.

Gene Region NCBI
db SNP ID (rs Number)

Position in g.DNA
or c.DNA

Base
Change

Amino Acid
Change

Methods of
Genotyping MAF *

SOD2 exon rs4880 c.47 T > C p.Val16Ala

TaqMan® SNP
Genotyping Assays

C: 0.466

CAT UTR-5 rs7943316 c.-89 A > T - A: 0.331

GPX4 exon rs713041 c.660 T > C p.Leu220= T: 0.449

NOS1 intron rs1879417 g.117803515 C > T - C: 0.449

NOS2
exon rs2297518 c.1823 C > T p.Ser608Leu T: 0.232

UTR-5 rs10459953 c.-227 G > C - C: 0.360

*—minor allele frequency (MAF) in European population.

Genomic DNA was isolated from peripheral blood collected in tubes containing EDTA,
using a SaMag™ System (Sacace Biotecnologies Srl, Vicenza, Como, Italy) and SaMag™
Blood DNA Extraction Kit according to the instrument manufacturer’s instructions. DNA
concentrations were determined by the spectrophotometric measurement of absorbance at

http://www.ncbi.nlm.nih.gov/snp
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260 nm and the purities were calculated by A260/A280 ratio using a Bio-Tek Synergy HT
Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA).

The Taq-Man® SNP Genotyping Assays were performed according to the manufac-
turer protocol (Life Technologies, Carlsbad, CA, USA). The Taq-Man Assay IDs and thermal
cycling conditions for amplifying PCR products are presented in Table 2. All reactions were
carried out in a thermal cycler CFX96™ Real- Time PCR Detection System (BIO-RAD, Her-
cules, CA, USA). The genotypes were determined automatically based on dye-component
fluorescent emission data depicted in the X–Y scatter-plot of the CFX Manager TM Software
(version 3.1).

Table 2. TaqMan® SNP Genotyping Assays used in this study.

Polymorphism Assay ID Location
PCR Conditions

Time Temperature

rs4880 C___8709053_10 Chr.6: 159692840 AmpliTaq
Gold

Enzyme
Activation

10 min 95 ◦C
rs7943316 C___1883210_10 Chr.11: 34438925

rs713041 C___2561693_20 Chr.19: 1106616
Denature 15 s 92 ◦C

40 cyclesrs1879417 C__11754652_10 Chr.12: 117365710

rs2297518 C__11889257_10 Chr.17: 27769571 Anneal/
Extend

60 s 60 ◦Crs10459953 C___2593687_10 Chr.17: 27800492

2.4. Statistical Analysis

Hardy–Weinberg equilibrium was checked using a χ2 test to compare the observed
genotype frequencies with the expected frequencies among the case and control subjects.
The χ2 analysis was also used to test the significance of the differences between distributions
of genotypes and alleles in stroke patients and controls. Unconditional, multiple logistic
regression analyses (codominant, dominant, and recessive models) were used to obtain the
crude odds ratio (OR) and its corresponding 95% confidence interval (CI) with p-values for
the risk of stroke. Additionally, p-values obtained for gene–gene analyses were corrected
for multiple testing using the Bonferroni correction. The significant outcomes were further
validated with the use of the bootstrap-boosted multiple logistic regression (resampling
with replacement, 10,000 iterations). This was intended to overcome any possible bias
related to relatively low sample sizes and to minimize the possible risk of the OR outcomes
revealed by a pure chance. The goodness of fit of logistic regression models showing a
significant discrimination between controls and patients was estimated with the Hosmer–
Lemeshow test. Haplotypes were assessed on the basis of known genotypes of two SNPs
(rs2297518, rs10459953) and the SHEsisPlus software (http://shesisplus.bio-x.cn/SHEsis.
html, accessed on 17 December 2020) [16] was used. Haplotypes with frequency <0.03 were
excluded from the analysis. Genetic effects of inferred haplotypes and combined genotypes
were analyzed in the same way as SNPs. Linkage disequilibrium (LD) was analyzed using
LDpair Tool software (https://ldlink.nci.nih.gov/?tab=ldpair, accessed on 17 December
2020). Two-sided tests of statistical significance were conducted, and a p-value of less than
0.05 was regarded as statistically significant. The analysis of collected data was performed
in Statistica 12 (Statsoft, Tulsa, OK, USA), SigmaPlot 11.0 (Systat Software Inc., San Jose,
CA, USA), Resampling Stats Add-in for Excel v.4 (Arlington, VA, USA) and StudSize3.02
(CreoStat HB, Västra Frölunda, Sweden; used for power analysis).

3. Results
3.1. Single Genotypes of SOD2, CAT, GPX4, NOS1, NOS2 Polymorphisms and Stroke Risk

For each SNP, the distribution of gene variants and alleles in stroke cases and controls,
and the crude ORs and 95% CIs for stroke risk are provided in Tables 3–7. The OR values
and the corresponding p-values for the genotypes/alleles increasing the risk of stroke are
shown in red, and in blue are the genotypes/alleles with a protective effect.

http://shesisplus.bio-x.cn/SHEsis.html
http://shesisplus.bio-x.cn/SHEsis.html
https://ldlink.nci.nih.gov/?tab=ldpair
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Table 3. Distribution of genotypes and alleles of the c.47T > C (rs4880) polymorphism in the SOD2 gene and odds ratios
(ORs) with 95% confidence intervals (95% CIs) in patients with stroke and controls.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

T/T 2 0.019 23 0.215
14.38 (3.30–62.72) *

B 10.00 (0.07–1377.03)0.144

Cv 14.38 (3.30–62.72)

<0.001
0.359

<0.001

T/C 71 0.664 57 0.533 0.58 (0.33–1.00) 0.052

C/C 34 0.318 27 0.252 0.73 (0.40–1.32) 0.290

χ2 = 19.975; p < 0.0001

T 75 0.350 103 0.481
1.72 (1.17–2.54) *

1.31 (1.07–1.59)0.490

1.72 (1.17–2.54)

0.006
0.009
0.006

C 139 0.650 111 0.519
0.58 (0.39–0.86) *

0.76 (0.62–0.93)0.582

0.58 (0.39–0.86)

0.006
0.006
0.006

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the genotypes/alleles increasing the risk of
stroke) or in blue (for the genotypes/alleles with a protective effect).

Table 4. Distribution of genotypes and alleles of the c.660T > A (rs713041) polymorphism in the GPX4 gene and odds ratios
(ORs) with 95% confidence intervals (95% CIs) in patients with stroke and controls.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

T/T 2 0.019 22 0.206
13.59 (3.11–59.43) *

B 9.43 (0.07–1247.38)0.141

Cv 13.59 (3.11–59.43)

0.001
0.368
0.001

T/C 64 0.598 55 0.514 0.71 (0.41–1.22) 0.216

C/C 41 0.383 30 0.280 0.63 (0.35–1.11) 0.111

χ2 = 19.052; p < 0.0001

T 68 0.318 99 0.463
1.85 (1.25–2.74) *

B1.36 (1.12–1.67)0.486

Cv1.85 (1.25–2.74)

0.002
0.003
0.002

C 146 0.682 115 0.537
0.54 (0.37–0.80) *

B0.74 (0.60–0.90)0.685

Cv0.54 (0.37–0.80)

0.002
0.003
0.002

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the genotypes/alleles increasing the risk of
stroke) or in blue (for the genotypes/alleles with a protective effect).

Table 5. Distribution of genotypes and alleles of the g.117803515C > T (rs1879417) polymorphism in the NOS1 gene and
odds ratios (ORs) with 95% confidence intervals (95% CIs) in patients with stroke and controls.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

C/C 1 0.009 28 0.262
37.57 (5.01–282.03) *

B 76.21 (0.08–71181.91)0.070

Cv 37.57 (5.01–282.04)

<0.001
0.214

<0.001

C/T 74 0.692 49 0.458
0.38 (0.22–0.66) *

B0.61 (0.46–0.81)0.949

Cv0.38 (0.22–0.66)

0.001
0.001
0.001

T/T 32 0.299 30 0.280 0.91 (0.51–1.65) * 0.763

χ2 = 30.284; p < 0.0001
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Table 5. Cont.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

C 76 0.355 105 0.491
1.75 (1.19–2.58) *

B1.32 (1.09–1.61)0.436

Cv1.75 (1.19–2.58)

0.005
0.005
0.005

T 138 0.645 109 0.509
0.57 (0.39–0.84) *

B0.76 (0.62–0.92)0.602

Cv0.57 (0.39–0.84)

0.005
0.005
0.005

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the genotypes/alleles increasing the risk of
stroke) or in blue (for the genotypes/alleles with a protective effect).

Table 6. Distribution of genotypes and alleles of the c.1823C > T (rs2297518) polymorphism in the NOS2 gene and odds
ratios (ORs) with 95% confidence intervals (95% CIs) in patients with stroke and controls.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

C/C 7 0.065 81 0.757
44.51 (18.38–107.78) *
B7.00 (4.34–11.29)0.472

Cv44.51 (18.38–107.79)

<0.001
<0.001
<0.001

C/T 32 0.299 24 0.224 0.68 (0.37–1.25) * 0.215

T/T 68 0.636 2 0.019
0.01 (0.003–0.05) *

B0.04 (0.001–7.17)0.999

Cv0.01 (0.003–0.05)

<0.001
0.219

<0.001

χ2 = 125.599; p < 0.0001

C 46 0.215 186 0.869
24.26 (14.51–40.57) *
B4.96 (3.88–6.34)0.902

Cv24.26 (14.51–40.57)

<0.001
<0.001
<0.001

T 168 0.785 28 0.131
0.04 (0.03–0.07) *

B0.20 (0.15–0.26)0.999

Cv0.04 (0.03–0.07)

<0.001
<0.001
<0.001

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the genotypes/alleles increasing the risk of
stroke) or in blue (for the genotypes/alleles with a protective effect).

Table 7. Distribution of genotypes and alleles of the c.-227G > C (rs10459953) polymorphism in the NOS2 gene and odds
ratios (ORs) with 95% confidence intervals (95% CIs) in patients with stroke and controls.

Genotype/Allele
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

G/G 44 0.411 27 0.271
0.48 (0.27–0.87) *

B0.69 (0.51–0.94)0.710

Cv0.48 (0.27–0.87)

0.014
0.017
0.014

G/C 45 0.421 51 0.477 1.26 (0.73–2.15) * 0.410

C/C 18 0.168 29 0.252 1.84 (0.95–3.56) * 0.071

χ2 = 7.020; p = 0.0299

G 133 0.621 105 0.491
0.59 (0.40–0.86) *

B0.77 (0.63–0.93)0.560

Cv0.59 (0.40–0.86)

0.007
0.008
0.007

C 81 0.379 109 0.509
1.71 (1.16–2.51) *

1.31 (1.08–1.60)0.414

1.71 (1.16–2.51)

0.007
0.006
0.007

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the genotypes/alleles increasing the risk of
stroke) or in blue (for the genotypes/alleles with a protective effect).
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As shown in the Tables 3–7, the genotype frequencies were all in agreement with the
Hardy–Weinberg equilibrium calculated for the cases (p > 0.05; data not shown), and the
differences in the frequency distributions of genotypes of the c.47T > C—SOD2, c.660T >
C—GPX4, g.117803515C > T—NOS1, c.1823C > T and c.-227G > C—NOS2 SNPs between
the cases and controls were statistically significant (p < 0.05).

The c.47T > C (rs4880) polymorphism of the SOD2 gene and stroke risk (Table 3).
The T allele of the c.47T > C—SOD2 SNP were positively corelated with stroke

(bootstrap crude OR 1.31; 1.07–1.59 95% CI; statistical power (SP) 0.490), while the C allele
showed a negative correlation (bootstrap crude OR 0.76; 0.62–0.93 95% CI; SP 0.582).

The c.660T > A (rs713041) polymorphism of the GPX4 gene and stroke risk (Table 4).
In the case of the c.660T > C—GPX4 SNP, an association with the T allele was found

(bootstrap crude OR 1.36; 1.12–1.67 95% CI; SP 0.486). On the other hand, the C allele
reduced the risk of a stroke (bootstrap crude OR 0.74; 0.60–0.90 95% CI; SP 0.685).

The g.117803515C > T (rs1879417) polymorphism of the NOS1 gene and stroke risk (Table 5).
In addition, the occurrence of stroke was positively correlated with the presence of

the C allele of the g.117803515C > T—NOS1 (bootstrap crude OR 1.32; 1.09–1.61 95% CI; SP
0.436), whereas the C/T genotype and T allele (bootstrap crude ORs 0.61; 0.46–0.81 95% CI;
SP 0.949 and 0.76; 0.62–0.92 95% CI; SP 0.602, respectively) demonstrated a protective effect
against this disease.

The c.1823C > T (rs2297518) polymorphism in the NOS2 gene and stroke risk (Table 6).
We also found that the C/C genotype and C allele of the c.1832C > T—NOS2 SNP

were positively correlated with an increased risk of a stroke (bootstrap ORs 7.00; 4.34–11.29
95% CI; SP 0.472 and 4.96; 3.88–6.34; SP 0.902, respectively), while the T allele decreased
this risk (bootstrap crude OR 0.20; 0.15–0.26 95% CI; SP 0.999).

The c.-227G > C (rs10459953) polymorphism in the NOS2 gene and stroke risk (Table 7).
We detected that the G/G genotype and G allele of the c.-227G > C—NOS2 SNP were

associated with a decreased occurrence of a stroke (bootstrap crude ORs 0.69; 0.51–0.94 95%
CI; SP 0.710 and 0.77; 0.63–0.93; SP 560, respectively). Moreover, the C allele was associated
with an increased occurrence of this disease (bootstrap crude ORs 1.31; 1.08–1.60 95% CI;
SP 0.414).

The c.-89A > T (rs7943316) polymorphism of the CAT gene and no stroke risk (Supplementary
Table S1).

Our results show that the c.-89A > T—CAT SNP was not significantly associated with
a stroke.

3.2. Association Between Combined Genotypes of SOD2, CAT, GPX4, NOS1, NOS2
Polymorphisms and Stroke Risk (Gene–Gene Interaction)

In order to determine whether the combined effect of two SNPs in oxidative stress-
related genes modify the risk of developing a stroke, we also analyzed combinations of
multilocus genotypes (Table 8). The presence of the T/C-T/C combined genotype of the
rs4880-rs713041 SNPs was associated with a reduced risk of a stroke (bootstrap OR 0.64;
0.47–0.86 95% CI; SP 0.826). In addition, the presence of the G/G-T/C genotype of the
rs10459953-rs4880 SNPs was associated with a decreased occurrence of a stroke (bootstrap
crude OR 0.66; 0.47–0.93 95% CI; SP 0.716). Furthermore, we revealed that the C/C-T/C
combined genotype of the rs2297518-rs713041 increased the risk of a stroke (bootstrap
crude OR 4.30; 1.56–11.83 95% CI; SP 0.352. In addition, we observed that the C/T-T/C
and C/T-C/C combined genotypes of the rs1879417-rs4880 SNPs were associated with a
decreased risk of stroke (bootstrap crude ORs 0.59; 0.44–0.79; 95% CI; SP 0.925 and 0.56;
0.37–0.86; SP 0.834, respectively). Then, the presence of the C/T-T/T combined genotype
of the rs1879417-rs7943316 SNPs reduced the risk of a stroke development (bootstrap
crude OR 0.59; 0.40–0.86 95% CI; SP 0.848. Additionally, the presence of the C/T-T/C and
C/T-C/C combined genotypes of the rs1879417-rs713041 SNPs reduced the risk of stroke
development (bootstrap crude ORs 0.56; 0.40–0.77 95% CI; SP 0.942 and 0.66; 0.46–0.94; SP
0.699, respectively. Moreover, the C/T-G/G genotype of the rs1879417-rs10459953 SNPs
caused a decrease in the risk of a stroke (bootstrap crude OR 0.53; 0.36–0.77 95% CI; SP
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0.935). The C/T-C/C combined genotype of the rs1879417-rs2297518 SNPs was linked
with an increased risk of stroke occurrence (bootstrap crude OR 2.66; 1.67–4.25 95% CI;
SP 0.472).

Table 8. Distribution of combined genotypes of the c.47T > C (rs4880) in the SOD2 gene, c.-89A > T (rs7943316) in the CAT
gene, c.660T > A (rs713041) in the GPX4 gene, g.117803515C > T (rs1879417) in the NOS1 gene, c.1823C > T (rs2297518) and
c.-227G > C (rs10459953) in the NOS2 gene polymorphisms and odds ratios (ORs) with 95% confidence intervals (95% CIs)
in patients with stroke and controls.

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.-89A > T (rs7943316)—CAT vs. c.47T > C (p.Val16Ala)—SOD2 (rs4880)

A/A-T/T 0 0 0 0 - -

A/A-T/C 15 0.140 6 0.056 0.36 (0.14–0.98) * 0.088 #

A/A-C/C 5 0.047 9 0.084 1.87 (0.61–5.79) * 0.474 #

A/T-T/T 1 0.009 14 0.131
15.96 (2.06–123.68) *

B 50.46 (0.05–50,144.36)0.070

Cv 15.96 (2.06–123.68)

0.016 #

0.265
0.016 #

A/T-T/C 32 0.299 36 0.336 1.189 (0.67–2.12) * 0.804 #

A/T-C/C 13 0.121 9 0.084 0.66 (0.27–1.63) * 0.603 #

T/T-T/T 1 0.009 9 0.084 9.74(1.21–78.25) * 0.063 #

T/T-T/C 24 0.224 15 0.140 0.56 (0.28–1.15) * 0.215 #

T/T-C/C 16 0.150 9 0.084 0.52 (0.22–1.24) * 0.262 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.-89A > T (rs7943316)—CAT vs. c.660T > C—GPX4 (rs713041)

A/A-T/T 1 0.009 4 0.037 4.12 (0.45–37.45) * 0.374 #

A/A-T/C 12 0.112 7 0.064 0.55 (0.21–1.47) * 0.415 #

A/A-C/C 7 0.065 4 0.037 0.56 (0.16–1.95) * 0.589 #

A/T-T/T 1 0.009 15 0.140
17.28 (2.24–133.37) *

B 57.95 (0.05–62,416.10)0.070

Cv 17.28 (2.24–133.37)

0.012 #

0.254
0.012 #

A/T-T/C 29 0.271 26 0.243 0.86 (0.47–1.60) * 0.870 #

A/T-C/C 16 0149 18 0.168 1.15 (0.55–2.40) * 0.915 #

T/T-T/T 0 0 3 0.028 - -

T/T-C/T 23 0.215 22 0.206 0.95 (0.49–1.83) * 0.982 #

T/T-C/C 18 0.168 8 0.075 0.40 (0.17–0.96) * 0.080 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.47T > C (p.Val16Ala)—SOD2 (rs4880) vs. c.660T > C—GPX4 (rs713041)

T/T-T/T 0 0 3 0.028 - -

T/T-T/C 1 0.009 16 0.150
18.64 (2.42–143.28) *

50.98 (0.05–50,200.29)0.070
18.64 (2.42–143.28)

0.010 #

0.264
0.010 #

T/T-C/C 1 0.009 4 0.037 4.12 (0.45–37.45) * 0.374 #

T/C-T/T 1 0.009 14 0.131
15.96 (2.06–123.68) *

B 42.94 (0.05–39,012.16)0.070

Cv 15.96 (2.06–123.68)

0.016 #

0.279
0.016 #

T/C-T/C 40 0.374 21 0.196
0.41 (0.22–0.76) *

B0.64 (0.47–0.86)0.826

Cv0.41 (0.22–0.76)

0.010 #

0.004
0.010 #
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T/C-C/C 30 0.280 22 0.206 0.66 (0.35–1.25) * 0.366 #

C/C-T/T 1 0.009 5 0.047 5.20 (0.60–45.24) * 0.254 #

C/C-T/C 23 0.215 18 0.168 0.74 (0.37–1.47) * 0.623 #

C/C-C/C 10 0.093 4 0.037 0.38 (0.11–1.24) * 0.204 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.1823C > T (p.Ser608Leu)—NOS2 (rs2297518) vs. c.47T > C (p.Val16Ala)—SOD2 (rs4880)

C/C-T/T 0 0 18 0.168 - -

C/C-T/C 4 0.037 44 0.411
17.98 (6.17–52.46) *

B 5.18 (0.59–45.77)0.278

Cv 17.98 (6.17–52.46)

<0.001 #

0.139 #

<0.001 #

C/C-C/C 3 0.028 19 0.178
7.49 (2.14–26.13) *

B 4.86 (0.11–216.99)0.210

Cv 7.49 (2.14–26.13)

0.004 #

0.415
0.004#

C/T-T/T 1 0.009 5 0.047 5.05 (0.58–43.98) * 0.266 #

C/T-T/C 23 0.215 12 0.112 0.47 (0.22–1.01) * 0.103 #

C/T-C/C 8 0.075 7 0.065 0.84 (0.29–2.41) 0.935 #

T/T-T/T 1 0.009 0 0 - -

T/T-T/C 44 0.411 1 0.009
0.014 (0.002–0.01) *

B 0.010 (0.0001–10.45)0.998

Cv 0.014 (0.002–0.01)

<0.001 #

0.193
<0.001#

T/T-C/C 23 0.215 1 0.009
0.03 (0.0001–0.26) *

B 0.016 (0.0001–14.32)0.989

Cv0.03 (0.0001–0.26)

0.002 #

0.232
0.002 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
number frequency number frequency

c.1823C > T (p.Ser608Leu)—NOS2 (rs2297518) vs. c.660T > C—CAT (rs7943316)

C/C-A/A 2 0.019 12 0.112
6.63 (1.45–30.40) *

B 7.20 (0.04–1166.78)0.141

Cv 6.63 (1.45–30.40)

0.030 #

0.447
0.030 #

C/C-A/T 3 0.028 44 0.411
24.21 (7.22–81.25) *

B 7.17 (0.31–167.13)0.210

Cv24.21 (7.22–81.25)

<0.001 #

0.220
<0.001 #

C/C-T/T 2 0.019 25 0.234
16.01 (3.68–69.54) *

B 9.97 (0.08–12,8618)0.141

Cv 16.01 (3.68–69.54)

<0.001 #

0.354
<0.001 #

C/T-A/A 7 0.065 3 0.028 0.41 (0.10–1.64) * 0.373 #

C/T-A/T 11 0.103 15 0.140 1.42 (0.62–3.26) * 0.645 #

C/T-T/T 14 0.131 6 0.056 0.40 (0.15–1.07) * 0.131 #

T/T-A/A 11 0.103 0 0 - -

T/T-A/T 32 0.299 0 0 - -

T/T-T/T 25 0.234 2 0.187
0.06 (0.01–0.27) *

B 0.08 (0.0001–15.03)0.993

Cv 0.06 (0.01–0.27)

<0.001 #

0.348
<0.001 #
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Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.-227G > C—NOS2 (rs10459953) vs. c.660T > C—GPX4 (rs713041)

C/C-T/T 0 0 9 0.084 - -

C/C-T/C 14 0.131 11 0.103 0.76 (0.33–1.76) * 0.773 #

C/C-C/C 4 0.037 9 0.084 2.37 (0.71–7.93) * 0.299 #

G/C-T/T 2 0.019 9 0.084 4.82 (1.02–22.87) * 0.094 #

G/C-T/C 23 0.215 26 0.243 1.17 (0.62–2.20) * 0.860 #

G/C-C/C 20 0.187 16 0.150 0.77 (0.37–1.57) * 0.715 #

G/G-T/T 0 0 4 0.037 - -

G/G-T/C 27 0.252 18 0.168 0.60 (0.31–1.17) * 0.248 #

G/G-C/C 17 0.159 5 0.047
0.26 (0.09–0.73) *

B 0.45 (0.09–2.28)0.851

Cv0.26 (0.09–0.73)

0.022 #

0.337
0.022

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.-227G > C—NOS2 (rs10459953) vs. c.47T > C (p.Val16Ala)—SOD2 (rs4880)

G/G-T/T 1 0.009 3 0.028 3.06 (0.31–29.87) * 0.560 #

G/G-T/C 32 0.299 17 0.159
0.44 (0.23–0.86) *

B0.66 (0.47–0.93)0.716

Cv0.44 (0.23–0.86)

0.032 #

0.018
0.032 #

G/G-C/C 11 0.103 7 0.065 0.61 (0.23–1.64) * 0.548 #

G/C-T/T 1 0.009 14 0.131
15.96 (2.06–123.68) *

B 41.23 (0.05–36,529.68)0.070

Cv0.44 (0.23–0.86)

0.016 #

0.283
0.016 #

G/C-T/C 29 0.271 27 0.252 0.91 (0.49–1.67) * 0.940 #

G/C-C/C 15 0.140 10 0.093 0.62 (0.27–1.48) * 0.496 #

C/C-T/T 0 0 6 0.056 - -

C/C-T/C 10 0.093 13 0.121 1.34 (0.56–3.21) * 0.759 #

C/C-C/C 8 0.075 10 0.093 1.28 (0.48–3.37) * 0.858 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

c.1823C > T (p.Ser608Leu)—NOS2 (rs2297518) vs. c.660T > C—GPX4 (rs713041)

C/C-T/T 0 0 16 0.150 - -

C/C-T/C 5 0.047 46 0.430
15.38 (5.80–40.82) *

B4.30 (1.56–11.83)0.352

Cv15.38 (5.80–40.82)

<0.001 #

0.005
<0.001 #

C/C-C/C 2 0.019 19 0.178
11.34 (2.57–50.01) *

B 8.12 (0.07–951.43)0.141

Cv11.34 (2.57–50.01)

0.002 #

0.389
0.002 #

C/T-T/T 1 0.009 6 0.056 6.30 (0.75–53.23) * 0.174 #

C/T-T/C 17 0.159 8 0.075 0.43 (0.18–1.04) * 0.118

C/T-C/C 14 0.131 10 0.093 0.69 (0.29–1.62) * 0.625

T/T-T/T 1 0.009 0 0 - -

T/T-T/C 42 0.393 1 0.009
0.02 (0.002–0.11) *

B 0.01 (0.0001–10.98)0.998

Cv0.02 (0.002–0.11)

<0.001 #

0.198
<0.001 #

T/T-C/C 25 0.234 1 0.009
0.03 (0.004–0.23) *

B 0.02 (0.0001–13.95)0.992

Cv0.03 (0.004–0.23)

0.002 #

0.229
0.002
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Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

g.117803515C > T—NOS1 (rs1879417) vs. c.47T > C (p.Val16Ala)—SOD2 (rs4880)

C/C-T/T 0 0 1 0.009 - -

C/C-T/C 1 0.009 18 0.168
21.44 (2.81–163.77) *

B 50.55 (0.05–48,833.74)0.070

Cv21.44 (2.81–163.77)

0.006 #

0.263
0.006 #

C/C-C/C 0 0 9 0.084 - -

C/T-T/T 1 0.009 15 0.140
17.28 (2.24–133.37) *

B 49.37 (0.05–47,718.94)0.070

Cv17.28 (2.24–133.37)

0.012 #

0.266
0.012 #

C/T-T/C 48 0.449 24 0.224
0.36 (0.20–0.64) *

B0.59 (0.44–0.79)0.925

Cv0.36 (0.20–0.64)

0.001 #

<0.01
0.001 #

C/T-C/C 25 0.234 10 0.093
0.34 (0.15–0.75) *

B0.56 (0.37–0.86)0.834

Cv0.34 (0.15–0.75)

0.014 #

0.007
0.014 #

T/T-T/T 1 0.009 7 0.065 7.42 (0.90–61.39) * 0.122 #

T/T-T/C 22 0.206 15 0.140 0.63 (0.31–1.29) * 0.373 #

T/T-C/C 9 0.084 8 0.075 0.88 (0.33–2.37) * 0.960 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

g.117803515C > T—NOS1 (rs1879417) vs. c.-89A > T—CAT (rs7943316)

C/C-A/A 0 0 6 0.056 - -

C/C-A/T 0 0 12 0.112 - -

C/C-T/T 1 0.009 10 0.093
10.93 (1.37–86.95) *

B 37.12 (0.04–34,331.70)0.070

Cv10.93 (1.37–86.95)

0.047 #

0.300
0.047 #

C/T-A/A 11 0.103 5 0.047 0.43 (0.14–1.28) * 0.240 #

C/T-A/T 33 0.308 31 0.290 0.92 (0.51–1.64) * 0.945 #

C/T-T/T 30 0.280 13 0.121
0.36 (0.17–0.73) *

B0.59 (0.40–0.86)0.848

Cv0.36 (0.17–0.73)

0.010 #

0.007
0.010 #

T/T-A/A 9 0.084 4 0.037 0.42 (0.13–1.42) * 0.299 #

T/T-A/T 13 0.121 16 0.150 1.27 (0.58–2.79) * 0.798 #

T/T-T/T 10 0.093 10 0.093 1.00 (0.40–2.51) * 1.000 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

g.117803515C > T—NOS1 (rs1879417) vs. c.660T > C—GPX4 (rs713041)

C/C-T/T 0 0 2 0.019 - -

C/C-T/C 0 0 19 0.178 - -

C/C-C/C 1 0.009 7 0.065 7.42 (0.90–61.39) * 0.122 #

C/T-T/T 2 0.019 15 0.140
8.56 (1.91–38.43) *

B 6.90 (0.06–768.93)0.141

Cv8.56 (1.91–38.43)

0.010 #

0.422 #

0.010 #

C/T-T/C 43 0.402 19 0.178
0.32 (0.17–0.60) *

B0.56 (0.40–0.77)0.942

Cv0.32 (0.17–0.60)

0.001 #

<0.01
0.001 #

C/T-C/C 29 0.271 15 0.140
0.44 (0.22–0.88) *

B0.66 (0.46–0.94)0.699

Cv0.44 (0.22–0.88)

0.040 #

0.023
0.040 #
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T/T-T/T 0 0 5 0.047 - -

T/T-T/C 21 0.196 17 0.159 0.77 (0.38–1.57) * 0.724 #

T/T-C/C 11 0.103 8 0.075 0.71 (0.27–1.83) * 0.722 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

g.117803515C > T—NOS1 (rs1879417) vs. c.-227G > C—NOS2 (rs10459953)

C/C-C/C 0 0 6 0.056 - -

C/C-C/G 1 0.009 13 0.121
14.66 (1.88–114.20) *

B 43.67 (0.05–40,104.99)0.070

Cv14.66 (1.88–114.20)

0.020 #

0.278
0.020 #

C/C-G/G 0 0 9 0.0084 - -

C/T-C/C 10 0.093 13 0.12 1.34 (0.56–3.21) * 0.759 #

C/T-C/G 33 0.308 25 0.234 0.68 (0.37–1.26) 0.392 #

C/T-G/G 31 0.290 11 0.103
0.28 (0.13–0.60) *

B0.53 (0.36–0.77)0.935

Cv0.28 (0.13–0.60)

0.002 #

0.001
0.002 #

T/T-C/C 8 0.075 10 0.093 1.28 (0.48–3.37) * 0.858 #

T/T-C/G 11 0.103 13 0.121 1.21 (0.52–2.83) * 0.888 #

T/T-G/G 13 0.121 7 0.065 0.51 (0.19–1.32) * 0.303 #

Genotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p
Number Frequency Number Frequency

g.117803515C > T—NOS1 (rs1879417) vs. c.1823C > T (p.Ser608Leu)—NOS2 (rs2297518)

C/C-C/C 0 0 19 0.178 - -

C/C-C/T 0 0 8 0.075 - -

C/C-T/T 1 0.009 1 0.009 1.00 (0.06–16.20) * 1.000 #

C/T-C/C 7 0.065 34 0.318
6.65 (2.79–15.84) *

B2.66 (1.67–4.25)0.472

Cv6.65 (2.79–15.84)

<0.001 #

<0.001
<0.001 #

C/T-C/T 21 0.196 15 0.140 0.67 (0.32–1.38) * 0.474 #

C/T-T/T 46 0.430 0 0 - -

T/T-C/C 0 0 28 0.262 - -

T/T-C/T 11 0.103 1 0.009
0.08 (0.01–0.65) *

B 0.03 (0.0001–22.48)0.926

Cv0.08 (0.01–0.65)

0.036 #

0.289
0.036 #

T/T-T/T 21 0.196 1 0.009
0.04 (0.01–0.29) *

B 0.02 (0.0001–15.69)0.987

Cv0.04 (0.01–0.29)

0.004 #

0.238
0.004 #

* crude OR means OR calculated with conventional logistic regression; for the significant outcomes, the superscript B means the bootstrap-
boosted OR (resampling with replacement, 1000 iterations); Cv means the cross-validated OR. Statistical power (1-β) for significant
comparisons is given in superscripts. p < 0.05 along with the corresponding ORs are in red (for the combined genotypes increasing the risk
of stroke) or in blue (for the combined genotypes with a protective effect); #—denotes p-values with the Bonferroni correction.

3.3. Haplotypes and Stroke Occurrence

In this study, we also investigated the association between the occurrence of stroke
and haplotypes of the c.1823C > T and the c.-227G > C polymorphisms of the NOS2 gene.
The distribution of such haplotypes is shown in Table 9. The CG and CC haplotypes was
associated with an increased occurrence of a stroke (crude ORs; 4.37; 2.71–7.04 95% CI
and 9.98; 5.68–17.53, respectively), while TG and TC haplotypes were associated with
decreased occurrence of this disease (crude ORs 0.10; 0.06–0.17 95% CI and 0.11; 0.06–
0.23, respectively). LD analysis revealed that rs2297518 and rs10459953 are in linkage
equilibrium (D’: 0.724, R2: 0.0796, p < 0.0001).
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Table 9. Distribution of haplotypes of the c.1823C > T (rs2297518) and c.-227G > C (rs10459953) polymorphisms in the NOS2
gene and odds ratio (OR) with 95% confidence interval (95% CI) in patients with stroke and controls.

Haplotype
Control (n = 107) Stroke (n = 107)

Crude OR (95% CI) p *
Number Frequency Number Frequency

TC 10 0.046 64 0.299 0.11 (0.06–0.23) 0.0001

TG 18 0.084 104 0.485 0.10 (0.06–0.17) 0.0001

CC 99 0.462 17 0.079 9.98 (5.68–17.53) 0.0001

CG 87 0.406 29 0.135 4.37 (2.71–7.04) 0.0001

p < 0.05 along with the corresponding ORs are in red (for the haplotypes increasing the risk of stroke) or in blue (for the haplotypes with a
protective effect); *—denotes p-values with the Bonferroni correction.

4. Discussion

Ischemic stroke, the most common type of a stroke, is a complex multifactorial dis-
ease caused by the interaction between environmental risk factors and genetic predispo-
sition [17–19]. To date, numerous case-control studies have confirmed the association
between SNPs and a stroke [20–26]. Ischemic strokes occurring in the carotid circulation
are the most common type of an ischemic stroke, accounting for approximately 85% of
all cases [27]. Growing evidence supports the essential role of oxidative stress in the
development of atherosclerosis, and among them the occurrence of a stroke [28–31]. Nu-
merous studies have shown that excessive oxidative stress, which is caused by genetic
predisposition/susceptibility and environmental stress, results in the excessive production
of reactive oxygen species, inflammation in the arterial atheromatous plaque, unstable
atherosclerotic plaque formation, and eventually an ischemic stroke onset [29,32,33]. Fur-
thermore, the pathophysiological role of ROS has been also intensively studied in in vitro
and in vivo models of chronic neurodegenerative diseases such as Alzheimer’s disease
(AD), and models of syndromes associated with rapid nerve cell loss as occurring in a
stroke [34–36]. Functional oxidative modifications of cellular proteins, lipids, and DNA,
both reversible and irreversible, are a causal step in cellular dysfunction and may modulate
survival signaling cascades. Cells have a variety of defense mechanisms that intercept
free radicals to prevent or limit intracellular damage and ameliorate the harmful effects
of ROS, including antioxidant enzymes, such as catalase, superoxide dismutase (SOD) or
glutathione peroxidase (GPx) [37,38]. Results obtained on transgenic animals in which the
expression of pro-oxidant or antioxidant enzymes is genetically disrupted (knock-out mice)
or enhanced (transgenic mice) showed the pathogenetic effects of a disturbed oxidative
homeostasis in an ischemic brain [39–41].

The role of genetic factors involved in a stroke has extensively been studied. Several
reports showed that genetic risk factors had an important role in the severity of a stroke
phenotype. Genome-wide association studies (GWAS), based on a high-density single
nucleotide polymorphism genotyping array, have identified several chromosomal regions/
gene loci that are associated with ischemic stroke risk. To date, a stroke can be genetically
associated with multiple susceptibility loci, including 9p21 (CDKN2A/CDKN2B/ANRIL),
7p21 (HDAC9), 6p21.1, 4p25 (PITX2), 16q22 (ZFHX3), 9q34 (ABO) [17]. Moreover, recent
studies have identified several predisposing genes that are also corelated with an ischemic
stroke risk, such as LTC4S, ALOX5, APOA1, APOB [42,43]. These findings show the
heterogenous and complex genetic nature of a stroke. The genotypic approach will provide
better understanding and identification of the underlying genetic defects, and in the future,
will enhance the possibility of medical intervention using conventional pharmacological
approaches or gene therapy.

As mentioned, oxidative stress may have a pivotal role in the development of a stroke.
It is considered that the level of oxidative stress is influenced not only by conventional
risk factors, i.e., hypertension and hyperlipidemia [44,45], but also inherited or acquired
variations in oxidative stress-related genes. It was shown that genetic variants, such
as single nucleotide polymorphisms (SNPs), which have functional effects on oxidative
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stress pathways, may represent unmodifiable, lifelong risk factors, and gene–environment
interactions may further contribute to a cerebrovascular disease risk [46,47]. Functionality
of a protein is determined by several factors, including variation in its gene, because
it determines many sequence-specific interactions important for the expression of the
gene [48]. The present study was undertaken to detect the potential association of six SNPs
in oxidative stress-related genes: SOD2 (c.47T > C; rs4880), CAT (c.-89A > T; rs7943316),
GPX4 (c.660T > A; rs713041), NOS1 (g.117803515C > T; rs1879417) and NOS2 (c.1823C > T;
rs2297518 and c.-227G > C; rs10459953) and the occurrence of a stroke.

In the present work, we found a significant association between rs4880-SOD2 and the
occurrence of a stroke. SOD2 gene (Gene ID: 6648), encodes mitochondrial manganese
superoxide dismutase (MnSOD) and is located in the region 6q25. It has been demonstrated
that the SOD2 is the only antioxidant enzyme known to be present within the mitochon-
dria, which has important implications because it is a major site for the production of ROS
during normal cellular metabolism [49]. The human SOD2 gene is highly polymorphic;
at least 26,687 of its SNPs have been registered in the public domain of the NCBI dbSNP.
Among them, rs4880 is one of the most important and it plays an essential role in various
kinds of diseases. It has been demonstrated that this SNP is associated with an increased
risk of breast, prostate, bladder and lung cancers, carotid atherosclerosis, and cardiomy-
opathy [50–54]. The rs4880 SNP is located in exon 2 and substitutes a C > T at position
47 in the coding sequence, which causes change of alanine to valine at the amino acid
position 16 (p.Val16Ala) and may potentially result in functional alteration [55]. Research
has shown that the Val allele of this SNP results in a reduced expression and production
of an unstable mRNA, which affects the import of SOD2 into the mitochondrion [56]. To
the best of our knowledge, no previous studies have investigated the role of this SNP in
stroke development. We have observed, for the first time, that the occurrence of a stroke is
positively corelated with the T allele.

Furthermore, we did not find any association between second potentially functional
polymorphism c.-89A > T (rs7943316) in the CAT gene and the occurrence of a stroke.
Our findings are in contrast with the studies conducted on the Russian population [57],
where the authors observed that the A/A genotype is associated with an increased risk
of a cerebral stroke (CS) in hypertensive males (OR = 1.77 95% CI 1.01–3.07). Our results
also show that the c.660T > A (rs713041) of the GPX4 gene may be associated with stroke
occurrence. The protein encoded by GPX4 gene (Gene ID: 2879) belongs to the glutathione
peroxidase family, members of which catalyze the reduction of hydrogen peroxide, organic
hydroperoxides and lipid hydroperoxides, and thus protect cells against oxidative damage.
GPX4 gene is located on chromosome 19 (19p13.3) and, as provided by NCBI dbSNP,
2232 SNPs in this gene have been registered. The rs713041 is a silent mutation, located in
exon 7 that substitutes T for A at position 660, which changes the amino acid at position 220
from leucine to leucine (p.Leu220=). Foster et al. have observed that this SNP is involved in
the modulation of the GPX4 synthesis by altering the affinity of the selenocysteine insertion
machinery for its SECIS element [58]. Other studies have shown that the C variant of
the GPX4 gene was stronger than the T variant at driving biosynthesis of a selenoprotein
reporter [59]. In this matter, our findings are similar to the studies conducted on a Russian
population [60]—we observed an association between a stroke and the T allele. It was also
shown that this SNP was associated with mortality in patients with breast cancer [61] and
colorectal cancer susceptibility [59].

As commonly known, brain ischemia initiates a complex cascade of metabolic events,
several of which involve the generation of nitrogen and oxygen free radicals. It has been
shown that nitric oxide was implicated in the neurotoxicity associated with a stroke and
other neurodegenerative diseases, because the alterations in the NO signaling play a key
role in diverse neurodegenerative-associated processes such as neuronal cell death, necrosis,
apoptosis, and autophagy [62–64]. Moreover, numerous studies have shown that ischemia
is associated with a large increase in nitric oxide synthase 1 (NOS1; nNOS) activity in
neurons and possibly in glia, next increased NOS3 (eNOS) activity in the vascular endothe-
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lium, and later caused an increase in NOS2 (iNOS) activity in a range of cells, including
infiltrating neutrophils and macrophages, activated microglia and astrocytes [64–66]. Ad-
ditionally, it is interesting that NO has a dual function/role, including neuroprotection and
neurotoxicity during ischemia reperfusion. In general, nNOS and iNOS play a neuronal
injury role in the early and late stage of an ischemic stroke, while the activation of eNOS
mainly exerts neuroprotection effects [67]. The toxic effects of NO produced by iNOS
and nNOS are mainly due to the production of nitrates and the release of free radicals,
which directly damages mitochondrial enzymes, nucleic acids and proteins, leading to
neuronal cell death [34,67–69]. On the other hand, neuroprotective effects of NO produced
by eNOS are achieved primarily by regulating vasodilatation and angiogenesis [67,70,71].
The NO donors as well as NOS inhibitors also have a neuroprotective effect, which is
confirmed by studies conducted on experimental models of ischemic stroke [66,72,73]. To
summarize, the beneficial or harmful role of NO in the brain tissue of an ischemic stroke
is mainly dependent on the cell type, NO concentration, and/or microenvironment of
ischemia [67,74,75]. Better understanding of the mechanism of imbalanced NO metabolism
contributing to the neuronal cell death may open new perspectives in the prevention and
treatment of neurodegenerative diseases, among them, ischemic stroke.

It has been indicated that the activity of nitric oxide synthases can be modified by
polymorphisms of their genes [76,77]. In the NOS1 gene (Gene ID: 4842; also known as
nNOS) located on the long arm of chromosome 12, at position 12q24.22, 38,964 SNPs have
been described. We chose for genotyping rs1879417 (g.117803515C > T) SNPs located in
intron. Polymorphisms in intron sequences can affect the mRNA/protein splicing process,
resulting in the formation of different isoforms of a protein [78–80]. These SNPs has not
been studied in a stroke so far. Our case-control studies have shown for the first time that
the subjects carrying C alleles had a higher risk of developing a stroke than subjects without
that allele. In contrast, in our previous studies, we did not find any correlation between
the genotypes/alleles of this polymorphism and the occurrence of depressive disorders
(DD) [81]. In other studies, NOS1 rs1879417 was also found to be associated with a lower
cognitive performance [82]. In the present study, we have additionally investigated, the
prevalence of two SNPs in NOS2 gene (c.1823C > T; rs2297518) and c.-227G > C; rs10459953),
and the association between these genetic polymorphisms and stroke risk. NOS2 gene
(Gene ID: 4843, also known as iNOS) is present on the human chromosome 17q11.2–12.
The rs2297518 is located in exon 16 and causes an amino acid substitution from serine
to leucine at the amino acid position 608 (p.Ser608Leu). It was shown that this SNP is
associated with increased NOS2 activity (alters protein function) and confers higher NO
production based on the A allele [83]. This polymorphism has been found to be associated
with inflammatory bowel disease, gastric cancer and additionally, with vulnerable plaque
among subjects with a high stroke risk [83–85]. Our study also showed an association
of the C/C genotype and C allele with stroke occurrence. The second SNP rs10459953
is located in the 5′-untranslated region and, because of the location, it might affect the
translation rate of the mRNA and hence affect the iNOS protein level [86,87]. It was
previously shown to be associated with prostatic volume in benign prostatic hyperplasia
and type 2 diabetes mellitus and diabetic nephropathy [88,89]. Moreover, in our previous
research, we confirmed that the G/C and G/G genotypes of the rs10459953 were associated
with the development of depression in Polish women [81]. In the presented work, in
turn, we observed that this SNP may be associated with stroke occurrence, because the C
allele was positively correlated with an increased risk of this disease. Furthermore, our
data indicate for the first time that stroke susceptibility may be modulated not only by
single locus with genetic main effects, but also by epistatic (gene–gene) interactions in
oxidative stress-related genes studied in this paper. Our results show a strong association
between a number of two-gene combinations and an increased risk of a stroke: rs4880-
rs713041, rs10459953-rs4880, rs2297518-rs713041, rs1879417-rs4880, rs1879417-rs7943316,
rs1879417-rs713041, rs1879417-rs10459953, rs1879417-rs2297518.
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We are aware that the presented research has some limitations because the sample
size was relatively small. However, to minimalize the risk of obtaining false positive
results, two resampling approaches were employed. Furthermore, we want to clearly
emphasize that our case-control study is preliminary, limited to a single population, which
in turn gives the possibility that the results may not be duplicated in other populations
(the statistical power for some genotypes/alleles was below 80%). Additionally, it would
also be interesting to determine the levels of enzymes encoded by the studied genes in the
serum. However, the above limitations follow from the specificity of the target material
and its limited accessibility. To summarize, further studies are needed on a larger group
of patients and other populations before the relationship between the studied SNPs and
the risk of a stroke can be finally established. Therefore, our results should be interpreted
with caution and considered as preliminary—they may guide the direction of research for
other teams.

5. Conclusions

In conclusion, our results showed that the genetics variants in the SOD2 (c.47T >
C; rs4880), GPX4 (c.660T > A; rs713041), NOS1 (g.117803515C > T; rs1879417) and NOS2
(c.1823C > T; rs2297518 and c.-227G > C; rs10459953) genes may be associated with indi-
vidual susceptibility to a stroke. This knowledge might help to identify specific molecular
markers of a stroke and develop new therapeutic strategies. We postulate that the pharma-
cological modification of oxidative lesions would be one of the most promising direction
for the development of future stroke therapy.
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51. Letonja, M.; Ikolajević-Starcević, J.N.; Petrovic, D. Association of manganese superoxide dismutase and glutathione S-transferases
genotypes with carotid atherosclerosis in patients with diabetes mellitus type 2. Int. Angiol. 2012, 31, 33–41.

52. Crawford, A.; Fassett, R.G.; Geraghty, D.P.; Kunde, D.A.; Ball, M.J.; Robertson, I.K.; Coombes, J.S. Relationships between single
nucleotide polymorphisms of antioxidant enzymes and disease. Gene 2012, 501, 89–103. [CrossRef] [PubMed]

53. Blein, S.; Berndt, S.; Joshi, A.D.; Campa, D.; Ziegler, R.G.; Riboli, E.; Cox, D.G.; Gaudet, M.M.; Stevens, V.L.; Diver, W.R.; et al.
Factors associated with oxidative stress and cancer risk in the Breast and Prostate Cancer Cohort Consortium. Free Radic. Res.
2014, 48, 380–386. [CrossRef]

54. Jabir, F.A.; Hoidy, W.H. Pharmacogenetics as Personalized Medicine: Association Investigation of SOD2 rs4880, CYP2C19
rs4244285, and FCGR2A rs1801274 Polymorphisms in a Breast Cancer Population in Iraqi Women. Clin. Breast Cancer 2018, 18,
e863–e868. [CrossRef] [PubMed]

55. Rosenblum, J.S.; Gilula, N.B.; Lerner, R.A. On signal sequence polymorphisms and diseases of distribution. Proc. Natl. Acad. Sci.
USA 1996, 93, 4471–4473. [CrossRef] [PubMed]

56. Sutton, A.; Imbert, A.; Igoudjil, A.; Descatoire, V.; Cazanave, S.; Pessayre, D.; Degoul, F. The manganese superoxide dismutase
Ala16Val dimorphism modulates both mitochondrial import and mRNA stability. Pharmacogenetics Genom. 2005, 15, 311–319.
[CrossRef] [PubMed]

57. Vialykh, E.K.; Solidolova, M.A.; Bushueva, O.I.; Bulgakova, I.V.; Polonikov, A.V. Catalase gene polymorphism is associated with
increased risk of cerebral stroke in hypertensive patients. Zhurnal Nevrologii i Psikhiatrii Imeni S.S. Korsakova 2012, 112 Pt 2, 3–7.

58. Foster, C.B.; Aswath, K.; Chanock, S.J.; McKay, H.F.; Peters, U. Polymorphism analysis of six selenoprotein genes: Support for a
selective sweep at the glutathione peroxidase 1 locus (3p21) in Asian populations. BMC Genet. 2006, 7, 56. [CrossRef] [PubMed]

59. Bermano, G.; Pagmantidis, V.; Holloway, N.; Kadri, S.; Mowat, N.A.G.; Shiel, R.S.; Arthur, J.R.; Mathers, J.C.; Daly, A.K.; Broom,
J.; et al. Evidence that a polymorphism within the 3′UTR of glutathione peroxidase 4 is functional and is associated with
susceptibility to colorectal cancer. Genes Nutr. 2007, 2, 225–232. [CrossRef]

http://doi.org/10.1152/physrev.00011.2017
http://www.ncbi.nlm.nih.gov/pubmed/29488822
http://doi.org/10.3390/ijms19092834
http://doi.org/10.1515/BC.2002.053
http://www.ncbi.nlm.nih.gov/pubmed/12033440
http://doi.org/10.1016/j.redox.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/24251116
http://doi.org/10.1186/s12937-016-0186-5
http://www.ncbi.nlm.nih.gov/pubmed/27456681
http://doi.org/10.1097/00004647-200101000-00002
http://doi.org/10.1016/j.freeradbiomed.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15182862
http://doi.org/10.1093/gerona/glp132
http://doi.org/10.1161/STROKEAHA.113.002707
http://www.ncbi.nlm.nih.gov/pubmed/24262325
http://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104670
http://www.ncbi.nlm.nih.gov/pubmed/32057650
http://www.ncbi.nlm.nih.gov/pubmed/25097610
http://doi.org/10.3390/nu11092090
http://doi.org/10.1006/abbi.2001.2295
http://www.ncbi.nlm.nih.gov/pubmed/11370676
http://doi.org/10.1097/MOL.0000000000000275
http://www.ncbi.nlm.nih.gov/pubmed/26959706
http://doi.org/10.1101/gr.6981507
http://www.ncbi.nlm.nih.gov/pubmed/18063559
http://doi.org/10.1007/s10541-005-0102-7
http://www.ncbi.nlm.nih.gov/pubmed/15807660
http://doi.org/10.1136/jmg.2004.019588
http://doi.org/10.1016/j.gene.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22525041
http://doi.org/10.3109/10715762.2013.875168
http://doi.org/10.1016/j.clbc.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29482947
http://doi.org/10.1073/pnas.93.9.4471
http://www.ncbi.nlm.nih.gov/pubmed/8633092
http://doi.org/10.1097/01213011-200505000-00006
http://www.ncbi.nlm.nih.gov/pubmed/15864132
http://doi.org/10.1186/1471-2156-7-56
http://www.ncbi.nlm.nih.gov/pubmed/17156480
http://doi.org/10.1007/s12263-007-0052-3


Brain Sci. 2021, 11, 391 19 of 20

60. Polonikov, A.V.; Vialykh, E.K.; Churnosov, M.I.; Illig, T.; Freidin, M.B.; Vasil’Eva, O.V.; Bushueva, O.Y.; Ryzhaeva, V.N.; Bulgakova,
I.V.; Solodilova, M.A. The C718T polymorphism in the 3′-untranslated region of glutathione peroxidase-4 gene is a predictor of
cerebral stroke in patients with essential hypertension. Hypertens. Res. 2012, 35, 507–512. [CrossRef] [PubMed]

61. Udler, M.; Maia, A.-T.; Cebrian, A.; Brown, C.; Greenberg, D.; Shah, M.; Caldas, C.; Dunning, A.M.; Easton, D.; Ponder, B.; et al.
Common Germline Genetic Variation in Antioxidant Defense Genes and Survival After Diagnosis of Breast Cancer. J. Clin. Oncol.
2007, 25, 3015–3023. [CrossRef] [PubMed]

62. Calabrese, V.; Mancuso, C.; Calvani, M.; Rizzarelli, E.; Butterfield, D.A.; Stella, A.M.G. Nitric oxide in the central nervous system:
Neuroprotection versus neurotoxicity. Nat. Rev. Neurosci. 2007, 8, 766–775. [CrossRef]

63. Ghavami, S.; Shojaei, S.; Yeganeh, B.; Ande, S.R.; Jangamreddy, J.R.; Mehrpour, M.; Christoffersson, J.; Chaabane, W.; Moghadam,
A.R.; Kashani, H.H.; et al. Autophagy and apoptosis dysfunction in neurodegenerative disorders. Prog. Neurobiol. 2014, 112,
24–49. [CrossRef] [PubMed]

64. Yuste, J.E.; Tarragon, E.; Campuzano, C.M.; Ros-Bernal, F. Implications of glial nitric oxide in neurodegenerative diseases. Front.
Cell. Neurosci. 2015, 9, 322. [CrossRef] [PubMed]

65. Love, S. Oxidative stress in brain ischemia. Brain Pathol. 1999, 9, 119–131. [CrossRef]
66. Godínez-Rubí, M.; Rojas-Mayorquin, A.E.; Ortuño-Sahagun, D. Nitric Oxide Donors as Neuroprotective Agents after an Ischemic

Stroke-Related Inflammatory Reaction. Oxid. Med. Cell. Longev. 2013, 2013, 1–16. [CrossRef]
67. Wang, Z.; Chen, G.; Chen, Z.-Q.; Mou, R.-T.; Feng, D.-X. The role of nitric oxide in stroke. Med. Gas Res. 2017, 7, 194–203.

[CrossRef] [PubMed]
68. Zhao, X.; Haensel, C.; Araki, E.; Ross, M.; Iadecola, C. Gene-dosing effect and persistence of reduction in ischemic brain injury in

mice lacking inducible nitric oxide synthase. Brain Res. 2000, 872, 215–218. [CrossRef]
69. Sims, N.R.; Anderson, M.F. Mitochondrial contributions to tissue damage in stroke. Neurochem. Int. 2002, 40, 511–526. [CrossRef]
70. Huang, Z.; Huang, P.L.; Ma, J.; Meng, W.; Ayata, C.; Fishman, M.C.; Moskowitz, M.A. Enlarged infarcts in endothelial nitric oxide

synthase knockout mice are attenuated by nitro-L-arginine. J. Cereb. Blood Flow Metab. 1996, 16, 981–987. [CrossRef]
71. Zhang, F.; Iadecola, C. Reduction of Focal Cerebral Ischemic Damage by Delayed Treatment with Nitric Oxide Donors. J. Cereb.

Blood Flow Metab. 1994, 14, 574–580. [CrossRef] [PubMed]
72. Khan, M.; Jatana, M.; Elango, C.; Paintlia, A.S.; Singh, A.K.; Singh, I. Cerebrovascular protection by various nitric oxide donors in

rats after experimental stroke. Nitric Oxide 2006, 15, 114–124. [CrossRef] [PubMed]
73. Greco, R.; Amantea, D.; Blandini, F.; Nappi, G.; Bagetta, G.; Corasaniti, M.T.; Tassorelli, C. Neuroprotective Effect of Nitroglycerin

in a Rodent Model of Ischemic Stroke: Evaluation of Bcl-2 Expression. Int. Rev. Neurobiol. 2007, 82, 423–435. [CrossRef]
74. Samdani, A.F.; Dawson, T.M.; Dawson, V.L. Nitric oxide synthase in models of focal ischemia. Stroke 1997, 28, 1283–1288.

[CrossRef] [PubMed]
75. Ito, Y.; Ohkubo, T.; Asano, Y.; Hattori, K.; Shimazu, T.; Yamazato, M.; Nagoya, H.; Kato, Y.; Araki, N. Nitric oxide production

during cerebral ischemia and reperfusion in eNOS- and nNOS-knockout mice. Curr. Neurovasc. Res. 2010, 7, 23–31. [CrossRef]
[PubMed]

76. Napoli, C.; Ignarro, L.J. Polymorphisms in endothelial nitric oxide synthase and carotid artery atherosclerosis. J. Clin. Pathol.
2007, 60, 341–344. [CrossRef]

77. Han, X.; Zheng, T.; Lan, Q.; Zhang, Y.; Kilfoy, B.A.; Qin, Q.; Rothman, N.; Zahm, S.H.; Holford, T.R.; Leaderer, B.; et al. Genetic
Polymorphisms in Nitric Oxide Synthase Genes Modify the Relationship between Vegetable and Fruit Intake and Risk of
Non-Hodgkin Lymphoma. Cancer Epidemiol. Biomark. Prev. 2009, 18, 1429–1438. [CrossRef]

78. Hull, J.; Campino, S.; Rowlands, K.; Chan, M.-S.; Copley, R.R.; Taylor, M.S.; Rockett, K.; Elvidge, G.; Keating, B.; Knight, J.; et al.
Identification of Common Genetic Variation That Modulates Alternative Splicing. PLoS Genet. 2007, 3, e99. [CrossRef] [PubMed]

79. Kwan, T.; Benovoy, D.; Dias, C.; Gurd, S.; Provencher, C.; Beaulieu, P.; Hudson, T.J.; Sladek, R.; Majewski, J. Genome-wide
analysis of transcript isoform variation in humans. Nat. Genet. 2008, 40, 225–231. [CrossRef]

80. Langaee, T.; Shin, J. The genetics basis of pharmatogenomics. In Concepts in Pharmacogenomics; Zdanowicz, M.M., Ed.; American
Society of Health-System Pharmacists: Bethesda, MD, USA, 2010; p. 29.

81. Wigner, P.; Czarny, P.; Synowiec, E.; Białek, K.; Talarowska, M.; Galecki, P.; Szemraj, J.; Sliwinski, T. Variation of genes involved in
oxidative and nitrosative stresses in depression. Eur. Psychiatry 2018, 48, 38–48. [CrossRef]

82. Montesanto, A.; Crocco, P.; Tallaro, F.; Pisani, F.; Mazzei, B.; Mari, V.; Corsonello, A.; Lattanzio, F.; Passarino, G.; Rose, G. Common
polymorphisms in nitric oxide synthase (NOS) genes influence quality of aging and longevity in humans. Biogerontology 2013, 14,
177–186. [CrossRef]

83. Dhillon, S.S.; A Mastropaolo, L.; Murchie, R.; Griffiths, C.; Thöni, C.; Elkadri, A.; Xu, W.; Mack, A.; Walters, T.J.; Guo, C.; et al.
Higher Activity of the Inducible Nitric Oxide Synthase Contributes to Very Early Onset Inflammatory Bowel Disease. Clin. Transl.
Gastroenterol. 2014, 5, e46. [CrossRef] [PubMed]

84. Zhu, Y.; Jiang, H.; Chen, Z.; Lu, B.; Li, J.; Peng, Y.; Shen, X. The genetic association between iNOS and eNOS polymorphisms and
gastric cancer risk: A meta-analysis. Onco Targets Ther. 2018, 11, 2497–2507. [CrossRef] [PubMed]

85. Yi, X.; Zhu, L.; Sui, G.; Li, J.; Luo, H.; Yu, M.; Wang, C.; Chen, X.; Wei, W.; Bao, S. Inflammation and Endothelial Function Relevant
Genetic Polymorphisms and Carotid Plaque in Chinese Population. J. Atheroscler. Thromb. 2020, 27, 978–994. [CrossRef]

http://doi.org/10.1038/hr.2011.213
http://www.ncbi.nlm.nih.gov/pubmed/22158110
http://doi.org/10.1200/JCO.2006.10.0099
http://www.ncbi.nlm.nih.gov/pubmed/17634480
http://doi.org/10.1038/nrn2214
http://doi.org/10.1016/j.pneurobio.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24211851
http://doi.org/10.3389/fncel.2015.00322
http://www.ncbi.nlm.nih.gov/pubmed/26347610
http://doi.org/10.1111/j.1750-3639.1999.tb00214.x
http://doi.org/10.1155/2013/297357
http://doi.org/10.4103/2045-9912.215750
http://www.ncbi.nlm.nih.gov/pubmed/29152213
http://doi.org/10.1016/S0006-8993(00)02459-8
http://doi.org/10.1016/S0197-0186(01)00122-X
http://doi.org/10.1097/00004647-199609000-00023
http://doi.org/10.1038/jcbfm.1994.71
http://www.ncbi.nlm.nih.gov/pubmed/8014203
http://doi.org/10.1016/j.niox.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16524750
http://doi.org/10.1016/s0074-7742(07)82024-1
http://doi.org/10.1161/01.STR.28.6.1283
http://www.ncbi.nlm.nih.gov/pubmed/9183363
http://doi.org/10.2174/156720210790820190
http://www.ncbi.nlm.nih.gov/pubmed/20158465
http://doi.org/10.1136/jcp.2006.040550
http://doi.org/10.1158/1055-9965.EPI-09-0001
http://doi.org/10.1371/journal.pgen.0030099
http://www.ncbi.nlm.nih.gov/pubmed/17571926
http://doi.org/10.1038/ng.2007.57
http://doi.org/10.1016/j.eurpsy.2017.10.012
http://doi.org/10.1007/s10522-013-9421-z
http://doi.org/10.1038/ctg.2013.17
http://www.ncbi.nlm.nih.gov/pubmed/24430113
http://doi.org/10.2147/OTT.S161925
http://www.ncbi.nlm.nih.gov/pubmed/29765229
http://doi.org/10.5551/jat.53074


Brain Sci. 2021, 11, 391 20 of 20

86. Eissa, N.T.; Yuan, J.W.; Haggerty, C.M.; Choo, E.K.; Palmer, C.D.; Moss, J. Cloning and characterization of human inducible nitric
oxide synthase splice variants: A domain, encoded by exons 8 and 9, is critical for dimerization. Proc. Natl. Acad. Sci. USA 1998,
95, 7625–7630. [CrossRef] [PubMed]

87. Karasneh, J.A.; Darwazeh, A.M.G.; Hassan, A.F.; Thornhill, M. Association between recurrent aphthous stomatitis and inheritance
of a single-nucleotide polymorphism of the NOS2 gene encoding inducible nitric oxide synthase. J. Oral Pathol. Med. 2011, 40,
715–720. [CrossRef] [PubMed]

88. Yoo, K.H.; Kim, S.K.; Chung, J.-H.; Chang, S.-G. Nitric oxide synthase 2 gene polymorphisms are associated with prostatic volume
in Korean men with benign prostatic hyperplasia. Asian J. Androl. 2010, 12, 690–696. [CrossRef]

89. Chen, F.; Li, Y.M.; Yang, L.Q.; Zhong, C.G.; Zhuang, Z.X. Association of NOS2 and NOS3 gene polymorphisms with susceptibility
to type 2 diabetes mellitus and diabetic nephropathy in the Chinese Han population. IUBMB Life 2016, 68, 516–525. [CrossRef]

http://doi.org/10.1073/pnas.95.13.7625
http://www.ncbi.nlm.nih.gov/pubmed/9636200
http://doi.org/10.1111/j.1600-0714.2011.01039.x
http://www.ncbi.nlm.nih.gov/pubmed/21481004
http://doi.org/10.1038/aja.2010.37
http://doi.org/10.1002/iub.1513

	Introduction 
	Materials and Methods 
	Ethics 
	Patients and Blood Sample Collection 
	SNPs Selection and Analysis 
	Statistical Analysis 

	Results 
	Single Genotypes of SOD2, CAT, GPX4, NOS1, NOS2 Polymorphisms and Stroke Risk 
	Association Between Combined Genotypes of SOD2, CAT, GPX4, NOS1, NOS2 Polymorphisms and Stroke Risk (Gene–Gene Interaction) 
	Haplotypes and Stroke Occurrence 

	Discussion 
	Conclusions 
	References

