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A B S T R A C T

The dominating hypothesis among numerous hypotheses explaining the pathogenesis of depressive

disorders (DD) is the one involving oxidative and nitrosative stress. In this study, we examined the

association between single-nucleotide polymorphisms of the genes encoding SOD2 (superoxide

dismutase 2), CAT (catalase), GPx4 (glutathione peroxidase 4), NOS1 (nitric oxide synthase 1), NOS2

(nitric oxide synthase 2), and the development of depressive disorders. Our study was carried out on the

DNA isolated from peripheral blood collected from 281 depressed patients and 229 controls. Using

TaqMan probes, we genotyped the following six polymorphisms: c.47T > C (p.Val16Ala) (rs4880) in

SOD2, c.-89A > T (rs7943316) in CAT, c.660T > C (rs713041) in GPx4, c.-420-34221G > A (rs1879417) in

NOS1, c.1823C > T (p.Ser608Leu) (rs2297518), and c.-227G > C (rs10459953) in NOS2. We found that the

T/T genotype of the c.47T > C polymorphism was linked with an increased risk of depression. Moreover,

the T/T genotype and T allele of c.660T > C increased the risk of DD occurrence, while the heterozygote

and C allele decreased this risk. On the other hand, we discovered that the A/A genotype of c.-89A > T

SNP was associated with a reduced risk of DD, while the A/T genotype increased this risk. We did not find

any correlation between the genotypes/alleles of c.-420-34221G > A, c.1823C > T, and c.-227G > C, and

the occurrence of DD. In addition, gene-gene and haplotype analyses revealed that combined genotypes

and haplotypes were connected with the disease. Moreover, we found that sex influenced the impact of

some SNPs on the risk of depression. Concluding, the studied polymorphisms of SOD2, CAT and GPx4 may

modulate the risk of depression. These results support the hypothesis that oxidative and nitrosative

stresses are involved in the pathogenesis of depressive disorders.
�C 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Depression (depressive disorder [DD]) is considered to be the
most common mental disorder. Estimations show that 350 million
people worldwide suffer from this disease. By the year 2020, it will
have become the second most common health problem in the
world, only after ischaemic heart disease [1].

The aetiology of this disease has not been examined thoroughly
so far and is not completely known [2]. However, certain evidence
shows that an imbalance in the generation and elimination of
reactive oxygen and nitrogen species (ROS and RNS, respectively) is
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present during depression [3]. This imbalance leads to increased
levels of biomarkers of oxidative and nitrosative process intensifi-
cation, such as 8-hydroxyguanine (8-oxoG), 8-iso-prostaglandin
F2a (8-izo-PGF2a), malondialdehyde (MDA), and nitric oxide (NO)
[4–8]. Interestingly, a recent study has shown that increased level
of MDA is associated with a reduced ability of the visual-spatial
and auditory-verbal working memory and short-term declarative
memory, while a high concentration of this biomarker in depressed
patients’ plasma may be positively correlated with the intensity of
the symptoms [9]. Changes in the activity of antioxidant enzymes
may be some of the reasons for the imbalance. Accordingly, it has
been demonstrated that low activity of glutathione peroxidase
(GPx, reduces hydrogen peroxide to water and reduces lipid
hydroperoxides) may contribute to the development of depression
[10]. Moreover, the same researchers have found that GPx activity
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is correlated with the severity of the disease – the lower the
enzyme activity is, the more severe the symptoms are. In addition,
activity of the next antioxidant enzyme, i.e. glutathione reductase
(GR, reduces glutathione disulphide to the sulfhydryl form of
glutathione), decreases in depressed patients as compared to
healthy volunteers [9]. On the other hand, increased levels and
activity of catalase (CAT, reduces hydrogen peroxide to water and
oxygen) may serve as a risk factor for the occurrence of depressive
episodes [11,12]. The plasma activity of another antioxidant
enzyme, i.e. superoxide dismutase (SOD, catalyses the reaction of
superoxide radical dismutation into oxygen or hydrogen peroxide),
also increases in the course of depression, which has been proven
in various experiments conducted on animal models and during
clinical studies [12,13]. However, it has been proven that the over-
activation of SOD may lead to the intensification of oxidative stress
via H2O2 production [9]. A change in SOD levels has been observed
in the brain tissue collected from depressed patients. An elevated
level of copper/zinc (Cu/Zn) SOD has only been detected in post-
mortem prefrontal cortical brain tissue, and not in the hippocam-
pus, while the level of manganese SOD (MnSOD) has not changed
in both regions of patients’ brain when compared to control
subjects. Different locations of these isoforms may serve as an
explanation for these differences – Cu/ZnSOD is present primarily
in the cytosol of glial cells, while MnSOD is found mainly in
neurons and erythrocytes. So far the available results suggest that
elevated levels of SOD in peripheral tissues (plasma, erythrocytes,
saliva) may be reduced owing to a successful antidepressant
therapy [14]. Galecki et al. (2009) found that a combined therapy
with the application of fluoxetine (SSRI) and acetylsalicylic acid
may lead to a decrease in the activity of Cu/ZnSOD and a reduction
in MDA concentration [15]. In addition, antidepressants may also
result in the normalisation of serum paraoxonase activity (reduced
oxidation of apolipoprotein B containing lipoproteins) [14].

Low amounts of non-enzymatic antioxidants are considered
another aspect associated with the risk of depression occurrence.
So far, studies have shown that the women with DD have lower
amounts of glutathione (GSH) than the women not affected by
depression [16]. Moreover, a decreased concentration of GSH has
been observed in the chronic mild stress animal model of the
disease [17]. Similarly, the level of CoQ10 has been dramatically
reduced in the serum of the patients suffering from DD as
compared to the control group [18]. Moreover, based on an animal
model, it has been possible to determine that low-zinc diet reduces
the number of progenitor cells and immature nerve cells in the
hippocampus of treated rats [19]. Furthermore, decreased levels of
yet another group of non-enzymatic antioxidants – vitamins A, C
and E – may also play an important part in the aetiology of
depression; however, the results are not conclusive in this respect.
On the one hand, the plasma amount of ascorbic acid (vitamin C) is
reduced in the patients with DD [20]. On the other hand, it has been
suggested that increased plasma levels of vitamin C can be
associated with the severity of DD [21]. Results of a different study
have indicated no difference in the plasma levels of vitamins A, C
and E between the patients and the control group [22]. However,
Maes et al. [23] found that the plasma level of vitamin E of the
affected patients was lower as compared to healthy volunteers. The
discrepancies in the results may be due to size differences of the
studied groups, the environmental impacts and the severity of the
disease. Additionally, the patients with DD are also characterised by
decreased levels of other non-enzymatic antioxidants such as
albumin and uric acid [9].

Another piece of evidence that supports the hypothesis of ROS
and RNS involvement in the pathogenesis of the disease are
changes in the level and activity of oxidative and nitrosative
enzymes in the patients with DD. It has been revealed that
depressed patients have increased serum levels of xanthine
rg/10.1016/j.eurpsy.2017.10.012 Published online by Cambridge University Press
oxidase (XO) [3,24]. This enzyme catalyses the oxidation of
hypoxanthine to xanthine and then the oxidation of xanthine to
uric acid resulting in the generation of superoxide anion and
hydrogen peroxide [25]. The patients with depression are
characterised by elevated XO activity in the thalamus, the
putamen, and the frontal and parietal cortex, the hippocampus
and the caudate nuclei; XO activity has been found to be decreased
in the temporal and occipital cortex [9,26]. A recent study has
revealed that the main symptoms of depression – cognitive
dysfunction, anhedonia and melancholia – may be associated with
structural or functional neuronal changes of the putamen and the
thalamus [9]. Additionally, patients with depression demonstrate
increased expression of cellular NOS in the neurons of the
suprachiasmatic nucleus, cornu ammonis area 1 (CA1), and
subiculum regions as compared with the control group [27]. A
growing body of evidence suggests that the factors involved in
nitrosative stress may penetrate the blood-brain barrier exhibiting
their depressive and neurotoxic activities in the brain. As a result of
excessive pro-oxidative enzyme activity (such as XO, NOS), the
levels of ROS and RNS are increased, which may lead to the
development of neurodegenerative changes [28,29]. A large
amount of ROS may induce apoptosis of neural cells by causing
damage to DNA or peroxidation of the cell membrane lipid (ROS
destroy the lipids of cells, mainly polyunsaturated acids [PUFAs])
[9]. This long-lasting condition may be one of the causes of death of
neuronal and glial cells in the central nervous system, observed in
neurodegenerative diseases [26]. Interestingly, the study suggests
that the patients with DD have a reduced volume of the prefrontal
cortex and the hippocampus as compared to healthy volunteers.
Furthermore, a post-mortem study confirmed that the patients
with DD had a reduced number and density of glial cells [14].

Moreover, the study suggested that RNS (e.g. peroxynitrite)
may cause nitration of biological compounds, including amino
acids (mainly tyrosine). Additionally, Maes et al. [3] have found
increased levels of IgM antibodies to such modified proteins in the
blood samples collected from depressed patients.

An imbalance in the production and elimination of ROS and RNS
– leading to oxidative and nitrosative stress – may induce various
disorders. Oxidative stress is involved in the development of
cardio-vascular and neuropsychiatric disorders such as ischaemia,
acute respiratory distress syndrome (ARDS), panic disorder [30],
preeclampsia [31], autism [32], dementia [33], schizophrenia [34],
Parkinson’s disease, Alzheimer’s disease [35,36], dementia [37],
amyotrophic lateral sclerosis, schizophrenia and depression
[14,33,34,38–41], and multiple sclerosis [42]. Moreover, a mito-
chondrial dysfunction can cause overproduction of ROS and – in
consequence – may lead to the development of ischaemic heart
disease, stroke, atherosclerosis, arterial hypertension, and hyper-
trophy of the myocardium [43]. On the other hand, nitrosative
stress is involved in the development of Parkinson’s disease [44],
Alzheimer’s disease [45], schizophrenia [46], depression [47],
cardiomyopathy, heart failure [48], stroke, arthritis, multiple
sclerosis, hypercholesterolemia, ischemia [49], and cancer [50–
52].

The aforementioned studies indicate that intensification of
oxidative and nitrosative stress, caused, among others, by
decreased levels and activity of enzymatic antioxidants and/or
excessive pro-oxidative enzyme activity, may play an important
role in depression aetiology. Therefore, the aim of this study was to
investigate the association between the occurrence of SOD2, CAT,
GPx4, NOS1 and NOS2 polymorphisms and the risk of depression
development by means of determining the frequency of occur-
rence of genotypes of selected SNPs in the patients with DD as
compared to healthy volunteers in the Polish population.

Table 1 shows the characteristic features of the studied
polymorphisms.

https://doi.org/10.1016/j.eurpsy.2017.10.012


Table 1
Characteristics of studied polymorphisms.

Gene rs number Polymorphism Localization

SOD2 rs4880 c.47T>C (p.Val16Ala) Exon

CAT rs7943316 c.-89A>T 50 UTR

GPx4 rs713041 c.660T>C 30 UTR

NOS1 rs1879417 c.-420-34221G>A Intron

NOS2 rs2297518 c.1823C>T (p.Ser608Leu) Exon

rs10459953 c.-227G>C 50 UTR
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2. Materials and methods

2.1. Subjects

The study was conducted on 510 participants, including
patients with DD (n = 281, 117 women and 114 men; mean age
53.19 � 12.61) who were hospitalized at the Department of Adult
Psychiatry of the Medical University of Lodz (Poland), and healthy
controls (n = 229, 147 women and 132 men; mean age
49.53 � 10.175). Detailed characteristics of the patients are shown
in Table 2. All the participants were selected randomly without
replacement sampling. Qualified patients met the diagnostic criteria
for depressive episode and recurrent depressive disorder according to
WHO [53]. The inclusion criteria were based on those outlined in ICD-
10 (F32.0–7.32.2, F33.0–F33.8). A case history was obtained from
each patient using the standardized Composite International
Diagnostic Interview (CIDI) [54] prior to the start of the experiment.
Depression severity was evaluated and classified using the 21-item
Hamilton Depression Rating Scale (HDRS) [55]. Intensity levels of
depressive symptoms were measured with the use of the grades
presented in the study conducted by Demyttenaere and De Fruyt
[56]. Each patient was examined by the same psychiatrist (CIDI and
HDRS). A psychiatric evaluation was performed before the patient
was included in the study and after antidepressant therapy of
selective serotonin reuptake inhibitors (SSRIs). All the subjects were
examined during their hospitalisation and no symptoms of concur-
Table 2
The detailed characteristic of patients which were qualified the study.

Depression severity

(HAMD range of scores)

Percentage of

patients before

treatment (%)

Percentage of

patients after

treatment (%)

None (0–7) 0.43 68.65

Mild (8–16) 12.29 30.08

Moderate (17–23) 33.47 1.27

Severe (�24) 53.81 0

Mean age of patients with first episode 30

Mean age of patients during first episode (for other patients) 36

Mean age of patients during first episode (for all patients) 35

Mean age of patients enrolled in the study 49

Duration of disease

from the first episode

Percentage of

patients (%)

0–10 years 52.12

11–20 years 19.92

21–30 years 17.80

31–40 years 9.32

�41 years 0.84

Number of episodes Percentage of

patients (%)

1 13.56

2 31.36

3 31.78

4 18.64

5 4.24

6 0.42

oi.org/10.1016/j.eurpsy.2017.10.012 Published online by Cambridge University Press
rent somatic diseases or axis I and II disorders, other than depressive
episodes, were diagnosed in them. Inflammatory or autoimmune
disorders, central nervous system traumas, and unwillingness to give
informed consent were additional exclusion criteria. Patients with
familial prevalence of mental disorders other than recurrent
depressive disorders were excluded from the examined group. The
individuals taking part in the experiment were native Poles from
central Poland (not related). They were chosen for the study group at
random without replacement sampling. Participation in the study
was voluntary. Before making a decision to participate in the study,
the subjects were informed of the purpose and assured of the
voluntary nature of the experiment, and guaranteed that their
personal data would be kept in secret. The patients and healthy
volunteers were informed about the details of this experiment and
gave their written consent to participate in this study, according to
the protocol approved by the Bioethics Committee of the Medical
University of Lodz (no. RNN/70/14/KE).

2.2. Selection of single-nucleotide polymorphisms

The studied SNPs in ROS and RNS genes were selected from the
database of Single Nucleotide Polymorphisms of the National Center
for Biotechnology Information (NCBI dbSNP), available at http://
www.ncbi.nlm.nih.gov/snp (Bethesda, MD, USA). The following six
polymorphisms were chosen: c.47T > C (p.Val16Ala) (rs4880) in
SOD2, c.-89A > T (rs7943316) in CAT, c.660T> C (rs713041) – GPx4,
c.-420-34221G> A (rs1879417) in NOS1, c.1823C> T (p.Ser608Leu)
(rs2297518), and c.-227G > C (rs10459953) in NOS2, which a minor
allele frequency (MAF) higher than 0.05 in the European population
(submitter population ID: HapMap-CEU). All polymorphisms are
located in the coding or regulatory regions of genes and may have
functional significance for transcription and protein function.

2.3. DNA extraction

Genomic DNA was isolated from venous blood using commer-
cially available Blood Mini Kit (A&A Biotechnology, Gdynia,
Poland). Blood samples were collected from each of the patients
with DD before antidepressant therapy, and from all healthy
volunteers. DNA purity and concentration were measured by
comparing the absorbance at 260 and 280 nm; after that, the
samples were stored at �20 8C until use.

2.4. Genotyping

The tested SNPs were genotyped using the TaqMan SNP
Genotyping Assay (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) and 2X Master Mix Takyon for Probe Assay–No
ROX (Eurogentec, Liège, Belgium), according to the manufactu-
rer’s instructions. Real-time PCRs were carried out in the Bio-Rad
CFX96 Real-Time PCR Detection System and analysed in the
CFX Manager Software (Bio-Rad Laboratories Inc., Hercules,
California, USA).

2.5. Statistical analysis

A statistical analysis of the data was performed using
Statistica 12 (Statsoft, Tulsa, OK, USA) and SigmaPlot 11.0 (Systat
Software Inc., San Jose, CA, USA). The association between case/
control and each studied polymorphism was estimated using an
unconditional multiple logistic regression model. The results are
shown as odds ratios (ORs) with 95% confidence interval (95% CI).
In addition, the OR was adjusted for sex, since women are exposed
to a doubled risk of depression in comparison to men [29]. The
data presenting the results from the distribution of genotypes by
age of the first episode of depression are indicated as the

http://www.ncbi.nlm.nih.gov/snp
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median � inter-quartile range. The normality of distribution was
verified using the Shapiro-Wilk test and then the significance of
differences between the studied values was determined, according-
ly, by either the Mann-Whitney test or Student’s t test. The Student’s
t test was used only in the case of the c.1823C > T–NOS2 (rs2297518)
polymorphism; the Mann-Whitney test was used for the remaining
polymorphisms.

3. Result

3.1. Single nucleotide polymorphism of the SOD2, CAT, GPx4, NOS1

and NOS2 gene and depression occurrence

Table 3 shows the distribution of genotypes and alleles of the
studied polymorphisms of the SOD2, CAT, GPx4, NOS1 and NOS2

gene in the patients with DD and in healthy volunteers. The
distribution of the genotypes in all groups was in agreement with
the Hardy-Weinberg equilibrium. The results demonstrated that
the T/T genotype of the c.47T > C (rs4880) polymorphism of the
SOD2 gene was associated with an increased risk of depression. In
the case of c.-89A > T (rs7943316) – CAT, the A/A genotype was
linked with an increased risk of DD occurrence, while the A/T
genotype of the same polymorphism reduced this risk. Moreover,
Table 3
Distribution of genotypes and alleles of c.804-7C>A, c.-1668T>A, c.803 + 221C>A, c.-

Genotype/Allele Control (n = 229) Depression (n = 281)

Number Frequency Number Frequency

c.47T>C (p.Val16Ala)–SOD2 (rs4880)

T/T 9 0.039 29 0.103
T/C 150 0.655 170 0.605

C/C 70 0.306 82 0.292

x2 = 2.551; P = 0.110

T 168 0.367 228 0.406

C 290 0.633 334 0.594

c.-89A> T–CAT (rs7943316)

A/A 42 0.183 33 0.117
A/T 98 0.428 160 0.569
T/T 89 0.389 88 0.313

x2 = 0.0215; P = 0.883

A 182 0.397 226 0.402

T 276 0.603 336 0.598

c.660T>C–GPx4 (rs713041)

T/T 8 0.035 53 0.189
T/C 138 0.603 141 0.603
C/C 83 0.362 87 0.310

x2 = 13.280; P<0.001

T 154 0.336 247 0.440
C 304 0.664 315 0.560

c.-420-34221G>A–NOS1 (rs1879417)

G/G 1 0.004 0 0

G/A 156 0.681 204 0.726

A/A 72 0.314 77 0.274

x2 = 0.889; P = 0.641

G 158 0.345 204 0.363

A 300 0.655 358 0.637

c.1823C> T (p.Ser608Leu)–NOS2 (rs2297518)

C/C 15 0.066 14 0.050

C/T 67 0.293 78 0.278

T/T 147 0.642 189 0.673

x2 = 0.720; P = 0.396

C 97 0.212 106 0.189

T 361 0.788 456 0.811

c.-227G>C–NOS2 (rs10459953)

G/G 78 0.341 118 0.420

G/C 114 0.498 120 0.427

C/C 37 0.162 43 0.153

x2 = 1.990; P = 0.158

G 270 0.590 356 0.633

C 188 0.410 203 0.367

P<0.05 along with corresponding ORs are in bold.
a OR adjusted for sex.

rg/10.1016/j.eurpsy.2017.10.012 Published online by Cambridge University Press
genotype T/T and allele T of c.660T > C (rs713041) – GPx4

increased the risk of DD development, while the T/C heterozygote
and C allele diminished this risk.

No correlation was found between genotypes/alleles of the c.-
420-34221G > A (rs1879417)–NOS1, c.1823C > T (rs2297518),
and c.-227G > C (rs10459953)–NOS2 polymorphisms, and DD
development.

3.2. Single-nucleotide polymorphisms of genes encoding enzymes of

oxidative and nitrosative stress, and the age of the first episode of

depression and the severity classification on the Hamilton Depression

Rating Scale

A difference was found in the age distribution of the first
depressive episode between the T/T and T/C genotypes of the
c.47T > C–SOD2 (rs4880) polymorphism. Moreover, a difference
between the A/A and A/T genotypes of the c.-89A > T–CAT

(rs7943316) polymorphism was detected. However, no association
was found for the remaining polymorphisms studied (Fig. 1 and
Supplementary Fig. 1). Moreover, no significant differences in the
distribution of the severity classification on the Hamilton
Depression Rating Scale and the genotypes of studied SNPs (data
unpublished) were revealed.
173A>T, c.-1449C>A and c.-844G>T and the risk of DD.

Crude OR (95% CI)a P Adjusted OR (95% CI)a P

2.524 (1.308–6.096) 0.008 2.823 (1.308–6.095) 0.008
0.814 (0.566–1.170) 0.266 0.814 (0.565–1.172) 0.268

0.925 (0.631–1.354) 0.687 0.922 (0.629–1.353) 0.679

1.286 (0.943–1.753) 0.111 1.289 (0.945–1.759) 0.109

0.778 (0.570–1.060) 0.111 0.776 (0.569–1.058) 0.109

0.595 (0.363–0.975) 0.039 0.595 (0.363–0.975) 0.039
1.757 (1.234–2.499) 0.002 1.762 (1.236–2.511) 0.002
0.721 (0.500–1.040) 0.080 0.720 (0.498–1.041) 0.080

1.020 (0.787–1.321) 0.883 1.019 (0.786–1.321) 0.888

0.981 (0.757–1.271) 0.883 0.982 (0.757–1.272) 0.888

6.450 (2.998–13.877) <0.001 6.463 (3.003–13.907) <0.001
0.659 (0.463–0.939) 0.021 0.659 (0.463–0.939) 0.021
0.793 (0.548–1.148) 0.219 0.791 (0.546–1.145) 0.214

1.678 (1.264–2.226) <0.001 1.684 (1.268–2.237) <0.001
0.596 (0.449–0.791) <0.001 0.594 (0.447–0.788) <0.001

– – – –

1.212 (0.828–1.775) 0.323 1.212 (0.827–1.775) 0.324

0.827 (0.564–1.213) 0.331 0.827 (0.564–1.213) 0.331

1.161 (0.794–1.696) 0.442 1.161 (0.794–1.696) 0.442

0.835 (0.572–1.218) 0.348 0.835 (0.572–1.218) 0.348

0.751 (0.355–1.590) 0.454 0.745 (0.350–1.585) –

0.934 (0.634–1.374) 0.728 0.934 (0.635–1.376) 0.324

1.140 (0.789–1.646) 0.485 1.140 (0.789–1.647) 0.331

0.881 (0.657–1.181) 0.396 0.880 (0.656–1.180) 0.393

0.881 (0.657–1.181) 0.396 1.136 (0.848–1.524) 0.393

1.401 (0.976–2.012) 0.067 1.401 (0.976–2.012) 0.068

0.752 (0.529–1.068) 0.111 0.991 (0.530–1.068) 0.111

0.938 (0.581–1.513) 0.792 0.938 (0.581–1.514) 0.793

1.197 (0.932–1.536) 0.159 1.197 (0.932–1.537) 0.159

0.836 (0.651–1.073) 0.159 0.836 (0.651–1.073) 0.159

https://doi.org/10.1016/j.eurpsy.2017.10.012
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Fig. 1. Distribution of the age of the first episode of depression and single-nucleotide polymorphisms of genes encoding SOD2 and CAT. The horizontal lines denote the

median, while the whiskers show the inter-quartile range.
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3.3. Single-nucleotide polymorphisms of genes encoding enzymes of

oxidative and nitrosative stress, and depression occurrence in male

and female population

Previous studies have suggested that women have been exposed
to a doubled risk of depression development in comparison to men
Table 4
Distribution of genotypes and alleles of c.804-7C>A, c.-1668T>A, c.803 + 221C>A, c

population.

Genotype/Allele Men (n = 268)

Control (n = 120) Depression (n = 148) Crude OR (95% CI)a P

N (Freq.) N (Freq.)

c.47T>C (p.Val16Ala)–SOD2 (rs4880)

T/T 4 (0.033) 17 (0.115) 3.763 (1.231–11.505) 0
T/C 71 (0.592) 86 (0.581) 0.957 (0.587–1.561) 0

C/C 45 (0.375) 45 (0.304) 0.728 (0.438–1.212) 0

x2 = 4.465; P = 0.035
T 79 (0.329) 120 (0.405) 1.561 (1.028–2.369) 0
C 161 (0.671) 176 (0.595) 0.641 (0.422–0.973) 0

c.-89A>T–CAT (rs7943316)

A/A 25 (0.208) 14 (0.095) 0.397 (0.196–0.804) 0
A/T 58 (0.483) 89 (0.601) 1.613 (0.991–2.622) 0

T/T 37 (0.308) 45 (0.304) 0.980 (0.581–1.652) 0

x2 = 1.868; P = 0.172

A 108 (0.450) 117 (0.395) 0.773 (0.533–1.120) 0

T 132 (0.550) 179 (0.605) 1.194 (0.893–1.877) 0

c.660T>C–GPx (rs713041)

T/T 3 (0.025) 27 (0.182) 8.702 (2.570–29.464) <

T/C 72 (0.600) 67 (0.453) 0.551 (0.339–0.898) 0
C/C 45 (0.375) 54 (0.365) 0.957 (0.582–1.576) 0

x2 = 9.683; P = 0.002
T 78 (0.325) 121 (0.409) 1.508 (1.028–2.211) 0
C 162 (0.675) 175 (0.591) 0.663 (0.452–0.972) 0

c.1823C>T (p.Ser608Leu)–NOS2 (rs2297518)

C/C 12 (0.100) 10 (0.068) 0.652 (0.272–1.566) 0

C/T 35 (0.292) 35 (0.236) 0.752 (0.435–1.299) 0

T/T 73 (0.608) 103 (0.696) 1.474 (0.888–2.447) 0

x2 = 0.251; P = 0.616

C 59 (0.246) 55 (0.186) 0.746 (0.511–1.088) 0

T 181 (0.754) 241 (0.814) 1.341 (0.919–1.956) 0

c.-420-34221G>A–NOS1 (rs1879417)

G/G 0 (–) 0 (–) – –

G/A 82 (0.068) 108 (0.730) 1.251 (0.737–2.123) 0

A/A 38 (0.317) 40 (0.270) 0.799 (0.471–1.356) 0

x2 = 0.889; P = 0.641

G 82 (0.342) 108 (0.365) 1.251 (0.737–2.123) 0

A 158 (0.658) 188 (0.635) 0.799 (0.471–1.356) 0

c.-227G>C–NOS2 (rs10459953)

C/C 19 (0.158) 21 (0.142) 0.879 (0.448–1.724) 0

G/C 54 (0.450) 68 (0.459) 1.039 (0.641–1.685) 0

G/G 47 (0.392) 59 (0.399) 1.030 (0.629–1.685) 0

x2 = 0.075; P = 0.784

C 92 (0.383) 110 (0.372) 0.953 (0.674–1.347) 0

G 148 (0.617) 186 (0.628) 1.050 (0.743–1.483) 0

P<0.05 along with corresponding ORs are in bold.
a OR adjusted for sex.
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[57]. Therefore, we decided to investigate the association between
the prevalence of DD in male/female population and all studied
polymorphisms (Table 4). In the case of the c.47T > C (p.Val16Ala)–
SOD2 (rs4880) polymorphism, the T/T genotype and T allele
increased the risk of DD in men, while the C allele of the same
SNP reduced this risk in the population. However, no correlation
.-173A>T, c.-1449C>A and c.-844G>T and the risk of DD in male and female

Women (n = 242)

Control (n = 109) Depression (n = 133) Crude OR (95% CI)a P

N (Freq.) N (Freq.)

.020 5 (0.046) 12 (0.090) 2.063 (0.704–6.048) 0.187

.861 79 (0.725) 84 (0.632) 0.561 (0.376–1.127) 0.125

.222 25 (0.229) 37 (0.278) 1.295 (0.721–2.327) 0.387

x2 = 0.004; P = 0.949

.037 89 (0.408) 108 (0.406) 0.985 (0.616–1.574) 0.949

.037 129 (0.592) 158 (0.594) 1.015(0.635–1.623) 0.949

.010 17 (0.156) 19 (0.143) 0.902 (0.444–1.834) 0.776

.054 40 (0.367) 71 (0.534) 1.975 (1.177–3.314) 0.010

.940 52 (0.477) 43 (0.323) 0.524 (0.311–0.883) 0.015
x2 = 2.474; P = 0.116

.173 74 (0.339) 109 (0.410) 1.343 (0.928–1.945) 0.118

.173 144 (0.661) 157 (0.590) 0.744 (0.514–1.078) 0.118

0.001 5 (0.046) 26 (0.195) 5.054 (1.870–13.662) 0.001
.017 66 (0.606) 74 (0.556) 0.817 (0.489–1.367) 0.442

.864 3 (0.349) 33 (0.248) 0.617 (0.353–1.076) 0.089

x2 = 9.683; P = 0.002
.035 76 (0.349) 126 (0.474) 1.930 (1.262–2.952) 0.002
.035 142 (0.651) 140 (0.526) 0.518 (0.339–0.792) 0.002

.339 3 (0.280) 4 (0.030) 1.096 (0.240–5.004) 0.906

.307 32 (0.294) 4 (0.323) 1.150 (0.664–1.992) 0.619

.134 74 (0.679) 86 (0.647) 0.865 (0.506–1.480) 0.598

x2 = 0.004; P = 0.949

.128 38 (0.174) 51 (0.192) 1.128 (0.703–1.809) 0.617

.128 180 (0.826) 215 (0.808) 0.886 (0.553–1.422) 0.617

1 (0.009) 0 (–) – –

.406 74 (0.679) 96 (0.722) 1.227 (0.706–2.133) 0.468

.406 34 (0.312) 37 (0.278) 0.850 (0.488–1.481) 0.567

x2 = 0.169; P = 0.681

.406 76 (0.349) 96 (0.361) 1.121 (0.649–1.938) 0.681

.406 142 (0.651) 170 (0.639) 0.892 (0.516–1.541) 0.681

.707 18 (0.165) 22 (0.165) 1.002 (0.507–1.981) 0.995

.877 60 (0.550) 52 (0.391) 0.524 (0.314–0.876) 0.014

.907 31 (0.284) 59 (0.444) 2.006 (1.171–3.438) 0.011
x2 = 3.066; P = 0.080

.784 96 (0.440) 96 (0.361) 0.724 (0.503–1.041) 0.082

.784 122 (0.560) 170 (0.639) 1.381 (0.960–1.987) 0.082
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between the studied polymorphisms and the risk of DD in female
population was detected and confirmed. Furthermore, the A/A
genotype of c.-89A > T–CAT (rs7943316) decreased the risk of
depression in men, while the A/T and T/T genotypes of the same
polymorphism reduced the risk in women. The T/T genotype and the
T allele of the c.660T > C (rs713041)–GPx polymorphism are
associated with the occurrence of depression in both groups studied.
Moreover, the T/C heterozygote of the same SNP caused an increase
of DD risk only in the male population. On the other hand, the C allele
of the same polymorphism was associated with a decreased risk in
the group of males and females. In the case of c.-227G > C–NOS2

(rs10459953), the G/C genotype was associated with a reduced risk
of depression development in women, while the G/G genotype of the
same polymorphism increased this risk in the population. However,
no correlation between the polymorphism and the appearance of
depressive disorders was found in the male population.

Moreover, the differences between the distribution of geno-
types and alleles and the sex of the patients with depression were
investigated. It was revealed that the C/C genotype of the
c.660T > C–GPx4 polymorphism occurred about two times more
seldom in women than in men (Crude OR [95% CI] = 0.574 [0.343–
0.963], P = 0.035). This association was not found for the remaining
polymorphisms studies (data not published).

3.4. Haplotypes and DD prevalence

Our team also studied the correlation between the occurrence
of depressive disorders and haplotypes of the c.1823C > T
(rs2297518) and c.-227G > C (rs10459953) polymorphisms of
the NOS2 gene. Supplementary Table 1 shows the association
between depression and haplotypes of the studied polymor-
phisms. No correlation between the studied haplotypes of the two
polymorphisms and the risk of DD was found.

3.5. Gene-gene interactions and the risk of depression

We also investigated the correlation between the occurrence of
DD and combined genotypes of the studied polymorphisms. The
distribution of the combined genotypes is presented in Table 5 and
Supplementary Table 2. We observed that the A/T-T/T combined
genotype of the c.-89A > T (rs7943316)–CAT and c.47T > C
(rs4880)–SOD2 polymorphisms was associated with an increased
risk of DD. Moreover, the T/T-T/T combined genotypes of
c.47T > C–SOD2 (rs4880) and c.1823C > T–NOS2 (rs2297515)
caused a nearly five-fold increase of the risk in the Polish
population. The link between a reduced risk of depression and
the frequency of the T/C-C/G genotype of the c.47T > C (rs4880) –
SOD2 and c.-227G > C (rs10459953) – NOS2 polymorphisms was
confirmed in our study. Additionally, the presence of the T/C-T/T
combined genotype of the c.47T > C (rs4880)–SOD2 and
c.660T > C (rs713041)–GPx4 polymorphisms elevated the risk of
depression development more than 11 times. On the other hand,
the T/C-T/C and T/C-C/C genotypes of the same combination of
polymorphisms were associated with a diminished risk of DD
occurrence. The A/T-T/T and T/T-T/T genotypes of c.-89A > T
(rs7943316)–CAT and c.660T > C (rs713041)–GPx4 caused an
increase of the risk of DD by just about six times, whereas the
A/T-T/C and T/T-C/C genotypes of the same combined polymor-
phisms brought about a reduction of this risk. In the case of
c1823C > T (rs2297518) and c. 660T > C (rs713041), combined
genotypes T/T–T/T were associated with a twelvefold increase of
the DD risk. Moreover, we found that the G/A-T/T genotype of c.-
420-3422G > A (rs187944)–NOS1 and c.660T > C (rs713041)–
GPx4 increased the risk of depression nearly sevenfold. However,
the G/C-T/T and G/G-T/T genotypes of the c.-227G > C
(rs10459953)–NOS2 and c.660T > C (rs713041)–GPx4 combined
rg/10.1016/j.eurpsy.2017.10.012 Published online by Cambridge University Press
polymorphisms were positively correlated with depression, while
genotype G/C-C/C of the same SNP combination was negatively
correlated with the disease. On the other hand, the T/T-C/T
genotype of the c.-89A > T (rs7943316)–CAT and c.1823C > T
(rs2297518)–NOS2 combined polymorphisms increased the risk of
depression, while the T/T-T/T genotype of the same combination
reduced the risk. In the case of c.-89A > T (rs7943316)–CAT and c.-
227G > C (rs10459953)–NOS2, combined genotype A/T-G/G was
associated with occurrence of DD. Moreover, the A/T-G/A genotype
of the c.-89A > T (rs7943316)–CAT and c.-420-34221G > A
(rs1879417)–NOS1 combined polymorphisms increased the risk
of depression occurrence, while the A/A-A/A genotype of the same
polymorphisms combination reduced this risk.

No statistical correlation was found between combined
genotypes of c.47T > C (rs4880)–SOD2 and c.-420-34221G > A
(rs1879417)–NOS1, c.1823C > T (rs2297518)–NOS2 and c.-420-
34221G > A (rs1879417)–NOS1, c.-420-34221G > A (rs1879417)–
NOS1 and c.-227G > C (rs10459953)–NOS2 SNPs and the develop-
ment of depressive disorders.

3.6. Single-nucleotide polymorphisms of genes encoding oxidative

and nitrosative stress enzymes, and effectiveness of depression

treatment

We also studied the impact of single-nucleotide polymor-
phisms of genes encoding enzymes, generating ROS and NOS, on
the effectiveness of antidepressant treatment with the adminis-
tration of SSRI. The patients were divided into two groups–those
who received a maximum of 7 points on the Hamilton Rating Scale
for Depression after treatment (marked as effectiveness of
antidepressant therapy), and those whose total score after
treatment was more than 7 points (marked as ineffective
antidepressant therapy). No impact of single-nucleotide polymor-
phisms of genes encoding enzymes, generating of ROS and NOS, on
the effectiveness of the SSRIs therapy was found (data not shown).
Moreover, we investigated the distribution of genotypes of the
studied polymorphism and the percentage of the Hamilton Rating
Scale for Depression (Supplementary Fig. 2), yet no difference in
the percentage dispersion of the Hamilton Rating Scale for
Depression between genotypes of the studied polymorphism
was confirmed.

4. Discussion

Previous studies suggest that the intensification of oxidative
and nitrosative stress processes may play a crucial role in
depression development [58]. As mentioned in the Introduction,
these abnormalities may be a result of the irregular functioning of
the enzymes involved in the generation and elimination of ROS and
RNS, such as SOD2, CAT, GPx4, NOS1 and NOS2. This is the first
study to show that the chosen SNPs of genes encoding these
proteins may modulate the risk of DD.

One of the most effective intracellular antioxidants is manga-
nese superoxide dismutase (encoded by the SOD2 gene which is
located on chromosome 6q25), which is a key mitochondrial
enzyme and protects the cell against ROS [59]. In our study, we
found the association between depression development and the
occurrence of c.47T > C SNP (rs4880)–SOD2. The studied SNP
brings about an transformation of amino acid from valine (Val) to
alanine (Ala) at position 16, which – as a result – leads to a
conformational change in the target sequence of SOD2 and
decreases its antioxidant potential in mitochondria [60,61]. More-
over, it has been suggested that the T allele may be associated with
lower enzymatic efficiency and the risk of higher ROS levels [62]. In
addition, another study confirmed that the Val variant may induce
a 30 to 40% increase in SOD2 activity in mitochondria [63]. Accord-
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Table 5
Distribution of the combined genotype of the studied polymorphisms and risk of the depression.

Combined genotype Control (n = 229) Depression (n = 281) Crude OR (95% CI)a P Adjusted OR (95% CI)a P

Number Frequency Number Frequency

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

A/A-T/T 3 0.013 3 0.011 0.813(0.163–)4.067 0.801 0.813 (0.163–4.068) 0.801

A/A-T/C 26 0.114 20 0.071 0.598 (0.325–1.102) 0.099 0.598 (0.325–1.102) 0.099

A/A-C/C 13 0.057 10 0.036 0.613 (0.264–1.425) 0.256 0.613 (0.264–1.425) 0.256

A/T-T/T 2 0.009 13 0.046 5.506 (1.229–24.654) 0.026 5.506 (1.229–24.661) 0.026
A/T-T/C 68 0.297 96 0.342 1.229 (0.844–1.789) 0.283 1.229 (0.844–1.789) 0.283

A/T-C/C 28 0.122 51 0.181 1.592 (0.967–2.620) 0.068 1.599 (0.968–2.639) 0.067

T/T-T/T 4 0.017 13 0.046 2.729 (0.877–8.485) 0.083 2.728 (0.877–8.485) 0.083

T/T-T/C 56 0.245 54 0.192 0.735 (0.481–1.122) 0.153 0.733 (0.479–1.122) 0.153

T/T-C/C 29 0.127 21 0.075 0.557 (0.308–1.006) 0.052 0.557 (0.308–1.006) 0.052

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

T/T-C/C 2 0.009 5 0.018 2.056 (0.395–10.698) 0.392 2.057 (0.394–10.748) 0.393

T/T-C/T 4 0.017 7 0.025 1.437 (0.415–4.971) 0.567 1.438 (0.416–4.977) 0.566

T/T-T/T 3 0.013 17 0.060 4.851 (1.404–16.766) 0.013 4.853 (1.404–16.774) 0.013
T/C-C/C 7 0.031 7 0.025 0.810 (0.280–2.344) 0.698 0.809 (0.279–2.343) 0.696

T/C-C/T 43 0.188 52 0.185 0.982 (0.628–1.537) 0.937 0.983 (0.628–1.540) 0.940

T/C-T/T 100 0.437 111 0.395 0.842 (0.591–1.200) 0.342 0.842 (0.591–1.201) 0.343

C/C-C/C 6 0.026 2 0.007 0.266 (0.053–1.333) 0.107 0.263 (0.052–1.321) 0.105

C/C-C/T 20 0.087 19 0.068 0.758 (0.394–1.457) 0.406 0.758 (0.394–1.457) 0.405

C/C-T/T 44 0.192 61 0.217 1.166 (0.755–1.800) 0.489 1.166 (0.754–1.801) 0.490

c.47T>C (p.Val16Ala)–SOD2 (rs4880) and c.-227G>C–NOS1 (rs10459953)

T/T-C/C 0 – 5 0.018 – – – –

T/T-C/G 4 0.017 12 0.043 2.509 (0.798–7.888) 0.115 2.509 (0.798–7.892) 0.116

T/T-G/G 5 0.022 12 0.043 1.999 (0.694–5.758) 0.200 1.998 (0.693–5.758) 0.200

T/C-C/C 23 0.100 25 0.089 0.875 (0.482–1.586) 0.659 0.875 (0.482–1.588) 0.661

T/C-C/G 76 0.332 63 0.224 0.582 (0.393–0.862) 0.007 0.581 (0.392–0.861) 0.007
T/C-G/G 51 0.223 82 0.292 1.438 (0.960–2.154) 0.078 1.439 (0.961–2.154) 0.078

C/C-C/C 14 0.061 13 0.046 0.745 (0.343–1.618) 0.457 0.744 (0.342–1.617) 0.455

C/C-C/G 34 0.148 45 0.160 1.094 (0.674–1.775) 0.717 1.093 (0.673–1.774) 0.719

C/C-G/G 22 0.096 24 0.085 0.879 (0.479–1.612) 0.676 0.877 (0.478–1.611) 0.673

c.47T>C (p.Val16Ala)–SOD2 (rs4880) and c.660T>C–GPx4 (rs713041)

T/T-T/T 1 0.004 5 0.018 4.130 (0.479–35.608) 0.197 4.129 (0.479–35.613) 0.197

T/T-T/C 6 0.026 15 0.053 2.096 (0.800–5.492) 0.132 2.101 (0.801–5.508) 0.131

T/T-C/C 2 0.009 9 0.032 3.756 (0.803–17.558) 0.093 3.762 (0.803–17.619) 0.093

T/C-T/T 3 0.013 36 0.128 11.069 (3.362–36.444) <0.001 11.222 (3.403–37.006) <0.001
T/C-T/C 85 0.371 80 0.285 0.674 (0.464–0.979) 0.038 0.672 (0.462–0.978) 0.038
T/C-C/C 62 0.271 54 0.192 0.641 (0.423–0.971) 0.036 0.639 (0.421–0.970) 0.035
C/C-T/T 4 0.017 12 0.043 2.509 (0.798–7.888) 0.115 2.512 (0.798–7.908) 0.115

C/C-T/C 47 0.205 46 0.164 0.758 (0.483–1.189) 0.228 0.756 (0.482–1.188) 0.225

C/C-C/C 19 0.083 24 0.085 1.032 (0.550–1.936) 0.921 1.032 (0.550–1.935) 0.922

c.-89A>T (rs7943316)–CAT and c.660T>C–GPx4 (rs713041)

A/A-T/T 1 0.004 5 0.018 4.130 (0.479–35.608) 0.197 4.138 (0.479–35.775) 0.197

A/A-T/C 28 0.122 14 0.050 0.376 (0.193–0.733) 0.004 0.376 (0.193–0.733) 0.004
A/A-C/C 13 0.057 14 0.050 0.871 (0.401–1.893) 0.728 0.871 (0.401–1.892) 0.727

A/T-T/T 4 0.017 29 0.103 6.473 (2.421–18.698) <0.001 6.493 (2.247–18.762) <0.001
A/T-T/C 60 0.262 80 0.285 1.121 (0.757–1.660) 0.568 1.121 (0.757–1.660) 0.569

A/T-C/C 34 0.148 51 0.181 1.272 (0.792–2.043) 0.320 1.273 (0.791–2.049) 0.321

T/T-T/T 3 0.013 19 0.068 5.463 (1.596–18.701) 0.007 5.475 (1.599–18.747) 0.007
T/T-C/T 50 0.218 47 0.167 0.719 (0.462–1.120) 0.145 0.718 (0.460–1.120) 0.145

T/T-C/C 36 0.157 22 0.078 0.455 (0.260–0.799) 0.006 0.455 (0.260–0.799) 0.006
c.1823C>T (p.Ser608Leu)–NOS2 (rs2297518) and c.660T>C–GPx4 (rs713041)

C/C-T/T 1 0.004 1 0.004 0.814 (0.051–13.090) 0.885 0.810 (0.050–13.079) 0.882

C/C-T/C 10 0.044 7 0.025 0.559 (0.210–1.494) 0.246 1.226 (0.341–4.403) 0.755

C/C-C/C 4 0.017 6 0.021 1.227 (0.342–4.402) 0.753 1.226 (0.341–4.403) 0.755

C/T-T/T 4 0.017 12 0.043 2.509 (0.798–7.888) 0.115 2.520 (0.800–7.932) 0.114

C/T-T/C 34 0.148 40 0.142 0.952 (0.580–1.561) 0.845 0.953 (0.580–1.566) 0.849

C/T-C/C 29 0.127 26 0.093 0.703 (0.401–1.232) 0.218 0.702 (0.400–1.231) 0.217

T/T-T/T 3 0.013 40 0.142 12.503 (3.814–40.985) <0.001 12.508 (3.816–41.000) <0.001
T/T-T/C 94 0.410 94 0.335 0.722 (0.503–1.036) 0.077 0.722 (0.503–1.037) 0.078

T/T-C/C 50 0.218 55 0.196 0.871 (0.567–1.340) 0.530 0.871 (0.566–1.339) 0.528

c.-89A>T–CAT (rs7943316) and c.1823C> T (p.Ser608Leu)–NOS2 (rs2297518)

A/A-C/C 5 0.022 2 0.007 0.321 (0.062–1.671) 0.177 0.320 (0.061–1.666) 0.176

A/A-C/T 5 0.22 2 0.007 0.321 (0.062–1.671) 0.177 0.318 (0.061–1.661) 0.174

A/A-T/T 5 0.022 10 0.036 1.653 (0.557–4.907) 0.365 1.654 (0.556–4.921) 0.366

A/T-C/C 14 0.061 10 0.036 0.567 (0.247–1.301) 0.180 0.567 (0.247–1.302) 0.181

A/T-C/T 31 0.135 44 0.157 1.186 (0.722–1.949) 0.501 1.185 (0.721–1.949) 0.503

A/T-T/T 22 0.096 24 0.085 0.879 (0.479–1.612) 0.676 0.879 (0.478–1.618) 0.679

T/T-C/C 23 0.100 21 0.075 0.723 (0.389–1.344) 0.305 0.723 (0.389–1.343) 0.305

T/T-C/T 62 0.271 114 0.406 1.839 (1.262–2.679) 0.002 1.840 (1.262–2.682) 0.002
T/T-T/T 62 0.271 54 0.192 0.641 (0.423–0.971) 0.036 0.640 (0.422–0.971) 0.036

c.-420-34221G>A–NOS1 (rs1879417) and c.660T>C–GPx4 (rs713041)

G/G-T/T 0 – 0 – – – – –

G/G-T/C 0 – 0 – – – – –

G/G-C/C 1 0.004 0 – – – – –
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Table 5 (Continued )

Combined genotype Control (n = 229) Depression (n = 281) Crude OR (95% CI)a P Adjusted OR (95% CI)a P

Number Frequency Number Frequency

G/A-T/T 6 0.026 43 0.153 6.715 (2.804–16.084) <0.001 6.718 (2.804–16.090) 0.001
G/A-T/C 94 0.410 97 0.345 0.757 (0.528–1.085) 0.130 0.757 (0.528–1.086) 0.130

G/A-C/C 56 0.245 64 0.228 0.911 (0.604–1.374) 0.657 0.910 (0.603–1.373) 0.653

A/A-T/T 2 0.009 10 0.036 4.188 (0.908–19.311) 0.066 4.199 (0.910–19.371) 0.066

A/A-T/C 44 0.192 44 0.157 0.781 (0.493–1.236) 0.291 0.781 (0.493–1.237) 0.292

A/A-C/C 26 0.114 23 0.082 0.696 (0.386–1.256) 0.229 0.695 (0.385–1.255) 0.228

c.-227G>C–NOS2 (rs10459953) and c.660T>C–GPx4 (rs713041)

C/C-T/T 1 0.004 9 0.032 7.544 (0.949–59.993) 0.056 7.569 (0.951–60.223) 0.056

C/C-T/C 5 0.109 21 0.075 0.659 (0.359–1.211) 0.179 0.659 (0.359–1.211) 0.179

C/C-C/C 11 0.048 13 0.045 0.961 (0.422–2.188) 0.925 0.962 (0.422–2.191) 0.927

G/C-T/T 2 0.009 24 0.085 10.599 (2.478–45.344) 0.001 10.605 (2.479–45.372) 0.001
G/C-T/C 67 0.293 61 0.27 0.670 (0.449–1.002) 0.051 0.670 (0.448–1.002) 0.051

G/C-C/C 45 0.197 35 0.125 0.582 (0.360–0.941) 0.027 0.580 (0.358–0.939) 0.027
G/G-T/T 5 0.022 20 0.071 3.433 (1.268–9.295) 0.015 3.433 (1.268–9.296) 0.015
G/G-T/C 46 0.201 59 0.210 1.057 (0.686–1.629) 0.801 1.058 (0.686–1.630) 0.800

G/G-C/C 27 0.118 39 0.139 1.206 (0.713–2.038) 0.485 1.205 (0.712–2.040) 0.486

c.-89A> T–CAT (rs7943316) and c.-227G>C–NOS2 (rs10459953)

A/A-C/C 6 0.026 6 0.021 0.811(0.258–2.549) 0.720 0.812 (0.258–2.558) 0.722

A/A-C/G 19 0.083 14 0.050 0.580 (0.284–1.183) 0.134 0.580 (0.284–1.184) 0.134

A/A-G/G 17 0.074 13 0.046 0.602 (0.286–1.271) 0.183 0.602 (0.286–1.270) 0.183

A/T-C/C 13 0.057 23 0.082 1.481 (0.733–2.994) 0.274 1.481 (0.733–2.993) 0.274

A/T-C/G 55 0.240 68 0.241 1.010 (0.672–1.519) 0.962 1.009 (0.670–1.519) 0.965

A/T-G/G 30 0.131 69 0.246 2.159 (1.349–3.455) 0.001 2.159 (1.349–3.456) 0.001
T/T-C/C 18 0.079 14 0.050 0.615 (0.299–1.265) 0.186 0.615 (0.299–1.265) 0.186

T/T-C/G 40 0.175 38 0.135 0.739 (0.456–1.198) 0.219 0.738 (0.455–1.199) 0.220

T/T-G/G 31 0.135 36 0.128 0.939 (0.560–1.571) 0.809 0.939 (0.561–1.573) 0.811

c.-89A> T–CAT (rs7943316) and c.-420-34221G>A–NOS1 (rs1879417)

A/A-G/G 0 – 0 – – – – –

A/A-G/A 26 0.114 29 0.103 0.899 (0.513–1.574) 0.708 0.898 (0.513–1.574) 0.708

A/A-A/A 16 0.070 4 0.014 0.192 (0.063–0.583) 0.004 0.192 (0.063–0.583) 0.004
A/T-G/G 0 – 0 – – – – –

A/T–G/A 67 0.293 115 0.409 1.675 (1.156–2.427) 0.006 1.677 (1.157-2.432) 0.006
A/T–A/A 31 0.135 45 0.160 1.218 (0.742–1.998) 0.435 1.218 (0.742-1.998) 0.436

T/T-G/G 1 0.004 0 – – – – –

T/T-G/A 63 0.275 60 0.214 0.715 (0.476–1.075) 0.107 0.715 (0.475–1.075) 0.107

T/T-A/A 25 0.109 28 0.100 0.903 (0.511–1.597) 0.726 0.904 (0.511–1.598) 0.727

P<0.05 along with corresponding ORs are in bold.
a OR adjusted for sex.
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ingly, our results suggest that the T/T homozygotes increase the
risk of DD (Table 3). However, this genotype is associated with the
development of depression only in Polish men (Table 4). Such
results may reflect the differences between sexes in the regulation
of enzymatic activity. So far, the polymorphism has been studied in
somatic diseases and a previous study revealed that the T/T
genotype was positively correlated with the occurrence of
migraine symptoms in Caucasian population [64]. Another study
demonstrated that the T/T and T/C genotypes were correlated with
the development of medulloblastoma in children [65].

The next important antioxidant enzyme, which converts
hydrogen peroxide into water and oxygen, is CAT. Its gene is
located on chromosome 11p13, while the studied c.89A > T
polymorphism (rs7943316) of the gene is present in its promoter
region and may cause a decrease of its expression and enzyme
activity [66]. So far, the CAT polymorphism has not been studied in
mental disorders, but it has been shown that the T/T genotype and
T allele are more frequent in the patients with vitiligo as compared
to controls in the population of Gujarat [67]. Similarly, we found
that the A/A genotype of the polymorphism was associated with a
decreased risk of depression development in Polish population,
while the A/T genotype elevated this risk (Table 3). However, we
found that the A/T and T/T genotypes were linked with a reduced
risk of depression development in females, while the A/A genotype
was associated with a decreased risk in males (Table 4). Such a
discrepancy may be a result of differences in the regulation of
enzymatic activity between men and women.

The next studied gene, GPx4, is located on chromosome 19p13.3
and encodes selenoprotein, which catalyses the reduction of
hydrogen peroxide, organic hydroperoxide, and lipid peroxides by
rg/10.1016/j.eurpsy.2017.10.012 Published online by Cambridge University Press
means of glutathione oxidation [68–70]. We were the first to
detect that polymorphism c.660T > C (rs713041) of GPx4 may
modulate the risk of depression development. The studied SNP is
located near the insertion sequence element in the gene’s 30

untranslated region (30UTR) and alters the protein-binding site to
this region. Studies suggest that the C variant determines higher
expression of GPx and protein activity than the T variant
[71,72]. Accordingly, we found that the T/T homozygote increased
the risk of DD (Table 3). In view of that, we demonstrated that the
C/C homozygote was less common in women with DD than in
depressed men (Table 4.). Similar results were obtained in the case
of the patients with hypertension; the T/T genotype of the studied
GPx4 SNP was associated with the occurrence of cerebral stroke in
the patients with essential hypertension [73]. On the other hand, it
was indicated that the heterozygote was associated with an
increased risk of death in the patients with breast cancer, and
correlated with the occurrence of colorectal cancer [74,75]; our
results indicate the T/C carriers reduce the risk of DD.

The next three polymorphisms studied are located in the gene
encoding nitric oxide synthase which catalyses conversion of L-
arginine to nitric oxide. So far, three isoforms of this enzyme have
been described, i.e. the neuronal type I (NOS1) and the endothelial
type (eNOS), which are constitutively expressed and regulated by
calmodulin and Ca2+, and the inducible type (iNOS or NOS2). NOS1
generates NO in the nervous tissue, while iNOS produces large
quantities of this compound upon stimulation by proinflammatory
cytokines [3,76]. Literature suggests that immune system deregula-
tion, including abnormal levels of interleukin 1beta (IL)-1b,
interleukin 6 (IL-6), interleukin 11 (IL-11), tumour necrosis factor-
alpha (TNF-a), and C-reactive protein (CRP), may increase the
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production of NO and, as a consequence, may lead to the development
of DD [77]. Additionally, animal studies confirmed that administra-
tion of IL-1b may cause behavioural alterations and the occurrence of
symptoms similar to those observed in major depression, such as
anhedonia, anorexia, weight loss, social withdrawal, psychomotor
retardation, irritability, and sleep disturbances. On the other hand,
increased levels of regulatory T cells (CD4(+)CD25(hi) Tregs) during
an antidepressant therapy can be the reason for a decrease in cytokine
production and recovery from depression. Thus, regulatory T cells can
indirectly reduce the production of reactive nitrogen forms and may
improve mental health.

NOS1 is located on chromosome 12q24 [78], while NOS2 is
located at 17q11.2–q12 [79]. The previous study showed that c.-
420-34221G > A–NOS1 and c.1823C > T–NOS2 were linked with
the longevity phenotype. Moreover, the C allele of the former SNP
was associated with weakened cognitive performance in geriatric
patients. In addition, this allele was associated with a lower
probability of survival until very old age [77]. The latter
polymorphism is located at exon 16 of NOS2, which partly encodes
the reductase domain [80], and thus may alter the structure or
function of NOS2 (F-SNP database). We were the first to study the
association between NOS1 and NOS2 polymorphisms and the
development of DD. No correlation between these three studied
polymorphisms of genes encoding NOS and the risk of depression
was found in this paper (Table 3). On the other hand, the gene-gene
analysis demonstrated that genotypes of combined SNPs may
strongly modulate the risk of DD occurrence (Table 5). Moreover,
we confirmed that the G/C and G/G genotypes of the c.-227G > C–
NOS2 (rs10459953) polymorphism were associated with the
development of depression in Polish women, while no such
association was found for the male population (Table 4). So far, it
has been shown that NOS2 SNP is not correlated with the male
infertility risk in Chinese population [81]. However, the T allele of
the same polymorphism increases the risk of nephritis in Henoch-
Schönlein purpura children [81]. Moreover, the C/C genotype and
the C allele bring about an increased risk of recurrent aphthous
stomatitis, whereas such a correlation has not been found in the
case of the c.-227G > C polymorphism [82]. On the other hand, the
T/T genotype of c.1823C > T SNP increases the risk of benign
prostatic hyperplasia in Korean men, while c.-227G > C does not
modulate this risk [83]. However, a recent study has shown that
the c.-227G > C polymorphism of NOS2 is linked with susceptibili-
ty to Type 2 Diabetes Mellitus and Diabetic Nephropathy in the
Chinese Han population [84].

5. Conclusion

We have demonstrated that the selected SNPs of the genes
involved in oxidative and nitrosative stress may have an impact on
the risk of developing depressive disorders. We have found that the
studied SNPs of the SOD2 and GPx4 gene may modulate depression
occurrence. Therefore, these polymorphisms may be considered an
independent marker of depression. Our study supports the
hypothesis that oxidative and nitrosative stress may be involved
in the development of depression.
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