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Abstract

The enzyme nitric oxide synthase has been associated with suicide behavior. NOSI, NOS2 and NOS3 genes are implicated in the
production of nitric oxide. However, the association between NOS genes and suicide behavior has not yet been established. To assess
the association of Nitric Oxide Synthase (NOS) genes and suicide behavior we performed a systematic review a meta-analysis. We
searched articles published in three electronic databases, PubMed, Scopus and Web of Sciences, up to February 2019. We used
keywords and combinations “NOS”, “NOSI”, “NOS2”, “NOS3” and “suicide”. Only articles that met the inclusion criteria were
included. To assess the association between NOS genes and suicide behavior we used allelic, dominant and recessive models, as well as
homozygous and heterozygous comparisons. The pooled results showed that 1s2682826 of Nitric Oxide Synthase 1 gene (NOSI)
increased the risk for suicide attempt in the allelic (OR: 1.34; 95 CI: 1.00-1.78), recessive (OR: 1.45; 95 CI:1.06-1.98) and hetero-
zygous (OR: 1.41; 95 CI: 1.09-1.81) models. We found that the 152682826 of NOS! could increase the risk for suicide attempt.
However, these results should only be taken as exploratory; more studies are necessary to determine the association between NOS
genes and suicide behavior.
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Introduction suicide (Giegling et al. 2011a; Oliveira et al. 2015; Zhao
et al. 2015). Over the last decades, much research has been
done to understand the basis of suicidal behavior (SB). It has

been supported that the diathesis for suicide includes a genetic

The incidence of suicide has increased over time; every year,
approximately one million deaths worldwide are caused by
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predisposition with a heritability of 30-55%, and a similar
degree of heritability for nonfatal suicidal acts (Giegling
et al. 2011a; Reif et al. 2009; Rujescu et al. 2008).
Moreover, several genetic studies have been performed to
explain this heritability and consequently numerous potential
risk genes have been identified. Recently, Nitric Oxide
Synthase (NOS) genes have been proposed as candidates
(Giegling et al. 2011a; Oliveira et al. 2015; Reif et al. 2009;
Rujescu et al. 2008; Zhao et al. 2015).

The nitric oxide synthase and its three isoforms: Nitric
Oxide Synthase 1 (NOS1), Nitric Oxide Synthase 2 (NOS2)
and Nitric Oxide Synthase 3 (NOS3), belong to a family of
enzymes that control nitric oxide production. Diverse studies
have explored the function of NOS and have observed that its
isoforms have several functions and locations (Freudenberg
et al. 2015; Gutierrez et al. 2017; Wang et al. 2016; Xu et al.
2016). The NOSI1 is distributed in specific neurons of central
and peripheral nervous systems; the protein is encoded by the
NOS1 gene located on the chromosome region 12q24.2-24.3
(Bruenig et al. 2017; Cui et al. 2010; Freudenberg et al. 2015;
Kudlow et al. 2016; Mirkovic et al. 2017). The NOS2 is in-
duced by immunological and inflammatory stimuli and it is
encoded by the NOS?2 gene located on chromosome 17q11.2—
q12 (Gutierrez et al. 2017; Lauridsen et al. 2017). Regarding
the NOS3 gene, it is located on chromosome 7q35-36 and it is
expressed in the vascular endothelium (Oliveira et al. 2015;
Rujescu et al. 2008). Due to the NOS various functions, a
nitrergic dysfunction seems to be participant in several neuro-
psychiatric disorders (Bruenig et al. 2017; Kudlow et al. 2016;
Wang et al. 2016).

The idea of a possible association between NOS genes and
SB came from studies in animals, where a lack of NOS1
resulted in increased impulsivity, aggression or other abnor-
mal social behaviors. Recently, a series of a species involved
in oxidative stress and antioxidant status have been studied, as
they are involved in neuron damage that seems to be part of
the pathology of psychiatric disorders (Bruenig et al. 2017,
Cui et al. 2010; Schiavone et al. 2016). Furthermore, post
mortem data indicate low levels of NOS proteins in the locus
coeruleus of brain of depressive individuals who died by sui-
cide, when compared with normal controls (Karolewicz et al.
2004). Nitric oxide is an important messenger in hypothalamic
cell signaling and it is involved in the regulation of the
hypothalamic-pituitary-adrenal axis, which turns out to be
dysregulated in patients with psychiatric disorders (Altamura
et al. 1999; Bernstein et al. 2002; Bernstein et al. 2000;
Bernstein et al. 1998). In addition, it has been proposed that
an altered function of the anterior cingulate cortex (ACC) is
crucial in the pathogenesis of depression; for instance, it has
been observed lower levels of NOSI mRNA in the ACC of
depressive patients, suggesting that a decrease of ACC-NOS1
expression may alter ACC activity in depression (Gao et al.
2013; Rolls et al. 2018).

@ Springer

Based on the above mentioned, our primary aim was to
gather and evaluate recent evidence, to better understand the
associations between NOS genes and SB, through a systematic
review and meta-analysis, in order to detect associations that
individual studies with a small sample sizes could not detect
(due to inadequate statistical power). Moreover, we explored
the role of nicotinamide adenine dinucleotide phosphate
(NADPH) and NADPH oxidase species (NOx) in suicidality.

Methods
Data sources and searches

A systematic search was conducted in three electronic data-
bases to select potentially relevant literature (PubMed, Scopus
and Web of Sciences). We used the combination of terms
“NOS” AND “suicide”, “NOS1” AND “suicide”, “NOS2”
AND “suicide”, “NOS3” AND “suicide”, “nNOS” AND
“suicide”, “eNOS” AND “suicide”, “iINOS” AND “‘suicide”,
“Nitric Oxide Synthase 1”7 AND “suicide”, “Nitric Oxide
Synthase 2” AND “suicide” and “Nitric Oxide Synthase 3”
AND “suicide”. Then, the retrieved articles were manually
searched to identify additional relevant publications. In addi-
tion, we conducted another search for articles that have ex-
plored the role of NADPH and NOx, using the terms
“NADPH” AND “suicide” and “NOX” AND “suicide”.

Study selection criteria

To be included in the meta-analysis, the studies had to meet
the following criteria: (1) to be a comparison study (SB group
and control group), (2) to evaluate associations of single nu-
cleotide polymorphisms (SNPs) of NOSI, NOS2 or NOS3
genes with suicidal behavior risk, (3) the diagnoses of suicidal
behavior or mentally healthy individuals had to be performed
by psychiatrists, (4) the sample size and genotype frequencies
had to be available for cases and controls or at least they could
be calculated, (5) had to be published in English and (6) had to
be Peer-reviewed Journals. The exclusion criteria were (i) du-
plicated studies, (ii) reviews, case reports, abstracts of meet-
ings or unpublished articles, and (iii) did not provide sufficient
data to calculate odds ratios (OR) and corresponding 95%
confidence interval (CI).

Regarding the articles of NADPH and NOx, the inclusion
criteria were: (1) association studies of NADPH or NOx with
SB, (2) published in English and (3) Peer-reviewed Journals.

Data extraction
Following the inclusion/exclusion criteria, data were extracted

from the eligible studies by two investigators, independently.
If they could not reach an agreement, the study was assessed
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Fig. 1 PRISMA flow diagram of the inclusion/exclusion criteria

by a third investigator, undertaking data extraction and analy-
sis. The following information was gathered from the studies:
name of the first author, publication year, country, ethnicity,
laboratory measures or techniques, diagnostic tools and fea-
tures, number of cases and controls, main outcomes, age, gen-
der, genotyping methods, polymorphisms studied and geno-
type frequencies.

Statistical analysis

The meta-analysis was performed using the Comprehensive
Meta-analysis (Biostat V2.2) software. The strength of asso-
ciation between NOS gene and risk of SB was assessed by
determining the pooled ORs and 95% Cls for allelic (G vs A),
dominant (GG vs GA + AA) and recessive (GG + GA vs AA)
models, as well as homozygous (GG vs AA) and heterozy-
gous (GA vs AA) comparisons; a P<0.05 was considered
statistically significant. Statistical heterogeneity between stud-
ies was estimated using Q test and I” statistics, heterogeneity
was established with a p >0.10 or I* > 50%. For I? the degree
of the heterogeneity was measured using the criteria: I* = 0—
25% absence, 12 = 25-50% moderate heterogeneity, 12 = 50—
75% high heterogeneity and I? = 75-100% extreme heteroge-
neity. When significant heterogeneity existed, the random

effect model was used; otherwise, the fixed-effect model
was adopted as the pooling method. The potential publication
bias was evaluated through Begg’s and Egger’s test; a p < 0.05
was considered as significant publication bias.

Results
NOS genes variants

After duplicates were removed, 28 studies were screened for
titles and abstracts. After full-text reading, 6 studies were in-
cluded in the present work. Figure 1 represent the PRISMA
record management flowchart. Of the six articles searching for
an association between NOS gene variants and suicidal be-
havior, four studied NOS! gene (rs2682826, rs41279104,
r$693534, rs1353939, rs6490121, rs3782206, rs561712,
rs3782219, rs3782221), one studied NOS2 gene (152779248,
rs2779249, rs8078340) and one studied NOS3 gene
(rs1799983). Due to the small number of published studies,
we only performed a meta-analysis for the variant rs2682826
of NOS1 gene. Nevertheless, a detailed information of all the
articles is presented in Tables 1 and 2.
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Association analysis of rs2682826 NOS1 gene variant
with SB

The analysis of this polymorphism was performed through the
five models previously mentioned. The results revealed that
rs2682826 NOS! gene variant could be a risk factor of SB in
the allelic [OR (CI95%): 1.34 (1.00-1.78), Z p value 0.044, %
55.458, Egger’s test: 0.6662] Fig. 2, heterozygous [OR
(C195%): 1.41 (1.09-1.81), Z p value 0.008, I*: 0.000,
Egger’s test: 0.7528] and recessive [OR (CI95%): 1.45

Table 3

(1.06-1.98), Z p value 0.019, 2 37.367, Egger’s test:
0.7555] models, Table 3 and Fig. 3.

NADPH and NOx

Regarding the oxygen species research, only two studies have
observed a relation between NADPH and NOx: Vargas et al.
2013a, b (Vargas et al. 2013a; Vargas et al. 2013b) and
Schiavone et al. 2016 (Schiavone et al. 2016). From these

Meta-analysis results comparing the inherence models between cases and controls

Model Heterogeneity Random effects OR (CI95%) Z P value I Q test P value Egger test P value
Allelic High 1.34 (1.00-1.78) 0.044 55.458 0.1059 0.6662
Homozygous High 1.65 (0.85-3.19) 0.133 57.986 0.0925 0.6263
Heterozygous Absence 1.41 (1.09-1.81) 0.008 0.000 0.5250 0.7528
Dominant Moderate 1.43 (0.84-2.43) 0.178 41.449 0.1812 0.6218
Recessive Moderate 1.45 (1.06-1.98) 0.019 37.367 0.2026 0.7555

@ Springer
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Fig. 3 Funnel plot of rs2682826
NOSI gene variant in the models:
a) Allelic, b) Heterozygous, ¢)
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Table 4 Characteristics of the association studies of NOx and NADPH with SB

Author

Biomarkers or laboratory techniques

Sample population

Outcomes

Vargas et al. 2013a, b[20] NOx, MDA, TRAP, AOPP, fibrinogen
concentrations, homocysteine, ESR

and hs-CRP were assayed from
blood specimens.

Vargas et al. 2013a, b [21] NOx, MDA, AOPP, TRAP;

Schiavone et al. 2016

[19]

inflamatory biomarkers, including
CREP, fibrinogen, IL-6, TNFa and

ESR; and metabolic biomarkers,

including total cholesterol, LDL and

HDL-cholesterol, TG, insulin,
glucose, homocysteine, BMI and
metabolic syndrome.

NOX2 enzyme and markers of
oxidative stress was evaluated using
anti-Nox 2. Neuroinflammation was

investigated using anti-1L-6,
anti-TNF-«, anti-IL-10 and
anti-IL-1 beta antibodies.

Smokers (n = 150) were recruited

from Parana, Brazil and never
smokers (n=191) were
recruited from staff of UEL.

Subjects with a history of suicide

attempts (n = 150) and without
suicide attempts (n =201) were
recruited from Paran4, Brazil.
All participants were men and
women aged 18-60 and all
ethnicities were accepted for
this study.

A total number of 26 post mortem

brain samples of AS subjects,

10 post mortem brain samples
of controls subjects and 6 post
mortem brain samples of NSA
subjects were recruited in Italy.

Associations were found among depressed

smokers who had more severe
depressive symptoms, a higher risk of
alcohol consumption, more suicide
attempts, and more disability for work
than non-depressed never smokers.
Depressed smokers had significantly
higher levels of NOx, fibrinogen,
hs-CRP, AOPP, ESR and lower levels of
TRAP compared to non-depressed never
smokers. Depressed smokers had
significant levels of oxidative stress and
inflammatory biomarkers after adjusting
for gender, age, years of education,
disability for work, and laboratory
measures.

Individuals with a history of suicide

attempts had significantly higher levels
of NOx and lipid hydroperoxides and
lowered TRAP as compared to
individuals without suicide attempts.
Logistic regression showed that both
unipolar and bipolar disorder, female
gender, smoking behavior and lipid
hydroperoxides were significantly
associated with a history of suicide
attempts.

NOX2 expression was significantly higher

in the cortex of AS subjects than in the
other two experimental groups. NOX2
immunostaining was mainly detected in
GABAergic neurons, with a minor
presence of NOX2-positive-stained cells
in glutamatergic and dopaminergic
neurons.

NOx nitric oxide metabolites, MDA lipid hydroperoxides, malondialdehyde, AOPP advanced oxidation protein products, 7RAP plasma total antioxidant
potential, ESR erythrocyte sedimentation rate, BMI body mass index, 4s-CRP high-sensitivity C reactive protein, AS suicidal asphyxia, NSA non-suicidal

asphyxia

studies the outcomes revealed a possible interaction of oxygen
species and suicide, Table 4.

Discussion

NO is involved in several pathologies including SB. We per-
formed a meta-analysis and systematic review of NOS genes
to get a better understanding of their participation in suicidal
behavior. To our knowledge, this is the first meta-analysis and
up-dated systematic review that addresses the relation of
NOS1, NOS2 and NOS3 genes and the risk of SB.

In 2010, Cui et al. examined 7 SNPs (rs2682826,
rs6490121, rs3782206, rs561712, rs3782219, rs3782221,
and rs41279104) of the NOSI gene in 287 healthy subjects
and 284 complete suicides (Cui et al. 2010). They found that
both genotypic and allele frequencies distribution of

@ Springer

1s2682826 were significantly different between cases (com-
plete suicides) and controls (healthy subjects) even after a
correction for multiple testing (Cui et al. 2010). Since then,
other studies in Caucasian and Asian population have been
performed, using this type of association analysis (Cui et al.
2010; Giegling et al. 2011b; Mirkovic et al. 2017). Our find-
ings revealed a possible relation of rs2682826 NOS/gene var-
iant in the pathogenesis of SB. For example, in the allelic
model we found a 1.24 more risk of SB, and this statistical
relation remained and increased in the heterozygous (OR =
1.41) and recessive (OR = 1.45) inheritance models. We could
infer that the rs2682826 of NOSI gene is a promising candi-
date polymorphism because the single-tissue ¢QTLs analysis
information shows that it is related with F-Box Protein 21
gene (FBXO21) (p=8.3e-09) (GTEx Portal 2019); this gene
has been involved in the immune system pathway (Genecards
2019) highly linked with psychiatric disorders (Dickerson
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Fig. 4 a) iNOS and NADPH oxidase and their inhibitors in oxidative
stress and neuronal damage. Reactive oxygen species (ROS) can be
generated by neurotoxins and mitochondrial dysfunction and protein
aggregation. ROS have a role in oxidative stress, thereby causing
neuronal injury or cell death which could cause microglial activation. b)

etal. 2017; Monfrim et al. 2014; Pandey 2017). This evidence
agrees with the hypothesis that NOS1 is the main producer of
pleiotropic gaseous neurotransmitter NO. NO itself, is consid-
ered a risk factor for SB, as nitrergic dysfunctions seem to be
involved in several neuropsychiatric disorders (Bruenig et al.
2017; Freudenberg et al. 2015; Wang et al. 2016). In this
sense, interactions between NO and dopamine in the striatum,
might be crucial in schizophrenia and perhaps bipolar disor-
der; furthermore, there is a close link between the serotonergic
and nitrergic systems (Rujescu et al. 2008; Xu et al. 2016).
Even though our meta-analysis presents a statistical signifi-
cance when evaluating the rs2682826, we understand that
the genetic background of patients could have a considerable
contribution in the genotype frequency distribution. For ex-
ample, the allele frequencies of 152682826 of NOS!I gene in
Utah Residents (CEU), Chinese Dai in Xishuangbanna (CDX)
and Esan in Nigeria (ESN) are G=0.7020 A =2980 for CEU,
G=0.5484 A=0.4516 for CDX and G=0.8990 A=0.1010
for ESN (1000 Genomes Project 2019) respectively.
Therefore, it is necessary to perform more studies in order to
get a better view of the role of NOS gene in these populations.

On the other hand, and important mode of NO inactivation is
its reaction with superoxide anion to form oxidant peroxynitrite,
which cause oxidative damage, nitration and S-nitrosylation of
biomolecules (Schiavone et al. 2016; Wang et al. 2016).
Therefore, there is also a link between oxidative stress and in-
creased reactive oxygen species with psychiatric diseases. This
relation could appear when oxidative stress, nitrosative stress and
inflammation induce protein, DNA and mitochondria damage
among other alterations; these alterations may lead to brain dam-
age, a pathway for neurodegenerative diseases and neuro-

Neuron

~__NADP*

+
onoo ~— NO

nNOS is activated by a calcium-dependent calmodulin. nNOS produces
NO when arginine is oxidized into citrulline. NO diffuses and act on pre-
synaptic or post-synaptic targets. ¢) NO produced by eNOS not only
reacts with superoxide to produce the reactive species peroxynitrite

progression of psychiatric disorders (Rujescu et al. 2008;
Schiavone et al. 2016; Xu et al. 2016). In addition, the
NADPH oxidase 2 (NOX2) enzyme expressed in the central
nervous system, is a major generator of reactive oxygen species
that has been observed in several disorders, including psychiatric
and neurodegenerative diseases; Fig. 4 (Dusting et al. 2005;
Forstermann and Sessa 2012; Koppula et al. 2012; Kourosh
Masoumeh Arami BJaSAM 2017).

We want to emphasize some limitations in our study. Firstly,
meta-analyses depend on the number of articles published, and in
this case our sample size is small, so the power of the sample is
low and may not detect small effects of gene variants and the
heterogeneity could not be discarded. Secondly, we could not
perform sub-analyses by socio-demographics and clinical fea-
tures such as gender, ethnic and age among others that could
be involved in the pathogenesis of SB. Nevertheless, we consider
that our outcomes are important because they show a possible
association between SB and the NOS! gene that codifies nNOS
(neuronal isoenzyme); meanwhile for the iNOS (inducible iso-
enzyme) and eNOS (endothelial isoenzyme) we observed a lack
relation with SB (Bradley and Steinert 2016; Bruenig et al. 2017;
Cui et al. 2010; Rujescu et al. 2008). Hence, these findings sug-
gest an important relation of function, location and activity of
NOS enzyme.

In conclusion, our outcomes revealed a possible involve-
ment of 152682826 NOS1 gene variant in the development of
suicidal behavior; this gene variant could be a risk factor for
suicide attempt. We recommend to perform more studies that
address the involvement of oxidative stress and reactive oxy-
gen species in SB. Our findings should be taken with caution
due to the limitations above mentioned.

@ Springer
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