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Abstract

The aim of this study was to analyze the association of different clinical contributors of hypoxic-ischemic encephalopathy with
NOS3 gene polymorphisms. A total of 110 children with hypoxic-ischemic encephalopathy and 128 control children were
selected for this study. Association of gender, gestational age, birth weight, Apgar score, cranial ultrasonography, and
magnetic resonance imaging findings with genotypic data of six haplotype-tagging single nucleotide polymorphisms and the
most commonly investigated rs1800779 and rs2070744 polymorphisms was analyzed. The TGT haplotype of rs1800783,
rs1800779, and rs2070744 polymorphisms was associated with hypoxic-ischemic encephalopathy. Children with the TGT
haplotype were infants below 32 weeks of gestation and they had the most severe brain damage. Increased incidence of the
TT genotype of the NOS3 rs1808593 SNP was found in the group of hypoxic-ischemic encephalopathy patients with medium
and severe brain damage. The probability of brain damage was twice as high in children with the TT genotype than in children
with the TG genotype of the same polymorphism. Furthermore, the T allele of the same polymorphism was twice as frequent in
children with lower Apgar scores. This study strongly suggests associations of NOS3 gene polymorphism with intensity of brain
damage and severity of the clinical picture in affected children.
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Introduction

Hypoxic-ischemic encephalopathy (HIE), a serious
condition affecting infants in the perinatal period, is the
most common cause of neurologic deficits in children.
It may occur in premature and full-term children as a
result of an intrauterine infection and/or chorioamnionitis,
premature rupture of membranes, maternal trauma and
shock (1). Lack of oxygen, caused by impairment of
cerebral blood flow, starts a cascade of harmful biochem-
ical processes at the cellular level, resulting in serious
brain damage (2-4).

One of the mechanisms of cell-structure degradation
is mediated by activation of a nitric oxide synthase (NOS)
and by formation of free radicals of oxygen and nitrogen
(5-7). Exposure to mild ischemia activates endothelial
nitric oxide synthase (NOS3), a Ca®*-dependent enzyme;

small amounts of NO are produced, causing vasodilata-
tion, and the consequent maintenance of cerebral blood
flow prevents neuronal injury. NO catalyzed by NOS3 also
affects other processes such as inhibition of platelet and
leukocyte adhesion to endothelium, inhibition of platelet
aggregation, relaxation and inhibition of cell proliferation
of blood vessel smooth muscle, stimulation of angiogen-
esis, anti-inflammatory action, and prevention of oxidative
damage (8). Production of NO in endothelial blood vessel
cells is regulated by the NOS3 gene (OMIM: 163729).
Several studies reported that NOS3 gene polymorphisms
may alter enzymatic function and therefore may be
associated with HIE (9-11).

Our previous study showed genotype and haplotype
association of NOS3 gene polymorphisms with HIE.
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Genotypic tests of six haplotype-tagging single nucleotide
polymorphisms (SNPs; rs3918186, rs3918188,
rs1800783, rs1808593, rs3918227, rs1799983), and the
most commonly investigated rs1800779 SNP, showed an
association of rs1808593 polymorphism with HIE. The TG
genotype of rs1800783-rs1800779 polymorphisms was
found less frequently, and the TT genotype more
frequently, in a group of affected patients than in a control
group. We also observed an association of the TG
haplotype with HIE (12).

Severity of clinical presentation and degree of brain
damage can be influenced by a genetic predisposition to
development of the disease. The aim of this study was to
analyze the association of different clinical contributors
that define the severity of disease and patient condition
with NOS3 gene polymorphisms that we investigated in
our previous study.

Material and Methods

A total of 110 unrelated full-term or preterm children
(69 boys and 41 girls) with HIE (HIE group) were recruited
for the study. The study included all HIE patients treated
in the University Hospital Split, Croatia between 1992 and
2008, and included children who met at least one of the
following criteria: fetal heart rate during delivery <100 or
>160/min, Apgar score =7 at 5 min, arterial pH =7.1,
neonatal neurological sequelae classified by Sarnat and
Sarnat (13), or positive hypoxic-ischemic brain damage
found on repeated cranial ultrasonography at different
time periods. Perinatal hypoxic-ischemic brain injuries of
newborns were detected by cranial ultrasonography. With
cranial ultrasonography, we determined the grade of
periventricular leukomalacia (PVL) according to criteria
described by Weisglas-Kuperus (14): grade | PVL,
prolonged periventricular flare present for 7 days or more;
grade Il PVL, prolonged periventricular flare with small,
localized frontoparietal cysts; grade lll PVL, extensive
periventricular cystic lesions involving occipital and
frontoparietal white matter; grade IV PVL, areas of
extensive subcortical cystic lesions.

Hypoxic-ischemic brain damage in full-term infants
was also confirmed by serial cranial ultrasonography
performed at 3, 7, 14, and 21 days after delivery, followed
by once per month until closing the anterior fontanel.
Ultrasonography was performed by two independent
experts.

Final diagnosis and grade of hypoxic-ischemic brain
damage in the HIE group was determined by magnetic
resonance imaging (MRI) at the age of 2 years, when the
processes of proliferation, migration, organization, and
myelination were completed. The altered signal of the
white matter, appearance of cystic changes, changes in
the size of the lateral ventricle anterior horns, extension of
subarachnoid space and thinning of the corpus callosum
were followed (Table 1) (15,16). Each parameter that was
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observed was scored from 1-3 points: grade 1, total
scores of up to 5 points were considered normal findings.
grade 2, moderate injury, included total scores of 6-
10 points, and grade 3, severe brain injury, comprised
total scores of 11-15 points.

For the two groups studied, demographic data and
other characteristics such as gender, gestational age
(=37, 32 to 36, <32 weeks), and birth weight were
collected from the medical documentation. For the data
analysis, study participants were divided into four sub-
groups according to birth weight (=1000, 1001-1499,
1500-2499, and =2500 g.) and Apgar score (=5, 6-7, 8-9,
and 10). Patients with congenital malformations of the
central nervous system (CNS), metabolic diseases,
chromosomal abnormalities, with infections, and patients
with CNS trauma, were excluded. We also excluded
infants from multiple gestations, and infants of mothers
who had preeclampsia and placental abruption.

The HIE group consisted of 80 patients (72.7%) with
hypoxic-ischemic injury and 30 patients (27.3%) with
hypoxic-ischemic injury accompanied by intracranial
hemorrhage. The control group consisted of 128 appar-
ently healthy full-term and preterm born children (60 boys
and 68 girls), with normal brain ultrasound findings and/or
normal neurological status after the second year of life.
The HIE and the control subject populations were the
same as in our previous publication (12).

Additionally, another frequently investigated poly-
morphism, rs2070744, was genotyped in both the HIE
and control groups. Real-time polymerase chain reaction
(PCR) was performed using the ABIPRISM 7500
Sequence Detection System (Applied Biosystems, USA)
following the manufacturer’s protocol.

The study was approved by the Ethics Committee
of University Hospital Split and School of Medicine,
University of Split, and informed consent was obtained
from patients’ parents prior to the blood sampling.

Statistical analysis

Quality control analysis of the obtained rs2070744
genotypes was performed. Genotype frequencies, Hardy-
Weinberg equilibrium (HWE), and minor allele frequen-
cies (MAF) for all samples were analyzed using
HaploView 4.1 (http://haploview.software.informer.com/4.
1/). An 80% study power at o.=0.05 was calculated using
Quanto (http://biostats.usc.edu/Quanto.html), and results
are reported as odds ratios (ORs). When OR>1, the
genotype confers sensitivity to the effects of exposure
(17). Case-control association analysis as well as cis-
position haplotype analysis of 8 SNPs was carried out
using Haploview 4.1.

Chi-square tests were used to analyze genotypic and
allelic distribution for each polymorphism examined by
gestational age, gender, Apgar score, birth weight, and
MRI findings. The Yates correction was performed when
necessary.
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Table 1. Scoring of perinatal hypoxic-ischemic brain injury according to magnetic resonance imaging.

Grade 1
(normal findings)

(moderate brain injury)

Grade 2 Grade 3

(severe brain injury)

White matter signal
abnormality

Size of lateral ventricle
anterior horns

Cystic change No

Normal signal

Proper size up to 8 mm

Normal
Proper size up to 4 mm

Corpus callosal thinning
Subarachnoid space

Focal altered signal (one region)
Mild to moderate dilatation, 8-10 mm
Focal cystic changes

Thinned <3 mm focal
Slightly extended, 4-8 mm

Changed signal to 2 or more
regions
Significant dilatation >10 mm

Extensive cystic changes in white
matter

Thinned <3 mm multifocal
Moderate to very extended =8 mm

Logistic regression (Statistica 7.0; http://statistica.
software.informer.com/7.0/) was performed to calculate
OR in order to determine incidence of hypoxic-ischemic
brain damage with respect to gestational age, gender,
Apgar score, birth weight, and haplotype. Multiple logistic
regression with regard to haplotype distribution was also
performed in order to prove logistic regression results.
Chi-square tests were also performed to compare the
degree of brain damage established by MRI with regard to
gender, gestational age, birth weight, and Apgar score.

Results

The genotype call rate for the investigated rs2070744
polymorphisms was 100%, and the genotypes in the case
and control groups fit HWE. The rs2070744 polymorph-
isms showed strong linkage disequilibrium with earlier
investigated rs1800783 and rs1800779 polymorphisms
(r*=0.96 and r*=0.99, respectively). Allelic and genotype
analysis of rs2070744 polymorphism did not show any
association with HIE. The study had 80% statistical
power to detect (x=0.05) an effect with an OR=1.76
for rs2070744, assuming an additive model. In addition,
the cis TGT haplotype of rs1800783, rs1800779, and
rs2070744 polymorphisms of the NOS3 gene was found
in only five of the HIE patients and was not found in the
control group.

Genotype distribution analysis of the six haplotype-
tagging SNPs (rs3918186, rs3918188, rs1800783,
rs1808593, rs3918227, rs1799983) and the most com-
monly investigated rs1800779 and rs2070744 SNPs were
determined in the case and control groups and evaluated
according to clinical contributors (i.e., gestational age,
gender, Apgar score, birth weight, and MRI findings). The
analysis showed that the TT genotype of rs1808593
polymorphism was twice as common as TG and GG in
the HIE group in patients with moderate brain injury (grade
2;TT=26,TG=11, GG=1) and severe brain injury (grade
3; TT=41, TG=25, GG=6) than in the control group
(grade 1; TT=59, TG=66, GG=3; y°=12.36, P=0.015).
In children with normal MRI findings (grade 1), the most
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common rs1808593 genotype was TG.

Comparing the genotype distribution of the same
rs1808593 polymorphisms between normal MRI findings
(grade 1) and pathological MRI findings regardless of the
severity of damage (grades 2 and 3), a statistically
significant association ()(2 =6.572, P=0.0104) was found,
with a higher incidence of the TT genotype in children with
abnormal MRI findings.

The allele distribution analysis of all investigated
polymorphisms showed a statistically significant more
frequent occurrence of the T allele of the rs1808593
polymorphism in children with low Apgar scores. The T
allele was more frequent in all groups, as expected; but
the difference between T and G allele frequency was
more significant as Apgar score was lower (y2=10.4,
P=0.015; Table 2).

The genotype distribution analysis of polymorphism
rs3918186, showed that AA was twice as frequent as AT
in children with normal Apgar scores (AS = 10) but that the
difference was not statistically significant (y%=9.4,
P=0.152; Table 3). Furthermore, analysis of HIE children
with TGT haplotype polymorphisms rs1800783, rs1800779,
rs2070744 of the NOS3 gene showed that they were
premature infants of <32 weeks of gestation with the most
severe degree of brain damage (grade 3) on the MRI
findings.

Logistic regression analysis showed that the OR for
incidence of hypoxic-ischemic brain damage was up to two
times higher in male than in female children (P=0.01; Table
4). The OR for the occurrence of disease was 1.92 times
higher in children with Apgar scores <5 than in those with
scores of 10 (P<<0.001). Also, the OR for the occurrence of
disease was 1.32 times higher in children with lower birth
weight (P=0.03) and 1.62 times higher in children with
lower gestational age (P =0.003). Since the TGT haplotype
was found in only five patients with HIE, logistic regression
analysis was performed only for the two predominant
haplotype combinations, TAT and AGC, and showed no
significant difference in occurrence (P =0.573; Table 4).

After applying multiple logistic regression with regard
to haplotype distribution, the difference in occurrence of
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Table 2. Allele distribution analysis of NOS3 rs1808593 polymorphism and Apgar score.

Apgar score Total alleles T allele G allele x? P
=5 166 (100%) 130 (78%) 36 (22%) 10.4 0.015
6-7 142 (100%) 105 (74%) 37 (26%)

8-9 70 (100%) 45 (64%) 25 (36%)

10 98 (100%) 74 (75%) 44 (45%)

Data are reported as number with percent in parentheses. The XZ test was used for analyses.

disease was maintained for gender (OR=1.98, 95%
Cl=1.1-3.5, P=0.021) and Apgar score (OR=2.13,
95%Cl=1.5-3.0, P<0.001).

There was a 90% probability for children of a lower
gestational age to have very severe brain damage (MRI
grade 3), and for children with greater gestational age
(=37 weeks) to have a 90% probability to have a milder
form of damage (grade 2; Table 5).

There was a 90% probability for lower birth weight
children to have severe brain damage (grade 3). Also,
there was almost 90% probability for children with a birth
weight >2500 g to have a milder form of brain damage
(grade 2, Table 6).

Discussion

The results of this study strengthen the association of
NOS3 gene polymorphisms with HIE and also provides
evidence of their association with certain clinical contributors
and intensity of brain damage. We found the TGT haplotype
of NOS3 gene polymorphisms rs1800783, rs1800779, and
rs2070744 in five patients with HIE, with no such haplotype
in the control group. This finding highlights even more our
previous finding of an rs1800783-rs1800779 TG haplotype
association with HIE (12).

NO is an important and well-characterized vasodilator,
with homeostasis of NO essential in maintaining vascular
tone in the systemic and cerebral circulation (8,10).
Several earlier studies investigating possible causes of
cerebral palsy indicated that genes that are associated
with vascular disease or inflammation, and with the fetal
inflammatory response, may also be linked with cerebral
palsy development (18,19). Polymorphisms rs1800783,

rs1800779, and rs2070744 are located in the upstream
and promoter region of the NOS3 gene that may influence
mRNA transcription and can reduce gene expression; this
may further lead to impaired production or reduced
bioavailability of NO, thus causing susceptibility to severe
brain injury (20). Lower levels of NOS3 expression may
lead to reduced protective effects in endothelial cells, thus
predisposing to the occurrence of stroke (11).

This study also showed that children with the TGT
haplotype were premature infants below 32 weeks of
gestational age and had the most severe brain damage
(grade 3) on MRI. It is interesting that we observed
rs1808593 TT genotype association with HIE in our
previous study (12). In this study, we further confirmed
and elucidated the significance of this polymorphism in
children affected by HIE. We found a higher incidence of
the TT genotype of NOS3 rs1808593 polymorphism in
those patients with medium and severe brain damage.

We analyzed the genotypic distribution of polymorph-
ism rs1808593 with regard to MRI findings and found
twice the prevalence of the TT genotype in the group of
children with grade 2 and grade 3 brain injury. Thus,
prevalence of the TT genotype was increased in children
with abnormal MRI findings regardless of the degree of
damage, while among children with normal MRI findings
(control group), the TG genotype was predominant.

Also, this study showed a frequent occurrence of the
T allele of rs1808593 polymorphism in children with low
Apgar scores. Although the T allele was more frequent in
all groups, the difference in frequency between T and G
allele was significant in children with low Apgar scores.
Such a detailed analysis of genotypic and allelic correla-
tions with clinical contributors allows us to suggest that

Table 3. Genotype distribution analysis of NOS3 gene polymorphism rs3918186 and Apgar score.

Apgar score Genotype AA Genotype AT Genotype TT $2 P
=5 65 (35%) 18 (40%) 0 (0%) 9.4 0.152
6-7 56 (30%) 15 (33%) 0 (0%)

8-9 27 (14%) 7 (16%) 1 (20%)

10 40 (21%) 5 (11%) 4 (80%)

Data are reported as number with percent in parentheses. The %2 test was used for analyses.
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Table 4. Odds ratios for occurrence of hypoxic-ischemic encephalopathy according to gender, Apgar score, body weight, gestational

age and haplotype distribution.

Control group HIE group 2 P OR (95%Cl) P
Gender
M 60 (47%) 70 (64%) 6.7 0.01 1.98 (1.18-3.34) 0.01
F* 68 (53%) 40 (36%)
Apgar score
=5 33 (26%) 50 (46%) 29.3 <0.001 1.92 (1.48-2.5) <0.001
6-7 32 (25%) 39 (36%)
8-9 21 (16%) 14 (12%)
10* 42 (33%) 7 (6%)
Body weight
=1000 12 (9%) 14 (13%) 8.9 0.03 1.32 (1.0-1.7) 0.03
1001-1499 29 (23%) 28 (25%)
1500-2499 34 (27%) 42 (38%)
=2500* 53 (41%) 26 (24%)
Gestational age
=31 45 (35%) 52 (47%) 11.6 0.003 1.62 (1.2-2.2) 0.003
32-36 34 (27%) 38 (35%)
=37* 49 (38%) 20 (18%)
Haplotype
TAT 109 (86%) 91 (88%) 0.1 0.713 1.25 (0.57-2.7) 0.573
AGC* 18 (14%) 12 (12%)

Data are reported as number with percent in parentheses. HIE: hypoxic-ischemic encephalopathy; OR: odds ratio; Cl: confidence
interval. * Reference value. The %2 test and logistic regression were used for analyses.

the presence of the T allele seems to indicate a
susceptibility for greater brain injury, and a lower Apgar
score at birth.

Polymorphism rs1808593 is located in the twenty-third
intron of the NOS3 gene. Intron polymorphisms may have a
potential effect on gene transcription or mRNA stability, and
thus affect gene expression, and consequently, enzyme
function (21). Yoon et al. (22) showed an association of the
NOS3 gene polymorphism rs1808593 with NO plasma
concentration in patients with coronary artery disease.
Association of G894 T polymorphism (rs1799983) and 10G/
T intron-23 (rs1808593) polymorphism and their haplotype
combination with childhood hypertension, especially in
females, were also shown (23). On the other hand, the
AA genotype of polymorphism rs3918186 was twice as
prevalent among children with Apgar scores of 10, which
might indicate its protective function in brain damage.

This study also found an association of low Apgar
scores <5 at 5 min after birth with hypoxic-ischemic
injury, which is in line with previous findings (24). A
recently published study showed that the prevalence of
cerebral palsy in children with an Apgar score <3 was
130-times higher than in children with a score of 10 (25).
Similar observations have been reported in children with
extremely low birth weights (<1000 g), who were more
likely to develop HIE than children with higher birth
weights. It should be emphasized that the children of low
birth weight are generally premature, as gestational age
and birth weight are closely correlated (26).

We also found that boys had a higher risk of HIE than
girls, which is consistent with the observations of other
authors. Thorngren-Jerneck et al. (27) also reported that
boys have a higher risk of developing cerebral palsy than
girls (1.36:1), especially if they were born prematurely

Table 5. Magnetic resonance imaging findings according to the gestational age of children with hypoxic-ischemic encephalopathy.

GA <32 GA 32-36 GA =37 Total N P
MRI grade 2 13 (34%) 15 (40%) 10 (26%) 38 (100%) 4.614 0.099
MRI grade 3 39 (54%) 23 (32%) 10 (14%) 72 (100%)
Total 52 (47%) 38 (35%) 20 (18%) 110 (100%)

Data are reported as number with percent in parentheses. GA: gestational age; MRI: magnetic resonance imaging. The 2 test was

used for analyses.
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Table 6. Magnetic resonance imaging findings according to the birth weight in children with hypoxic-ischemic encephalopathy.

=1000 g 1001-1499 g  1500-2499 g =2500 g Total 7 P
MRI grade 2 4 (10%) 8 (21%) 12 (32%) 14 (37%) 38 (100%) 4.15 0.246
MRI grade 3 10 (14%) 20 (28%) 30 (42%) 12 (16%) 72 (100%)
Total 14 (13%) 28 (25%) 42 (38%) 26 (24%) 110 (100%)

Data are reported as number with percent in parentheses. MRI: magnetic resonance imaging. The y? test was used for analyses.

(1.55:1). Another epidemiological study showed up to
30% higher incidence of cerebral palsy among boys than
girls. The risk of developing cerebral palsy increased 4-
fold for infants in the ninety-seventh percentile of birth
weight and 16 times for male infants in the third percentile
(25,27). Recent studies in mice suggest that the differ-
ences between males and females in signaling pathways
that regulate apoptosis may at least partly explain this
epidemiological observation. Males may be more vulner-
able to glutamate-mediated excitotoxicity leading to poly
[ADP-ribose] polymerase (PARP)-1 activation, which
causes apoptosis. One possible clue to the mechanism
was the finding that levels of the energy intermediate
NAD +, which is consumed by PARP-1 activation, were
reduced more in males than in females (28). Finally, we
compared the relationship of brain damage (defined by
MRI and clinical contributors), and found that children of
lower gestational age and lower birth weight had a 90%
greater chance of developing severe brain damage.
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