
NOS1 polymorphism is associated with atopy
but not exhaled nitric oxide levels in healthy
children

Nitric oxide (NO) is a free radical which is
formed when l-arginine is oxidized by the
enzyme NO synthase (NOS) (1). Three distinct
isoforms of NOS have been identified, two of
which are constitutive (NOS1 and 3) and one
that is inducible (NOS2). Nitric oxide measured
in the exhaled air (fractional concentration of
NO in exhaled breath – FENO) is elevated in both
asthmatic children (2) and adults (3) compared
with non-asthmatic subjects. Increased FENO is
thought to be due to an up-regulation of NOS2, a
hypothesis supported by its increased expression
in airway epithelial cells of asthmatic compared
with non-asthmatic subjects (4). However, there
is now evidence to suggest that NOS1 may have
an important role in FENO in asthma (5).
Within the asthmatic population, there is a

large variation in FENO that may not be directly
related to the degree of asthma severity (6). This
variation may, in part, be attributed to atopy.
Exhaled NO is higher in atopic compared with
non-atopic asthmatics (7). An association
between raised FENO and atopy has also been

demonstrated in healthy adults (8) and children
(9). Furthermore, there is evidence to suggest
that increased FENO is associated with the degree
of atopy (9). The mechanisms for this association
are unclear.
Recently, an association was reported between

FENO and a polymorphism in the NOS1 gene in
adults with mild asthma (5). The study reported
an inverse relationship between the number of
AAT repeats at a locus in intron 20 of the NOS1
gene and FENO. Subjects having two alleles with
12 or more AAT repeats at this locus had lower
FENO than patients with at least one allele <12
repeats. Similar associations between FENO and
this polymorphism have been observed in cystic
fibrosis patients (10) and children with sickle cell
disease (11).
We postulated that the low AAT repeat

genotype may explain some of the increase in
FENO associated with atopy. The aim of this
study was to investigate if there was an associ-
ation between this polymorphism and FENO in
healthy atopic and non-atopic children.
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Exhaled nitric oxide (FENO) is raised in atopy. The mechanism for this
is unclear. The aim of this study was to investigate whether the number
of AAT repeats in intron 20 of the NOS1 gene, recently associated with
variations in FENO in adults with asthma and cystic fibrosis, was
associated with the raised FENO in healthy atopic children. Eighty-seven
healthy children (44 girls, 42 atopic, age range 6–18 years) underwent
measurements of FENO, spirometry, airway responsiveness and skin
prick testing. Genotyping was carried out to determine the number of
AAT repeats. There was no association between the number of AAT
repeats and FENO in either the whole sample of healthy children
(n ¼ 87) or in the subsample of healthy atopics (n ¼ 42). However, a
greater number of atopic children had two high repeat alleles compared
with non-atopic children (33.3% vs. 13.6%, respectively, p ¼ 0.03).
This suggests that variations in the NOS1 gene may contribute to atopy
without this relationship being reflected by FENO.
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Methods
Subjects and procedure

Subjects were participants in an ongoing pros-
pective birth cohort study (12). Eighty-seven,
non-smoking, non-asthmatic children (44 girls),
aged between 6 and 18 years, were assessed as part
of this study. None of the children had a history of
allergic respiratory disease (asthma or rhinitis)
and all were well at the time of testing. The
children underwent an assessment that included
FENO measurements, spirometry, inhaled hista-
mine challenge and skin prick testing and blood
was collected for genetic analysis. The study was
approved by theMedical Ethics Committee of the
Princess Margaret Hospital for Children.

Phenotypic assessments

Exhaled NO was measured with a fast response
chemiluminescence NO analyzer (NOA 280, Sie-
vers Instruments Inc., Boulder, CO, USA) using a
single breath technique as previously described
(9). Children inhaled to total lung capacity and
immediately exhaled while maintaining an expir-
atory flow of 35 ml/s and a mouth pressure of
15 cm H2O, in accordance with recent recom-
mendations (13). Measurements were collected
prior to spirometry and histamine challenge and
at least 1 hour after exercise. Pulmonary function
testing was performed using a hand-held spiro-
meter (Pneumocheck Spirometer 6100; Welch-
Allyn, Skaneateles Falls, NY, USA) in accord-
ance with published guidelines (14). Airway
responsiveness (AR) to histamine was determined
using the rapid dosimeter technique (15).
Responsiveness was defined as a provocative dose
of <7.8 lmol that provoked at least a 20% fall in
FEV1 (PD20). Further, a dose-response slope
(DRS) was calculated using the method of
O’Connor (16). Skin prick reactivity to 10 com-
mon allergens was assessed using the method
described by Pepys (17). The allergens tested were:
cow’s milk, egg white, rye grass, mixed grass,
Dermatophagoides farinae, D. pteronyssinus, cat
dander, dog dander, Alternaria alternans and
Aspergillus fumigatus (Hollister-Stier, Elkhart,
IN, USA). Atopy was defined as the presence of
at least one positive skin prick test (SPT).

Genetic analysis

Total genomic DNA was isolated from periph-
eral blood cells using the phenol/chloroform
method (18).
The region spanning the AAT repeats in intron

20 of the NOS1 gene was amplified from genomic

DNA by the polymerase chain reaction (PCR).
The 25-ll PCR mix contained 100 ng of genomic
DNA, 1· buffer (Invitrogen, Melbourne, Aus-
tralia), 200 lm deoxynucleotide triphosphate,
25 ng of each of the forward and the reverse
primers (forward primer: 5¢-ATG GTG TGT
TGG TGA AC-3¢, reverse primer: 5¢-GTC ATA
GTG GGA ATG TTT AC-3¢), 0.5 U of Plat-
inum Taq polymerase (Invitrogen, Melbourne,
Australia), and sterile water. PCR conditions
were 10 min at 94�C followed by 12 touchdown
cycles of 94�C for 1 min, annealing temperature
for 30 s (touchdown programme was used where
the annealing temperature was lowered by 0.5�C
per cycle from 64�C to 58�C) and 72�C for 20 s.
This was then followed by 35 cycles under the
same conditions but with a fixed annealing
temperature of 58�C and a final elongation step
at 72�C for 10 min upon completion of the final
cycle. These conditions generated an amplicon of
116 base pairs for an allele that contained 10
AAT repeats. A denaturing PAGE system was
used for amplicon analysis. Five microliters of
each PCR was then mixed with an equal volume
of loading dye containing formamide (90% v/v),
bromophenol blue and xylene cyanol. The DNA
was then denatured by incubating in boiling
water for 5 min and subsequently snap chilled on
ice. The denatured DNA mixture was then
electrophoresed for 48 min at 20 W in 6%
polyacrylamide denaturing gels containing 7 m

urea and 0.6· TBE. A 0.6· TBE solution was
used as the gel running buffer. The gels were run
at room temperature but were preheated prior to
loading of the samples by 15-min pre-runs at
30 W. Upon completion of electrophoresis, gels
were immediately fixed, silver stained and devel-
oped using the Bio-Rad Silver Stain kit (Bio-
Rad, Hercules, CA, USA) according to the
manufacturer’s instructions.

Statistical analyses

Exhaled NO levels were skewed to the right so all
values were transformed to their natural log-
arithm (ln) in order to achieve a normal distri-
bution. Student’s t-test and one-way analysis of
variance (anova) were used to compare FENO
between children grouped according to atopic
status, presence of increased AR and the number
of AAT repeats at the NOS1 gene (homozygous
for ‡12 AAT repeats or at least one allele <12
AAT repeats). Factors that may affect FENO,
including age, atopy, AR and the NOS1 poly-
morphism (as a dichotomous variable), were
investigated in a multiple linear regression model.
The relationship between the sum of AAT
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repeats in both alleles and FENO was investigated
using Pearson’s correlation. Differences in allele
distribution between atopic and non-atopic chil-
dren were determined using chi-square analysis.
Exhaled NO levels are reported as geometric
mean (GM) with 95% confidence intervals (CI).

Power of the study

We calculated the sample size required for
finding a difference in FENO between children
with two high repeat (i.e. ‡12) alleles and those
with at least one allele with <12 repeats with
80% power and 5% significance level (19). Using
the relative difference in FENO concentrations
reported by Wechsler et al. (5) (62%) and the
standard deviation of our transformed data,
13 children were needed in each group.

Results

Of the 87 children involved in the study, 42 were
atopic. There were no differences in the mean
age, gender distribution and spirometric meas-
ures (FVC and FEV1) between the atopic and
non-atopic groups (Table 1). Atopic children had
higher FENO levels than non-atopics (GM 16.1
p.p.b. vs. 7.3 p.p.b., respectively, p < 0.0001)
(Table 1), and there was a positive correlation
between FENO and the number of positive SPT
recorded (r ¼ 0.67, p < 0.001). There was a
difference in FENO between children with and
without increased AR (p ¼ 0.02). In a multiple
linear regression model both atopy (p < 0.001)
and increased AR (p ¼ 0.004) remained predic-
tors of FENO.

Allele distribution

The relative frequency of the various alleles of
the (AAT)n repeat in intron 20 of the NOS1 gene

was bimodally distributed. The distribution of
the alleles and the number of healthy children
harboring two high repeat alleles was very similar
to that reported by Wechsler et al. (5) for healthy
adults (Table 2).

FENO and NOS1 polymorphism

There was no difference in FENO concentrations
between children who were homozygous for ‡12
repeats and those with at least one low repeat
allele [GM (95% CI) 12.7 p.p.b. (8.9–18.0 p.p.b)
vs. 10.3 p.p.b. (8.8–12.1 p.p.b), respectively,
p ¼ 0.32]. Similarly within the atopic group
(n ¼ 42) there was no difference in FENO levels
between children with different genotypes. Geo-
metric mean FENO concentrations were
16.2 p.p.b. (11.5–22.7 p.p.b) for children with
two high repeat alleles and 16.1 p.p.b. (12.6–
20.7 p.p.b) for children with at least one allele
with <12 AAT repeats (Fig. 1). The atopic
group was split into those with 1–3 positive
SPT (n ¼ 22) and 4 or more positive SPT
(n ¼ 20) to investigate if there was a relationship
between FENO and the NOS1 polymorphism that
was dependent on the degree of atopy. There was
no difference in FENO for children with different
genotypes in these two groups. Furthermore,
FENO concentrations did not correlate with the
sum of AAT repeats in intron 20 for either the
whole group (p ¼ 0.36) or just the atopic group
(p ¼ 0.66).

Atopy and NOS1 polymorphism

There was a higher number of atopic than non-
atopic children harboring two high repeat alleles
(33.3% vs. 13.6%, respectively, v2 p ¼ 0.03)

Table 1. Characteristics of atopic and non-atopic healthy children

Non-atopic
n ¼ 45

Atopic
n ¼ 42

Sex (m/f) 22/23 21/21
Age (years)* 12.0 € 2.7 11.8 € 2.9
FVC (L)* 2.5 € 0.7 2.6 € 1.0
FEV (L)* 2.3 € 0.6 2.4 € 0.9
PD20 < 7.8� 8 (18.2) 13 (31.7)
FENO (p.p.b.)� 7.3 (6.1–8.8) 16.1 (13.2–19.6)§
Two high repeat alleles� 6 (13.6) 14 (33.3)§

*Mean € SD.
�GM (95% CI).
�n (%).
§p < 0.05.

Table 2. Relative frequency of each NOS1 allele in healthy children and adults

No. repeats

Healthy children
(present study) n ¼ 87

(alleles n ¼ 174)

Healthy adults
[Wechsler et al. (5)]

n ¼ 305 (alleles n ¼ 610)

17 0.000 0.003
16 0.006 0.000
15 0.017 0.052
14 0.191 0.161
13 0.264 0.267
12 0.017 0.010
11 0.006 0.010
10 0.455 0.438
9 0.045 0.052
8 0.000 0.003
6 0.000 0.003
No. of subjects
with both alleles
with ‡12 repeats 20/89 (22.5%) 70/305 (23.0%)
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(Table 1). There was no association between AR
(PD20 or DRS) and the NOS1 gene polymorph-
ism.

Discussion

Exhaled NO is elevated in atopic compared with
non-atopic subjects with (7) and without (8,9)
respiratory disease. The mechanism for this is
unclear but may involve changes in NO synthesis
or regulation due to mutations in the NOS genes.
A polymorphism in the NOS1 gene has been
identified and was found to be associated with
variations in FENO in adults with asthma (5) or
cystic fibrosis (10), and children with sickle cell
disease (11). The role of atopy in this association
was not considered in these studies. We investi-
gated the role of atopy in the relationship
between the NOS1 polymorphism and FENO in
healthy children. We did not find an association
between the number of AAT repeats and FENO
in this study. However, there was an association
between the NOS1 polymorphism and atopy,
suggesting that this polymorphism may influence
the production of NO in a way that affects the
allergic response in children but does not con-
tribute significantly to FENO in this age group.
The allele distribution in our subjects was

similar to that reported for healthy adults by
Wechsler and colleagues (5). Therefore, the
different findings between the two studies are
unlikely to be due to genetic differences in
the studied populations. There are important

differences between the two study groups, per-
taining to age and disease status, which may
account for the conflicting results. However, as
an association between the NOS1 polymorphism
and FENO has been reported in children (11), it is
likely that disease status is the main contributing
factor to these differences. Nitric oxide synthase
expression and regulation is highly complex and
may vary depending on different airway chem-
istry between disease states (20). We have studied
a healthy population while other studies
observed an association between the NOS1 poly-
morphism and FENO in different disease groups.
An interesting finding in the present study was

a higher prevalence of atopic children harboring
two high repeat alleles compared with non-atopic
children. This finding was surprising as the atopic
children in this study had significantly elevated
FENO while the high AAT repeat NOS1 poly-
morphism has been associated with relatively
lower FENO (5,10,11). Our data suggest that an
association independent of FENO can exist
between the NOS1 polymorphism and atopy in
healthy children. It is unclear how this may work.
One possibility is that this polymorphism may
manifest itself phenotypically by way of linkage
with other loci that are relevant to atopy. It has
been demonstrated that NOS1 is able to regulate
NOS2 expression (21). Therefore, it is possible
that the NOS1 polymorphism may play a role in
the immune system as NO formed by NOS2 may
modulate the Th1/Th2 balance by favoring Th2
responses (22).
Alternatively, the association between high

AAT repeats and atopy could be a direct
consequence of the polymorphism itself influen-
cing the production of NO in a way that affects
the allergic response as a physiological messen-
ger, but not contribute significantly to FENO.
There is increasing evidence pointing to the
likelihood of a functional relevance of introns
whereby their RNA products are part of a
complex communication network that is capable
of influencing phenotypic outcomes through
various transcriptional, translational and post-
translational regulation mechanisms (23).
The regulation and role of NO in airway

patho-physiology through the various NOS iso-
forms is very complex and is still far from being
fully understood. Further investigation of these
findings is necessary for developing a better
understanding of the role of NOS1 in atopy.
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