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Abstract
Aims—Electrocardiographic ventricular repolarization QT parameters are independent risk
factors for cardiovascular events and sudden cardiac death in diabetic patients. The aim of the
study was to investigate the association of polymorphisms of the nitric oxide synthase 1 adaptor
protein (NOS1AP) gene with QT interval in Chinese subjects with or without Type 2 diabetes.

Methods—Three single nucleotide polymorphisms (SNPs) (rs10494366, rs12143842 and
rs12029454) were genotyped in 1240 Type 2 diabetic patients (631 men and 609 women) and
1196 normal controls (433 men and 763 women). Individuals with overt diseases other than
diabetes were excluded. Heart-rate corrected QT interval (QTc) was determined by standard 12-
lead ECG and Bazett formula. Sex-pooled analysis and sex-specific analysis for genotype–
phenotype association were both conducted.

Results—In the diabetic group, the rs12143842 T allele was associated with a 3.87-ms (P =
0.014, empirical P = 0.039) increase in QTc duration for each additional allele copy, while
rs10494366 and rs12029454 exhibited no significant association with QTc. We found no evidence
of association for the three SNPs in subjects with normal glucose regulation. No significant SNP-
gender and -diabetes affection interaction was observed.

Conclusions—The genetic variant rs12143842 in NOS1AP is associated with QT interval
duration in a Chinese population with Type 2 diabetes. Future studies in different populations are
needed to validate this finding and to evaluate the impact of NOS1AP variants on cardiovascular
events and sudden cardiac death in diabetic patients.
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Introduction
The QT interval duration is a non-invasive electrocardiographic measurement of the
ventricular repolarization process with an estimated heritability of approximately 35% [1,2].
An abnormally prolonged QT interval duration is the feature of long-QT syndrome, which is
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characterized by life-threatening arrythmias and sudden cardiac death [3]. Although various
mutations of genes encoding for ion channels have been identified to be responsible for
long- and short-QT syndromes [4,5], genetic determinants for QT variation in general
population remain to be further elucidated.

With the rapidly rising incidence and prevalence in recent years, Type 2 diabetes has
become a major threat toward a global epidemic. Evidence suggests that
electrocardiographic ventricular repolarization QT parameters are independent risk factors
for cardiovascular events and sudden cardiac death in patients with diabetes [6-8].
Therefore, study of the determinants of ventricular repolarization in diabetic patients may
provide valuable insight into the mechanisms underlying adverse cardiovascular events and
sudden cardiac death in diabetic patients

NOS1AP, encoding the nitric oxide synthase 1 adaptor protein, has been found to regulate
neuronal nitric oxide synthase (nNOS) activation through the interaction with the nNOS
PDZ domain [9]. Furthermore, the acute inhibition or chronic genetic disruption of nNOS
was reported to have an effect on cardiac contractility in vitro and suggested a role for
nNOS in the regulation of calcium fluxes [10]. In 2006, a multistage genome-wide
association study (GWAS) identified an association between QT interval and common
variations of NOS1AP [11] and this association has been replicated in several independent
populations [12-14]. However, these studies were restricted to subjects of non-Asian
descent, warranting a replication in an Asian sample. Thus, we carried out the current study
to test for the association of NOS1AP with QT interval duration in Chinese subjects with or
without Type 2 diabetes.

Subjects and methods
Subjects

We recruited 1240 unrelated patients with Type 2 diabetes mellitus whose details were
included in the Shanghai Diabetes Institute inpatient database and 1196 controls who
participated in the Shanghai Diabetes Study [15]. All participants were of Han Chinese
ancestry and resided in Shanghai or nearby regions. Diabetes was defined according to the
1999 WHO criteria (fasting plasma glucose ≥ 7.0 mmol/l and/or 2 h plasma glucose ≥ 11.1
mmol/l). Type 1 diabetes and mitochondrial diabetes were excluded by clinical,
immunological (individuals with GAD and/or protein tyrosine phosphatase IA-2 antibodies
were excluded) and genetic methods (mitochondrial tRNALEU(UUR) A3243G mutation
carriers were excluded). The control subjects had normal glucose tolerance, defined as a
fasting plasma glucose level of < 6.1 mmol/l and a 2-h 75-g oral glucose tolerance test
plasma glucose level of < 7.8 mmol/l. Individuals with malignancy, mental disorders,
history of ketoacidosis, history of acute or chronic myocardial infarction or severe kidney or
liver diseases were excluded from our study. The study protocol was approved by the
institutional review board of Shanghai Jiao Tong University Affiliated Sixth People's
Hospital, Shanghai, China. All participants gave informed consents prior to the study.

Clinical measurements
All subjects underwent a detailed clinical investigation. Anthropometric parameters included
height, weight and blood pressure. HbA1c was also obtained using the Bio-Rad Variant II
haemoglobin testing system (Bio-Rad Laboratories, Hercules, CA, USA).

The 12-lead electrocardiograph (ECG) was obtained with a GE Marquette digital recording
system (GE Healthcare, Waukesha, WI, USA) according to standard procedures. As heart
rate could affect QT interval measurement, we utilized the widely used Bazett formula to
obtain heart-rate corrected QT interval (QTc). At least one 12-lead ECG was performed on
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each participant until a clear measurement of QTc was made. Based on ECG data, we
excluded individuals with myocardial infarction, bundle branch block, artrio-ventricular
conduction defects, atrial fibrillation or QRS > 120 ms, as these conditions may alter
ventricular repolarization and subsequent QT interval measurement.

SNP selection and genotyping
Three SNPs in NOS1AP (rs10494366, rs12143842 and rs12029454), previously reported to
be associated with QT-interval [11,16-18], were selected. rs10494366, rs12143842 and
rs12029454 are located in intron 1, the 5’ region and intron 2 of NOS1AP, respectively. To
date, no function has been reported for these SNPs. Genotyping was performed by primer
extension of multiplex products with detection by matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy using a MassARRAY platform (MassARRAY Compact
Analyzer; Sequenom, San Diego, CA, USA). The call rates for rs10494366, rs12143842 and
rs12029454 were 98.36, 99.59 and 98.23%, respectively. The concordance rates based on
100 duplicate pairs were 100% for all these SNPs.

Statistical analysis
Allele frequencies for each SNP were calculated by gene counting. Genotype frequency
distribution was tested for Hardy–Weinberg equilibrium with a χ2-test. Pairwise linkage
disequilibrium was determined by calculating |D′| and r2 using Haploview (version 3.32).
For analysis of genotype–phenotype association, a linear regression model adjusting for age,
gender and HbA1c (diabetic subjects only) was employed under an additive genetic model.
Correction of multiple testing on genotype association after adjusting confounders was
performed using PLINK (version 1.05) through 10 000 permutations. Sex-pooled analysis
and sex-specific analysis were both conducted. A two-tailed P-value of < 0.05 was
considered statistically significant. The statistical analyses were performed using SAS for
Windows (version 8.0; SAS Institute, Cary, NC, USA).

For the three SNPs genotyped in the current study, both our diabetic and control samples
had over 80% power to detect a genetic effect of 4.4 ms, which was reported previously
[16], at the significance level of 0.05.

Results
The characteristics of the participants (1240 patients and 1196 controls) at baseline are
summarized in Table 1. Not unexpectedly, there were significant differences of age, BMI,
blood pressure and QTc between Type 2 diabetic patients and normal controls.

The minor allele frequencies for rs10494366, rs12143842 and rs12029454 were 36.6, 34.4
and 28.9%, respectively. All three SNPs conformed to the Hardy–Weinberg equilibrium and
these SNPs were in low linkage disequilibrium (Table 2).

In diabetic patients, the SNP rs12143842 was significantly associated with QTc under an
additive genetic model adjusting for age, sex and HbA1c, with each copy of the minor allele
(T) prolonging QTc by 3.87 ms (P = 0.014, empirical P = 0.039) (Table 3). There was a
3.05-ms difference in QTc for each additional minor allele (A) for rs12029454 (P = 0.039).
However, the significance was not retained after correction for multiple comparisons
(empirical P = 0.11). With respect to rs10494366, no evidence for association was found in
this study (P = 0.18, empirical P = 0.42) (Table 3). As women had a longer QTc than men,
we further investigated the gender-specific effect of NOS1AP SNPs on QTc. When age and
HbA1c were taken as covariates, rs12143842 was associated with a 5.46-ms increase of QTc
in women (P = 0.018), even after adjustment for multiple testing (empirical P = 0.049). By
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comparison, the association did not reach statistical significance in men (P = 0.42, empirical
P = 0.76) (Table 4). No significant gender–SNP interaction was observed (P = 0.24).

In the control group, the association for rs12029454 with QTc was not significant, although
a trend towards association after adjusting for age and sex (β = 2.63 ms for each copy of
minor allele A, P = 0.054) was observed. We found no evidence of association for
rs10494366 (P = 0.30) and rs12143842 (P = 0.65) (Table 3). In addition, separation of
gender revealed no significant association (Table 4).

As we found the statistically significant result only in the diabetic group, a test for the SNP–
diabetes affection interaction was conducted after cases and controls were pooled. Although
not significant, rs12143842 showed a trend towards interaction with diabetes status (P =
0.057) (Table 5).

Discussion
In the present study, three SNPs were tested for the association with QTc duration in a
cohort of 1240 subjects with Type 2 diabetes and 1196 individuals with normal glucose
regulation. In the diabetic group, rs12143842 was associated with increased QT interval
duration in the entire group and in women, while rs10494366 and rs12029454 exhibited no
significant genetic effect. In the control group, we observed no evidence of association with
QT interval for the three SNPs, with rs12029454 showing a marginal association.

rs10494366 was first identified in an attempt to find genetic variants modulating cardiac
repolarization [11], and its association with QT interval was validated in several subsequent
population-based studies [12-14], indicating that this association is not a false-positive
result, at least in European populations. However, we did not observe the same effect either
in our Chinese diabetic sample or in the normal control group. Considering that we had over
80% power to detect a genetic effect of 4.4 ms previously reported in the Rotterdam Study
[16] in both the diabetic and the normal control group, this result might likely reflect the
difference in genetic architecture between the European and the Asian populations. In
contrast, rs12143842 was associated with a significant increase of QT-interval duration in
our study, consistent with two population-based studies [16,18]. rs12143842 is located in the
5’ region of NOS1AP and has no known function. In fact, the fine mapping in the initial
study concerning the association between NOS1AP and QT interval indicated that the most
likely location of the underlying functional variant is in the 5’ region of NOS1AP.
Functional studies are therefore warranted to clarify whether rs12143842 could regulate the
transcription. Alternatively, there might be a true causal SNP that is in linkage
disequilibrium with rs12143842.

It is notable that we observed a stronger genetic effect of NOS1AP variants on QT interval in
the diabetic group than in the control group. Intriguingly, a synergistic interaction of
diabetes and NOS1AP, probably because of a reduced repolarization reserve of diabetes
[19,20], was suggested by Lehtinen et al. [21]. In their study, the strength of the effect of
NOS1AP variants on QT was larger in diabetic patients than in the total sample of diabetic
and non-diabetic subjects, which is consistent with the pattern of our findings. A test for the
SNP–diabetes affection interaction was also conducted in our study. Although not
significant, a trend toward interaction was observed (P = 0.057) and future studies of larger
sample are needed to clarify this issue.

Several community-based studies found that women were more susceptible to drug-induced
ventricular arrhythmia than men [22-24] and that women with long-QT syndrome are at
higher risk than men of cardiac arrest and sudden cardiac death [25,26], raising the
possibility that genetic factors may modify cardiac repolarization in a gender-specific
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manner. This was further supported by a genome-wide association scan in three European
populations, in which a stronger association in females was observed [27]. Similar to these
findings, we found evidence of an association between NOS1AP and QT interval only in
women, supporting the difference of QT biology in the two genders. However, no
significant gender–SNP interaction was observed, probably underpowered because of the
limited samples of each gender in our diabetic sample.

There are several lines of evidence that prolonged QT interval predisposed diabetic patients
to sudden cardiac death and cardiovascular diseases [6-8]. Specifically, a study conducted in
192 Chinese diabetic patients revealed that women with prolonged QT interval have a 2.8-
fold greater rate of cardiovascular disease as compared with those with a normal QT interval
[28]. Interestingly, the International Type 2 Diabetes 1q Consortium showed that one of the
nominal associations with Type 2 diabetes was located in the NOS1AP gene. Although this
association was not replicated in additional samples of European descent, a significant effect
of common NOS1AP variants on the susceptibility to Type 2 diabetes was observed recently
in a Chinese population [29]. Our findings, together with these observations, suggest that
women carrying the risk-conferring polymorphisms of NOS1AP may be more prone to
cardiovascular events and sudden cardiac death, a finding which needs to be further
investigated in the future.

A limitation of the study resides in the lack of exposure data of QT-prolonging or-shortening
drugs. However, no anti-diabetic drugs were proved to be QT prolonging or shortening
according to the QT Drugs website (http://www.Qtdrug.org/) and participants with overt
diseases other than diabetes, which would require additional drug therapies, were excluded
from the study cohort; thus, we had minimized the bias to a great extent. In addition,
electrolyte disturbances that may explain QT alteration were not investigated in our study
and these deserve to be taken into consideration in the future.

In summary, we have further validated the association of NOS1AP with QT interval in a
Chinese diabetic cohort. Attempts with larger sample size are needed to clarify whether
these findings are specific to the diabetic patients or whether they are common in the general
Chinese population. In addition, future studies will also be required to characterize the
influence of NOS1AP variants on cardiovascular events and sudden cardiac death, especially
in diabetic women.
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Table 1

The clinical characteristics of the study sample

Characteristics Type 2 diabetes (n = 1240) Control subjects (n = 1196)

Total Age (years) 60.9 ± 12.44 49.04 ± 13.95*

BMI (kg/m2) 24.22 ± 3.47 23.73 ± 3.14*

Systolic blood pressure (mmHg) 135.66 ± 18.58 122.9 ± 17.66*

Diastolic blood pressure (mmHg) 81.23 ± 10.11 76.89 ± 10.08*

HbA1c (mmol/l) 9.11 ± 2.36 5.58 ± 0.35*

QTc (ms) 411.03 ± 37.82 396.58 ± 32.76*

Men n 631 433

Age (years) 58.8 ± 13.0 49.8 ± 15.6

BMI (kg/m2) 24.11 ± 3.33 23.67 ± 3.05

Systolic blood pressure (mmHg) 133.65 ± 18.07 126.02 ± 18.17

Diastolic blood pressure (mmHg) 81.71 ± 10.32 78.96 ± 10.77

HbA1c (mmol/l) 9.22 ± 2.44 5.58 ± 0.34

QTc (ms) 400.73 ± 33.97 390.06 ± 31.2

Women n 609 763

Age (years) 63.0 ± 11.5† 48.61 ± 12.92

BMI (kg/m2) 24.33 ± 3.60 23.76 ± 3.18

Systolic blood pressure (mmHg) 137.68 ± 18.86† 121.13 ± 17.13‡

Diastolic blood pressure (mmHg) 80.71 ± 9.86 75.72 ± 9.47‡

HbA1c (mmol/l) 9.00 ± 2.28 5.58 ± 0.36

QTc (ms) 421.72 ± 38.64† 400.26 ± 33.07‡

Continuous variables are presented as mean ± SD.

QTc, heart-rate corrected QT interval.

*
P < 0.05 compared with diabetic patients.

†
P < 0.05 compared with diabetic men.

‡
P < 0.05 compared with men with normal glucose regulation.
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Table 2

The pairewise linkage disequilibrium of the single nucleotide polymorphisms genotyped in the NOS1AP
region

|D’| rs10494366 rs12143842 rs12029454

r2

rs10494366 0.44 0.26

rs12143842 0.04 0.34

rs12029454 0.02 0.08

|D’| above the diagonal line and r2 below the diagonal line.
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Table 5

Test for single nucleotide polymorphism–diabetes affection interaction in the pooled sample

Interaction with Type 2 diabetes β se t P

rs10494366 2.39 2.04 1.17 0.24

rs12143842 4.05 2.12 1.91 0.057

rs12029454 0.57 2.06 0.28 0.78
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