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Abstract
BACKGROUND—The endothelial nitric-oxide synthase (NOS3) gene encodes the enzyme
(eNOS) that synthesizes the molecule nitric oxide, which facilitates endothelium-dependent
vasodilation in response to physical activity. Thus, energy expenditure may modify the association
between the genetic variation at NOS3 and blood pressure.

METHODS—To test this hypothesis, we genotyped 11 NOS3 polymorphisms, capturing all
common variations, in 726 men and women from the Medical Research Council (MRC) Ely Study
(age (mean ± s.d.): 55 ± 10 years, body mass index: 26.4 ± 4.1 kg/m2). Habitual/non-resting
energy expenditure (NREE) was assessed via individually calibrated heart rate monitoring over 4
days.

RESULTS—The intronic variant, IVS25+15 [G→A], was significantly associated with blood
pressure; GG homozygotes had significantly lower levels of diastolic blood pressure (DBP) (−2.8
mm Hg; P = 0.016) and systolic blood pressure (SBP) (−1.9 mm Hg; P = 0.018) than A-allele
carriers. The interaction between NREE and IVS25+15 was also significant for both DBP (P =
0.006) and SBP (P = 0.026), in such a way that the effect of the GG-genotype on blood pressure
was stronger in individuals with higher NREE (DBP: −4.9 mm Hg, P = 0.02. SBP: −3.8 mm Hg, P
= 0.03 for the third tertile). Similar results were observed when the outcome was dichotomously
defined as hypertension.

CONCLUSIONS—In summary, the NOS3 IVS25+15 is directly associated with blood pressure
and hypertension in white Europeans. However, the associations are most evident in the
individuals with the highest NREE. These results need further replication and have to be ideally
tested in a trial before being informative for targeted disease prevention. Eventually, the selection
of individuals for lifestyle intervention programs could be guided by knowledge of genotype.

Hypertension, which affects 30–50% of adults in Europe and North America, is an
established risk factor for cardiovascular disease.1 Improvements in blood pressure can be
achieved in most individuals by increasing habitual physical activity levels.2 However, the
extent to which blood pressure can be managed via exercise intervention varies markedly
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from one individual to the next, which may be due in part to genetic variation.3 Therefore, it
is likely that the interaction between genetic and lifestyle factors determine blood pressure
and the risk of developing hypertension. Genes that encode proteins involved in blood
pressure homeostasis and that are sensitive to lifestyle changes such as diet and exercise
may represent the most appropriate candidates to test hypotheses of gene–lifestyle
interactions on hypertension risk.

The endothelial nitric-oxide synthase (NOS3) gene encodes the enzyme that synthesizes the
molecule nitric oxide.4 In humans, endothelial nitric-oxide synthase (eNOS) is a major
metabolic determinant of blood pressure, accounting for diastolic and systolic basal
inhibition of ~30 mm Hg, as demonstrated in studies of eNOS blockade.5 Nitric oxide is
released from endothelial cells and myocytes during the metabolism of energy and is,
therefore, to varying degrees, continuously synthesized.4 Although NOS3 is basally
expressed, elevations in energy expenditure markedly increase NOS3 activity,6 which
accounts for some of the endothelium-dependent vasodilation associated with exercise.5 The
mechanisms through which this is achieved include shear stress7 and AMP kinase–mediated
NOS3 phosphorylation.8

Several recent studies in humans have described the interaction between NOS3 gene
variants and exercise-related factors on cardiovascular traits such as blood pressure and
coronary artery disease.9,10 In this study, we examined the interaction between habitual/
non-resting energy expenditure (NREE) and11 NOS3 gene variants on blood pressure and
hypertension risk in cross-sectional data from the Medical Research Council (MRC) Ely
study.

METHODS
Study population

The MRC Ely Study11,12 is a prospective population-based cohort study of the etiology and
pathogenesis of type 2 diabetes and related metabolic disorders. All participants in this study
were white, living in the same geographical region in the east of England. This study
includes 726 volunteers (298 men and 428 women), aged 31–73, from phase 2 of the MRC
Ely study in whom the necessary genetic and phenotypic data were available. The study
design, methods, and measurements have been described in detail elsewhere.13 Table 1
shows the clinical characteristics of the study participants (n = 726).

Ethical permission was granted by the Cambridgeshire Local Research Ethics Committee.
All participants provided written informed consent.

Blood pressure and hypertension
Blood pressure was measured by trained personnel with the participant seated using an
Accutorr automated sphygmomanometer (Datascope, Cambridge, UK). Blood pressure
values were measured three times and the average of the measurements were considered for
the study. Hypertension was defined as diastolic blood pressure (DBP) ≥90 mm Hg and/or
systolic blood pressure (SBP) ≥140 mm Hg and/or the use of anti-hypertensive drugs.14
Participants self-reported the use of antihypertensive medications. There were 190
hypertensive participants, of whom 90 took antihypertensive drugs.

Anthropometry and physical activity measurement
Participants attended the laboratory after a 10-h overnight fast. Standard anthropometric data
were obtained by trained observers with participants in lightweight clothing without shoes.
Height and weight were measured using a rigid stadiometer and calibrated scales,
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respectively. Resistance was assessed using a standard bioimpedance technique (Bodystat,
Isle of Man, UK). This device has previously been shown to be a valid and reliable15
measure of percentage body fat. Fat mass (FM) was calculated from percentage body fat,
and body weight and fat free mass (FFM) was calculated as the difference between weight
and FM.

NREE was assessed objectively in a subset of subjects (n = 652) using the Flex Heart Rate
technique.16 This method has been shown to be reliable and valid for assessing energy
expenditure when compared to the gold-standard methods of doubly labeled water and
indirect calorimetry.16 Briefly, Flex Heart Rate technique involves the individual calibration
of heart rate against energy expenditure assessed using indirect calorimetry at rest and
during a graded exercise stress test. All methods for this study have been described in detail
previously.17 In this analyses, NREE is defined as total free-living energy expenditure
adjusted for FM and FFM. Since FM and FFM account for the vast majority of variation in
basal metabolic rate, the residual variance represents all non-basal energy metabolism
independent of adiposity, a potential confounding factor.

SNP selection and genotyping
The study population was genotyped for 11 NOS3 gene variants. Five of these single-
nucleotide polymorphisms (SNPs) (IVS2+42− rs1800781, IVS6−26− rs1007311,
IVS11−30− rs1800780, E298D− rs1799983, and IVS25+15− rs891512) were identified by
de novo polymorphism screening in a human diversity panel with 47 samples from four
ethnically diverse populations and were genotyped, as described previously.18 Three SNPs
(rs1800779, rs3800787, and rs2070744) were genotyped at the Wellcome Trust Sanger
Institute, as described elsewhere.19 An additional six tagSNPs (rs10277237, rs1808593,
rs2373929, rs3918227, rs3918186, and rs3918188) were selected from the dbSNP database
to ensure full coverage of the common genetic variations in the NOS3 gene (5 kb upstream
and downstream of the gene; r2 = 0.8; minor allele frequency >0.05; Supplementary Figure
S1 online), according to the genetic variation reported for the CEU population of the
International HapMap project Phase 2 release 21.20 The SNPs, rs3918227, rs3918186, and
rs3918188, failed assay design and were not genotyped. The three tagSNPs selected from
the HapMap capture 50% of the common genetic variation reported for the CEU population.
Seven SNPs that were chosen in this study were not reported in the HapMap and were not in
linkage disequilibrium with HapMap tagSNPs and therefore potentially capture part of the
remaining 50% of the genetic variation in the CEU population. Figure 1 shows the pairwise
linkage disequilibrium between SNPs from MRC Ely study.

The additional three tagSNPs were genotyped by Custom TaqMan SNP Genotyping Assays
(Applied Biosystems, Warrington, UK). The genotyping assays were carried out on 10 ng of
genomic DNA in a 5 μl 384-well TaqMan assay using a PTC-225 Thermal Cycler (MJ
Research, Watertown, MA). The ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems, Warrington, UK) was used for end point detection and allele calling. The
genotyping success rate was >98%.

Statistical analysis
A likelihood ratio test was performed to assess whether the observed genotype frequencies
were in Hardy–Weinberg equilibrium. The genotype frequencies and Hardy–Weinberg
equilibrium P values of the 11 SNPs are represented in Supplementary Table S1 (online).
Genotype frequencies of all SNPs were in Hardy–Weinberg equilibrium. Linkage
disequilibrium between SNPs (r2 value) was estimated using Haploview V3.2 (http://
www.broad.mit.edu/mpg/haploview).
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Association analyses were conducted using SAS 9.1 for windows (SAS Institute, Cary, NC).
The association between the NOS3 SNPs and blood pressure were tested using generalized
linear models assuming an additive effect for each additional minor allele. Logistic
regression analyses were performed to test the association of the NOS3 SNPs with the risk
of hypertension. Interactions between SNPs and NREE (continuous trait) were tested by
including interaction terms (NREE*SNPs) in the (generalized linear model or logistic)
model. For clarity of presentation, the sample was stratified into sex-specific tertiles of
NREE per kg body weight. All models were adjusted for age, sex, FM, and FFM. Interaction
models included the main effects and were adjusted for age, sex, FM, and FFM. The
association between IVS25+15 and blood pressure was adjusted for antihypertensive drug
effect. DBPs and SBPs were log-transformed to obtain normal distributions; thus, geometric
means are reported in the tables.

Haplotype blocks were defined using Gabriel's method, as implemented in Haploview (as
shown in Figure 1). TagSNPs were selected using the pairwise tagging option (r2 = 0.8;
minor allele frequency >0.05) and force-included the previously genotyped SNPs. We then
used the HAPLOTYPE procedure in SAS/Genetics 9.13 to estimate the haplotype
frequencies using the expectation–maximization algorithm. Haplotypes prevalent at ≥5%
were retained for analyses. The coding of the haplotypes refers to the allele at each SNP
(i.e., 1 for major allele and 2 for minor allele). Each number within the haplotype is ordered
according to the SNPs' genomic location. Thus, the first number refers to allele ‘1’ or ‘2’ at
the rs10277237 SNP, the second number refers allele ‘1’ or ‘2’ at the rs1800783 SNP, and
so on for each haplotype block shown in the Figure 1. Supplementary Table S2 online shows
the frequencies of the haplotypes that were frequent at ≥5% in this population. The
association of these haplotypes with blood pressure was estimated by stepwise regression
analysis. P < 0.05 was considered statistically significant. Power calculations were
performed using Quanto v1.1.1 (http://hydra.usc.edu/gxe). Depending on the genotype
studied, our analyses were powered at ≥80% to detect a difference of between 1.6–2.3 mm
Hg for DBP and 2.5–3.5 mm Hg for SBP at a significance of 5% for each main effect model.

RESULTS
Association between NOS3 gene polymorphism and blood pressure

We first carried out stepwise regression analyses for SBP and DBP separately, including all
the 11 SNPs in the model along with age, sex, FM, and FFM. These analyses showed that,
among the 11 SNPs, only IVS25+15 [G→A] SNP (rs891512) contributes significantly to
variation in SBP (P = 0.014) and DBP (P = 0.009). Subsequent single-SNP analyses were
performed for all SNPs, which confirmed the significant association of the IVS25+15
[G→A] SNP, showing that GG homozygotes had significantly lower levels of DBP
((additive: GG, 74.9 ± 0.5; GA, 76.8 ± 0.7; AA, 76.7 ± 1.9 mm Hg, P = 0.03) (dominant:
GG, 74.9 ± 0.5; XA, 76.8 ± 0.6 mm Hg, P = 0.01)) and SBP ((additive: GG, 124.4 ± 0.7;
GA, 127.2 ± 0.9; AA, 127.4 ± 2.8 mm Hg, P = 0.03) (dominant: GG, 124.4 ± 0.7; XA, 127.2
± 0.9 mm Hg, P = 0.02)) when compared to A allele carriers (Table 2).

Interaction of NREE with the relationship between NOS3 gene polymorphism and blood
pressure

The association of the IVS25+15 [G→A] SNP with blood pressure was significantly
modified by NREE (P for genotype × NREE interaction: DBP P = 0.006; SBP P = 0.02;
Figure 2). Due to the low frequency of rare homozygotes (4.16%), and similarity in blood
pressure of the A-allele carriers (XA), we used a dominant model and compared XA to G-
allele homozygotes. The effect of the GG genotype on blood pressure was only observed in
individuals in the highest tertile for NREE/kg; for DBP (mean ± s.e.m.): GG 72.9 ± 0.7 mm
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Hg vs. XA, 76.7 ± 1.5 mm Hg, P = 0.02), for SBP (GG, 120.3 ± 1.1 mm Hg vs. XA, 125.2 ±
1.3 mm Hg, P = 0.027) (Table 2), whereas no significant effect of the IVS25+15 [G→A]
SNP on blood pressure was observed at the lower NREE levels.

NREE was negatively associated with DBP (P = 0.034) and SBP (P = 0.043), independently
of the association of the IVS25+15 [G→A] genotype with blood pressure, i.e., blood
pressure decreased by 0.019 ± 0.009 mm Hg (DBP) and 0.016 ± 0.008 mm Hg (SBP) for
every 100 kJ increase in NREE.

Association between NOS3 gene polymorphism and hypertension
We also assessed the association between genotypes and hypertension. Consistent with the
findings for blood pressure, we found that the odds ratio for hypertension for the individuals
carrying the A allele at IVS25+15 was 1.695 (95% CI: 1.18–2.44, P = 0.004) compared to
those without the A allele. We then stratified the cohort by sex-specific tertiles of NREE per
kg body weight and reassessed the association between the IVS25+15 [G→A] genotype and
hypertension risk within strata. In those with the highest levels of NREE, carriers of the XA
genotype at IVS25+15 were significantly more likely to be hypertensive than non-carriers (P
= 0.042), with 16 of 32 hypertensive individuals carrying the XA genotype (50%) compared
to only 55 of 175 normotensive individuals carrying the XA genotype (31.4%). By contrast,
there was no significant association between IVS25+15 [G→A] genotype frequencies and
hypertension risk at lower NREE levels.

To exclude uncontrolled confounding, we examined the association between the IVS25+15
[G→A] SNP and several traditional risk factors (Supplementary Table S3 online). None of
these risk factors showed association with the IVS25+15 SNP, suggesting that the observed
association of this SNP with blood pressure and hypertension was not confounded by these
risk factors.

DISCUSSION
In this study, we tested the association between NOS3 gene variants and blood pressure and
hypertension in a population-based cohort of middle-aged white Europeans from the United
Kingdom. Because NOS3 gene expression is sensitive to changes in energy expenditure,6
we also tested for interaction between genotype and NREE levels on blood pressure levels.
We found that the common homozygous genotype at one of the loci (IVS25+15) was
associated with lower blood pressure, but this protective effect was evident only in
individuals with high energy expenditure. These results support a role for common variation
at the NOS3 gene in the etiology of hypertension and suggest that high NREE may modify
the protective effects of this variation on blood pressure homeostasis.

The beneficial effects of exercise on blood pressure homeostasis have been widely reported.
21,22 Although the NOS3 gene is a strong biological candidate for the regulation of blood
pressure, the evidence supporting a role for common variation at the NOS3 gene in the
development of hypertension is less well defined.23-26 NOS3 gene polymorphisms have
been associated with hypertension and coronary artery disease in people from Japan,25
Singapore,26 and Korea,27 while no association was observed in people from China28 and
Australia.29 It is possible that these ethnic-specific findings could result from genuine
genetic differences between populations caused by different founder effects, statistical
fluctuations where some of the findings are false, or gene–environment interactions, such as
differences in NREE. The polymorphism for which we observed associations with blood
pressure in this study (IVS25+15) was not studied in relation to blood pressure in any of the
previously published population; hence, there are no studies against which the results of this
study can be compared. The etiological relevance of the IVS25+15 SNP in blood pressure
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regulation is poorly understood. It is plausible that IVS25+15 could act as a marker for other
functional polymorphisms at NOS3 or have some intrinsic functional significance; although
this variant is in the intronic region, it could affect mRNA stability and enzyme levels by
affecting splicing.30 The IVS25+15 variant may also tag SNPs in genes other than NOS3;
for example, several other potentially atherogenic genes are located within the same
chromosomal region as NOS3 (Ch.7q36). These include the insulin-induced gene 1 (ref. 31)
and fatty acid-binding protein5-like 3.32

Thus far, all existing published studies of gene-physical activity interaction in hypertension
have suffered from low statistical power, either because the sample size is too small and/or
because the characterization of physical activity is imprecise. A strength of this study is that
NREE was assessed objectively using individually calibrated heart-rate monitoring against
directly measured energy expenditure, whereas the majority of existing studies of this nature
have used subjective measures such as questionnaires and interviews, which are less precise
and are susceptible to response bias. Nonetheless, this study is underpowered to detect small
associations (<1.6 for DBP and <2.5 for SBP). Thus, we cannot be certain that all our
negative findings are truly negative. On the other hand, all participants in this study were
white, living in the same geographical region in the east of England. Although this is
generally perceived to be an ethnically homogenous population, we cannot completely
exclude the possibility that underlying genetic heterogeneity exists. However, provided that
individuals with non-European ancestry are excluded, the extent of population stratification
in the British population is generally modest.33 Moreover, the findings we report here have
moderate P values, which will need to be confirmed in replication studies and, most
importantly, will need to be supported by mechanistic studies.

In summary, given the defined biological role that NOS3 plays in the regulation of blood
pressure, the observations that the IVS25+15 SNP is associated with blood pressure and
hypertension, both directly and through effect modification by physical activity, are highly
plausible. Although physical activity does not seem to be effective in lowering blood
pressure of A-allele carriers, it may still be beneficial to other metabolic traits. Our findings
need to be further replicated and ideally tested in a trial before being informative for targeted
disease prevention. Eventually, the selection of individuals for lifestyle intervention
programs could be guided by knowledge of genotype.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pairwise linkage disequilibrium (LD) comparisons (r2 values shown in the squares) for the
11 SNPs in the nitric oxide synthase 3 (NOS3) gene identified in this study; LD blocks as
defined by Gabriel method of haplotype analysis.
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Figure 2.
(a) Interaction of non-resting energy expenditure (NREE) (sex-specific tertiles of energy
expenditure/kg) and IVS25+15 SNP on systolic blood pressure; (b) Interaction of NREE and
IVS25+15 SNP on diastolic blood pressure.
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Table 1

Clinical characteristics of the study participants in the MRC Ely study

Men (n = 298) Women (n = 428)

Characteristics Mean ± s.d. Mean ± s.d.

Age (years) 55 ± 11 54 ± 10

Body mass index (kg/m2) 26.8 ± 3.2 26.5 ± 4.7

Body fat (%) 24.3 ± 4.7 37.6 ± 6.7

Diastolic blood pressure
(mm Hg)

78.8 ± 10.9 74.4 ± 10.0

Systolic blood pressure
(mm Hg)

129 ± 16 124 ± 16

Non-resting energy
expenditure (kJ/day)

15047.2 ± 5817.8 11091.6 ± 4737.1

Total serum cholesterol
(mmol/l)

5.9 ± 1.1 6.0 ± 1.1

Serum triglycerides (mmol/l) 1.4 ± 0.6 1.1 ± 0.6

High-density lipoprotein
cholesterol (mmol/l)

1.3 ± 0.3 1.6 ± 0.4

Low-density lipoprotein
cholesterol (mmol/l)

3.9 ± 1.0 3.8 ± 1.1

Fasting blood glucose (mmol/l) 5.0 ± 0.6 4.8 ± 0.5

Fasting serum insulin 41.6 ± 30.5 38.4 ± 26.6

% of participants with obesity 16.1 17.8

% of participants with
hypertension

30.9 25.8
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Table 2

Blood pressure values (geometric mean ± s.e.) in each NOS3 IVS25+15 SNP genotype group

Genotypes of IVS25+15 SNP

Parameters GG (n = 423) GA (n = 244) AA (n = 29) P value

All participants

     Systolic blood
     pressure (mm Hg)

124.4 ± 0.7 127.2 ± 0.9 127.4 ± 2.8 0.03

     Diastolic blood
     pressure (mm Hg)

74.9 ± 0.5 76.8 ± 0.7 76.7 ± 1.9 0.03

GG XA (GA + AA)

Non-resting energy expenditure tertile 1 (physically inactive)

(n = 117) (n = 96)

     Systolic blood
     pressure (mm Hg)

126.5 ± 1.3 127.7 ± 1.3 0.67

     Diastolic blood
     pressure (mm Hg)

75.9 ± 0.9 75.9 ± 0.9 0.97

Non-resting energy expenditure tertile 2 (moderately active)

(n = 122) (n = 80)

     Systolic blood
     pressure (mm Hg)

123.9 ± 0.9 125.2 ± 1.3 0.36

     Diastolic blood
     pressure (mm Hg)

75.2 ± 0.8 76.7 ± 0.8 0.26

Non-resting energy expenditure tertile 3 (physically active)

(n = 136) (n = 71)

     Systolic blood
     pressure (mm Hg)

120.3 ± 1.1 125.2 ± 1.3 0.027

     Diastolic blood
     pressure (mm Hg)

72.9 ± 0.7 76.7 ± 1.5 0.020
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