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Influence of Obesity on Association Between Genetic 
Variants Identified by Genome-Wide Association Studies 
and Hypertension Risk in Chinese Children
Bo Xi,1,2 Xiaoyuan Zhao,2 Giriraj R. Chandak,3 Yue Shen,2 Hong Cheng,2 Dongqing Hou,2 Xingyu Wang,4 
and Jie Mi2

Background
Childhood hypertension is a complex disease influenced by both 
genetic and environmental factors. We aimed to examine how obe-
sity status influences the association of 6 single nucleotide polymor-
phisms (SNPs) identified by genome-wide association studies (GWASs) 
with systolic/diastolic blood pressure (SBP/DBP) and hypertension in 
Chinese children.

methods
We recruited 619 hypertensive case subjects and 2,458 individuals with 
normal blood pressure from the Beijing Child and Adolescent Metabolic 
Syndrome study, a population-based case–control study. We selected 6 
SNPs from earlier GWASs of hypertension and genotyped them using 
TaqMan assay.

results
In the normal weight group, we did not observe any significant asso-
ciation of 6 SNPs and the genetic risk score (GRS) with SBP/DBP and 
hypertension (all P > 0.05). Only STK39 rs3754777 was significantly 

associated with higher DBP (P  =  0.02) in the overweight subjects. In 
the obese group, 3 SNPs and the GRS were significantly associated with 
higher SBP (ATP2B1 rs17249754: P  =  0.02; CSK rs1378942: P  =  0.003; 
CYP17A1 rs1004467: P = 0.04; GRS: P = 0.0002). We also observed a sig-
nificant association of 4 SNPs and the GRS with hypertension (ATP2B1 
rs17249754: P  =  0.02; CSK rs1378942: P  =  0.02; CYP17A1 rs1004467: 
P = 0.02; MTHFR rs1801133: P = 0.03; GRS: P = 0.0004). Correction for 
multiple testing had no influence on the statistical significance of the 
association of GRS with SBP/hypertension.

conclusions
This study shows a significant association of hypertension susceptibil-
ity loci only in obese Chinese children, suggesting a likely influence of 
childhood obesity on the risk of hypertension.
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Hypertension is a major risk factor for cardiovascular dis-
eases (CVDs) including stroke and coronary heart disease.1 
It is well established that hypertension at childhood can 
continue into adulthood.2 Thus, prevention and control of 
childhood hypertension may reduce the incidence of CVDs 
in adulthood. Hypertension is a complex disease influenced 
by both genetic and environmental factors,3 and epidemio-
logical studies have established that obesity is significantly 
associated with risk of hypertension.4 Although genetic fac-
tors play an important role in the development of hyperten-
sion, nongenetic risk factors including obesity can influence 
blood pressure (BP)/hypertension through the influence on 
gene expression or through interaction with gene products.5 

Therefore, research on both genetic and nongenetic risk 
factors for hypertension is necessary to comprehensively 
understand the etiology of this disease.

Recent genome-wide association studies (GWASs), con-
ducted mostly in Europeans, have identified >30 genomic 
loci associated with systolic/diastolic BP (SBP/DBP).6–11 
However, subsequent studies have reported inconsistent 
results, especially among East Asians.10,12,13 These contro-
versial observations might be due to the gene–environment 
interaction, which significantly contributes to the increased 
risk of hypertension. To our knowledge, there are very few 
reports on the influence of nongenetic risk factors such as 
obesity on association between GWAS-identified loci and 
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risk of hypertension. Hence, we investigated the effect of 
obesity status on the association of 6 single nucleotide poly-
morphisms (SNPs) with SBP/DBP and hypertension in the 
Chinese children from the Beijing Child and Adolescent 
Metabolic Syndrome (BCAMS) study.

MetHods

subjects

Subjects were recruited from the cross-sectional popula-
tion-based BCAMS study conducted in 2004.14 The survey 
included completion of a structured questionnaire, detailed 
medical examination including SBP/DBP, anthropometric 
measurements such as height and weight, and finger capillary 
blood tests from a representative sample of Beijing school-
aged children (N = 19,593; age range = 6–18 years; 50% boys). 
Based on the age- and sex-specific BP criteria for Chinese chil-
dren (Supplementary Table S1),15 prevalence of hypertension 
was 8.5% (n = 1,662 hypertensive cases among 19,593 BCAMS 
children aged 6–18 years). Informed consent was requested 
from all the children and/or their parents/guardians; a total 
of 3,077 children comprising 619 hypertensive children and 
2,458 normotensive children participated in a venous blood 
test after a 12-hour overnight fast. Distribution of age, sex, 
BP values, and severity of hypertension were comparable 
between the 619 hypertensive children who participated in 
the study and the 1,043 hypertensive children who refused to 
participate in the study (all P > 0.05). None of the hypertensive 
children were on antihypertensive medications. We excluded 
cases of secondary hypertension identified through the ques-
tionnaire or clinical examination by the pediatric cardiologist 
and that based on color Doppler ultrasound. According to the 
age- and sex-specific body mass index criteria for Chinese 
children (Supplementary Table S2),16 all participating chil-
dren were grouped into 3 categories: normal weight, over-
weight, and obese. All participating children and their parents 
gave written informed consent under protocols provided 
by the Capital Institute of Paediatrics that clearly stated that 
blood samples would be used for scientific research purposes, 
including genetic studies. The BCAMS study was approved by 
the Ethics Committee and Institutional Review Board of the 
Capital Institute of Paediatrics.

Measurement of BP

Resting BP was measured in accordance with standard 
procedures and recommendations.17 BP measurements 
among observers were standardized by a physician, and the 
difference between individual readings by each observer 
and the physician was kept at ≤4 mm Hg. After 5 minutes 
of rest, BP was measured by auscultation using a standard 
clinical sphygmomanometer. Measurements were made on 
the right arm in sitting position with the elbow at the level of 
the right atrium using an appropriately sized cuff. SBP was 
determined by the onset of the “tapping” Korotkoff sounds 
and DBP by the fourth Korotkoff sound. Three consecutive 
measurements were performed, and their mean was used for 
further analysis. Hypertension was defined as elevated BP 
measured on at least 2 separate occasions.

selection of snPs and genotyping

To achieve adequate power, we selected only SNPs in/
near hypertension-related genes with minor allele fre-
quencies ≥0.30 in Chinese individuals as available in the 
HapMap database. We chose 6 SNPs (ATP2B1 rs17249754, 
CSK rs1378942, CYP17A1 rs1004467, STK39 rs3754777, 
FGF5 rs16998073, and MTHFR rs1801133) that have been 
shown to be significantly associated with the risk of hyper-
tension.6–9,18 The power calculation for the study and for 
different subgroups based on obesity status was performed 
using Quanto software (http://hydra.usc.edu/gxe/). Overall, 
our study had approximately 80% power for each variant to 
detect an odds ratio (OR) of 1.30 for hypertension under an 
additive model, assuming a significance of 0.05, an allele fre-
quency of 0.30, and hypertension prevalence of 10% in the 
school-age children of Beijing. However, based on obesity 
status, the power for each variant to detect an OR of 1.30 was 
about 45%, 37%, and 77%, in the normal weight, overweight 
and obese subgroups, respectively.

Genomic DNA was isolated from peripheral blood 
white cells using the salt fractionation method. SNPs were 
genotyped by TaqMan Allelic Discrimination Assays on 
the GeneAmp 7900 Sequence Detection System (Applied 
Biosystems, Foster City, CA) using specific TaqMan probes. 
Genotyping call rates for all 6 SNPs were 100%. To validate 
the accuracy of genotyping, we repeated genotyping on 70 
randomly selected samples for each SNP and observed 100% 
concordance between the results of the 2 tests.

statistical analysis

Quantitative variables are expressed as means ± SD, and 
differences between groups were assessed using the Student 
t test. Categorical variables are represented as percentages 
and were tested by the χ2 test. Hardy–Weinberg equilibrium 
was assessed using the χ2 test. The risk alleles of 6 SNPs 
were determined based upon the results of earlier GWASs. 
The weighted SBP or DBP risk score was a weighted sum 
across 6 variants combining beta coefficients and doses 
of risk alleles, rounded to 1 mm Hg for SBP (groups <3 
to >6) and 0.5 mm Hg for DBP (groups <2 to >3.5).10 The 
weighted hypertension risk score was assessed as the sum 
of doses of the risk alleles weighted by the logarithm of the 
ORs at each SNP.10 We used the multiple linear regression 
model (continuous variable) and multiple logistic regression 
model (categorical variable), assuming an additive model 
and additional adjustment for sex and age to investigate the 
association of 6 SNPs and genetic risk score (GRS) with SBP/
DBP and hypertension within each group defined by body 
mass index. The Bonferroni correction was used to control 
for multiple testing (0.05/54 = 0.000926). Statistical analyses 
were performed with SPSS version 13.0 (SPSS, Chicago, IL).

results

Table 1 shows various characteristics of the study popula-
tion. We observed statistically significant differences in sex, 
BP, body mass index, and weight status between hyperten-
sive case subjects and normotensive control subjects (all 
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P < 0.001), but the mean age of the 2 groups were similar 
(P = 0.77). There were 1,494 children in the normal weight 
group, 556 children in the overweight group, and 1,027 chil-
dren in the obese group. The genotypes at all the SNPs were 
in Hardy–Weinberg equilibrium in the control group (all   
P > 0.05).

We performed association analysis of 6 SNPs with SBP/
DBP in the 3 groups defined by obesity status (Table 2). In 
the normal weight group, there was no significant associa-
tion of any SNP and the GRS with SBP/DBP (all P > 0.05). 
In the overweight group, STK39 rs3754777 (β = 1.37, 95% 
confidence interval (CI) = 0.26–2.47; P = 0.02) was associ-
ated with DBP, but the 5 other SNPs and the GRS were not. 
However, GRS was significantly associated with SBP in the 
overweight category (P = 0.02). Interestingly, 3 SNPs and the 
GRS were significantly associated with SBP in obese indi-
viduals (ATP2B1 rs17249754: β = 1.29, 95% CI = 0.23–2.35, 
P  =  0.02; CSK rs1378942: β  =  2.29, 95% CI  =  0.78–3.81, 
P = 0.003; CYP17A1 rs1004467: β = 1.10, 95% CI = 0.05–
2.16, P  =  0.04; GRS: β  =  1.85, 95% CI  =  0.78–2.92, 
P  =  0.0002), whereas no significant association was found 
for the remaining 3 SNPs with SBP and for all 6 SNPs with 
DBP (all P > 0.05) in this group. After Bonferroni correction 
for multiple testing, the statistical associations of GRS with 
SBP retained significance. Similar results were obtained on 
analyzing the associations of 6 SNPs with SBP/DBP z scores 
(Supplementary Table S3).

Table 3 shows the association of 6 SNPs with hypertension 
by obesity status. None of the 6 SNPs or the GRS was 
significantly associated with risk of hypertension in both the 
normal weight and overweight groups. However, in the obese 
group, 4 SNPs and the GRS were significantly associated 
with hypertension (ATP2B1 rs17249754: OR  =  1.26, 95% 
CI = 1.04–1.52, P = 0.02; CSK rs1378942: OR = 1.39, 95% 
CI = 1.06–1.83, P = 0.02; CYP17A1 rs1004467: OR = 1.25, 
95% CI  =  1.03–1.50, P  =  0.02; MTHFR rs1801133: 
OR = 1.22, 95% CI = 1.02–1.46, P = 0.03; GRS: OR = 1.32, 
95% CI  =  1.12–1.57, P  =  0.0004), whereas no significant 
association was found for 2 other SNPs (STK39 rs3754777: 
OR = 0.93, 95% CI = 0.76–1.14, P = 0.51; FGF5 rs16998073: 

OR  =  1.03, 95% CI  =  0.86–1.23, P  =  0.77). The statistical 
significance of association of GRS with hypertension was not 
influenced by the Bonferroni correction for multiple testing. 
Besides age and sex, we further adjusted for the region and 
physical activity but did not observe any substantial change 
(data not shown).

discussion

In this study, we investigated the effect of obesity on asso-
ciation of 6 genetic loci recently identified by GWASs with 
BP/hypertension in the Chinese children. The results indi-
cated that in obese Chinese children, ATP2B1 rs17249754, 
CSK rs1378942, CYP17A1 rs1004467, and the GRS based on 
6 genetic variants were associated with both SBP and the risk 
of hypertension. However, only 1 variant, STK39 rs3754777, 
was associated with DBP, and only MTHFR rs1801133 was 
associated with the risk of hypertension. After multiple test-
ing corrections, only the statistical association of GRS with 
SBP/hypertension persisted.

The epidemic of overweight/obesity has become a seri-
ous public health issue worldwide, mainly owing to imbal-
ance between dietary energy intake and physical activity. 
Avoiding unhealthy weight gain is indicated to be an effec-
tive and safe way to prevent and treat hypertension and 
CVDs. Although hypertension is attributed to both genetic 
and lifestyle/environment factors, few studies have been 
conducted so far that investigate this aspect. Previous studies 
have reported influence of obesity on the association of BP/
hypertension with candidate genes, including the endothe-
lin-1 gene (Lys198Asn variant),19 the angiotensinogen gene 
(A20C variant),20 the E-selectin gene (Leu554Phe variant),21 
and the GNB3 (C825T variant).22 However, whether the 
recent identified loci by GWASs are also associated with BP/
hypertension in overweight/obese subjects is unknown. Our 
results probably provide the first evidence that obesity may 
influence the associations of genetic variants identified by 
GWASs and hypertension.

The biological mechanisms by which obesity may modu-
late the association between genetic variants and BP/hyper-
tension still remain unclear and can at best be speculated. 
The gene ATP2B1 codes for an ATPase that is a member of 
the family of plasma membrane calcium-pumping ATPases 
and regulates homeostasis of cellular calcium levels and plays 
an important role in controlling the contraction and dilation 
of vascular smooth muscles.23 It has also been reported to 
be linked with sodium retention.24 The cytochrome P450, 
family 17, subfamily A, polypeptide 1 encoded by CYP17A1 
mediates 17α hydroxylase activity that regulates biosyn-
thesis of mineralocorticoids and glucocorticoids that affect 
sodium handling in the kidney and 17,20 lyase activity that 
is involved in the sex-steroid biosynthesis.25 CSK encodes 
a cytoplasmic tyrosine kinase that is rapidly activated by 
angiotensin II and thus plays a key role in signaling events 
associated with vascular smooth muscle cell contraction, 
growth, and migration.26 STK39 is a serine-threonine kinase 
that may alter renal sodium excretion.9 Future studies are 
necessary to investigate the mechanisms of theses SNPs in 
the pathogenesis of hypertension.

Table 1. Characteristics of the study population 

Characteristics

All  

(n = 3,077)

Hypertension 

(n = 619)

Controls 

(n = 2,458) P value

Male, % 50.5 61.2 47.8 <0.001

Age, years 12.3 ± 3.1 12.3 ± 3.2 12.4 ± 3.0 0.77

SBP, mm Hg 106 ± 14 126 ± 11 102 ± 10 <0.001

DBP, mm Hg 67 ± 10 80 ± 8 64 ± 8 <0.001

BMI, kg/m2 21.7 ± 4.9 25.4 ± 5.1 20.7 ± 4.4 <0.001

Normal weight, % 48.6 16.6 56.6

Overweight, % 18.0 17.5 18.2

Obesity, % 33.4 65.9 25.2 <0.001

Data are presented as mean ± SD unless otherwise noted. 
Hypertension and control subjects were defined using the Chinese 
age- and sex-specific blood pressure standards.

Abbreviations: BMI, body mass index; DBP, diastolic blood 
 pressure; SBP, systolic blood pressure.
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Although this study was adequately powered to investigate 
the associations of 6 genetic variants with childhood hyper-
tenstion, it had limited power for subgroup analysis, especially 
in the normal weight and overweight children. However, 
observation of a strong association in the obese children indi-
cates the importance of childhood obesity in predicting the 
risk of childhood hypertension. Further well-designed and 
adequately powered studies may better confirm these obser-
vations in the normal weight and overweight children.

In conclusion, this study indicates that obesity status 
modifies the association between BP and hypertension-
associated SNPs identified by recent GWASs and childhood 
hypertension.

suPPleMentary Material

Supplementary materials are available at American Journal 
of Hypertension (http://ajh.oxfordjournals.org).

acknowledgMents

This work was supported by National Basic Research 
Program of China (973 Program, 2013CB530605), Beijing 
Health System Leading Talent Grant (2009-1-08), Beijing 
Key Science and Technology Program (D111100000611002), 
the Research Fund for the Doctoral Program of Higher 
Education of China (20120131120004) and the Foundation 
for Outstanding Young Scientist in Shandong Province 
(BS2011YY026).

B.X. and X.Z. contributed equally to this work. J.M. and 
X.W.  conceived and designed the experiments. Y.S.  per-
formed the experiments. B.X., X.Z., and G.R.C. analyzed the 
data. H.C. and D.H. contributed reagents/materials/analysis 
tools. B.X. and X.Z. wrote the manuscript. B.X., G.R.C., and 
J.M. revised the manuscript.

disclosure

The authors declared no conflict of interest.

references

 1. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R; Prospective 
Studies Collaboration. Age-specific relevance of usual blood pressure 
to vascular mortality: a meta-analysis of individual data for one million 
adults in 61 prospective studies. Lancet 2002; 360:1903–1913.

 2. Chen X, Wang Y. Tracking of blood pressure from childhood to adult-
hood: a systematic review and meta-regression analysis. Circulation 
2008; 117:3171–3180.

 3. Xi B, Cheng H, Shen Y, Zhao X, Hou D, Wang X, Mi J. Physical activity 
modifies the associations between genetic variants and hypertension in 
the Chinese children. Atherosclerosis 2012; 225:376–380.

 4. Taylor J, Sun YV, Chu J, Mosley TH, Kardia SL. Interactions between 
metallopeptidase 3 polymorphism rs679620 and BMI in predicting 
blood pressure in African-American women with hypertension.  
J Hypertens 2008; 26:2312–2318.

 5. Pausova Z, Tremblay J, Hamet P. Gene-environment interactions in 
hypertension. Curr Hypertens Rep 1999; 1:42–50.Ta

b
le

 3
. 

In
flu

en
ce

 o
f o

be
si

ty
 o

n 
as

so
ci

at
io

n 
of

 6
 s

in
gl

e 
nu

cl
eo

tid
e 

po
ly

m
or

ph
is

m
s 

w
ith

 h
yp

er
te

ns
io

n 
in

 C
hi

ne
se

 c
hi

ld
re

n 

G
en

e
V

ar
ia

n
t

C
h

r.
M

A
F

R
is

k/

n
o

n
ri

sk

N
o

rm
al

 w
ei

g
h

t
O

ve
rw

ei
g

h
t

O
b

es
e

O
R

95
%

 C
I

P
 v

al
u

e
O

R
95

%
 C

I
P

 v
al

u
e

O
R

95
%

 C
I

P
 v

al
u

e

A
T

P
2B

1
rs

17
24

97
54

12
0.

37
3

G
/A

1.
06

0.
78

–1
.4

2
0.

72
1.

34
0.

97
–1

.8
4

0.
08

1.
26

1.
04

–1
.5

2
0.

02

C
S

K
rs

13
78

94
2

15
0.

15
8

C
/A

1.
19

0.
79

–1
.7

9
0.

42
0.

94
0.

62
–1

.4
0

0.
75

1.
39

1.
06

–1
.8

3
0.

02

C
Y

P
17

A
1

rs
10

04
46

7
10

0.
36

2
A

/G
0.

96
0.

72
–1

.2
9

0.
80

1.
05

0.
77

–1
.4

3
0.

78
1.

25
1.

03
–1

.5
0

0.
02

S
T

K
39

rs
37

54
77

7
2

0.
25

9
T

/C
0.

91
0.

65
–1

.2
8

0.
59

1.
16

0.
83

–1
.6

2
0.

37
0.

93
0.

76
–1

.1
4

0.
51

F
G

F
5

rs
16

99
80

73
4

0.
39

2
T

/A
1.

22
0.

92
–1

.6
3

0.
17

1.
21

0.
89

–1
.6

3
0.

22
1.

03
0.

86
–1

.2
3

0.
77

M
T

H
F

R
rs

18
01

13
3

1
0.

44
4

A
/G

1.
13

0.
85

–1
.5

0
0.

40
0.

96
0.

71
–1

.3
0

0.
79

1.
22

1.
02

–1
.4

6
0.

03

G
en

et
ic

 r
is

k 
sc

or
e

—
—

—
1.

06
0.

80
–1

.4
0

0.
68

1.
04

0.
77

–1
.4

0
0.

80
1.

32
1.

12
–1

.5
7

0.
00

04

O
dd

s 
ra

tio
s 

(O
R

s)
 a

nd
 9

5%
 c

on
fid

en
ce

 in
te

rv
al

s 
(C

Is
) 

w
er

e 
ca

lc
ul

at
ed

 u
si

ng
 a

 m
ul

tip
le

 lo
gi

st
ic

 r
eg

re
ss

io
n 

m
od

el
 a

dj
us

te
d 

fo
r 

ag
e 

an
d 

se
x.

A
bb

re
vi

at
io

ns
: C

hr
., 

ch
ro

m
os

om
e;

 M
A

F,
 m

in
or

 a
lle

le
 fr

eq
ue

nc
y.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/26/8/990/117263 by guest on 06 February 2023

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpt046/-/DC1


American Journal of Hypertension 26(8) August 2013 995

Influence of Obesity on Gene-Hypertension Association 

 6. Cho YS, Go MJ, Kim YJ, Heo JY, Oh JH, Ban HJ, Yoon D, Lee MH, Kim 
DJ, Park M, Cha SH, Kim JW, Han BG, Min H, Ahn Y, Park MS, Han 
HR, Jang HY, Cho EY, Lee JE, Cho NH, Shin C, Park T, Park JW, Lee JK, 
Cardon L, Clarke G, McCarthy MI, Lee JY, Lee JK, Oh B, Kim HL. A 
large-scale genome-wide association study of Asian populations uncov-
ers genetic factors influencing eight quantitative traits. Nat Genet 2009; 
41:527–534.

 7. Newton-Cheh C, Johnson T, Gateva V, Tobin MD, Bochud M, Coin L, 
Najjar SS, Zhao JH, Heath SC, Eyheramendy S, Papadakis K, Voight 
BF, Scott LJ, Zhang F, Farrall M, Tanaka T, Wallace C, Chambers JC, 
Khaw KT, Nilsson P, van der Harst P, Polidoro S, Grobbee DE, Onland-
Moret NC, Bots ML, Wain LV, Elliott KS, Teumer A, Luan J, Lucas G, 
Kuusisto J, Burton PR, Hadley D, McArdle WL; Wellcome Trust Case 
Control Consortium, Brown M, Dominiczak A, Newhouse SJ, Samani 
NJ, Webster J, Zeggini E, Beckmann JS, Bergmann S, Lim N, Song K, 
Vollenweider P, Waeber G, Waterworth DM, Yuan X, Groop L, Orho-
Melander M, Allione A, Di Gregorio A, Guarrera S, Panico S, Ricceri 
F, Romanazzi V, Sacerdote C, Vineis P, Barroso I, Sandhu MS, Luben 
RN, Crawford GJ, Jousilahti P, Perola M, Boehnke M, Bonnycastle LL, 
Collins FS, Jackson AU, Mohlke KL, Stringham HM, Valle TT, Willer 
CJ, Bergman RN, Morken MA, Döring A, Gieger C, Illig T, Meitinger T, 
Org E, Pfeufer A, Wichmann HE, Kathiresan S, Marrugat J, O’Donnell 
CJ, Schwartz SM, Siscovick DS, Subirana I, Freimer NB, Hartikainen 
AL, McCarthy MI, O’Reilly PF, Peltonen L, Pouta A, de Jong PE, Snieder 
H, van Gilst WH, Clarke R, Goel A, Hamsten A, Peden JF, Seedorf U, 
Syvänen AC, Tognoni G, Lakatta EG, Sanna S, Scheet P, Schlessinger D, 
Scuteri A, Dörr M, Ernst F, Felix SB, Homuth G, Lorbeer R, Reffelmann 
T, Rettig R, Völker U, Galan P, Gut IG, Hercberg S, Lathrop GM, 
Zelenika D, Deloukas P, Soranzo N, Williams FM, Zhai G, Salomaa 
V, Laakso M, Elosua R, Forouhi NG, Völzke H, Uiterwaal CS, van der 
Schouw YT, Numans ME, Matullo G, Navis G, Berglund G, Bingham 
SA, Kooner JS, Connell JM, Bandinelli S, Ferrucci L, Watkins H, 
Spector TD, Tuomilehto J, Altshuler D, Strachan DP, Laan M, Meneton 
P, Wareham NJ, Uda M, Jarvelin MR, Mooser V, Melander O, Loos RJ, 
Elliott P, Abecasis GR, Caulfield M, Munroe PB. Genome-wide asso-
ciation study identifies eight loci associated with blood pressure. Nat 
Genet 2009; 41:666–676.

 8. Levy D, Ehret GB, Rice K, Verwoert GC, Launer LJ, Dehghan A, Glazer 
NL, Morrison AC, Johnson AD, Aspelund T, Aulchenko Y, Lumley T, 
Köttgen A, Vasan RS, Rivadeneira F, Eiriksdottir G, Guo X, Arking DE, 
Mitchell GF, Mattace-Raso FU, Smith AV, Taylor K, Scharpf RB, Hwang 
SJ, Sijbrands EJ, Bis J, Harris TB, Ganesh SK, O’Donnell CJ, Hofman 
A, Rotter JI, Coresh J, Benjamin EJ, Uitterlinden AG, Heiss G, Fox 
CS, Witteman JC, Boerwinkle E, Wang TJ, Gudnason V, Larson MG, 
Chakravarti A, Psaty BM, van Duijn CM. Genome-wide association 
study of blood pressure and hypertension. Nat Genet 2009; 41:677–687.

 9. Wang Y, O’Connell JR, McArdle PF, Wade JB, Dorff SE, Shah SJ, Shi 
X, Pan L, Rampersaud E, Shen H, Kim JD, Subramanya AR, Steinle 
NI, Parsa A, Ober CC, Welling PA, Chakravarti A, Weder AB, Cooper 
RS, Mitchell BD, Shuldiner AR, Chang YP. Whole-genome association 
study identifies STK39 as a hypertension susceptibility gene. Proc Natl 
Acad Sci USA 2009; 106:226–231.

 10. Kato N, Takeuchi F, Tabara Y, Kelly TN, Go MJ, Sim X, Tay WT, Chen 
CH, Zhang Y, Yamamoto K, Katsuya T, Yokota M, Kim YJ, Ong RT, 
Nabika T, Gu D, Chang LC, Kokubo Y, Huang W, Ohnaka K, Yamori 
Y, Nakashima E, Jaquish CE, Lee JY, Seielstad M, Isono M, Hixson JE, 
Chen YT, Miki T, Zhou X, Sugiyama T, Jeon JP, Liu JJ, Takayanagi R, 
Kim SS, Aung T, Sung YJ, Zhang X, Wong TY, Han BG, Kobayashi S, 
Ogihara T, Zhu D, Iwai N, Wu JY, Teo YY, Tai ES, Cho YS, He J. Meta-
analysis of genome-wide association studies identifies common vari-
ants associated with blood pressure variation in east Asians. Nat Genet 
2011; 43:531–538.

 11. International Consortium for Blood Pressure Genome-Wide 
Association Studies, Ehret GB, Munroe PB, Rice KM, Bochud M, 
Johnson AD, Chasman DI, Smith AV, Tobin MD, Verwoert GC, Hwang 
SJ, Pihur V, Vollenweider P, O’Reilly PF, Amin N, Bragg-Gresham JL, 
Teumer A, Glazer NL, Launer L, Zhao JH, Aulchenko Y, Heath S, Sõber 
S, Parsa A, Luan J, Arora P, Dehghan A, Zhang F, Lucas G, Hicks AA, 
Jackson AU, Peden JF, Tanaka T, Wild SH, Rudan I, Igl W, Milaneschi Y, 
Parker AN, Fava C, Chambers JC, Fox ER, Kumari M, Go MJ, van der 
Harst P, Kao WH, Sjögren M, Vinay DG, Alexander M, Tabara Y, Shaw-
Hawkins S, Whincup PH, Liu Y, Shi G, Kuusisto J, Tayo B, Seielstad 
M, Sim X, Nguyen KD, Lehtimäki T, Matullo G, Wu Y, Gaunt TR, 

Onland-Moret NC, Cooper MN, Platou CG, Org E, Hardy R, Dahgam 
S, Palmen J, Vitart V, Braund PS, Kuznetsova T, Uiterwaal CS, Adeyemo 
A, Palmas W, Campbell H, Ludwig B, Tomaszewski M, Tzoulaki I, 
Palmer ND; CARDIoGRAM Consortium; CKDGen Consortium; 
KidneyGen Consortium; EchoGen Consortium; CHARGE-HF 
Consortium, Aspelund T, Garcia M, Chang YP, O’Connell JR, Steinle 
NI, Grobbee DE, Arking DE, Kardia SL, Morrison AC, Hernandez D, 
Najjar S, McArdle WL, Hadley D, Brown MJ, Connell JM, Hingorani 
AD, Day IN, Lawlor DA, Beilby JP, Lawrence RW, Clarke R, Hopewell 
JC, Ongen H, Dreisbach AW, Li Y, Young JH, Bis JC, Kähönen M, 
Viikari J, Adair LS, Lee NR, Chen MH, Olden M, Pattaro C, Bolton JA, 
Köttgen A, Bergmann S, Mooser V, Chaturvedi N, Frayling TM, Islam 
M, Jafar TH, Erdmann J, Kulkarni SR, Bornstein SR, Grässler J, Groop 
L, Voight BF, Kettunen J, Howard P, Taylor A, Guarrera S, Ricceri F, 
Emilsson V, Plump A, Barroso I, Khaw KT, Weder AB, Hunt SC, Sun 
YV, Bergman RN, Collins FS, Bonnycastle LL, Scott LJ, Stringham 
HM, Peltonen L, Perola M, Vartiainen E, Brand SM, Staessen JA, Wang 
TJ, Burton PR, Soler Artigas M, Dong Y, Snieder H, Wang X, Zhu 
H, Lohman KK, Rudock ME, Heckbert SR, Smith NL, Wiggins KL, 
Doumatey A, Shriner D, Veldre G, Viigimaa M, Kinra S, Prabhakaran 
D, Tripathy V, Langefeld CD, Rosengren A, Thelle DS, Corsi AM, 
Singleton A, Forrester T, Hilton G, McKenzie CA, Salako T, Iwai N, 
Kita Y, Ogihara T, Ohkubo T, Okamura T, Ueshima H, Umemura S, 
Eyheramendy S, Meitinger T, Wichmann HE, Cho YS, Kim HL, Lee 
JY, Scott J, Sehmi JS, Zhang W, Hedblad B, Nilsson P, Smith GD, Wong 
A, Narisu N, Stančáková A, Raffel LJ, Yao J, Kathiresan S, O’Donnell 
CJ, Schwartz SM, Ikram MA, Longstreth WT Jr, Mosley TH, Seshadri 
S, Shrine NR, Wain LV, Morken MA, Swift AJ, Laitinen J, Prokopenko 
I, Zitting P, Cooper JA, Humphries SE, Danesh J, Rasheed A, Goel A, 
Hamsten A, Watkins H, Bakker SJ, van Gilst WH, Janipalli CS, Mani 
KR, Yajnik CS, Hofman A, Mattace-Raso FU, Oostra BA, Demirkan A, 
Isaacs A, Rivadeneira F, Lakatta EG, Orru M, Scuteri A, Ala-Korpela 
M, Kangas AJ, Lyytikäinen LP, Soininen P, Tukiainen T, Würtz P, Ong 
RT, Dörr M, Kroemer HK, Völker U, Völzke H, Galan P, Hercberg S, 
Lathrop M, Zelenika D, Deloukas P, Mangino M, Spector TD, Zhai 
G, Meschia JF, Nalls MA, Sharma P, Terzic J, Kumar MV, Denniff M, 
Zukowska-Szczechowska E, Wagenknecht LE, Fowkes FG, Charchar 
FJ, Schwarz PE, Hayward C, Guo X, Rotimi C, Bots ML, Brand E, 
Samani NJ, Polasek O, Talmud PJ, Nyberg F, Kuh D, Laan M, Hveem K, 
Palmer LJ, van der Schouw YT, Casas JP, Mohlke KL, Vineis P, Raitakari 
O, Ganesh SK, Wong TY, Tai ES, Cooper RS, Laakso M, Rao DC, Harris 
TB, Morris RW, Dominiczak AF, Kivimaki M, Marmot MG, Miki T, 
Saleheen D, Chandak GR, Coresh J, Navis G, Salomaa V, Han BG, Zhu 
X, Kooner JS, Melander O, Ridker PM, Bandinelli S, Gyllensten UB, 
Wright AF, Wilson JF, Ferrucci L, Farrall M, Tuomilehto J, Pramstaller 
PP, Elosua R, Soranzo N, Sijbrands EJ, Altshuler D, Loos RJ, Shuldiner 
AR, Gieger C, Meneton P, Uitterlinden AG, Wareham NJ, Gudnason 
V, Rotter JI, Rettig R, Uda M, Strachan DP, Witteman JC, Hartikainen 
AL, Beckmann JS, Boerwinkle E, Vasan RS, Boehnke M, Larson MG, 
Järvelin MR, Psaty BM, Abecasis GR, Chakravarti A, Elliott P, van 
Duijn CM, Newton-Cheh C, Levy D, Caulfield MJ, Johnson T. Genetic 
variants in novel pathways influence blood pressure and cardiovascular 
disease risk. Nature 2011; 478:103–109.

 12. Xi B, Tang W, Wang Q. Polymorphism near the ATP2B1 gene is associ-
ated with hypertension risk in East Asians: a meta-analysis involving 
15,909 cases and 18,529 controls. Blood Press 2012; 21:134–138.

 13. Xi B, Shen Y, Reilly KH, Mi J. Recapitulation of four hypertension sus-
ceptibility genes (CSK, CYP17A1, MTHFR, and FGF5) in East Asians. 
Metabolism 2013; 62:196–203.

 14. Shan XY, Xi B, Cheng H, Hou DQ, Wang Y, Mi J. Prevalence and behav-
ioral risk factors of overweight and obesity among children aged 2–18 
in Beijing, China. Int J Pediatr Obes 2010; 5:383–389.

 15. Mi J, Wang TY, Meng LH, Zhu GJ, Han SM, Zhong Y, Liu GS, Wan YP, 
Xiong F, Shi JP, Yan WL, Zhou PM. Development of blood pressure 
reference standards for Chinese children and adolescents. Chin J Evid 
Based Pediatr 2010; 5:4–14.

 16. Ji CY, Working Group on Obesity in China. Report on childhood obesity 
in China (1)–body mass index reference for screening overweight and 
obesity in Chinese school-age children. Biomed Environ Sci 2005; 
18:390–400.

 17. The fourth report on the diagnosis, evaluation, and treatment of 
high blood pressure in children and adolescents. Pediatrics 2004; 
114:555–576.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/26/8/990/117263 by guest on 06 February 2023



996 American Journal of Hypertension 26(8) August 2013

Xi et al.

 18. Qian X, Lu Z, Tan M, Liu H, Lu D. A meta-analysis of associa-
tion between C677T polymorphism in the methylenetetrahydro-
folate reductase gene and hypertension. Eur J Hum Genet 2007; 
15:1239–1245.

 19. Jin JJ, Nakura J, Wu Z, Yamamoto M, Abe M, Tabara Y, Yamamoto Y, 
Igase M, Kohara K, Miki T. Association of endothelin-1 gene variant 
with hypertension. Hypertension 2003; 41:163–167.

 20. Tiago AD, Samani NJ, Candy GP, Brooksbank R, Libhaber EN, Sareli 
P, Woodiwiss AJ, Norton GR. Angiotensinogen gene promoter region 
variant modifies body size– ambulatory blood pressure relations in 
hypertension. Circulation 2002; 106:1483–1487.

 21. Marteau JB, Sass C, Pfister M, Lambert D, Noyer-Weidner M, Visvikis 
S. The Leu554Phe polymorphism in the E-selectin gene is associ-
ated with blood pressure in overweight people. J Hypertens 2004; 
22:305–311.

 22. Grove ML, Morrison A, Folsom AR, Boerwinkle E, Hoelscher DM, 
Bray MS. Gene–environment interaction and the GNB3 gene in the 

Atherosclerosis Risk in Communities study. Int J Obes (Lond) 2007; 
31:919–926.

 23. Pande J, Mallhi KK, Sawh A, Szewczyk MM, Simpson F, Grover AK. 
Aortic smooth muscle and endothelial plasma membrane Ca2+ pump 
isoforms are inhibited differently by the extracellular inhibitor caloxin 
1b1. Am J Physiol Cell Physiol 2006; 290:1341–1349.

 24. Rhee MY, Yang SJ, Oh SW, Park Y, Kim CI, Park HK, Park SW, Park CY. 
Novel genetic variations associated with salt sensitivity in the Korean 
population. Hypertens Res 2011; 34:606–611.

 25. Zuber MX, Simpson ER, Waterman MR. Expression of bovine 17 
alpha-hydroxylase cytochrome P-450 cDNA in nonsteroidogenic (COS 
1) cells. Science 1986; 234:1258–1261.

 26. Touyz RM, He G, Wu XH, Park JB, Mabrouk ME, Schiffrin EL. Src 
is an important mediator of extracellular signal-regulated kinase 
1/2-dependent growth signaling by angiotensin II in smooth muscle 
cells from resistance arteries of hypertensive patients. Hypertension 
2001; 38:56–64. D

ow
nloaded from

 https://academ
ic.oup.com

/ajh/article/26/8/990/117263 by guest on 06 February 2023


