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People with the major alleles of ATP2B1 rs17249754 increases
the risk of hypertension in high ratio of sodium and potassium,
and low calcium intakes
JW Daily1, BC Kim2, M Liu3 and S Park3

It is important to understand what genetic risk factors lead to hypertension and how genotype-specific dietary and lifestyle
modification can mitigate the risk of developing hypertension. The ATP2B1 rs17249754 gene, which encodes a calcium pump
expressed in vascular smooth muscle was identified as having variants that conferred higher or lower risk of hypertension—with
the major allele carriers being increased at risk. However, the effects of dietary intakes on risk of hypertension among carriers of the
different alleles have not been fully elucidated. Therefore, we evaluated ATP2B1 rs17249754 and its interaction with dietary intakes
of sodium (Na), potassium (K) and calcium (Ca) on the risk of developing hypertension using the Ansan/Ansung (n= 8842) and
City-Rural (n= 5512) cohorts from the Korean Genome and Epidemiology Study. Carriers of the major allele of ATP2B1 rs17249754
were at greater risk of developing hypertension and high Na intake and low Ca increased the risk more in major allele than among
minor allele carriers. High potassium intake was more protective against hypertension in the subjects expressing minor alleles and a
low Na/K intake ratio was the most consistently beneficial to the subjects expressing the minor allele. When controlling for Na and
K, low Ca intake was associated with a substantially higher risk for high systolic blood pressure in the major allele carriers compared
with minor allele, suggesting good calcium status is especially important for the major allele carriers. In conclusion, people with the
major allele of ATP2B1 rs17249754 are susceptible to hypertension especially in low intake of Ca and high ratio of Na and K.
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INTRODUCTION
Hypertension is a leading cause of morbidity and mortality (about
9.4 million deaths worldwide per year) and affects about one-third
of adults.1 An increase of 20 mm Hg in systolic blood pressure
(SBP) and 10 mm Hg in diastolic blood pressure (DBP) is estimated
to double the risk of cardiovascular diseases.2 High blood pressure
is attributable to the occurrence of 35–54% of stroke and 21–47%
of ischemic heart diseases in worldwide.2 The prevalence of
hypertension in the age 30 or more Korean population was 32.9%
in men and 23.7% in women, and the prevalence of prehyperten-
sion was 28.4% in men and 18.8% in women in the Korean
National Health and Nutrition Examination Survey in 2011.3

Women have especially increased susceptibility to developing
hypertension after menopause. It is much greater in elderly people
over 65 years old (58.4% in men and 68.9% in women) in Korea.3

Thus, hypertension is the most prevalent metabolic disease in
elderly Koreans.
Although the cause of hypertension remains unclear, age,

overweight, lack of physical activity, dyslipidemia, habitual
smoking and alcohol consumption are identified risk factors.4

High fat and Na intakes and low Ca intake are also known to
increase the risk of hypertension. The NHANES cross-sectional
study in the United States has reported that subjects in the
highest quartile of Na intake tend to have a higher DBP. In the
2010 Korean National Health and Nutrition Examination Survey5

study Koreans consumed ~ 7200 mg Na and 552 mg Ca daily,
which did not meet their targets proposed by Geleijnse et al.6 of

3500 mg for Na and 800 mg for Ca. Thus, the improper
consumptions of Na and Ca may be crucial factors for hyperten-
sion. However, salt intake acts as an independent parameter with
a significant association with blood pressure only in people with
metabolic syndrome, but not the general adult population.7,8

Calcium intake is inversely associated with both SBP and DBP after
adjusting for energy intake among 30 ~ 49-year-old adults in
Korean National Health and Nutrition Examination Survey.7 Thus,
Na and Ca intakes may interact with other factors such as genetic
variants to develop hypertension.
Genome wide association studies have identified important

genes associated with hypertension. The joint meta-analysis of the
Cohorts of Heart and Aging Research in Genome Epidemiology
Consortium (n= 29 136 European descents) and the Global BPgen
Consortium (n= 34 433) identify novel genes related to hyperten-
sion: only ATPase plasma membrane Ca2+ transporting 1 (ATP2B1)
genetic variants were associated with the risk of hypertension.9

ATP2B1 genetic variants were associated with blood pressure in
meta-analysis of East Asians including Korean, Chinese and
Japanese cohorts.10,11 In the Cohorts of Heart and Aging Research
in Genome Epidemiology consortium ATP2B1 rs2681472 risk allele
(A) near ATP2B1 was the only genetic variant to have a positive
association with hypertension risk. ATP2B1 rs172497554 risk allele
(G), which has high linkage disequilibrium with rs2681472, is also
associated with the increase of SBP.9,10 These results suggest that
subjects with ATP2B1 rs172497554 and rs2681472 major alleles are
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more susceptible to hypertension. Therefore, the majority of the
population is genetically at high risk of hypertension.
Only limited studies have explored the interaction between

genetic variants associated with hypertension and most nutrient
intakes. We hypothesized that ATP2B1 rs17249754 variants modify
the risk of hypertension and that an interaction between the
variants and nutrient intakes is involved in the development of
hypertension. The hypothesis was examined in 8842 middle-aged
adults in the Ansan/Ansung cohorts in Korea.

SUBJECTS AND METHODS
Study population
The data were obtained from the Ansan/Ansung cohort from the Korean
Genome and Epidemiology Study. Ansan and Ansung cohorts represented
urban and rural communities in Korea. In Ansan/Ansung cohirt 8842
subjects aged 40–69 years (4183 men and 4659 women) were recruited
from 2001 to 2002. The City-Rural cohort was composed of participants
(2379 men and 2863 women). The 5512 subjects aged 40–65 years in the
City-cohort and Rural-cohort were recruited from 2004 to 2013 and from
2004 to 2011, respectively. The genetic study was designated as the Korea
Association Resource project. These studies were large epidemiological
and population genetics studies conducted by Korea Center for Disease
Control and Prevention, and were carefully designed to implement proven
methods. This study was approved by the199 institutional review board of
the Korean National Institute of Health. Written informed consent was
obtained from all subjects.

Data collection of lifestyle parameters
Similar protocols were used to collect the data and samples in the studies
of both cohorts.12 However, some biochemical parameters were not
measured in the City-Rural cohort. The common parameters that influence
hypertension were included in the present study. The protocols for
collecting data were described at once unless it needed to be explained
separately. Personal history information was collected during the health
interview. Anthropometry measurements were conducted as described in
previous study.13 Body mass index was calculated as weight in kilograms
divided by the square of the height in meters.

Definition of hypertension
SBP and DBP were measured by trained technicians for three times every
30 s using mercury sphygmomanometers (Baumanometer-Standby; W.A.
Baum Co. Inc., New York, NY, USA) after subjects were rested in supine
position for 5 min. The mean values of the three measurements was used
to diagnose hypertension. When subjects had SBP⩾ 140 mm Hg,
DBP⩾ 90 mm Hg or were taking anti-hypertensive medication, they were
considered as hypertensive. Although subjects were questioned about
previous diagnoses of hypertension, that information was not used for
categorizing subjects as hypertensive, as many subjects did not have
routine health examinations.

Laboratory biochemical tests
Blood samples were obtained in the morning after overnight fasting.
Serum concentrations of total and HDL cholesterol, triglycerides, creatine

and blood urea nitrogen (BUN) were measured using an automatic
analyzer (ZEUS 9.9; Takeda, Tokyo, Japan).

Genotyping and quality control
DNA samples were isolated from the peripheral blood of participants.
A large-scale genome-wide genotyping was performed using the
Affymetrix Genome Wide SNP 5.0 for Ansan/Ansung cohort (Gyeonggi-
do, Korea) and the AffymetrixGenomeWide SNP 6.0 for the City–Rural
cohort.13 The accuracy of the genotyping was examined by Bayesian
Robust Linear Modeling using the Mahalanobis Distance Genotyping
Algorithm using GPLINK version 2.0.14 The ATP2B1 genotype quality score
for data retention was set at 0.1. ATP2B1 contains 14 single-nucleotide
polymorphisms (SNPs) of which 6 SNPs (rs17249754, rs11105354,
rs12579302, rs2681485, rs12581002 and rs10506974) had a significant
association with hypertension risk in the Korea Association Resource data.

Assessment of nutrient intake
A semi-quantitative food frequency questionnaire (SQFFQ) was used for
measuring the usual food intakes. The validity and reproducibility of the
SQFFQ was checked before it was used to determine food intake. The
SQFFQ developed for Korean Genome and Epidemiology Study was
determined to be acceptable for calculating the participants’ average food
intake during the past 1 year.15,16 The SQFFQ included 103 food items and
the frequencies of food intakes were categorized into never or seldom,
once a month, two to three times a month, one to two times a week, three
to four times a week, five to six times a week, once a day, twice a day and
three times or more a day based on the portion sizes. The daily intake was
computed based on the midpoint of the reported frequency categories
multiplying food portion size for each food item. Energy and nutrients such
as energy, protein, carbohydrates and fat were calculated from daily food
intake determined by SQFFQ, using the Can-Pro 2.0 nutrient intake
assessment software developed by the Korean Nutrition Society.16

Statistical analysis
Statistical analyses were performed using GPLINK version 2.0 (http://pngu.
mgh.harvard.edu/ ~ purcell/plink) and SAS (version 9.3; SAS Institute, Cary,
NC, USA). Using the G power calculator, the sample sizes for Korea
Association Resource (8842) and City-Rural (5412) were adequate to obtain
significance at β= 0.97 and b=0.90 at an odds ratio (OR) of 1.1 and α= 0.05
in the logistic analysis. Hardy–Weinberg equilibrium was evaluated using
GPLINK to show the constancy from one generation to the next without
disturbing factors including natural selection, mutations, genetic drift and
nonrandom mating. There were no missing data in ATP2B1 genotyping in
any subjects. Comparisons were made using carriers of the minor allele as
the reference group, as they had the lowest risk of developing
hypertension. The data were checked and they were found to be normally
distributed by Proc univariate. The descriptive statistics of participants for
categorical variables, such as gender and dietary habits were obtained by
determining frequency distributions and the significance was analyzed
using the χ2-test. The descriptive statistics of continuous variables were
expressed as means and s.d. The significant differences between the
normotensive and hypertensive groups were analyzed by two-sampled t-
test in each cohort. The continuous independent variables were adjusted
for confounding variables such as age, gender and residence area body
mass index, smoking and drinking status, daily energy intake, physical
activity status, serum creatine and BUN levels, and serum total cholesterol,

Table 1. ATP2B1 genetic variants involved in hypertension risk

Gene SNP Chr. Position Location Minor/major
alleles

Minor allele
frequency

P-value for
HWE

Correlation with
rs17249754

Odds
ratio

P-adjusted

rs17249754 12 89666809 Intron variant A/G 0.3731 0.1237 1 0.8347 7.27E− 07
rs11105354 12 89632746 Intron variant G/A 0.3718 0.3658 0.9995 0.8227 1.39E− 07
rs12579302 12 89656726 Intron variant, upstream

variant 2KB
G/A 0.3742 0.2581 0.9995 0.8231 1.47E− 07

rs2681485 12 89631845 Intron variant G/A 0.3870 0.0841 0.9677 0.8393 2.78E− 06
rs12581002 12 89631070 Intron variant G/A 0.0647 0.4249 − 0.2064 1.158 0.04299
rs10506974 12 89592559 Intron variant T/C 0.0698 0.7446 − 0.0032 1.157 0.04399

Abbreviation: HWE, Hardy–Weinberg equilibrium.
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HDL cholesterol and triglyceride levels. Multiple comparisons were
performed by Tukey tests among the different groups at P⩽ 0.05. Next,
ORs and 95% confidence intervals for hypertension prevalence were
calculated according to the different ATP2B1 genotypes with controlling
for the covariates mentioned above. In addition, ORs and 95% confidence
intervals were determined in the same models according to the energy
intake status based on estimated energy requirements. Last, to examine
the interaction between ATP2B1 variants and the levels of macronutrient
intake based on dietary reference intakes, multivariate linear regression
models were analyzed, including the corresponding main effects,
interaction terms of ATP2B1 genotypes (rs17249754) and macronutrient
intake, and potential confounders. Multiple comparisons of groups were
conducted by Tukey tests. The ORs and 95% confidence intervals between
ATP2B1 variants and type 2 diabetes prevalence were also calculated using
Proc logist after adjusting for covariates according to the degree of
macronutrient intake.

RESULTS
Characteristics of ATP2B1 variants
Table 1 presents the ATP2B1 genetic variants involved in
hypertension risk. The six SNPs in ATP2B1 (rs17249754,
rs11105354, rs12579302, rs2681485, rs12581002 and rs10506974)
were selected to show significant associations with the risk of

hypertension. The six SNPs are located in the intron region of
ATP2B1 in chromosome 12. Four of the SNPs, rs17249754,
rs11105354, rs12579302 and rs2681485, exhibited very strong
correlations with (r2 = 0.9677–0.9995) rs17249754. These four SNPs
had a negative association with the risk of hypertension (ORs =
0.8389–0.8503). However, rs12581002 and rs10506974 did not
correlate with rs17249754 and these two SNPs were positively
associated with hypertension risk (OR = 1.1 and 1.098, respec-
tively). All significant SNPs in ATP2B1 showed no disruption of
Hardy–Weinberg equilibrium (P40.05). Thus, one SNP
(rs17249754) was used to reflect the four SNPs in ATP2B1.

Baseline characteristics of normotensive, borderline and
hypertensive subjects
Subjects (23.1%, average age of 56.7) had hypertension and 24.3%
of them were borderline hypertensive as hypertension was
defined from measured blood pressure. However, the percentage
of hypertension was 15.7% of subjects with average age of 51.4
using the previous diagnosis criteria (Table 2). The difference in
the hypertension incidence was associated with the age of
subjects diagnosed and some subjects did not know that they had
hypertension since they did not have regular check-ups. In

Table 2. Basal characteristics of subjects according to blood pressure in Ansan/Ansung and City-Rural cohorts

Ansan/Ansung cohort City-Rural cohort

Normotension (n= 6797) Hypertension (n= 2045) Normotension (n=3871) Hypertension (n=1641)

Age (years) 50.9± 8.6 56.7± 8.4*** 54.3± 8.5 58.7± 7.9***
Gender (number, male %) 3248 (47.8) 935 (45.7) 1611 (41.6) 895 (54.5)***
BMI (kg m− 2) 24.3± 3.0 25.6± 3.2*** 23.9± 2.9 25.0± 3.3***
Waist circumference (cm) 81.5± 8.6 86.4± 8.4*** 82.5± 8.7 86.1± 8.4***
Total cholesterol 190± 35 197± 38*** 198± 36 204± 40a

HDL cholesterol 44.9± 10.0 43.8± 10.3*** 52.7± 13.7 48.8± 12.5**
Triglyceride 155± 102 189± 114*** 130± 99 167± 128***
Serum creatine 0.99± 0.12 1.01± 0.32a 0.88± 0.21 0.96± 0.21***
BUN 14.2± 3.6 14.8± 4.4a 14.5± 4.2 15.6± 4.5***
Previously diagnosed as hypertension (n, %) − 1391 (68.0) − 1289 (78.6)
Hypertension medicine (n, %) − 962 (47.1) − 1172 (71.4)
Energy intake (% EER) 102± 39 102.6± 37.7 96.9± 33.1 94.5± 30.2**
Carbohydrate (energy %) 70.4± 6.9 72.0± 7.0*** 71.7± 7.4 73.0± 7.6***
Protein (energy %) 13.7± 2.4 13.4± 2.5*** 13.6± 2.8 13.1± 2.8***
Fat (energy %) 14.7± 5.3 13.3± 5.4*** 13.7± 5.7 12.5± 5.8***
Ca (mg per day) 482± 280 456± 262*** 449± 281 423± 267**
Na (mg per day) 3181± 1697 3167± 1686 2724± 1628 2917± 1786***
K (mg per day) 2505± 1243 2437± 1144*** 2286± 1148 2205± 1112a

Ratio of Na and K 1.29± 0.42 1.33± 0.45** 1.21± 0.44 1.34± 0.19***

Abbreviations: BMI, body mass index; BUN, blood urea nitrogen; EER, estimated energy requirement; HDL, high-density lipoprotein. **Po0.01 and
***Po0.0001. aSignificantly different from the normotensive group at Po0.05.

Table 3. Adjusted odds ratio for ATP2B1 rs17249754 for parameters related to blood pressure after covariate adjustmentsa

Minor alleleb (n= 980) (n= 806) Ansan/Ansung cohorts City-Rural cohort

Heterozygotes (n= 4401) Major allele (n=3461) Heterozygotes (n= 2634) Major allele (n=2072)

Hypertension 1 1.297 (1.083~ 1.554) 1.436 (1.197~ 1.724)*** 1.185 (0.932~ 1.508) 1.381 (1.077~ 1.771)***
SBP 1 1.186 (0.910~ 1.547) 1.438 (1.103~ 1.874)** 1.283 (0.990~ 1.652) 1.546 (1.185~ 2.019)**
DBP 1 1.259 (0.932~ 1.582) 1.531 (1.170~ 2.002)*** 1.073 (0.852~ 1.351) 1.173 (0.925~ 1.488)
Serum creatine 1 0.748 (0.429~ 1.301) 0.682 (0.385~ 1.209) 0.795 (0.563~ 1.122) 0.791 (0.552~ 1.133)
BUN 1 1.322 (1.039~ 1.682) 1.278 (1.001~ 1.632) 0.979 (0.760~ 1.262) 1.066 (0.819~1.388)

Abbreviations: BUN, blood urinary nitrogen; DBP, diastolic blood pressure; HDL, high-density lipoprotein; SBP, systolic blood pressure. Values represent odd
ratios and confidence intervals. *Significantly different from minor allele genotype at Po0.05, **Po0.01 and ***Po0.001. aAdjusted for covariates of age,
gender, residence area, body mass index, serum creatine, BUN and energy, Na intake, serum total cholesterol, HDL and triglyceride levels, smoking and
drinking status, education, income and physical activity. bMinor alleles of ATP2B1 rs17249754 were used as reference for logistic regression.
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addition, the prevalence of hypertension was about 28.6% in
Koreans aged over 30 years in Korean National Health and
Nutrition Examination Survey in 2001.17 Thus, hypertension was
decided with the blood pressure measured in the study or by use
of medication for controlling blood pressure. About half of the
subjects were affected by abnormally high blood pressure. The
subjects with hypertension were much older than those with
normotension, indicating that age was a major risk factor for
hypertension (Po0.001; Table 2). Women aged 40–65 years old
had a higher incidence of hypertension than men in the City-Rural
cohort but not in the Ansan-Ansung cohort. Body mass index was
much higher in the hypertensive group than in the normotensive
group in both cohorts (Po0.001). Subjects with hypertension
exhibited dyslipidemia such as higher total serum cholesterol and
triglyceride levels, and lower HDL cholesterol levels in comparison
with the normotensive subjects in both cohorts. The indicators of
kidney disorders, serum creatine and BUN levels were higher in
the hypertensive group than the normotensive group in both
cohorts. Daily energy intake (% of estimated energy requirement)
was not significantly different between two groups in the Ansan/
Ansung cohort. Among daily macronutrient intakes, carbohydrate
intake was higher in the hypertensive group than the normoten-
sive group, whereas the normotensive group had higher intake of
protein and fat intake than the hypertensive group in both
cohorts (Po0.001; Table 2). Ca and K intake was higher in the
normotensive group than the hypertensive group in both cohorts
(Po0.01). Na intake was significantly higher in the hypertensive
group than the normotensive group only in City-Rural cohort
(Po0.0001) but it was not significantly different in Ansan/Ansung
cohort. However, the ratio of Na/K intake was significantly higher

in the hypertensive group than the normotensive group in both
cohorts (Po0.0001).

Association of ATP2B1 rs17249754 variants with hypertension
Among the Korean population, 39.2% and 37.6% were homo-
zygous for the major alleles, 49.8% and 47.8% for heterozygous,
and 11.0% and 14.6% homozygous minor alleles in the Ansan/
Ansung cohort and City-Rural cohort, respectively. ATP2B1
homozygous major allele carriers had an increased risk of
hypertension by 1.436 and 1.381 folds for both cohorts,
respectively, compared with homozygous minor allele carriers
after adjusting for the covariates (Table 3). In addition, ATP2B1
homozygous major allele carriers had an increased risk of
hypertension by 1.338 (confidence interval: 1.061–1.687,
P= 0.0206) when using a previous diagnosis of hypertension as
the criteria. Thus, the ORs were not much different between the
hypertension definitions. SBP and DBP also exhibited a higher
association with ATP2B1 major alleles by 1.438 and 1.531 folds on
the basis of its homozygote minor alleles in the Ansan/Ansung
cohort (Table 3). However, in the City-Rural cohort SBP, but not
DBP, had a positive association with the major allele. Serum
creatine levels were not associated with ATP2B1 variants in either
cohort, whereas serum BUN levels tended to show a higher
association with ATP2B1 major alleles in the Ansan/Ansung cohort
(P= 0.0535), but there was no association between serum BUN
and ATP2B1 variants in the City-Rural cohort. In addition, serum
Na, Ca and K levels were not significantly associated with ATP2B1
variants in Ansan/Ansung cohort whereas the association was not
examined in the City-Rural cohort since these parameters were
not measured.

Table 4. Interaction between ATP2B1 rs17249754 major alleles and nutrients in the risk of hypertension and the association of the variants with
hypertension according to energy, protein, carbohydrate, fat and calcium intake after the adjustment of covariatesa

Ansan/Ansung cohort City-Rural cohort

Heterozygotes Major alleles Heterozygotes Major alleles

BP P= 0.5440b P= 0.6168
Low energyc 1.404 (1.070–1.842) 1.706 (1.299–2.241)*** 1.115 (0.821–1.515) 1.269 (0.924–1.743)
High energy 1.109 (0.797–1.542) 1.411 (1.011–1.970)* 1.193 (0.813–1.752) 1.556 (1.048–2.312)*
BP P= 0.2602 P= 0.7962
Low CHOd 1.336 (1.060–1.684) 1.680 (1.330–2.122)** 1.163 (0.897–1.508) 1.351 (1.033–1.766)*
High CHO 0.910 (0.565–1.466) 1.220 (0.759–1.961) 1.335 (0.689–2.590) 1.607 (0.807–3.197)
BP P= 0.7049 P= 0.8223
Low proteine 1.332 (1.004–1.767) 1.601 (1.204–2.129)** 1.281 (0.906–1.810) 1.480 (1.003–2.120)*
High protein 1.180 (0.859–1.621) 1.554 (1.129–2.140)** 1.074 (0.767–1.502) 1.348 (0.954–1.906)
BP P= 0.5041 P= 0.9181
Low fatf 1.193 (0.842–1.690) 1.510 (1.065–2.141)** 1.121 (0.736–1.707) 1.294 (0.836–2.003)
High fat 1.316 (1.010–1.715) 1.641 (1.256–2.145)*** 1.218 (0.906–1.637) 1.430 (1.054–1.940)*
BP P= 0.6736 P= 0.8400
Low Cag 1.255 (0.976–1.614) 1.581 (1.227–2.036)*** 1.073 (0.843–1.365) 1.235 (1.004–1.582)*
High Ca 1.229 (0.866–1.744) 1.587 (1.116–2.256)** 1.061 (0.735–1.532) 1.039 (0.709–1.522)
BP P= 0.2684 P= 0.0492
Low Nah 1.362 (1.007–1.842) 1.768 (1.305–2.395)*** 1.326 (0.954–1.845) 1.430 (0.998–1.930)
High Na 1.189 (0.887–1.593) 1.412 (1.051–1.896)* 1.104 (0.818–1.491) 1.381 (1.002–2.007)*
BP P= 0.1399 P= 0.8246
Low Ki 1.109 (0.753–1.632) 1.389 (0.941–2.049) 1.049 (0.761–1.446) 1.134 (0.816–1.577)
High K 1.324 (1.025–1.711) 1.686 (1.302–2.182)*** 1.398 (0.966–2.033) 1.821 (1.239–2.678)**
BP P= 0.8064 P= 0.0339
Low Na/Kj 1.291 (1.000–1.667) 1.687 (1.305–2.181)*** 1.442 (1.081–1.924) 1.604 (1.191–2.159)**
High Na/K 1.200 (0.816–1.763) 1.349 (0.914–1.991) 0.676 (0.421–1.084) 0.883 (0.541–1.440)

aAdjusted for covariates of age, gender, residence area, body mass index, serum creatine, blood nitrogen and energy, and Na intake, serum total cholesterol,
HDL and TG levels, smoking and drinking status, education, income and physical activity. bInteractions between ATP2B1 rs17249754 variants and the levels of
energy and nutrient intake based on estimated energy requirement and the dietary reference intake. Multivariate regression models include the
corresponding main effects, interaction terms of gene and confounding factors as same as logistic regression. Minor alleles of ATP2B1 rs17249754 were used as
reference in logistic regression. cDaily consumption less than estimated energy intake. dLess than 13% protein, e70% carbohydrate (CHO), and f15% Fat of daily
energy consumption. gLess than 500 mg Ca, h2900 mg Na, and i1500 mg K intake, and j1.5 Ratio of K and Na on daily basis.
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Interaction of ATP2B1 rs17249754 variants and macronutrient
intakes in the risk of hypertension
There was no interaction between ATP2B1 variants and nutrient
intakes such as energy, protein, CHO, fat, Ca and Na in
determining the prevalence of hypertension in either of the
cohorts (Table 4). The ATP2B1 major alleles were positively
associated with the prevalence of hypertension regardless of the
levels of energy, protein, fat and Ca intake in the Ansan/Ansung
cohort. However, ATP2B1 variants had different relative associa-
tions with the risk of hypertension according to the levels of CHO
and Na intake. Subjects with ATP2B1 major alleles exhibited a
significant positive association with the risk of hypertension
compared with minor alleles when consuming a low CHO diet
whereas there was no significant difference in a high CHO diet in
either cohort (Table 4). Subjects with the ATP2B1 minor allele and
low Na consumption had a lower incidence of hypertension
compared with major allele carriers with low Na intake in the
Ansan/Ansung cohort (Table 4), suggesting that low Na intake is
more protective against hypertension in people with the minor
allele.
Unlike the results of the Ansan/Ansung cohort only ATP2B1

major alleles showed a positive association with hypertension
regardless of Na and protein intake levels in the City-Rural cohort.
However, other individual nutrients exhibited significant associa-
tions with hypertension in the City-Rural cohort. High intakes of

energy, fat, and potassium in subjects with ATP2B1 minor alleles
protected against the risk of hypertension in comparison to the
major alleles in city/rural cohort. By contrast, ATP2B1 minor alleles
reduced the hypertension risk in in subjects with a low intake of
carbohydrate and a low ratio of Na/K intake.

Interactions of ATP2B1 rs17249754 variants and energy and
protein intake in blood pressure
As hypertension is defined by SBP and DBP, the interaction of
ATP2B1 variants and Ca, Na and K intake on the risk of elevated
SBP and DBP was examined, as these nutrients play an important
role in the risk of hypertension. In Ansan/Ansung and City-Rural
cohorts ATP2B1 variants exhibited significant interactions with Na
intake on increased risk of high SBP. In the Ansan/Ansung cohort,
a low Na intake among subjects with ATP2B1 major alleles had a
positive association with a greater risk of high SBP and DBP
compared with minor alleles (Table 5). However, in the City-Rural
cohort ATP2B1 major alleles were positively associated with the
risk of increasing SBP regardless of Na intake but ATP2B1 major
alleles had no significant association with the risk of high DBP in
either low or high intake of Na. Low Na/K was associated with a
lower risk of SBP for the minor allele in in both groups and DBP in
the Ansan/Ansung cohort (Table 5). High K intake resulted in
subjects with the ATP2B1 minor allele having much lower risk of

Table 5. Association between ATP2B1 rs17249754 with blood pressure after covariate adjustmentsa according to the levels of protein, Ca and Na
intake

Ansan/Ansung cohort City-Rural cohort

Heterozygotes Major alleles Heterozygotes Major alleles

SBP P= 0.1074b P= 0.4560
Low CHOc 1.302 (0.977–1.736) 1.580 (1.185–2.107)** 1.288 (0.972–1.707) 1.564 (1.172–2.088)**
High CHO 0.692 (0.387–1.235) 0.963 (0.546–1.699) 1.188 (0.603–2.341) 1.345 (0.663–2.728)
DBP P= 0.1374 P= 0.6756
Low CHO 1.282 (0.956–1.719) 1.570 (1.172–2.104)** 1.127 (0.880–1.444) 1.195(0.926–1.541)
High CHO 0.985 (0.564–1.721) 1.168 (0.670–2.035) 0.806 (0.426–1.525) 1.075 (0.555–2.080)
SBP P= 0.5469 P= 0.9451
Low Cad 1.148 (0.836–1.576) 1.455 (1.062–1.992)** 1.339 (0.944–1.532) 1.623 (1.179–2.234)**
High Ca 1.179 (0.759–1.830) 1.442 (0.927–2.242) 1.147 (0.718–1.833) 1.314 (0.807–2.139)
DBP P= 0.3964 P= 0.0529
Low Ca 1.447 (1.025–2.042) 1.589 (1.124–2.245)* 1.087 (0.833–1.321) 1.211 (0.911–1.610)
High Ca 0.990 (0.658–1.491) 1.283 (0.855–1.926) 1.035 (0.682–1.571) 1.042 (0.673–1.613)
SBP P= 0.0250 P= 0.0198
Low Nae 1.243 (0.843–1.832) 1.669 (1.135–2.453)** 1.350 (0.938–1.943) 1.539 (1.062–2.231)*
High Na 1.154 (0.801–1.662) 1.264 (0.876–1.824) 1.241 (0.854–1.803) 1.616 (1.096–2.384)**
DBP P= 0.1538 P= 0.1172
Low Na 1.627 (1.095–2.417) 1.645 (1.102–2.454)* 1.162 (0.846–1.596) 1.230 (0.889–1.702)
High Na 0.943 (0.660–1.348) 1.304 (0.917–1.854) 0.985 (0.703–1.517) 1.125 (0.792–1.597)
SBP P= 0.4251 P= 0.2015
Low Kf 1.087 (0.657–1.797) 1.559 (0.950–2.559) 1.217 (0.866–1.711) 1.339 (0.945–1.896)
High K 1.336 (0.951–1.877) 1.665 (1.183–2.344)** 1.373 (0.916–2.171) 1.888 (1.242–2.869)**
DBP P= 0.3094 P= 0.4829
Low K 1.477 (0.867–2.517) 1.460 (0.852–2.501) 1.010 (0.746–1.367) 1.055 (0.773–1.440)
High K 1.208 (0.878–1.661) 1.621 (1.180–2.226)** 1.176 (0.822–1.682) 1.380 (0.953–2.000)
SBP P= 0.4316 P= 0.1653
Low Na/Kg 1.407 (0.996–1.988) 1.877 (1.329–2.651)*** 1.500 (1.088–2.068) 1.748 (1.258–2.428)**
High Na/K 0.987 (0.607–1.606) 1.203 (0.738–1.959) 0.828 (0.518–1.324) 1.106 (0.680–1.799)
DBP P= 0.6547 P= 0.1837
Low Na/K 1.252 (0.903–1.737) 1.581 (1.139–2.193)** 1.197 (0.906–1.632) 1.293 (0.972–1.722)
High Na/K 1.328 (0.810–2.177) 1.518 (0.925–2.491) 0.768 (0.502–1.177) 0.868 (0.559–1.347)

Values represent odd ratios and confidence intervals. *Significantly different from minor allele genotype *Po0.05, **Po0.01; ***Po0.001. aAdjusted for
covariates of age, gender, residence area, body mass index, serum creatine, blood nitrogen, energy and Na intake, serum total cholesterol, HDL and TG levels,
smoking and drinking status, education, income and physical activity. bTo examine the interaction between ATP2B1 rs17249754 variants and the levels of
energy and nutrient intake based on estimated energy requirement and the dietary reference intake, multivariate regression models including the
corresponding main effects, interaction terms of gene and confounding factors as same as logistic regression. cDaily consumption 70% carbohydrate (CHO) of
daily energy consumption. dLess than 500 mg Ca, eLess than 2900 mg Na, f1500 mg K Intake and g1.5 ratio of K and Na on daily basis.
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high SBP and DBP in both Ansan/Ansung and City-Rural cohorts
than the major allele (Table 5).
There was no significant difference in SBP (Ansan/Ansung

cohort), and SBP and DBP (City-Rural cohort) between the subjects
with major and minor alleles especially in a high Na/K intake
ratio (Figures 1a and b), indicating that a minor allele was
not very protective against the risk of hypertension in the intake
of high Na/K ratio. Although subjects had higher SBP (129–130
versus 122–125mmHg, respectively) and DBP (80.8–81.9 versus
77.9–79.4 mm Hg, respectively) in high Na/K intake than low Na/K
intake in the City-Rural cohort (Figures 1a and b), a significant
association of ATP2B1 variants with higher SBP and DBP was shown
only in subjects with low Na/K intakes (Figures 1a and b). SBP and
DBP were higher in subjects with high Na/K ratio intake than those
with low ratio in Ansan/Ansung cohort (Figures 1a and c). However,
there was a significant association of ATP2B1 variants with DBP in
subjects with high Na/K intakes in Ansan/Ansung cohort (Figure 1c).
The subjects with ATP2B1 major alleles exhibited higher SBP and
DBP with low Na/K intake indicating that a low Na/K intake
improved the protective effects of minor alleles, but not in high Na/
K intake in Ansan/Ansung cohorts (Figure 1a and c) and City-Rural
cohort (Figures 1b and d).

DISCUSSION
It has previously been demonstrated that ATP2B1 variants can
modulate the risk of hypertension in the Asian population.9,10,18,19

Nutritional status of the mineral electrolytes are known to be
involved in vascular smooth muscle cell contraction and relaxation
that modulate the risk of hypertension. Although both gene
variants and mineral electrolytes are well established factors in the
etiology of hypertension, the interaction of the genetic variants

with mineral status in humans is poorly understood. It is important
that these interactions be clearly characterized to facilitate dietary
recommendations according to genotype for preventing hyper-
tension in at-risk patients. The present study clearly showed
different dietary needs for protecting carries of the major and
minor alleles of ATP2B1 against hypertension.
It is well known that Na, K and Ca are important for the

regulation of blood pressure however this study has added
additional information about how genetic variants can influence
the best approach to preventing hypertension. A previous study
has also shown that high Na excretion, used as indicator of high
Na consumption, is linked to a greater incidence of hypertension
among Koreans who express the major allele of ATP2B1.20

Furthermore, high urinary excretion of Na, low excretion of
potassium, and a high Na/K ratio were all shown to increase the
incidence of hypertension among carriers of the major allele of
C-terminal Src kinase rs1378942 and C-terminal Src kinase-
microRNA 4513 rs3784789 genes.21 The C-terminal Src kinase
gene encodes a tyrosine kinase that inactivates Src by phosphor-
ylation. Src is important for increasing blood pressure by
mediating angiotensin II-related vasoconstriction and increased
blood volume.22 This process operates in counter to the activity of
the ATP2B1 Ca pump.
Blood pressure is increased by vasoconstriction as a conse-

quence depolarization of the vascular smooth muscle cell, which
involves opening of Ca channels allowing Ca to flow into the cell
with the concentration gradient, which in turns opens calcium-
activated K channels allowing K to exit the cell along the
concentration gradient for K, resulting in hyperpolarization.23

Blood pressure is decreased as the calcium channels are closed
prohibiting further influx of calcium and intracellular calcium is
decreased by the active pumping of Ca from the cell (via Ca

Figure 1. Blood pressure of subjects with ATP2B1 rs17249754 genotypes according to the intake of Na and K ratio. (a) SBP and DBP of the
subjects with intake of low ratio of Na and K in Ansan/Ansung cohort. (b) SBP and DBP of the subjects with intake of low ratio of Na and K in
City-Rural cohort. (c) SBP and DBP of the subjects with intake of high ratio of Na and K in Ansan/Ansung cohort. (d) SBP and DBP of the
subjects with intake of high ratio of Na and K in City-Rural cohort Bars and error bars represented adjusted means and s.e. after adjusting for
age, gender, residence area body mass index, daily energy intake, smoking status and physical activity. a,b,cDifferent alphabets on the bars
indicate significant differences at Po0.05.
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pumps such as is encoded by ATP2B1) resulting in repolarization
and vasorelaxation.23,24 The most common drugs for treating
hypertension target depolarization by blocking calcium channels
or modulating the rennin–angiotensin system, which stimulates
Ca influx and increases Na and fluid retention.24–26 However, the
ATP2B1 calcium pump is an important part of the counter to
the depolarization process. The finding of this study that increased
Ca is especially important to the carriers of the major allele carriers
of ATP2B1 would at first seem paradoxical, as ATP2B1 is involved
in lowering intracellular calcium concentrations. It is a logical
assumption that as the minor alleles of ATP2B1 are protective
against hypertension, they, in some way, encode more efficient Ca
pumps and are more efficient at removing intracellular Ca. This is
supported by the observation that ATP2B1 heterozygous knockout
mice (ATP2B1+/− mice) are hypertensive and that vasorelaxation
of vascular rings from the ATP2B1+/− mice was significantly
attenuated.27

Several mechanisms could explain why increasing dietary
calcium would help lower intracellular Ca and therefore maintain
vasorelaxation and lower blood pressure. First, the membrane
potential is maintained by the difference between intracellular
and extracellular Ca. Increasing dietary intake of Ca could keep
make the potential greater if it increased extracellular Ca with
little or no effect on intracellular Ca.7 Second, low Ca status
stimulates the production of the calcitrophic hormone calcitriol
(1,25 dihydroxyvitamin D3). Calcitriol causes an influx of calcium
into the cell, which explains how poor Ca status can increase
intracellular Ca and cause a concomitant increase in blood
pressure.28 These mechanisms may in part explain the importance
of dietary calcium for maintaining normal blood pressure and
why it is especially important for carriers of the ATP2B1 major
allele, which encodes a less effective Ca pump for removal of
intracellular Ca.
The Na/K consumption ratio has been the subject of much less

research than just Na intake itself, but this and other studies
suggest that it may be more important than Na alone.
Interestingly, one of the first dietary treatments for hypertension
was the ‘Rice Diet’, developed by the Duke University physician
Walter Kempner in 1939, which included just rice and fruit.29 The
rice diet was very low in sodium at about 150 mg per day, but
high in potassium. Even thought it was highly effective at lowering
blood pressure at a time when there were limited blood pressure
lowering drugs, it was a highly restrictive diet that was difficult to
maintain. However, several more recent studies have reported the
importance of a low intake ratio of Na/K.21,30 The potential
mechanisms of Na and K on hypertension has been comprehen-
sively reviewed.31

The major limitation of this study was the diagnosis of
hypertension. As blood pressure was measured in a single visit,
the blood pressure may not reflect the real blood pressure of
some the subjects. However, only 27% of the subjects were
identified as hypertensive for the first time in this study, with the
majority having a history of hypertension. Second, the accuracy of
the estimation of dietary intakes is a limitation of this study, as in
all other large studies. The spot estimations of sodium intake in
previous studies have been seriously questioned for accuracy and
reliability.32,33 However, the SQFFQ developed for Korean Genome
and Epidemiology Study was used for measuring daily nutrient
intake and the SQFFQ was especially designed and validated for
this population. As the SQFFQ included 103 Korean dishes, not
foods themselves, the intake of even micronutrients such as
sodium would be proper to use for the study. Furthermore, the
relatively high salt consumption among Koreans is largely due to
high salt-containing fermented foods that are remarkably
consistent in their salt content because the salt content is a
major factor in fermentation. Therefore, the dietary data should be
acceptably reliable.

Despite the known roles of Na, K and Ca in maintaining normal
blood pressure, there is no evidence that hypertension can be
fully reversed in most people by manipulating dietary intakes of
these minerals alone. It has been estimated that up to 80% of
hypertension is attributable to overweight and obesity.34,35 In this
study, as expected, higher body mass index and waist circumfer-
ence were associated with hypertension. This study also found
that hypertension was associated with a low carbohydrate diet in
the general population. However, low carbohydrate diet was
associated with higher risk of hypertension in the major allele
group compared with the minor allele group. Other studies have
found that in Koreans, a high carbohydrate diet is associated with
metabolic syndrome including obesity and dyslipidemia but
hypertension had no positive association with a high carbohy-
drate diet.36,37 Therefore, the effect of carbohydrate in this study is
difficult to interpret. The traditional Korean diet is based largely on
rice and vegetables (a high carbohydrate diet and a very low fat
diet) and has no association with the risk of hypertension in
majority of people with ATP2B1 major allele. It is possible that the
simple classification of high or low carbohydrate is unable to
separate the differential effects of a high sugar diet versus diets
rich in complex carbohydrates from grains and vegetables.

CONCLUSION
Carrying the major allele of ATP2B1 rs17249754 was associated
with increased risk of hypertension. Furthermore, in people with
the major alleles this study showed that it is especially important
to have a high intake of Ca to reduce the risk of hypertension by
genetic background. However, people with minor alleles are more
salt sensitive and it is especially important for them to consume
low Na/ high K diets to protect against increasing blood pressure.
The results of this study can help nutritionists develop individua-
lized dietary programs for maintaining a healthy blood pressure
based on genotype.

What is known about topic?
● Carrying the ATP2B1 rs17249754 major allele increases the risk of
hypertension.

● Increased dietary sodium intakes partly increases the risk of
hypertension.

● High dietary calcium and potassium lower the risk of hypertension.

What this study adds?
● The dietary sodium/potassium ratio may be more important for
preventing hypertension than either alone.

● Low dietary sodium, high potassium and low sodium/potassium is
especially important for carriers of the ATP2B1 rs17249754 minor
allele.

● High dietary calcium is especially important for carriers of the major
allele.

● Genotype determines the relative importance of specific dietary
interventions in humans.
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