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Abstract
Blood pressure (BP) responses to dietary sodium intervention vary among individuals. The inwardly rectifying potassium
channel (Kir) is a potassium-selective ion channel that allows potassium ions to move more easily into rather than out of the
cell. We aimed to investigate the associations of Kir genes with BP responses to dietary sodium intervention. A 7-day low-
sodium intervention followed by a 7-day high-sodium intervention was conducted among 1906 participants. BP
measurements were obtained at baseline and during each dietary intervention. Both single-marker and gene-based analyses
were performed to explore the associations between Kir gene variants and BP responses to dietary sodium interventions. The
genetic risk score (GRS) was used to assess the cumulative effect of the variants on the BP response to the sodium
interventions. During the low-sodium intervention, markers rs858009, rs2835904, and rs860795 in KCNJ6 were
significantly associated with the systolic BP (SBP) response (P= 8.82 × 10−6, 3.32 × 10−6, and 2.39 × 10−4, respectively),
whereas rs858009 and rs2835904 were significantly correlated with the mean arterial pressure (MAP) response (P= 1.64 ×
10−4 and 2.72 × 10−4, respectively). Marker rs2836023 showed a significant association with the SBP response (P= 5.72 ×
10−5) to the high-sodium intervention. The GRS stratified by quartile grouping or as a continuous variable was associated
with the BP response to the sodium interventions. Gene-based analyses consistently revealed that KCNJ6 was significantly
associated with the BP response to the sodium interventions. These findings suggest that KCNJ6 may contribute to variation
of BP responses to dietary sodium interventions. Future studies are warranted to confirm these findings and to identify
functional variants for salt sensitivity.
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Introduction

Over the last decade, the global prevalence of hypertension
in adults has increased to 31.1% [1]. Hypertension remains
one of the most important worldwide health problems and a

major risk factor of cardiovascular disease [2]. Excessive
sodium intake has been shown to be associated with
increased blood pressure (BP) by various studies, and
sodium restriction has resulted in BP reduction [3]. How-
ever, the BP response to sodium intake varies considerably
among individuals (termed BP salt sensitivity) [4]. Studies
have shown that Asians are more likely to be salt-sensitive
and have a high sodium intake than Western populations
[5]. The heritability of BP salt sensitivity ranges from 20 to
33% in the Chinese population [6]. Multiple genetic loci
have been reported to be associated with BP salt sensitivity
[7, 8]. However, the genetic mechanisms of potassium and
salt sensitivity are unknown.

Potassium supplementation can reduce BP in salt-
sensitive but not salt-resistant individuals [9]. The
inwardly rectifying potassium channel (Kir) is a specific
subset of potassium-selective ion channels that allow
potassium ions to move more easily into rather than out of
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the cell. Seven subfamilies have been identified in various
mammalian cell types, including the classic Kir channel
(Kir2.x), G protein-gated Kir channel (GIRK) (Kir3.x),
ATP-sensitive K channel (Kir6.x), and K-transport channels
(Kir1.x, Kir4.x, Kir5.x, and Kir7.x). These channels share
the same basic topology and have the same basic physio-
logical function [10]. They may have a vital role in vaso-
dilatation and sympathetic nervous system regulation,
resulting in BP regulation [11]. In additionally, the sym-
pathetic nervous system is involved in salt-sensitive
hypertension [12, 13]. Thus, Kir is a potentially important
factor in regulation of the BP response to sodium intake. To
examine this relationship, we selected 14 Kir genes and
conducted both single-marker and gene-based analyses to
systematically examine the associations of Kir gene variants
with the BP response to sodium interventions among Chi-
nese participants in the Genetic Epidemiology Network of
Salt Sensitivity (GenSalt) Study.

Methods

Study population

Details of the GenSalt study have been published elsewhere
[14]. In brief, the study was conducted in six rural areas of
northern China, in which populations had a habitual dietary
intake of high salt and low potassium. A community-based
BP screening program was performed in people aged 18–60
years to identify potential probands together with their
families. Individuals with a mean systolic BP (SBP)
between 130 and 160 mm Hg and/or a mean diastolic BP
(DBP) between 85 and 100 mm Hg and no current use of
antihypertensive medications (< 1 month before the
screening visit) were recruited as volunteers for the dietary
intervention study together with their spouses, siblings, and
offspring. Individuals with stage 2 hypertension, current use
of antihypertensive medications, secondary hypertension, a
history of clinical cardiovascular disease, diabetes, and
chronic kidney disease, pregnant women, heavy alcohol
users, or those currently on a low-sodium diet were exclu-
ded from the GenSalt study. This study was approved by the
Institution Review Boards at all participating institutions.
All participants signed the informed consent form after
receiving a detailed explanation of the baseline observation
and the intervention program.

Dietary intervention

All eligible participants received a dietary intervention
including a 7-day low-sodium intervention (3 g of salt or
51.3 mmol of sodium per day), followed by a 7-day high-
sodium intervention (18 g of salt or 307.8 mmol of sodium

per day). All foods were cooked without salt and then
prepackaged salt was added to the individual meals served
by the study staff. Each participant was required to have
their breakfast, lunch, and dinner at the study kitchen under
close supervision of the study staff during the entire study
period. The participants were also instructed to avoid con-
suming any foods and beverages (except water) that were
not provided by the study. Three timed urinary specimens
(one 24-hour and two overnight) were collected at baseline
and at the last 3 days in each phase of the intervention. The
overnight urinary sodium excretion was converted to 24-
hour values based on the formula developed from a random
sample of GenSalt participants [15]. The mean (SD) 24-
hour urinary excretions of sodium were 242.4 (66.7) mmol,
47.5 (16.0) mmol, and 244.3 (37.7) mmol at baseline,
during the low-sodium intervention, and during the high-
sodium intervention, respectively. These results showed
excellent compliance with the intervention program.
Among the 1906 eligible participants, 1871 (98.2%) indi-
viduals completed the low-sodium intervention, and 1860
(97.6%) individuals completed the high-sodium
intervention.

Phenotypic measurements

Standard questionnaires were used to collect information
from the participants on structure, demographic character-
istics, personal and family medical histories, and lifestyle
risk factors by trained staff during the 3 days of the baseline
examination. On the morning of each day at baseline and
the last 3 days during the intervention periods (days 5, 6,
and 7 on the low-sodium and high-sodium interventions),
BP was measured three times according to a standard pro-
tocol by trained staff [16]. Random-zero sphygmoman-
ometers (Hawksley & Sons Ltd, Lancing, UK) were used in
the GenSalt study. The BP was measured after the partici-
pant had remained in a seated position for 5 minutes. All
participants were instructed to avoid cigarette smoking,
alcohol, coffee/tea, and exercise for at least 30 minutes
before their BP measurements. Mean arterial pressure
(MAP) was calculated as DBP+ (SBP−DBP)/3. BP
responses were defined continuously as absolute changes in
SBP, DBP, and MAP when switching from baseline to the
low-sodium intervention and from the low-sodium to the
high-sodium intervention.

Genotyping, quality control and genetic risk score
(GRS)

Single-nucleotide polymorphisms (SNPs) located in the
Kir genes and their ± 5000 base-pair flanking regions were
genotyped among all participants. Within the 14 Kir genes
shown in Table 1, 393 SNPs were genotyped using the
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Affymetrix 6.0 platform (Affymetrix, Santa Clara, CA,
USA). SNPs with a genotype call rate < 95%, minor allele
frequency < 1% or deviation from the Hardy–Weinberg
equilibrium (HWE) after Bonferroni correction for mul-
tiple testing were excluded. Among the remaining 326
qualified SNPs, 180 SNPs were selected as taggers using
the Haploview software (version 4.2, http://www.broad.
mit.edu/mpg/haploview) with an r2 threshold of 0.8.
Quality control information for the tagged SNPs, includ-
ing their genomic locations, major/minor alleles, MAFs,
HWE P values and call rates, is listed in Supplementary
Table 1. The GRS was used to assess the cumulative
effect of the variants on the BP response to the sodium
interventions. Variants comprising the GRS included
those robustly associated with the BP response to the
sodium interventions in this analysis.

Statistical analysis

The Mendelian consistency of the SNP genotype data was
checked using PLINK software (http://pngu.mgh.harvard.
edu/purcell/plink/). Families with Mendelian incon-
sistencies were set as the missing genotypes of the related
SNPs. The weighted MAP GRS was calculated for each
participant as the sum of the products of the participant’s
dosage score for each SNP weighted by the effect size (β-
coefficient) of the MAP from the present study. Then, the
participants were grouped into quartiles of risk for the MAP
GRS. The baseline characteristics of all participants were
presented as the mean ± SD for continuous variables or as
percentages for categorical variables. Additive associations
between SNPs and BP responses to the dietary sodium

interventions were assessed using a mixed-effects linear
regression model with the PROC MIXED procedure in SAS
(version 9.4; SAS Institute, Cary, NC, USA). Age, gender,
body mass index, and 24-hour urinary sodium were adjus-
ted in the mixed models. A sandwich estimator was used to
account for the non-independence of family members. For
significant SNPs, the mean effect size and 95% confidence
interval were estimated for each genotype using a mixed
linear regression model. Gene-based associations of each
gene with BP responses to the dietary sodium interventions
were evaluated using the truncated product method (TPM)
with the R software (version 3.3.1; http://www.r-project.
org) [17]. The truncation point was set as τ= 0.10, and the
P value for TPM was estimated by 1,000,000 simulations.
Sensitivity analyses were conducted after excluding sig-
nificant SNPs within each gene to eliminate their influence
on the gene-based association. Additionally, the Versatile
Gene-based Association Study (VEGAS) was used to
evaluate the robustness of the TPM results [18]. The Bon-
ferroni procedure was used to account for multiple com-
parisons. The thresholds for the single SNP-based and gene-
based analyses were α= 0.05/180= 2.78 × 10−4 and α=
0.05/14= 3.57 × 10−3, respectively.

Results

The baseline characteristics of the 1906 participants are
shown in Supplementary Table 2. In summary, the mean
age of the participants was 38.7 years, and ~ 53% were men.
The baseline SBP, DBP, and MAP were 116.9, 73.7, and
88.1 mmHg, respectively. The BP was significantly

Table 1 Characteristics of the Kir genes

Gene symbol Gene location Physical positiona ± 5 kb Tag SNPs Encoded protein (channel or subunits)

KCNJ10 1q23.2 (160002257, 160045051) 4 Potassium voltage-gated channel subfamily J member 10, Kir4.1

KCNJ9 1q23.2 (160046360, 160064212) 4 Potassium voltage-gated channel subfamily J member 9, Kir3.3

KCNJ3 2q24.1 (155550093, 155719864) 28 Potassium voltage-gated channel subfamily J member 3, Kir3.1

KCNJ13 2q37.1 (233625512, 233646275) 2 Potassium voltage-gated channel subfamily J member 13, Kir7.1

KCNJ11 11p15.1 (17401795, 17415878) 3 Potassium voltage-gated channel subfamily J member 11, Kir6.2

KCNJ1 11q24.3 (128702909, 128742268) 9 Potassium voltage-gated channel subfamily J member 1, Kir1.1

KCNJ5 11q24.3 (128756313, 128796060) 16 Potassium voltage-gated channel subfamily J member 5, Kir3.4

KCNJ12 17p11.2 (21274699, 21328184) 3 Potassium voltage-gated channel subfamily J member 12, Kir2.2

KCNJ16 17q24.3 (68066348, 68136749) 12 Potassium voltage-gated channel subfamily J member 16, Kir5.1

KCNJ2 17q24.3 (68159757, 68181189) 5 Potassium voltage-gated channel subfamily J member 2, Kir2.1

KCNJ14 19q13.33 (48953964, 48974367) 2 Potassium voltage-gated channel subfamily J member 14, Kir2.4

KCNJ6 21q22.13 (38991778, 39293741) 68 Potassium voltage-gated channel subfamily J member 6, Kir3.2

KCNJ15 21q22.13-q22.2 (39596837, 39680043) 15 Potassium voltage-gated channel subfamily J member 15, Kir4.2

KCNJ4 22q13.1 (38817332, 38856205) 9 Potassium voltage-gated channel subfamily J member 4, Kir2.3

Kir inwardly rectifying potassium channel, SNPs single-nucleotide polymorphisms
aGenomic locations are based on NCBI Build 37 of the genome

Association of Kir genes with blood pressure responses to dietary sodium intervention: the GenSalt study 1047

http://www.broad.mit.edu/mpg/haploview
http://www.broad.mit.edu/mpg/haploview
http://pngu.mgh.harvard.edu/purcell/plink/
http://pngu.mgh.harvard.edu/purcell/plink/
http://www.r-project.org
http://www.r-project.org


reduced after the low-sodium intervention and elevated after
the subsequent high-sodium intervention.

Figure 1 presents the associations of each SNP with the
BP responses to the dietary sodium interventions. Four
SNPs (rs858009, rs2835904, rs860795, and rs2836023) in
KCNJ6 were significantly associated with the BP responses
to the sodium interventions after adjustment for multiple
testing. SNP rs858009 was significantly associated with the
SBP (P= 8.82 × 10−6) and MAP (P= 1.64 × 10−4)
responses to the low-sodium intervention. The number of
minor C alleles of marker rs858009 was associated with
decreased BP responses to the low-sodium intervention.
The mean SBP responses (95% CIs) were −7.52 (−8.46,
−6.58), −5.48 (−5.97, −5.00), and −4.93 (−5.41, −4.45)

mm Hg and the mean MAP responses (95% CIs) were
−4.93 (−5.64,−4.22), −3.74 (−4.13,−3.35), and −3.31
(−3.68,−2.94) mm Hg for the AA, AC, and CC genotypes,
respectively (Table 2). The associations of marker
rs2835904 with the BP responses to the low-sodium inter-
vention were similar (P= 3.32 × 10−6 for SBP and 2.72 ×
10−4 for MAP, respectively). The number of minor G allele
of marker rs2835904 was associated with a reduced
response of BP to the low-sodium intervention (Table 2). In
addition, rs860795 was associated with the SBP response to
the low-sodium intervention (P= 2.39 × 10−4) (Table 2).
Marker rs2836023 was also significantly associated with the
SBP response to the high-sodium intervention (P= 5.72 ×
10−5) after the multiple comparison adjustment. The

Fig. 1 −Log10 P values for the associations of 180 tagged SNPs in Kir
genes with BP responses to the low-sodium a and high-sodium b
interventions. Labeled SNPs were significant after corrections for
multiple comparisons. The horizontal dashed lines indicate the

corrected significance level (α= 2.78 × 10−4). Abbreviations: Kir,
inwardly rectifying potassium channel; SNP, single-nucleotide
polymorphism
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number of minor T alleles of rs2836023 was related to the
increased SBP response to the high-sodium intervention.
The SBP responses (95% CIs) were 4.43 (4.06, 4.80), 5.46
(4.96, 5.96), and 6.69 (5.17, 8.20) mm Hg for the CC, CT,
and TT genotypes, respectively (Table 2). Markers
rs858009, rs2835904, and rs860795 were also associated
with the SBP response to the high-sodium intervention, and
rs2836023 was associated with the BP response to the low-
sodium intervention, although these associations were
nominal after multiple test correction. The exact P values
for all SNP association tests are shown in Supplementary
Table 3.

The risk alleles and effect sizes of the SNPs (rs858009,
rs2835904, rs860795, and rs2836023) selected for the GRS
analysis are shown in Supplementary Table 4. The cumu-
lative effects of the variants on the baseline BP and the BP
response to the sodium interventions by MAP GRS quar-
tiles are shown in Table 3. The baseline BP did not sig-
nificantly differ according to the MAP GRS quartiles. The
MAP GRS was inversely associated with the magnitude of
the SBP and the MAP response to the low-sodium inter-
vention (P= 2.59 × 10−6 and 1.94 × 10−4, respectively).
Those with higher GRSs had significant increases in the
SBP response to the high-sodium intervention (P= 1.86 ×
10−6). β coefficients, standard errors, and P values corre-
sponding to the GRS increase for baseline BP and the BP
responses to the dietary interventions are shown in Table 4.

Table 5 presents the gene-based analysis results. Genes
with more than one SNP were examined. In the TPM results,

KCNJ6 was significantly associated with the BP responses
to the low-sodium intervention (all P < 1.00 × 10−6 for SBP,
DBP, and MAP) and the SBP responses to the high-sodium
intervention (P < 1.00 × 10−6). In the sensitivity analyses,
after excluding significant markers (rs858009, rs2835904,
and rs860795 in the low-sodium intervention analyses and
rs2836023 in the high-sodium intervention analyses), the
KCNJ6 gene was still strongly associated with the BP
responses to the low-sodium intervention (P < 1.00 × 10−6

for SBP, P= 3.00 × 10−6 for DBP and P < 1.00 × 10−6 for
MAP) and the SBP response to the high-sodium intervention
(P < 1.00 × 10−6). The VEGAS analysis showed consistent
associations of KCNJ6 with the BP responses to the
low-sodium intervention (P= 4.70 × 10−4 for SBP and
P= 1.14 × 10−3 for MAP). The TPM analysis also revealed
associations of KCNJ4 with the SBP responses to the
low- and high-sodium interventions (P= 2.40 × 10−5 and
P= 3.00 × 10−6, respectively). However, these associations
of KCNJ4 were not significant in the VEGAS analysis after
multiple testing.

Discussion

This study is a candidate gene study that investigates the
associations between Kir genes and BP salt sensitivity in a
large Han Chinese population sample. Markers of the
KCNJ6 gene (rs858009, rs2835904, rs860795, and
rs2836023) were significantly associated with the BP

Table 3 BP levels at baseline
and responses to dietary
intervention by MAP GRS
quartile

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Ptrend*

Baseline

SBP 116.5 (115.1,
118.0)

116.6 (115.3,
118.0)

117.1 (116.0,
118.2)

118.0 (116.8,
119.1)

0.11

DBP 73.54 (72.54,
74.54)

73.38 (72.38,
74.37)

73.79 (73.03,
74.54)

74.15 (73.30,
74.99)

0.30

MAP 87.86 (86.81,
88.92)

87.78 (86.76,
88.80)

88.20 (87.40,
89.01)

88.74 (87.88,
89.61)

0.17

Low-sodium intervention

SBP −4.51 (−5.16,
−3.85)

−5.06 (−5.71,
−4.42)

−5.49 (−6.07,
−4.90)

−6.59 (−7.21,
−5.97)

2.59 × 10−6

DBP −2.37 (−2.93,
−1.80)

−2.51 (−3.08,
−1.94)

−2.96 (−3.42,
−2.50)

−3.22 (−3.73,
−2.71)

0.01

MAP −3.08 (−3.60,
−2.55)

−3.36 (−3.88,
−2.85)

−3.80 (−4.25,
−3.36)

−4.34 (−4.83,
−3.86)

1.94 × 10−4

High-sodium intervention

SBP 3.83 (3.26, 4.40) 4.92 (4.29, 5.55) 4.74 (4.21, 5.26) 5.74 (5.23, 6.25) 1.86 × 10−6

DBP 1.62 (1.07, 2.17) 2.17 (1.59, 2.75) 1.76 (1.26, 2.27) 2.35 (1.87, 2.83) 0.03

MAP 2.34 (1.84, 2.84) 3.08 (2.56, 3.61) 2.75 (2.29, 3.21) 3.49 (3.06, 3.92) 9.13 × 10−4

Data are mean (95% CI). BP blood pressure, CI confidence interval, DBP diastolic blood pressure, GRS
genetic risk score, MAP mean arterial pressure, P, P values, SBP systolic blood pressure. Age, gender, body
mass index (BMI), and 24-hour urinary sodium were adjusted. * Linear trend between BP and GRS was
calculated in the mixed effect model after adjusted the age, gender, BMI, and 24-h urinary sodium
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responses to the sodium interventions. These markers had
consistent effects on the BP responses to the dietary low-
and high-sodium interventions, although some associations
were nominal after multiple test correction. This study also
identified a significant relationship between the MAP GRS
and BP response to the sodium interventions. Similar results
were obtained whether examining the MAP GRS according
to quartiles or as a continuous variable. Furthermore, gene-
based analyses consistently revealed that KCNJ6 was sig-
nificantly associated with the SBP and MAP responses to
the low-sodium intervention and the SBP response to the
high-sodium intervention. These results may highlight the
effect of Kir genes on BP regulation.

Kir channels have been found in a wide variety of cell
types, including endothelial cells and smooth muscle cells,
which are the major constituents of the vasculature [10].
Classical Kir channels generate a large K+ conductance and
play key roles in maintenance of the resting membrane
potential. In addition, these channels may contribute to
vasodilatation via the nitric oxide pathway in vascular
endothelial cells and reduce the intracellular Ca2+ con-
centration, resulting in vasodilation in vascular smooth
muscle cells. Animal studies demonstrated that Kir channels
played a vital role in activity of the sympathetic nervous
system and then regulated BP [11], as excitation of the
sympathetic nervous system is a mechanism underlying BP
elevation. In addition, experiments in rats and humans
confirmed that the sympathetic nervous system was
involved in salt-sensitive hypertension [12, 13]. Salt-
sensitive men showed an increased heart rate and reduced
heart rate variability determined by the balance between
sympathetic and parasympathetic influences [19].

KCNJ6 is a major component of GIRK. GIRK, which is
one downstream target of G proteins, can regulate a wide
range of electrophysiological activities (i.e., the heart rate)
[20]. Activation of GIRK channels requires G proteins
together with phosphatidylinositol 4,5 bisphosphate (PIP2)
[21]. Na+ and hormones that are involved in the regulation
of GIRK activity play important roles in the modulation of
BP and BP salt sensitivity [22, 23]. KCNJ6 was initially
reported to regulate insulin secretion in pancreatic beta cells
[24]. KCNJ6 opening is not absolutely dependent on Na+

but increases with the Na+ concentration [25]. Amino-acid
mutations in KCNJ6 cause changes in ion sensitivity, such
as the presence of aspartic acid rather than asparagine,
which accounts for the Na+ sensitivity [26]. Our study
provides the first evidence that SNPs (rs858009, rs2835904,
rs860795, and rs2836023) in KCNJ6 are significantly
associated with BP responses to sodium intake. All four
SNPs are located in the intron region of KCNJ6. We used
the web tools ENCODE, HaploReg, and RegulomeDB to
speculate their functions [27–29]. Variations rs2835904,
rs860795, and rs2836023 potentially regulate the chromatin
state as an enhancer of histone methylation or acetylation in

Table 4 BP Levels at baseline
and responses to dietary
Intervention by GRS

Study phase SBP DBP MAP

β SE P β SE P β SE P

Baseline 0.61 0.28 0.03 0.30 0.20 0.14 0.40 0.21 0.06

Low-sodium intervention −0.75 0.14 4.85 × 10−8 −0.33 0.11 3.01 × 10−3 -0.48 0.11 8.22 × 10−6

High-sodium
intervention

0.53 0.11 3.10 × 10−6 0.12 0.10 0.23 0.26 0.09 4.74 × 10−3

BP blood pressure, DBP diastolic blood pressure, GRS genetic risk score, MAP mean arterial pressure, P P
values, SBP systolic blood pressure, SE standard error. Age, gender, body mass index (BMI) and 24-hour
urinary sodium were adjusted

Table 5 Gene-based associations of Kir genes with blood pressure
responses in the GenSalt study (TPM)

Low-sodium intervention High-sodium intervention

SBP DBP MAP SBP DBP MAP

KCNJ10 0.18 0.17 0.19 0.13 0.14 0.11

KCNJ9 0.38 0.18 0.18 0.19 0.08 0.06

KCNJ3 0.62 0.46 0.67 0.17 0.35 0.24

KCNJ13 0.08 0.16 0.16 0.09 0.20 0.18

KCNJ11 0.11 0.22 0.20 0.14 0.19 0.15

KCNJ1 0.46 0.64 0.32 0.19 0.47 0.36

KCNJ5 0.63 0.47 0.52 0.57 0.57 0.65

KCNJ12 0.21 0.24 0.20 0.18 8.10 ×
10−3

0.01

KCNJ16 0.36 0.23 0.45 0.41 0.12 0.05

KCNJ2 0.30 0.13 0.14 0.13 0.46 0.34

KCNJ14 0.04 0.05 0.03 0.12 0.02 0.03

KCNJ6 < 1.00 ×
10−6 a

< 1.00 ×
10−6 a

< 1.00 ×
10−6 a

< 1.00 ×
10−6 a

0.35 0.11

KCNJ15 0.40 0.41 0.46 0.61 0.71 0.35

KCNJ4 2.40 ×
10-5 a

0.68 0.54 3.00 ×
10−6 a

0.68 0.26

DBP diastolic blood pressure, Kir inwardly rectifying potassium
channel, MAP mean arterial pressure, SBP systolic blood pressure,
SNP single-nucleotide polymorphism, TPM truncated product method
aSignificant after adjustment for multiple testing using Bonferroni
correction (α= 0.05/14= 3.57 × 10−3)
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different cell types and tissues, such as skeletal muscle and
pancreatic islets. Strongly linked with rs2836023, both
rs3787857 (r2= 0.92 and D’= 0.97) and rs743293 (r2=
0.94 and D’= 0.98) are likely to affect c-FOS protein
binding. FOS proteins are members of the activating protein
1 transcription factor complex. Because it encodes the FOS
protein, c-fos is more highly expressed in vascular smooth
muscle cells from spontaneously hypertensive rats than in
normotensive Wistar-Kyoto rats [30]. This information
suggested that rs3787857 and rs743293 might be functional
sites involved in BP regulation, whereas rs2836023 might
simply function as a marker. KCNJ4 is widely expressed in
the heart and arteries. IK1 is mainly comprised of Kir2.1 and
maintains the resting membrane potential and contributes to
phase 3 repolarization in human ventricles [31]. Kir2.3,
which is encoded by KCNJ4, is the molecular correlate of
IK1 in the heart and has been implicated in arrhythmias [32].
Few population studies have found evidence that variants of
Kir channel-encoding genes are associated with hyperten-
sion or salt sensitivity. Therefore, additional study is war-
ranted to confirm these findings.

Strengths and limitations

Our study possessed several important strengths. First, the
participants in our study were recruited from rural regions in
North China, which minimized the genetic and environ-
mental heterogeneity of the population. Second, good
compliance of the participants to the sodium interventions
and stringent quality control procedures were conducted for
data collection, such as nine BP measurements to limit
measurement error. In addition, correction procedures were
performed to account for multiple testing.

However, this study has potential limitations. Populations
in northern China have a relatively high sodium intake in daily
life. These novel associations reported here need to be repli-
cated in other populations with different genetic and envir-
onment backgrounds. Furthermore, the present study only
included common polymorphisms of the candidate genes, and
thus low frequency and structural variants might have been
missed. Future studies that repeat the associations between
variants in these genes and BP salt sensitivity are still needed.

Conclusion

In our study, we found that variants of the Kir genes were
associated with the BP response to the sodium interven-
tions. Further genetic and functional studies are needed to
delineate the role of Kir in BP salt sensitivity.

Acknowledgements This study is supported by the National Natural
Science Foundation of China (91439202, 81570386, and 91643208)

and the CAMS Innovation Fund for Medical Sciences (2017-I2M-1-
004, 2016-I2M-2-001 and 2016- I2M-1-009). The GenSalt study is
supported by a cooperative agreement project grant (U01HL072507,
R01HL087263, and R01HL090682) from the National Heart, Lung,
and Blood Institute, National Institutes of Health, Bethesda, MD,
USA.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds
K, Chen J, He J. Global disparities of hypertension prevalence and
control: a systematic analysis of population-based studies from 90
countries. Circulation. 2016;134:441–50.

2. GBD 2015 Risk Factors Collaborators. Global, regional, and
national comparative risk assessment of 79 behavioural, envir-
onmental and occupational, and metabolic risks or clusters of
risks, 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet. 2016;388:1659–724.

3. He FJ, MacGregor GA. A comprehensive review on salt and
health and current experience of worldwide salt reduction pro-
grammes. J Hum Hypertens. 2009;23:363–84.

4. Weinberger MH. Salt sensitivity of blood pressure in humans.
Hypertension. 1996;27:481–90.

5. Kario K, Chen CH, Park S, Park CG, Hoshide S, Cheng HM,
Huang QF, Wang JG. Consensus teristics. Hypertension.
2018;71:375–82.

6. Gu D, Rice T, Wang S, Yang W, Gu C, Chen CS, Hixson JE,
Jaquish CE, Yao ZJ, Liu DP, Rao DC, He J. Heritability of blood
pressure responses to dietary sodium and potassium intake in a
Chinese population. Hypertension. 2007;50:116–22.

7. Liu Z, Qi H, Liu B, Liu K, Wu J, Cao H, Zhang J, Yan Y, He Y,
Zhang L. Genetic susceptibility to salt-sensitive hypertension in a
Han Chinese population: a validation study of candidate genes.
Hypertens Res. 2017;40:876–84.

8. Han X, Hu Z, Chen J, Huang J, Huang C, Liu F, Gu C, Yang X,
Hixson JE, Lu X, Wang L, Liu DP, He J, Chen S, Gu D. Asso-
ciations between genetic variants of NADPH oxidase-related
genes and blood pressure responses to dietary sodium interven-
tion: the GenSalt study. Am J Hypertens. 2017;30:427–34.

9. Fang Y, Mu JJ, He LC, Wang SC, Liu ZQ. Salt loading on plasma
asymmetrical dimethylarginine and the protective role of potas-
sium supplement in normotensive salt-sensitive asians. Hyper-
tension. 2006;48:724–9.

10. Hibino H, Inanobe A, Furutani K, Murakami S, Findlay I, Kurachi
Y. Inwardly rectifying potassium channels: their structure, func-
tion, and physiological roles. Physiol Rev. 2010;90:291–366.

11. Geraldes V, Gonçalves-Rosa N, Liu B, Paton JF, Rocha I. Chronic
depression of hypothalamic paraventricular neuronal activity
produces sustained hypotension in hypertensive rats. Exp Physiol.
2014;99:89–100.

12. Fujita T, Henry WL, Bartter FC, Lake CR, Delea CS. Factors
influencing blood pressure in salt-sensitive patients with hyper-
tension. Am J Med. 1980;69:334–44.

13. Fujita M, Ando K, Nagae A, Fujita T. Sympathoexcitation by
oxidative stress in the brain mediates arterial pressure elevation in
salt-sensitive hypertension. Hypertension. 2007;50:360–7.

14. GenSalt Collaborative Research Group. GenSalt: rationale,
design, methods and baseline characteristics of study participants.
J Hum Hypertens. 2007;21:639–46.

1052 X. Gong et al.



15. He J, Gu D, Chen J, Jaquish CE, Rao DC, Hixson JE, Chen JC,
Duan X, Huang JF, Chen CS, Kelly TN, Bazzano LA, Whelton
PK, GenSalt Collaborative Research Group. Gender difference in
blood pressure responses to dietary sodium intervention in the
GenSalt study. J Hypertens. 2009;27:48–54.

16. Perloff D, Grim C, Flack J, Frohlich ED, Hill M, McDonald M,
Morgenstern BZ. Human blood pressure determination by
sphygmomanometry. Circulation. 1993;88:2460–70.

17. Sheng X, Yang J. An adaptive truncated product method for
combining dependent p-values. Econ Lett. 2013;119:180–2.

18. Mishra A, Macgregor S. VEGAS2: software for more flexible
gene-based testing. Twin Res Hum Genet. 2015;18:86–91.

19. Weber CS, Thayer JF, Rudat M, Sharma AM, Perschel FH,
Buchholz K, Deter HC. Salt-sensitive men show reduced heart
rate variability, lower norepinephrine and enhanced cortisol dur-
ing mental stress. J Hum Hypertens. 2008;22:423–31.

20. Whorton MR, MacKinnon R. Crystal structure of the mammalian
GIRK2 K+ channel and gating regulation by G proteins, PIP2,
and sodium. Cell. 2011;147:199–208.

21. Huang CL, Feng S, Hilgemann DW. Direct activation of inward
rectifier potassium channels by PIP2 and its stabilization by
Gbetagamma. Nature. 1998;391:803–6.

22. Guo L, Liu F, Chen S, Yang X, Huang J, He J, Jaquish CE, Zhao
Q, Gu CC, Hixson JE, Gu D. Common variants in the Na-coupled
bicarbonate transporter genes and salt sensitivity of blood pres-
sure: the GenSalt study. J Hum Hypertens. 2015;30:1–6.

23. Kelly TN, Rebholz CM, Gu D, Hixson JE, Rice TK, Cao J, Chen
J, Li J, Lu F, Ma J, Mu J, Whelton PK, He J. Analysis of sex
hormone genes reveals gender differences in the genetic etiology
of blood pressure salt sensitivity: the GenSalt study. Am J
Hypertens. 2013;26:191–200.

24. Sakura H, Bond C, Warren-Perry M, Horsley S, Kearney L,
Tucker S, Adelman J, Turner R, Ashcroft FM. Characterization

and variation of a human inwardly-rectifying-K-channel gene
(KCNJ6): a putative ATP-sensitive K-channel subunit. FEBS Lett.
1995;367:193–7.

25. Wang W, Whorton MR, MacKinnon R. Quantitative analysis of
mammalian GIRK2 channel regulation by G proteins, the sig-
naling lipid PIP2 and Na+ in a reconstituted system. eLife.
2014;3:e03671.

26. Ho IH, Murrell-Lagnado RD. Molecular determinants for sodium-
dependent activation of G protein-gated K+ channels. J Biol
Chem. 1999;274:8639–48.

27. ENCODE Project Consortium. An integrated encyclopedia
of DNA elements in the human genome. Nature. 2012;489:
57–74.

28. Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA,
Kasowski M, Karczewski KJ, Park J, Hitz BC, Weng S, Cherry
JM, Snyder M. Annotation of functional variation in personal
genomes using RegulomeDB. Genome Res. 2012;22:1790–7.

29. Ward LD, Kellis M. HaploReg: a resource for exploring chro-
matin states, conservation, and regulatory motif alterations within
sets of genetically linked variants. Nucleic Acids Res. 2012;40:
D930–D934.

30. Nemoto K, Sekimoto M, Fukamachi K, Kageyama H, Degawa M,
Hamadai M, Hendley ED, Macrae IM, Clark JS, Dominiczak AF,
Ueyama T. No involvement of the nerve growth factor gene locus
in hypertension in spontaneously hypertensive rats. Hypertens
Res. 2005;28:155–63.

31. Lopatin AN, Nichols CG. Inward rectifiers in the heart: an update
on I(K1). J Mol Cell Cardiol. 2001;33:625–38.

32. Vaidyanathan R, Van Ert H, Haq KT, Morotti S, Esch S, McCune
EC, Grandi E, Eckhardt LL. Inward rectifier potassium channels
(Kir2.x) and caveolin-3 domain-specific interaction: implications
for Purkinje cell-dependent ventricular arrhythmias. Circ
Arrhythm Electrophysiol. 2018;11:e005800.

Association of Kir genes with blood pressure responses to dietary sodium intervention: the GenSalt study 1053


	Association of Kir genes with blood pressure responses to dietary sodium intervention: the GenSalt study
	Abstract
	Introduction
	Methods
	Study population
	Dietary intervention
	Phenotypic measurements
	Genotyping, quality control and genetic risk score (GRS)
	Statistical analysis

	Results
	Discussion
	Strengths and limitations

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




