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Abstract

The current study comprehensively examined the association between common variants in the
Na*-coupled bicarbonate transporter (NCBT) genes and blood pressure (BP) responses to dietary
sodium intervention. A 7-day low-sodium followed by a 7-day high-sodium dietary intervention
was conducted among 1906 Han participants from rural areas of northern China. Nine BP
measurements were obtained at baseline and each intervention using a random-zero
sphygmomanometer. A mixed-effect model was used to assess the additive associations of 76
common variants in five NCBT genes, including SLC4A4, SLC4A5, SLC4A7, SLC4A8 and
SLC4A10, with salt-sensitivity phenotypes. The Bonferroni method was used to adjust for
multiple testing. SLC4A4 marker rs4254735 was significantly associated with diastolic BP (DBP)
response to low-sodium intervention (P=5.05x10~4), with mean (95% confidence interval [CI])
response of —2.91 (-3.21, -2.61) and —-0.40 (-1.84, 1.05) mmHg for genotype AA and AG,
respectively. In addition, BP responses to high-sodium intervention significantly increased with
the number of minor C alleles of SLC4A4 marker rs10022637. Mean systolic BP (SBP) responses
among those with genotypes TT, CT, and CC were 4.62 (4.29, 4.99), 5.94 (5.31, 6.58) and 6.00
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(3.57, 8.43) mmHg (P=1.14x10"%); mean DBP responses were 1.72 (1.41, 2.03), 3.22 (2.52, 3.92)
and 3.94 (1.88, 5.99) mmHg (P=2.26x107°), and mean arterial pressure responses were 2.69 (2.40,
2.97), 4.13 (3.57, 4.70) and 4.61 (2.51, 6.71) mmHg (P=2.07x107%), respectively. Briefly, the
present study indicated that common variants in the SLC4A4 gene might contribute to the
variation of BP responses to dietary sodium intake in Han Chinese population.

INTRODUTION

Hypertension is a complex disorder influenced by genetic and environmental factors and
their interactions.! High salt intake is one of the most important environ- mental risk factors
for elevated blood pressure (BP).2 3 However, BP responses to dietary sodium intake vary
among individuals, a phenomenon known as salt sensitivity.* BP salt sensitivity has been
associated with increased risks for hypertension, cardiovascular disease, and premature
death.> 6 Substantial evidences have suggested that genetic factors play an important role in
determining BP salt sensitivity.”: 8 Previous reports from the Genetic Epidemiology Network
of Salt Sensitivity (GenSalt) Collaborative Research Group have identified many biological
candidate genes which are apparently related to salt-sensitivity of BP. In general, most
biological pathways involved in BP regulation (such as apelin system,? renin-angiotensin-
aldosterone system,10 epithelial sodium channel, 1! kallikrein-kinin system,12 and endothelin
system13) are related to salt-sensitivity of BP. However, the genomic mechanisms underlying
BP salt sensitivity are far from being completely elucidated. Thus, identification of novel
genetic variants for salt sensitivity will help to elucidate the potential interactions between
genetic factors and dietary sodium intake on the regulation of BP.

The solute carrier 4 (SLC4) membrane transporter proteins involve in kidney acid-base
regulation, intracellular pH maintaining and the balance of cation composition.14 15 There
are currently five mammalian Na*-coupled bicarbonate (HCO3~) transporter (NCBT) genes
in the SLC4 family: SLC4A4 (encodes NBCel), SLC4A5 (encodes NBCe2), SLC4A7
(encodes NBCn1), SLC4A8 (encodes NDCBE) and SLC4A10 (encodes NBCn2/
NCBE).16. 17 NCBTs transport Na* and HCO3~ across the basolateral membranes of many
cell types, including renal tubule cells, into the interstitial fluid and ultimately into the
circulation, and the transport activities of NCBTSs are different. Disruptions of NCBT genes
in the kidney lead to severe electrolyte, acid-base disorders and cause BP deregulation.18: 19

Previous genome-wide association studies (GWASSs) and candidate gene association studies
have identified SL.C4A4,20 SI.C4A521: 22 and SLC4A 723 24 as susceptibility genes of
hypertension. Single nucleotide polymorphisms (SNPs) of the SL C4A5 gene were also
identified to be associated with salt-sensitive hypertension in White participants.?®> These
findings were concurrently reinforced by the experimental studies which showed that the
Slc4as knockout mice were hypertensive,28 and the S/c4a7 knockout mice were mildly
hypertensive at rest, and displayed altered vascular functions.?’” SLC4A8and SLC4A10
were also reported to be involved in the process of Na* re-absorption.28: 22 To the best of our
knowledge, none studies have reported associations of variants in the NCBT genes with BP
response to dietary sodium intake in Chinese population.
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The current study aimed to comprehensively investigate the association between common
variants in five NCBT genes and BP responses to dietary sodium intake in the GenSalt study.

MATERIALS AND METHODS

Study population

All study subjects were participants of the GenSalt study, a family-based dietary feeding
study examining gene-dietary sodium and potassium interaction on BP among a rural Han
population in north China where habitual salt intake was high.8 Potential probands and their
families were identified through a community-based BP screening carried out among
persons aged 18-60 years in the study villages. Those with a mean systolic BP (SBP)
between 130-160 mmHg and/or a mean diastolic BP (DBP) between 85-100 mmHg and no
use of antihypertensive medications, as well as their spouses, siblings and offspring were
recruited for the dietary intervention study. Individuals with stage-2 hypertension, current or
recent use of antihypertensive medications, secondary hypertension, history of clinical
cardiovascular disease, diabetes, chronic kidney disease, along with pregnant women, heavy
alcohol users and those currently on a low-sodium diet were excluded from the study. More
details of the study population and methods for the GenSalt study have been presented
elsewhere.8: 30 Among 1906 participants eligible for the dietary intervention, 1871 (98.2%)
and 1860 (97.6%) completed the low-sodium intervention and high-sodium intervention,
respectively, were included in the current analysis.

Written informed consents were obtained from all participants after detailed explanation of
the study. The study had been approved by the Institutional Review Board at all the
participating institutions.

Dietary intervention

The dietary intervention included low-sodium and high-sodium feeding among probands and
their siblings and offspring. In the first 3-day baseline observation, the study participants
consumed their usual diet, then they received a 7-day low-sodium (3 g of sodium chloride or
51.3 mmol of sodium), followed by a 7-day high-sodium (18 g of sodium chloride or 307.8
mmol of sodium) dietary intervention. During both intervention phases, dietary potassium
intake remained unchanged. All foods were cooked without salt, and pre-packaged salt was
added to the study participants’ meal, as specified in the protocol. To ensure study
participants’ compliance to the intervention program, they were instructed to avoid
consuming any foods or beverages that were not provided by the study. In addition, three
urinary excretions (one 24-hour and two overnight) were collected on 3-day baseline
examination and on days 5, 6, and 7 of each intervention phase to confirm participants’
compliance with the dietary sodium intervention. The results from the 24-hour urinary
excretions of sodium and potassium showed excellent compliance with the study diet: The
mean (standard deviation) of 24-hour urinary excretions of sodium and potassium were
242.4 (66.7) mmol and 36.9 (9.6) mmol at baseline, 47.5 (16.0) mmol and 31.4 (7.7) mmol
during the low-sodium intervention, 244.3 (37.7) mmol and 35.7 (7.5) mmol during the
high-sodium intervention, respectively.
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Phenotype measurement

During the 3 days of baseline examination, trained staff collected information on family
structure, demographic characteristics, personal and family medical history and lifestyle risk
factors using a standard questionnaire. BP was measured with the participants in the sitting
position after 5 minutes of rest, and participants were advised to avoid alcohol, cigarette
smoking, coffee/tea, and exercise for at least 30 minutes before their BP measurements.
Three BP measurements were obtained each morning of the 3-day baseline observation and
on days 5, 6, and 7 of each intervention period by the trained and certified observers using
random-zero sphygmomanometer according to a standard protocol.10 All BP observers were
blinded to the participants’ dietary intervention. In addition, body weight, height, and waist
circumference were measured twice in light indoor clothing without shoes during the
baseline examination. Body mass index (BMI) was calculated as kilograms per meters
squared (kg/m?).

BP levels at baseline and during the intervention were calculated as the mean of 9
measurements from each period. Mean arterial pressure (MAP) was calculated by the
formula: MAP=DBP+[(SBP-DBP)/3]. Mean BP response to low-sodium intervention was
calculated as mean BP during low-sodium intervention minus the mean BP at baseline, and
mean BP response to high-sodium intervention was calculated as mean BP during high-
sodium intervention minus that during low-sodium intervention.

SNP selection and genotyping

SNPs located within the five NCBT genes (including about 5kb flanking regions each
upstream and downstream of the genes) were genotyped among all participants using chip-
based hybridization assays Affymetrix 6.0 platform (Affymetrix, Santa Clara, CA). SNPs
were excluded if they had a call rate less than 95%, or significantly deviated from Hardy-
Weinberg equilibrium (HWE) after adjustment for multiple comparisons (false discovery
rate [FDR], A<0.05), or had a minor allele frequency (MAF) less than 1%. Within the five
NCBT genes, 133 SNPs met the quality control criteria, and 76 SNPs were tagged (r2<0.9)
using Haploview software (version4.2, http://www.broad.mit.edu/mpg/haploview) for
inclusion in the current analysis. Detailed characteristics of the NCBT genes including the
gene symbol, physical position, number of tag SNPs and encoded protein were presented in
Table 1. Quality control information on the tagged 76 SNPs was listed in Supplemental
Table 1.

Statistical analysis

Baseline characteristics and BP responses were summarized as meanzstandard deviations
for continuous variables and as percentages for categorical variables. Deviation from HWE
was tested by XZ test. Additive associations between SNPs and BP responses to each sodium
intervention were examined using a mixed-effect linear model (Proc Mixed procedure) using
SAS software (version9.3; SAS Institute, Cary, NC). A sandwich estimator was used to
account for correlations of individuals within families. Age, gender and baseline BMI were
adjusted in multivariable analyses. To correct for multiple testing of the 76 variants,
Bonferroni method was used with the threshold of 6.58x10~# (0.05/76).
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RESULTS

Characteristics of the GenSalt participants and BP responses to sodium interventions are
shown in Table 2. On average, participants were 38.7 years of age, with BMI of 23.3 kg/m2.
Approximately 52.9% of the study participants were male. BP levels significantly decreased
from baseline to low-sodium dietary intervention and increased in response to the high-
sodium dietary intervention (all A<0.0001). In the low-sodium intervention phase, average
SBP, DBP and MAP responses were —5.5, —=2.8, and —3.7 mmHg, respectively. And SBP,
DBP and MAP increased by 4.9, 1.9, and 2.9 mmHg, respectively, during high-sodium
intervention. BP responses to dietary intervention were normally distributed and varied
widely among study participants.

Figure 1A presents the association of each SNP with absolute SBP, DBP and MAP
responses to low-sodium intervention. After adjustment for multiple testing, SLC4A4
marker rs4254735 was significantly associated with DBP response to low-sodium intake
(P=5.05x10"4). Mean DBP response to low-sodium intervention according to SLC4A4
rs4254735 was shown in Figure 2A. Despite the low MAF of the G allele (2%), participants
with heterozygous AG genotype had a decreased response to the low-sodium intervention
compared to those with AA genotype. Mean DBP response (95%CI) was -2.91 (-3.21,
-2.61) mmHg among those with AA genotype, and —0.40 (-1.84, 1.05) mmHg among those
with AG genotype, respectively.

As shown in Figure 1B, SLC4A4 marker rs10022637 was significantly associated with the
absolute SBP, DBP and MAP responses to high-sodium intervention (P=1.14x1074,
2.26x1075 and 2.07x1075, respectively). Data in Figure 2B showed that BP responses to
high-sodium intervention increased with the number of minor C alleles of rs10022637. For
example, mean SBP response to high-sodium intervention among participants with
rs10022637 genotypes TT, CT, and CC were 4.62 (4.30, 4.95), 5.94 (5.31, 6.58) and 6.00
(3.60, 8.40) mmHg, respectively. Exact Pvalues for all SNPs association tests were shown
in Supplemental Table 2.

DISCUSSION

As the first study to examine the association between the NCBT genes and salt-sensitivity of
BP among a large sample of Han Chinese population, we identified a significant association
between SLC4A4 marker rs4254735 and DBP response to low-sodium intervention. In
addition, SLC4A4 marker rs10022637 was significantly associated with SBP, DBP and
MAP responses to high-sodium intervention. The minor C allele of rs10022637 was
associated with dose-dependent increase in BP responses to high-sodium intervention. These
results indicated that the NCBT genes might be mechanistically involved in BP salt
sensitivity and their genetic variants contributed to the variation of this complex phenotype.
And the novel genetic variants identified in our findings that determine an individual’s
susceptibility to dietary sodium intervention is crucial for the identification of individuals
who will benefit the most from a low-sodium diet in Han Chinese population. Moreover, our
findings will help in the understanding of the genetic mechanisms underlying hypertension.
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In mammals, there are five NCBTs encoded by different genes.18 The electrogenic NBCel is
encoded by the SL.C4A4 gene on chromosome 4g13.3. It has a Na*:HCO3~ stoichiometry of
1:3 and mediates the efflux of sodium/bicarbonate at the basolateral membrane of proximal
tubule cells essential for bicarbonate absorption of the proximal tubule in the kidney.3! This
gene has been reported to be associated with decreased body weight/size, hematocrit, and
abnormal ion homeostasis in mice,32 and the expression of SLC4A4 gene was found to be
increased in the renal cortex of spontaneously hypertensive rats.3! In a previous report, Yang
and colleagues identified SLC4A4 as a hypertension susceptible gene in Han Chinese with a
genome-wide gene-based association study.2? They found that SL.C4A4 gene was
differentially expressed in 12 matched hypertension patients and control pairs.2? The
markers rs4254735 and rs10022637 identified in the current study were both located in the
intronic region which might possibly play regulatory roles in altering the expression of the
SLC4A4 gene. In addition, we used the web tool RegulomeDB,33 a database that annotates
SNPs with known and predicted regulatory elements in the intergenic regions of the Human
genome, to speculate the functional implication of these 2 significant SNPs. Little evidence
showed that rs4254735 and its highly correlated SNPs were causally associated with the
regulation of SLC4A4 expression, so the function of rs4254735 and other correlated SNPs
need to be further investigated. Moreover, no information on SNP rs10022637 was provided
in the RegulomeDB database. However, SNP rs4130912, which was highly correlated with
rs10022637 (r?=0.94, D=1 in Hapmap CHB), had strong binding evidences and possibly a
functional SNP for the regulation of SLC4A4 expression.33 To fully interpret these
associations, further dissections of the regions surrounding these SNPs and functional
studies are warranted in the future. We didn’t detect any GG homozygote for rs4254735 in
our participants, even so, this study represented the first examination of rs4254735, and
highlighted the need for replication of this result in other populations. In addition, our work
provided important information for future studies of unique SLC4A4 variants in relation to
BP salt sensitivity.

A previous study conducted in 185 Caucasians demonstrated that two SLC4A5 SNPs
rs7571842 and rs10177833 were associated with BP salt-sensitivity.2> However, rs10177833
was not genotyped in our study, and rs7571842 was not significantly associated with BP
responses to dietary sodium intervention in the present study (Supplemental Table 2).
Several possibilities may explain the discrepancies between studies. Our study was
conducted in Han Chinese population, where linkage disequilibrium (LD) structure may be
different from that of Western population. For example, rs7571842 and rs10177833 were
weakly correlated (r2=0.43, D"=0.72) in Han Chinese population, but they were strongly
correlated (r=0.85, D’=0.97) in the European population. If the identified variant is in LD
with the true causal variant, it may not be replicated in other populations with a distinct
ethnic background. Furthermore, the same genetic variants may have different BP effects
due to their interactions with genetic and environmental factors that are unique to certain
populations. Moreover, the effects of other potential factors, such as different characteristics
of subjects, sodium-intervention design, and lifestyle factors also might make the
inconsistency of results between Han Chinese and Europeans.

Several strengths of this study should be noted. To our knowledge, this is the first report of a
comprehensive analysis of associations between common variants in the NCBT genes and
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BP responses to dietary sodium intervention. In the GenSalt study, stringent quality control
procedures were employed during the dietary intervention, phenotype data collection,
genotyping, and data analysis. Measurement error for BP phenotype was reduced by nine BP
measurements measured by a random-zero sphygmomanometer. The large and homogenous
Han Chinese population in this study makes the analysis robust to population stratification.
However, although the Affymetrix 6.0 genotyping platform generally provides good
coverage of common genetic variants, some important rare, low-frequency, and structural
variants may be missed in the current study.

In summary, we provided the first evidence that common variants in the NCBT genes were
associated with BP responses to dietary sodium intervention in the Han Chinese population.
The findings reported here suggest that dietary sodium intervention might be particularly
effective in lowering BP among individuals with specific variants of SLC4A4 gene. Still,
replications of these results in other populations are needed, and further functional studies
are critically important for identifying true causal variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is known about the topic

. Blood pressure (BP) responses to dietary sodium intake vary among
individuals, a phenomenon known as salt sensitivity, and genetic
factors play important roles in determining BP salt sensitivity.

. The Na*-coupled bicarbonate (HCO3™) transporter (NCBT) genes play
important roles in blood pressure regulation through acid-base
regulation, intracellular pH maintaining and the balance of cation
composition in the kidney.

. Emerging evidences have linked mammalian Na*-coupled bicarbonate
(HCOg3") transporter (NCBT) genes to hypertension or salt-sensitive
hypertension in White participants.

What this study adds

. SLC4A4 marker rs4254735 was significantly associated with diastolic
BP response to low-sodium intervention. BP responses to high-sodium
intervention significantly increased with the number of minor C alleles
of SLC4A4 marker rs10022637 in Han Chinese population.

. The present study indicated that common variants of SLC4A4 gene
may contribute to the variation of BP response to dietary sodium intake
in the Han Chinese population.
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Figure 1.

-LogigP values for the associations of 76 tag SNPs in NCBT genes with blood pressure
responses to low- sodium (A) and high-sodium (B) interventions. Labeled SNP was
significant after Bonferroni correction. The horizontal dashed lines indicated the Bonferroni
corrected significant level (P=6.58x1074).
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Blood pressure responses to low-sodium intervention among participants with different
genotypes of rs4254735 (A) and high-sodium intervention with different genotypes of

rs10022637 (B).

J Hum Hypertens. Author manuscript; available in PMC 2016 August 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Guo et al.

Characteristics of five NCBT genes

Table 1
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Gene symbol  Locus Physical position (5 kb)2 No. of tag SNPs  Encoded protein

SLC4A4 4913.3 chr4:72,048,003-72,442,804 42 electrogenic sodium bicarbonate cotransporter 1, NBCel
SLC4A5 2p13.1 chr2:74,443,561-74,547,152 13 electrogenic sodium bicarbonate cotransporter 2, NBCe2
SLC4A7 3p24.1 chr3:27,409,212-27,503,245 4 sodium bicarbonate cotransporter 3, NBC3/ NBCn1l
SLC4A8 12913.13  chr12:51,890,612-51,914,547 5 electroneutral sodium bicarbonate exchanger 1,NDCBE
SLC4AI0 2q24.2 chr2:162,475,845-162,846,786 12 sodium-driven chloride bicarbonate exchanger, NCBE/

NBCn2

Abbreviations: SNP, single-nucleotide polymorphism;

aGenomic locations are based on NCBI Build 37 of the genome.
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Table 2

Characteristics of 1,906 GenSalt dietary intervention participants

Variables Mean + SD or No.(percentage) Median (Inter-quartile Range)
Age, years 38.7+£9.6 39.0 (33.0, 46.0)

Male, No.(%) 1010 (52.9) -

BMI, kg-m? 23.3+3.2 22.9(21.1,25.2)
Baseline BP, mm Hg

Systolic 116.9+14.2 115.8 (106.4, 127.1)
Diastolic 73.7+10.3 73.3 (66.7, 80.7)

Mean arterial pressure 88.1+10.9 87.7 (80.0, 95.4)

BP during low salt, mm Hg

Systolic 111.4+12.2
Diastolic 71.0+9.7
Mean arterial pressure 845+9.7

BP during high salt, mm Hg

Systolic 116.3+13.6
Diastolic 72.9+10.3
Mean arterial pressure 87.4+10.6

BP response to low-sodium, mmHg

SyStO“C -55+ 7'0*
Diastolic 28+55%
Mean arterial pressure —37+53%

BP response to high-sodium, mm Hg

Systolic 49+607
Diastolic 19+54%
Mean arterial pressure 29+507

110.0 (102.7, 119.3)
70.7 (64.2, 77.3)
84.1 (77.4, 90.6)

114.4 (106.7, 124.6)
72.4 (66.0, 79.1)
86.7 (79.6, 94.3)

-4.4(-8.9,-1.3)
-2.7(-5.6,0.4)

-3.3(-6.6, -0.6)

4.7 (0.6,8.2)
1.8 (-1.6,5.3)

2.7 (-0.4,5.9)

Abbreviations: BMI, body mass index; BP: blood pressure.

*
P-value<0.0001 when compared to no BP change during sodium interventions.
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