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BACKGROUND

We examined the associations of epithelial sodium channel (ENaC)
genes with blood pressure (BP) changes and hypertension incidence in
a longitudinal family study.

METHODS

A total of 2,755 Han Chinese participants of the Genetic Epidemiology
Network of Salt Sensitivity (GenSalt) baseline examination were eligible
for this study. The associations of 43 tag single nucleotide polymor-
phisms (SNPs) in ENaC genes with BP changes and hypertension inci-
dence were assessed using mixed models to account for the correlations
of repeated measures among individuals and within families. A geno-
type by time interaction term was used to model differences in longitu-
dinal BP change according to genotype over time. Gene-based analyses
were conducted using the truncated product method. The Bonferroni
method was used to adjust for multiple testing in all analyses.

RESULTS
During an average of 7.4 years follow-up, systolic BP (SBP) and diastolic
BP (DBP) increased, and approximately 33% of participants developed

High blood pressure (BP) is the leading risk factor for cardio-
vascular disease and mortality worldwide.!-* Even small incre-
mental elevations in BP are associated with an increased risk
of cardiovascular events.* Genetic background contributes to
inter-individual variation in BP, with heritability estimates gen-
erally ranging 31%-68%.> Genetic studies of BP and hyperten-
sion have implicated more than 50 genes in pathways affecting
renal sodium balance and other physiological functions.®

The renal epithelial sodium channel (ENaC) mediates
renal reabsorption of sodium, playing a pivotal role in the

hypertension. SCNN7A SNP rs11064153 and SCNN1G SNP rs4401050
were significantly associated with longitudinal changes in SBP after
adjustment for multiple testing (P, eraction = 5-8 X 10~*and 0.001, respec-
tively). Similar but nonsignificant trends were observed for the asso-
ciations between both rs11064153 and rs4401050 and DBP changes
(Pinteraction = 0:024 and 0.005, respectively) and between rs11604153 and
hypertension incidence (P = 0.02). Gene-based analyses also supported
the overall association of SCNN1G with longitudinal changes in SBP
(P=2.0x107).

CONCLUSIONS

Our findings indicated that SCNN7A and SCNN1G may contribute to BP
changes over time in the Han Chinese population. Replication of these
findings is warranted.
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control of sodium balance, blood volume, and BP.7# ENaC
consists of 3 homologous subunits (a, $, and y), which are
colocalized in the distal tubules and the collecting ducts
of the kidney’s nephrons, where the fine control of sodium
reabsorption is carried out.” The a subunit of ENaC, encoded
by SCNNIA on 12p13, supports sodium conductance when
expressed alone, whereas the § and y subunits encoded by
SCNN1B and SCNNIG on 16pl2 appear to have a struc-
tural and/or regulatory role when coexpressed with the o
subunit.>!® Multiple mutations in the ENaC  and y subunits
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have been related to Liddle syndrome, a monogenic disorder
characterized by severe hypertension and low plasma potas-
sium concentrations.!!"* ENaC’s physiological relevance,
combined with findings from monogenic study, make the
genes encoding ENaC particularly attractive candidates
for genetic study of the complex hypertension phenotype.
Although numerous studies have reported the association
of common variants in ENaC with BP or hypertension,'>-1”
very few of these candidate gene studies have been con-
ducted in the Han Chinese population.'® Furthermore, none
have examined whether variants in ENaC genes can predict
BP change or hypertension incidence in longitudinal study.
Herein, we aimed to use both single marker-based and gene-
based analyses to assess the relationship of ENaC genes with
BP change and incident hypertension in 2,755 Han Chinese
participants of the Genetic Epidemiology Network of Salt
Sensitivity (GenSalt) follow-up study.

METHODS
Study population

GenSalt is a family-based, dietary feeding study that was
conducted among 3,142 study participants in rural north
China from 2003 to 2005. Details of the study design and
methods have been described previously." Briefly, a com-
munity-based BP screening was carried out among persons
aged 18-60 years in the study villages to identify poten-
tial probands. Those with mean systolic BP (SBP) of 130-
160mm Hg and/or diastolic BP (DBP) of 85-100mm Hg
and no use of antihypertensive medication were recruited,
as well as their parents, siblings, spouses, and offspring.
Persons who had stage 2 hypertension, secondary hyperten-
sion, a history of clinical cardiovascular disease or diabetes,
or were pregnant, heavy alcohol drinkers, or currently on a
low-sodium diet were excluded from the study.

Institutional review boards at all of the participating
institutions approved the GenSalt study. Written informed
consents for the program were obtained from each
participant.

GenSalt baseline data collection

A standard questionnaire was administered by trained
staff to collect information on family pedigrees, demo-
graphic characteristics, personal and family medical history,
and lifestyle risk factors. Three morning BP measurements
were obtained according to a standard protocol on each of
the 3 days of baseline observation. All BP readings were
measured by trained and certified technicians using a ran-
dom-zero sphygmomanometer.?’ BP was measured with the
participant in the sitting position after 5 minutes of rest. In
addition, participants were advised to avoid alcohol, ciga-
rette smoking, coffee/tea, and exercise for at least 30 min-
utes before their BP measurements. Mean BP at baseline was
calculated as the mean of 9 measurements from the 3-day
baseline observation. Body weight and height were meas-
ured twice in light indoor clothing without shoes. Body mass
index (BMI) was calculated as kilograms per square meter
(kg/m?).

GenSalt follow-up

The GenSalt follow-up study included 2 visits, which were
conducted from 2008 to 2009 (visit 1) and from 2011 to 2012
(visit 2). During each follow-up visit, a 3-day clinical exami-
nation was conducted using the same standardized protocol
as that of the baseline examination. Mean BP was calculated
as the average of 9 BP measurements during each of the 2
3-day follow-up visits. Hypertension was defined as SBP
>140 mm Hg or DBP 290 mm Hg or use of antihypertensive
medications.

Of 3,142 individuals participating in the initial screen-
ing, 341 subjects were lost to follow-up, and an additional
46 were missing genotype data. The remaining 2,755 partici-
pants (87.7%) were eligible for our analysis.

Genotype data and quality control

Three ENaC genes (SCNNI1A, SCNNIG, and SCNNIB)
were selected based on their potential biological effect
on BP regulation. Tag single nucleotide polymorphisms
(SNPs) from these genes with pairwise 7* thresholds <0.9
were identified based on linkage disequilibrium structure
in the sample using Tagger software (Dr Paul de Bakker,
Broad Institute, Cambridge, MA). We also included SNPs
that were previously reported to be associated with BP or
hypertension. These 17 SNPs were genotyped using SNPlex
assays (Applied Biosystems, Foster City, CA), based on oli-
gonucleotide ligation assay for capillary electrophoresis on
ABI 3700 DNA Analyzers (Applied Biosystems). To pro-
vide better coverage of these candidate genes, we included
an additional 42 SNPs genotyped in a subsample of GenSalt
follow-up study participants (n = 1,881) on the Affymetrix
6.0 platform (Affymetrix, Santa Clara, CA)."

Quality control, including checks of Mendelian con-
sistency, genotyping call rate, minor allele frequency, and
Hardy-Weinberg equilibrium was performed using PLINK
software (version 1.05; Dr Sean Purcell, http://pngu.mgh.
harvard.edu/~purcell/plink/).?! We excluded SNPs with
minor allele frequency <1%, a low genotyping call rate (<
95%), and deviation from Hardy-Weinberg equilibrium
after Bonferroni correction for multiple testing. After data
quality control, a total of 43 tag SNPs remained in this analy-
sis. Detailed information for these SNPs, including their
genomic locations, allele frequencies, call rates, P values
for the Hardy—Weinberg equilibrium test, sample sizes, and
genotyping platforms, is presented in Supplementary Table
S1. Linkage disequilibrium was calculated using the pairwise
r? correlation between SNPs, as implemented in Haploview
(Dr Mark Daly, MIT/Harvard Broad Institute, Cambridge,
MA).2

Statistical analysis

Single marker-based association analysis for longitudinal
BP changes.  The additive association between genotyped
SNPs and longitudinal BP changes were analyzed using a
mixed linear regression model to account for the correlations
of repeated measures among individuals as well as the cor-
relations of individuals within families.?*?* To examine the
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association between genotype and longitudinal BP change,
a genotype by follow-up time interaction term was included
in the model along with the main effects of these variables.
Models were additionally adjusted for the fixed effects of age,
sex, BMI, and use of antihypertensive medication. For SNPs
that showed significant SNP by follow-up time interactions
after Bonferroni correction for multiple testing (a thresh-
old = 0.05/43 = 0.001), the average change in BP per year
was calculated for each genotype group after adjusting for
age, sex, BMI, and use of antihypertensive medication. To
determine whether the method of adjustment for antihyper-
tensive medication use may have influenced study findings,
we carried out sensitivity analyses using imputed BP levels
for participants taking antihypertensive medication based
on a recently published equation from 147 randomized trials
rather than directly adjusting for medication use.”> Analyses
were implemented using the Proc Mixed procedure in SAS
(version 9.2; SAS Institute, Cary, NC).

Single marker-based association analysis for incident
hypertension.  For the analyses of incident hypertension,
625 participants already diagnosed with hypertension at
baseline were excluded. We examined the additive associa-
tion between each SNP and incident hypertension using a
generalized linear mixed model, which permits multilevel
modelling when the response variable follows a binary
distribution (e.g., incident hypertension).?® Age, sex, BMI,
and follow-up time were adjusted in multivariable analyses.
A generalized linear mixed model was implemented using
the Proc Glimmix procedure in SAS.

Gene-based association analysis for BP changes and
incident hypertension.  The truncated product method,
which combines P values from single SNP association
analyses, was used to evaluate the overall association of a
candidate gene with BP changes over time and hyperten-
sion incidence.?”?® For BP changes over time, the P value
for the genotype by follow-up time interaction term was

used, whereas for hypertension incidence the P value of the
genotype term was used. The truncation point was set as
T =0.05, and the P value for the truncated product method
was estimated by 10,000 simulations. Sensitivity analyses
were conducted using the truncated product method after
excluding significant SNPs within a gene to examine their
influence on the gene-based analysis. Bonferroni correc-
tion was applied to account for multiple testing among the
3 ENaC genes (a threshold = 0.05/3 = 0.017). Gene-based
analysis was performed using R software (version 2.15.2;
http://www.r-project.org).

RESULTS

The baseline characteristics of study participants are sum-
marized in Table 1. On average, subjects were 48.7 years old
and had a mean BMI of 23.2kg/m? mean SBP of 123.4mm
Hg, and mean DBP of 74.0mm Hg at the baseline exami-
nation. In addition, approximately 50% of participants were
men, 23% had hypertension, and 7% were taking antihy-
pertensive medication. Mean SBP and DBP increased over
follow-up. Furthermore, among those 2,130 participants free
from hypertension at baseline, approximately 33% devel-
oped hypertension during the average 7.4 years of follow-up.

Figure 1 shows the association of each of the 43 SNPs
with BP changes and incident hypertension. SCNNIA SNP
rs11064153 and SCNNIG SNP rs4401050 were significantly
associated with longitudinal changes in SBP after correcting
for multiple comparisons (P, eraction = 5-8 % 107 and 0.001,
respectively) (Table 2). Although no SNPs were associ-
ated with longitudinal changes in DBP and hypertension
incidence after adjustment for multiple testing, marker
rs11064153 achieved nominal significance for both phe-
notypes, and rs4401050 achieved nominal significance for
longitudinal changes in DBP (Tables 2 and 3). Results of
sensitivity analyses using imputed BP for participants taking
antihypertensive medication were consistent with the pri-
mary study findings. (P, for SBP changes = 1.1 x 10~

interaction

Table 1. Characteristics of 2,755 Genetic Epidemiology Network of Salt Sensitivity follow-up study participants

Baseline Visit 1 Visit 2
(n = 2,755) (n = 2,650) (n =2,461)
Duration of follow-up, y — 4.6+0.7 7.4+0.5
Age, y 48.7+15.9 53.7+15.8 55.6+15.3
Male, % 50.3 50.1 49.6
BMI, kg/m? 23.2+3.2 23.8+3.6 24.4+3.6
Blood pressure, mm Hg
SBP 123.4+20.1 129.2+21.8 134.2+20.0
DBP 74.0+10.7 78.7+11.4 81.1+11.2
Antihypertensive medication, % 7.0 11.1 16.9
Hypertension, % 22.7 39.2 56.2
Hypertension incidence?, % — 20.3 33.4

Data are mean + SD or percentages.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure.
aNewly developed hypertension among 2,130 participants who were free from hypertension at baseline.
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Figure 1. -Log,, P values for the 43 single nucleotide polymorphisms (SNPs) in SCNN1A, SCNN1G, and SCNN1B with longitudinal changes in systolic

blood pressure (SBP), diastolic blood pressure (DBP), and hypertension (HTN) incidence. The black and white circles indicate P values for the testing of
genotype by follow-up time interactions for SBP and DBP, respectively. The gray triangles indicate P values for the testing of the SNP effect on hyper-
tension incidence. Two labeled SNPs were significantly associated with longitudinal changes in SBP after Bonferroni correction for multiple testing (a

threshold = 0.05/43 = 0.001).

Table 2.
Salt Sensitivity participants

Association of variants in epithelial sodium channel genes with blood pressure changes among Genetic Epidemiology Network of

SBP DBP

Gene SNP Chr Position Genotype B (SE) Pinteraction Value B (SE) Pinteraction Value
SCNN1A  rs11064153 12 6488450 C/C (n =242) 1.49 (0.12) 5.8x10~ 1.00 (0.10) 0.02

T/C (n=776) 1.44 (0.08) 0.98 (0.06)

T/T (n=757) 1.14 (0.07) 0.82 (0.05)
SCNN1G rs4401050 16 23217402 T/T (n =28) 1.64 (0.42) 0.001 1.28 (0.25) 0.005

C/T (n = 435) 1.48 (0.12) 0.89 (0.08)

C/C (n = 2090) 1.16 (0.06) 0.77 (0.04)

Position was GRCh37.p8. B indicates the average change in BP per year according to genotypes. P eracion IS fOr genotype by follow-up time
interactions. P values in boldface indicate statistical significance after Bonferroni correction (0.05/43 = 0.001).
Abbreviations: BP, blood pressure; Chr, chromosome; DBP, diastolic blood pressure; SBP, systolic blood pressure; SNP, single nucleotide

polymorphism.

and 5.7 x 10~ for rs11064153 and rs4401050, respectively)
(data not shown).

Table 2 shows the average change in BP per year according
to genotypes of significant SNPs rs11064153 and rs4401050.
Compared with those homozygous for the major T allele of
SCNNI1A marker rs11064153, average increases in SBP over
time were larger for those with >1 copies of the minor C allele.
Mean SBP increases were 1.14, 1.44, and 1.49mm Hg per
year for those with rs11064153 genotypes T/T, T/C, and C/C,
respectively. Similarly, for SCNNI1G marker rs4401050, each
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copy of the minor T allele was associated with larger increases
in SBP, with mean SBP increases of 1.16, 1.48, and1.64mm
Hg for genotypes C/C, C/T, and T/T, respectively.

In addition, gene-based analysis found that SCNNIG
was significantly associated with longitudinal changes in
SBP (P = 2.0x107*) after Bonferroni correction for mul-
tiple testing. SCNNIA also showed nominal significance
with SBP changes (P = 0.048). None of the 3 genes showed
overall associations with DBP changes or incident hyper-
tension (Table 4). In sensitivity analyses removing the
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Table 3. Association of variants in epithelial sodium channel genes with hypertension incidence among Genetic Epidemiology Network of

Salt Sensitivity participants

Hypertension incidence

Gene SNP Chr Position Maj/Min MAF RR (95% CI) P value
SCNN1A rs11064153 12 6488450 T/IC 0.36 1.23 (1.04-1.46) 0.02
SCNN1G rs4401050 16 23217402 C/IT 0.10 1.13 (0.90-1.42) 0.29

Abbreviations: Chr, chromosome; Cl, confidence interval; MAF, minor allele frequency; Maj/Min, major allele/minor allele; Position, GRCh37.
p8; RR, relative risk: increased risk of hypertension incidence as per minor allele increase; SNP, single nucleotide polymorphism.

Table 4. Gene-based associations of SCNN1A, SCNN1G, and
SCNN1B with blood pressure changes and hypertension incidence

SCNN1A SCNN1G SCNN1B
SBP change 0.048 2.0x10 0.14
DBP change 0.213 0.12 0.46
HTN incidence 0.171 0.20 0.25

P values in boldface indicate statistical significance after
Bonferroni correction (0.05/3 = 0.02).

Abbreviations: DBP, diastolic blood pressure; HTN, hypertension;
SBP, systolic blood pressure.

significant markers (rs4401050 in SCNNIG and rs11064153
in SCNN1A), the overall associations of gene-based analyses
with SBP changes were attenuated (P = 0.047 and 0.27 for
SCNNIG and SCNNIA, respectively).

The pairwise linkage disequilibrium structure of geno-
typed SNPs in each of the ENaC genes can be found in
Supplementary Figure S1.

DISCUSSION

To our knowledge, this is the first investigation to examine
the associations of ENaC genes with BP changes and hyper-
tension incidence in the Chinese population. Our study
identified 2 novel common variants in the SCNNIA and
SCNNIG genes that significantly associated with longitudi-
nal BP changes. Compared with their corresponding major
alleles, the SCNNIA rs11604153 and SCNNIG rs4401050
minor alleles predicted larger SBP increases over time. In
concordance with findings for SBP change, nominally signifi-
cant associations were identified for markers rs11604153 and
rs4401050 with DBP change and rs11604153 with hyperten-
sion incidence. In addition, the gene-based analysis revealed
that SCNNIG and SCNNIA were significantly and nomi-
nally significantly associated with SBP changes over time,
respectively. These findings highlight potentially important
contributions of renal sodium-handling genes to long-term
BP regulation. Moreover, it adds to our understanding of the
genetic architecture of BP progression and hypertension.

Novel SCNNIA marker rs11064153 was associated with
longitudinal BP phenotypes in the current analysis. Located in
the 5 flanking region of SCNN1A, marker rs11064153 is a pre-
dicted transcription factor binding site?” and may be involved
in the regulation of SCNNI1A expression. Although rs11064153
or a proxy (2 > 0.8) has never previously been associated with
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BP phenotypes, several other SCNNIA variants have associ-
ated with BP traits.!>**3! For example, similar to our findings,
Iwai and colleagues reported the association of a 5> SCNNIA
marker (rs3759324) with cross-sectional BP and hypertension
in a Japanese population.!®> Unfortunately, neither rs3759324
nor its proxy was genotyped by our study. Using a relatively
novel gene-based analysis, we also found a nominally sig-
nificant association of SCNNIA with SBP changes. However,
sensitivity analysis suggested the gene-based association was
driven by marker rs11064153. Our findings cumulatively sup-
port a role of the SCNNIA gene in BP regulation.

This report provides the first evidence of association of
SCNNIG marker rs4401050 with BP changes over time. This
marker is located in an intronic region of SCNNIG, with no
known function relevance. A significant gene-based asso-
ciation of SCNNIG with SBP change was also identified but
could mainly be explained by marker rs4401050. Although
our study represents the first report of novel SCNN1G marker
rs4401050, previous studies have identified the association
of SCNNIG variants with BP phenotypes. For example, we
previously reported an association of the rs4299163 minor C
allele with increased SBP salt sensitivity in the Han Chinese
population.!® Interestingly, this analysis also found the
rs4299163 C allele was nominally associated with larger SBP
increases over time (P = 0.01). In addition, marker rs4073291
(or a proxy) has been associated with BP and hypertension
in a Korean sample,*® as well as with BP salt sensitivity in the
Chinese.'® In our report, rs4073291 was also marginally asso-
ciated with SBP changes over time (P = 0.052). Although our
single marker-based and gene-based findings are of some
interest, resequencing followed by functional studies will be
warranted to determine the causal variant(s) in SCNNI1G that
predict long-term BP regulation and hypertension.

The SCNNIB gene is located approximately 85kb down-
stream of SCNNIG. Neither single marker-based analysis
nor the gene-based analysis showed significant associations
of SCNNIB with BP changes or hypertension incidence.
However, some SCNN1B variants have been reported for BP
previously. For example, marker rs7205273 was associated
with BP in a general Korean population®® and in a Chinese
sample with high levels of physical activity,’? suggesting
that rs7205273 might influence BP regulation. It is of inter-
est to note that rs7205273 was associated with longitudinal
changes in SBP in our analysis (P = 0.03), although it did
not maintain significance after adjustment for multiple test-
ing. Further genetic and functional research is still needed to
delineate the role of SCNNIB in BP regulation.
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There are several strengths of our study. It is the first
investigation to examine associations of ENaC genes with
BP changes and hypertension incidence. Study attributes,
including the recruitment of all Han Chinese participants,
should make the analysis robust to population stratifica-
tion.** In addition, our study had a high follow-up rate
(87.7%), with stringent quality control procedures used dur-
ing genotyping and measurement of BP and other covari-
ables at each study visit. The power to detect association was
further enhanced by using the average of 9 BP measures that
were collected at baseline and each follow-up examination,
which should have reduced measurement error. However,
potential limitations should be addressed. Although our
genotyping platform should provide good coverage of com-
mon genetic variants,* some important rare and structural
variants in ENaC genes may be missed by our study.

In summary, we provide the first evidence that common
variants in SCNNIA and SCNNIG genes were significantly
associated with longitudinal changes in BP among a Chinese
sample. In concordance with single-marker findings, gene-
based analysis revealed potential effects of SCNNIA and
SCNNIG on SBP changes. The cumulative evidence high-
lights that common variants in ENaC genes may play a
critical role in long-term BP progression. Further studies are
required to replicate these associations and to identify the
causal, functional variants in ENaC genes.

SUPPLEMENTARY MATERIAL

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