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Analysis of Sex Hormone Genes Reveals Gender Differences
in the Genetic Etiology of Blood Pressure Salt Sensitivity: The

GenSalt Study

Tanika N. Kelly', Casey M. Rebholz'?, Dongfeng Gu3, James E. Hixson*, Treva K. Rice>, Jie Cao?,
Jichun Chen3, Jianxin Li3, Fanghong Lu$, Jixiang Ma’, Jianjun Mu?, Paul K. Whelton', Jiang He'~

BACKGROUND

We examined the association between 799 single-nucleotide polymor-
phisms in 39 sex hormone genes and blood pressure (BP) responses to
a dietary-sodium intervention.

METHODS

A 7-day low-sodium feeding study (51.3 mmol sodium/day) followed
by a 7-day high-sodium feeding study (307.8 mmol sodium/day) was
conducted among 1,906 Han Chinese participants. Nine BP measure-
ments were obtained at baseline and the end of each intervention
period using a random-zero sphygmomanometer.

RESULTS

Among men, absolute BP responses to sodium interventions decreased
with the number of minor alleles of estrogen receptor 1 (ESRT) mark-
ers rs9340844, rs9397453, rs9371562, rs9397459, and rs9383951. For
example, mean diastolic blood pressure (DBP) responses to low-sodium
intervention (95% confidence interval) were -2.67 (-3.13, -2.22) mm
Hg among those with the rs9397453 C/C genotype, -1.23 (-1.98, -0.48)
mm Hg among those with the C/T genotype, and 0.08 (-2.31, 2.47) mm

Hypertension is a global public health challenge because of
its high prevalence and the concomitant increase in risk of
cardiovascular disease.* As a complex trait, blood pressure
(BP) is influenced by the interaction of multiple environ-
mental and genetic determinants.> Among environmental
determinants, dietary sodium intake is the most important
modifiable risk factor for hypertension.* The causal relation-
ship between dietary sodium intake and elevated BP has been
documented extensively in clinical trials.”® Clinical trials have
also shown that BP responses to sodium intervention vary
substantially among individuals, a phenomenon known as BP

Hg among those with the T/T genotype (P =1 x 1074 false discovery rate
(FDR)-q = 0.04). Mean DBP responses to high sodium according to the
rs9397453 genotypes were 1.46 (1.03, 1.89) mm Hg among those with
C/C, 0.19 (-0.54, 0.91) mm Hg among those with C/T, and -1.10 (-2.82,
0.61) mm Hg among those with T/T (P = 2x 10~ FDR-q = 0.04). Similar
trends were noted for the association between these ESRT variants and
SBP responses to the dietary intervention. There were no significant
associations between sex hormone gene variants and salt sensitivity in
women, with genotype-gender interactions noted for the ESRT markers
that achieved significance in men.

CONCLUSIONS

We identified strong, consistent associations between ESR1 gene vari-
ants and salt sensitivity in men. Our results support a gender-specific
role for ESRT in the etiology of this complex trait.
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salt sensitivity.” A risk factor for hypertension, cardiovascular
disease, and premature death,!%-!2 several determinants of salt
sensitivity have been clearly established, including elevated
BP, African-American race, metabolic syndrome, and older
age.!3"16 Recently, gender differences in BP responses to low-
and high-sodium interventions were identified, with women
showing increased salt sensitivity compared with men.!
Although reasons for this gender difference are not well
understood, animal and human studies have documented
associations between sex hormones and both renal sodium
handling and vascular function.'”-!” These data suggest that
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genes encoding sex hormones could have important influ-
ences on BP salt sensitivity and may help to explain the
observed gender differences in BP response to sodium intake.

The objective of the current study was to examine the asso-
ciation between genes involved in sex hormone biosynthe-
sis, metabolism, and degradation and systolic BP (SBP) and
diastolic BP (DBP) responses to a dietary sodium interven-
tion among 1,906 Han Chinese participants of the Genetic
Epidemiology Network of Salt Sensitivity (GenSalt) study. In
addition, we conducted subgroup analyses to examine the
possibility of a gender-specific role of sex hormone genes in
the etiology of the salt-sensitivity phenotypes.

METHODS
Study population

The GenSalt study was conducted in a Han Chinese popu-
lation living in rural areas of northern China where habitual
salt intake is high.?® A community-based BP screening was
conducted among persons aged 18-60 years in the study vil-
lages to identify potential probands and their families. Those
with a mean SBP between 130 and 160 mm Hg and/or a DBP
between 85 and 100mm Hg and no use of antihyperten-
sive medications and their spouses, siblings, and offspring
were recruited as volunteers for the dietary intervention
study. Detailed eligibility criteria for the probands and sib-
lings/spouses/offspring have been presented elsewhere.?!
Individuals who had stage-2 hypertension, secondary hyper-
tension, a history of clinical cardiovascular disease or dia-
betes, used antihypertensive medications, or were pregnant,
heavy alcohol drinkers, or currently on a low-sodium diet
were excluded from the study. Among the 1,906 eligible par-
ticipants, 1,871 (98.2%) and 1,860 (97.6%) completed the
low-sodium and high-sodium interventions, respectively,
and were included in the current analysis.

Institutional review boards at all of the participating insti-
tutions approved the GenSalt study. Written informed con-
sents for the baseline observation and for the intervention
program were obtained from each participant.

Dietary intervention

The study participants received a 7-day low-sodium diet (3
grams of sodium chloride or 51.3 mmol of sodium per day)
followed by a 7-day high-sodium diet (18 grams of sodium
chloride or 307.8 mmol of sodium per day). During the period
of sodium intervention, dietary potassium intake remained
unchanged. Total energy intake was varied according to
each participant’s baseline energy intake. All study foods
were cooked without salt, and prepackaged salt was added
to the individual study participant’s meal when it was served
by the study staft. To ensure study participants’ compliance
with the intervention program, they were required to have
their breakfast, lunch, and dinner at the study kitchen under
supervision of the study staff during the entire study period.
The study participants were instructed to avoid consuming
any foods that were not provided by study personnel. Three
timed urinary specimens (one 24-hour and two overnight)
were collected at baseline and at the end of each intervention
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phase (days 5, 6, and 7) to monitor each participant’s compli-
ance with their dietary sodium intervention. Overnight uri-
nary sodium excretion measures were converted to 24-hour
values using formulas developed from a random subsample
of 238 subjects who collected overnight and 24-hour urine
samples on the same days. 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, and 244.3 (37.7) mmol and 35.7 (7.5) mmol
during the high-sodium intervention, respectively. Baseline
24-hour urinary sodium excretions were not significantly
different from those of the high-sodium intervention phase,
showing that sodium intake during the high-sodium diet
was similar to the habitual sodium intake of this population.

Phenotype measurement

A standard questionnaire was administered by trained staft
at the baseline examination to collect information on family
structure, demographic characteristics, personal and fam-
ily medical history, and lifestyle risk factors including alco-
hol consumption, cigarette smoking, and physical activity.
Three morning BP measurements were obtained according
to a standard protocol during each of the 3 days of baseline
observation and on days 5, 6, and 7 of each intervention
period. All BP readings were measured by trained and cer-
tified observers using a random-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, cigarette smoking, coffee/tea, and exercise
for at least 30 minutes prior to their BP measurements. All
BP observers were blinded to the participant’s dietary inter-
vention. Body weight and height were measured twice with
participants wearing light indoor clothing without shoes dur-
ing the baseline examination. Body mass index (BMI) was
calculated as kilograms per meters squared (kg/m?).

Salt-sensitivity phenotypes were defined continuously as
the absolute changes in SBP and DBP when switching from
baseline to low-sodium and from low-sodium to high-sodium
intervention. Mean BP responses to low sodium were calcu-
lated as the mean of 9 measurements on days 5, 6,and 7 during
the low-sodium intervention minus the mean of 9 measure-
ments at baseline. Responses to high sodium were calculated
as the mean of 9 measurements on days 5, 6, and 7 during
the high-sodium intervention minus the mean of 9 measure-
ments on days 5, 6 and 7 during the low-sodium intervention.

Candidate gene and single-nucleotide polymorphism
selection and genotyping

We conducted a Medline literature search using Medical
Subject Heading (MeSH) terms “gonadal steroid hormones”
or keyword “sex hormones” and MeSH terms “genes” or
“polymorphism, single nucleotide” and utilized the Kyoto
Encyclopedia of Genes and Genomes steroid hormone bio-
synthesis pathway map to identify genes encoding sex hor-
mones. References of articles used to identify genes can be
found at http://www.nature.com/ajh. Table 1 provides the
names, chromosomal locations, and functions of the 44
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Table 2. Baseline characteristics of 1,906 GenSalt dietary intervention participants

Men (N = 1,010) Women (N = 896)
Characteristic Mean * SD P for gender difference
Age, y 39.3+9.6 38.1+9.4 0.008
BMI, kg/m? 23.1+3.1 23.5+£3.2 0.009
Baseline BP, mm Hg
Systolic 118.7£12.8 114.9+15.4 < 0.0001
Diastolic 75.6+£9.9 71.7£10.5 < 0.0001
BP response to low salt, mm Hg
Systolic -5.3+7.0 5771 0.20
Diastolic —2.4+5.7 -3.2+5.3 0.001
BP response to high salt, mm Hg
Systolic 4.5+5.9 5.3+6.1 0.004
Diastolic 1.4+54 2.6+5.3 < 0.0001
Abbreviations: BMI, body mass index; BP, blood pressure.
candidate genes that were identified and examined in the RESULTS

current study. Single-nucleotide polymorphism (SNP) data,
genotyped as part of the Affymetrix platform (Affymetrix
6.0, Inc., Santa Clara, CA), were available for 948 SNPs
in 44 of the selected candidate genes and their 5,000 base
pair flanking regions. Quality control, including checks of
Mendelian consistency, genotyping call rate, minor allele
frequency (MAF), and Hardy-Weinberg equilibrium, was
performed using PLINK software. After exclusion of 133
SNPs with low MAF (< 0.01), 5 SNPs with low call rate
(<0.95), and 11 SNPs with low MAF and call rate, 799 SNPs
from 39 genes remained for the analysis.

Statistical analysis

Baseline characteristic and BP response variables were
calculated for men and women separately and compared
in univariable analyses using t tests. Additive associa-
tions between single SNPs and BP responses to low- and
high-sodium interventions were assessed using a mixed
linear regression model to account for the nonindepend-
ence of family members. Age, gender, BMI, BP measure-
ment at room temperature, and study site were adjusted
in multivariable analyses. Because the expression of genes
encoding sex hormones may vary substantially between
men and women, a similar but gender-stratified analysis
was also conducted. To adjust for multiple comparisons,
the false discovery rate (FDR) q value was calculated for
all SNPs. For SNPs with a FDR-q < 0.05, we estimated the
mean effect size and 95% confidence interval (CI) for each
genotype using a mixed linear regression model. For SNPs
significant in any of the gender-stratified analyses, a test for
gender-genotype interaction was conducted. These analy-
ses were conducted using SAS statistical software (version
9.1; SAS Institute Inc). We used Haploview software (ver-
sion 4.2; http://www.broadinstitute.org/haploview) to esti-
mate the extent of linkage disequilibrium (LD), defined by
the pairwise r* value between SNPs.?

The baseline characteristics of GenSalt study par-
ticipants according to gender are presented in Table 2.
Approximately 53% of study participants were male. On
average, men were older and leaner than their female
counterparts. Although men had higher average baseline
SBP and DBP measures compared with women, their BP
responses to dietary sodium intake were generally lower in
magnitude (Table 2).

Analysis of 799 SNPs in 39 genes encoding sex hormones
revealed significant associations between genetic variants
in the estrogen receptor 1 (ESRI) gene and BP responses to
dietary sodium intake in the overall and gender-stratified
analyses (Supplementary Figures a-f at http://www.nature.
com/ajh). Among all GenSalt study participants, the minor
alleles of 2 common, moderately correlated intronic ESRI
markers, rs9397453 and rs9383951 (pairwise 7> = 0.68), were
strongly associated with decreased DBP responses to low-
sodium intervention (Figure 1a and 1b). With MAFs = 0.11,
rs9397453 attained a P = 1x10™* (FDR-q = 0.04; Figure a)
and rs9383951 attained P =4 x 10~ (FDR-q = 0.04; Figure b).
Although not significant after adjustment for multiple com-
parisons, similar trends were observed for SBP response to
low-sodium intervention for these 2 markers.

Analysis of GenSalt men showed results similar to those
of the overall analysis, with 5 ESRI variants attaining sta-
tistical significance for the salt-sensitivity phenotypes
(Table 3). The minor alleles of ESRI markers rs9397453 and
rs9383951 were significantly associated with decreased DBP
response to the low-sodium intervention (both P = 0.0001;
both FDR-q = 0.04). In addition, intronic ESRI variant
rs9340844 (MAF = 0.14), which was in moderate LD with
both rs9397453 (pairwise r* = 0.62) and rs9383951 (pairwise
r? = 0.41), also significantly associated with DBP response
to low sodium (P = 0.0001; FDR-1 = 0.04). Furthermore,
3 highly correlated ESRI SNPs (all pairwise r* > 0.90),
which included rs9397453 plus rs9371562 and rs9397459,
were significantly associated with DBP response to the
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Figure 1. Systolic blood pressure and diastolic blood pressure responses to the low- and high-sodium dietary interventions according to estrogen
receptor 1rs9397453 (a) and rs9383951 (b) genotypes. Asterisk indicates significant after adjustment for multiple comparisons.

high-sodium intervention (all P = 0.0002; all FDR-q = 0.05). interactions noted. These findings may have important pub-
Consistent trends were observed for rs9340844 (P = 0.002; lic health and clinical implications. Despite previous work
FDR-q = 0.10) and rs9383951 (P = 0.0005; FDR-q = 0.25). that identified increased BP responses to sodium intake in
In contrast, there was no evidence of association between women compared with men,'® the current work provides the
any of the variants in genes encoding sex hormones, includ- first evidence of sexual dimorphism in the genetic etiology
ing ESRI, with salt-sensitivity phenotypes among women of this complex trait. Our research highlights the importance
(Supplementary Figures e and f at http://www.nature.com/ of considering gene—environment interaction in the context
ajh). For those ESRI markers that were highly signifi- of BP salt sensitivity and also suggests novel genetic mecha-
cant among men but not women (rs9340844, rs9397453, nisms underlying BP response to sodium intake in men.
rs9371562, rs9397459, and rs9383951), we tested for gen- To date, GenSalt is the first dietary intervention study to
der-genotype interactions, noting highly significant interac- examine the association between genetic variants encoding
tions for most BP response phenotypes (Table 3). These data sex hormones and BP response to dietary sodium interven-
suggest that the results of the overall analysis were strongly tion. Study attributes, including the recruitment of all Han
driven by the associations observed in men. Chinese participants, should make the analysis robust to
population stratification. The study participants were also
DISCUSSION similar with respect to lifestyle risk factors, including diet
and physical activity, minimizing environmental variation
The current study provides the first evidence of a rela- and increasing statistical power to detect genotype—pheno-
tionship among variants of the ESRI gene and salt sensitiv- type associations. The majority of participants completed the
ity of BP. Although ESRI markers rs9397453 and rs9383951 dietary intervention (96.8%), and compliance with the study
were associated with salt-sensitivity phenotypes in overall interventions, as assessed by urinary excretion of sodium
analyses, gender-stratified findings suggested that these and potassium during each intervention period, was excel-
results were primarily driven by the strong associations lent. Measurement error was reduced and power enhanced
identified in male GenSalt participants. The minor alleles by the large number of BP measurements that were collected
of ESRI rs9397453 and rs9383951, plus additional mark- for each participant. Finally, stringent quality control proce-
ers rs9340844, rs9371562, and rs9397459, were shown dures were used during measurement of BP and the other
to significantly decrease BP responses to sodium in men study covariables, conduct of the dietary interventions, gen-
but not women, with highly significant gender-genotype otyping, and marker data cleaning.
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Certain limitations should be addressed. Because our
research was conducted in a Han Chinese population, the
findings may not be generalizable to populations with dis-
tinct LD structure. However, it should be noted that tran-
sethnic replications of genomic associations have been
increasingly reported as unique populations are examined.?
In addition, although the Affymetrix 6.0 platform gener-
ally provides good genomic coverage of common poly-
morphisms in the Han Chinese population (approximately
75%),** genotype data were not available for 5 genes encod-
ing sex hormones (see Table 1). Therefore, future research
to examine the association between these genes and BP salt
sensitivity is needed. Furthermore, with MAFs of significant
ESRI1 SNPs ranging from 11% to 14%, mean BP responses
among participants homozygous for the variant alleles were
not very precise, with relatively large CIs. However, we were
able to confirm the veracity of the genotype calls through
checks of Mendelian consistency among family members
in addition to other standard quality control procedures.
Further, the MAFs were more than sufficient to identify sig-
nificant dose-response associations in our data.

The ESRI gene is a particularly attractive candidate for
genetic study of BP-related traits due to its well-established
role in vascular function. Studies have long documented the
expression of this gene in endothelial and smooth muscle
cells of men and women.'? Estrogen binding to ESRI has been
shown to cause rapid vasodilation of blood vessels through
the activation of endothelial nitric oxide synthase and also
has long-term effects on gene expression in vascular cells.?>-?
ESR1 variants have already been linked to SBP, DBP, hyper-
tension, hypertensive pregnancy, left ventricular hypertro-
phy, and cardiovascular diseases,?®=” with marker rs2234693
(widely known as the Pvull variant) by far the most commonly
associated SNP in the ESRI gene.??-31:33343637 We examined
rs2234693 for its association with salt-sensitivity phenotypes
in the current study, observing minimum raw P values of 0.04
and 0.07 for its association with DBP responses to low- and
high-sodium interventions, respectively. Although notewor-
thy, these modest associations did not remain significant after
adjustment for multiple testing.

In contrast, we identified significant associations between
ESR1 SNPs rs9397453 and rs9383951 and BP salt sensitivity,
findings that appeared to be driven by the strong associa-
tions observed in male GenSalt participants. Among men,
we identified consistent inverse associations between novel
ESRI variants rs9340844, rs9397453, rs9371562, rs9397459,
and rs9383951 with DBP responses to the dietary sodium
interventions, noting similar trends for SBP responses. These
5 intronic ESR1 variants showed little evidence for conserva-
tion across species or regulatory action, making it unlikely
that they are causally associated with the salt-sensitivity
phenotype.3® It is more plausible that the associations reflect
LD of these SNPs with a functional but still undiscovered
variant. Although rs9397453, rs9371562, and rs9397459
were in very strong LD, there were only moderate pairwise
correlations between this group of variants and rs9340844
and rs9383951. Therefore, it is unclear whether the identi-
fied variants reflect the signal of only 1 or more causal ESR1
variants. While we await replication and functional study
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to elucidate the true nature of the observed relationship in
humans, the results provide promising evidence for a gen-
der-specific role of the ESRI gene in salt sensitivity of BP.

Our finding of a relationship between the ESRI gene and
BP response to sodium in men but not women is of par-
ticular interest. Although we are the first to identify such
an association with salt sensitivity, past studies have noted
gender-specific associations of ESRI with other BP-related
phenotypes. For example, Ellis and colleagues identified sig-
nificantly increased SBP among male carriers of the minor
allele of ESR1 SNP rs2234693 compared with men who were
homozygous for the major allele.?® Similarly, Peter and col-
leagues identified significant associations between ESRI
rs2234693 and moderately correlated SNP rs2077647 with
SBP and pulse pressure among male participants of the
Framingham Heart Study offspring cohort.*® Neither study
identified corresponding associations among their female
participants.?>3® Male-specific associations of ESRI vari-
ants have also been reported for cardiovascular diseases,*¥”
with Shearman and colleagues reporting a 2.9-fold increased
risk of myocardial infarction among male carriers of the
rs2234693 minor allele compared with those homozygous
for the major allele (P < 0.001).3” Despite the accumulating
evidence from genetic studies that suggest gender differences
in the association between ESRI and BP-related phenotypes,
there is a paucity of physiologic research to support such
relationships. Given gender differences in concentrations
of circulating estrogens? as well as the ESRI protein,*
it is plausible that there may be gender differences in vas-
cular function mediated by estrogen and its alpha receptor
(encoded by ESRI). Future research in this area could pro-
vide important insights into observed gender differences in
BP salt sensitivity and other BP-related traits.

In summary, we provide the first evidence of a role for
ESR1 variants in BP salt sensitivity. Gender-stratified anal-
yses showed that these findings were driven by the strong
associations observed in men, with no significant asso-
ciations in women and highly significant gender-genotype
interactions noted. Despite these promising results, addi-
tional work is needed. Replication efforts will be necessary
to confirm our findings. Furthermore, sequencing studies
to identify the functional alleles responsible for the reported
associations are also warranted. Still, the current report pro-
vides an important contribution to the accumulating body of
evidence that suggests a gender-specific role of ESRI in the
genetic etiology of BP-related traits.
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