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Original Article

Hypertension is a major, worldwide public health challenge 
due to its high prevalence and associated risk of cardiovas-
cular disease and all-cause mortality.1–3 Blood pressure (BP) 
is a complex trait, as it is influenced by multiple factors. One 
factor that contributes to interindividual variability in BP 
is genetics, with heritability estimates ranging 31%–68%.4 
However, the exact genomic mechanisms influencing BP are 
largely unknown.

The renin–angiotensin–aldosterone system (RAAS) plays 
a central role in BP regulation by maintaining sodium and 
water homeostasis and vascular tone.5,6 Several genetic 
variants in the RAAS, for example, the I/D polymorphism 
of angiotensin-converting enzyme (ACE), M235T of 

angiotensinogen (AGT), A1166C of angiotensin II type-1 
receptor (AGTR1), and C344T of aldosterone synthase 
(CYP11B2), have been associated with high BP and renal 
sodium excretion in cross-sectional studies.7–12 RAAS 
genetic variants were also associated with salt sensitivity of 
BP.13,14 However, there have been a limited number of inves-
tigations on the association between RAAS single-nucleo-
tide polymorphism (SNPs) with longitudinal BP phenotypes 
and none examining the aggregate associations of RAAS 
genes with these phenotypes in a cohort study. Since time 
may modify the effects of genetic variants on BP, examina-
tion of longitudinal BP measures could provide important 
information regarding the role of RAAS in BP regulation.15 
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BACKGROUND
The renin–angiotensin–aldosterone system (RAAS) plays an impor-
tant role in blood pressure (BP) regulation. The current study uses 
single-marker and gene-based analyses to examine the association 
between RAAS genes and longitudinal BP phenotypes in a Han Chinese 
population.

METHODS
A total of 1,768 participants from the Genetic Epidemiology Network 
of Salt Sensitivity (GenSalt) follow-up study were included in the cur-
rent study. Twenty-seven BP measurements were taken using ran-
dom-zero sphygmomanometers at baseline and 2 follow-up visits. 
Mixed-effect models were used to assess the additive associations of 
106 single-nucleotide polymorphisms (SNPs) in 10 RAAS genes with 
longitudinal BP changes and hypertension incidence. Gene-based 
analyses were conducted using the truncated product method. 
Attempts were made to replicate significant findings among Asian 
participants of the Multi-ethnic Study of Atherosclerosis (MESA). 
False discovery rate procedures were used to adjust for multiple 
testing.

RESULTS
During an average of 7.2 years of follow-up, average systolic and dias-
tolic BP increased, and 32.1% (512) of participants free from hyperten-
sion at baseline developed hypertension. NR3C2 SNPs rs7694064 and 
rs6856803 were significantly associated with longitudinal changes in 
systolic BP (Pinteraction = 6.9 × 10−5 and 8.2 × 10−4, respectively). Through 
gene-based analysis, NR3C2 was found to be significantly associated 
with longitudinal systolic BP change (P value of 1.00 × 10−7), even after 
removal of significant markers rs7694064 and rs6856803 from the analy-
sis. The association between NR3C2 and longitudinal systolic BP change 
was replicated in Asian MESA participants (P value of 1.00 × 10−4).

CONCLUSIONS
These findings indicate that NR3C2 may play an important role in BP 
progression and development of hypertension.
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Furthermore, gene-based analyses may provide increased 
statistical power to detect the modest effects of common 
variants on BP changes and hypertension incidence.16

In this study, we conducted single-marker and gene-based 
analyses to examine the associations of 10 RAAS candidate 
genes (renin (REN); hydroxysteroid (11-beta) dehydroge-
nase 1 (HSD11B1); angiotensinogen (AGT) angiotensin 
II type 1 receptor (AGTR1); nuclear receptor subfamily 3, 
group C, member 2 (NR3C2); cytochrome P450, family 11, 
subfamily B, polypeptide 1 (CYP11B1); cytochrome P450, 
family 11, subfamily B, polypeptide 2 (CYP11B2); angioten-
sin-converting enzyme (ACE); angiotensin II type 1 recep-
tor 2 (AGTR2); and renin-binding protein (RENBP)) with 
longitudinal BP changes and hypertension incidence among 
1,768 Han Chinese individuals who participated in the 
Genetic Epidemiology Network of Salt Sensitivity (GenSalt) 
follow-up study.

METHODS

Study population

The GenSalt study is a family-based feeding study that 
was created to examine the interaction of genes and dietary 
sodium and potassium intake on BP.17 Participants of the 
study were recruited from 6 northern, rural Chinese pop-
ulations with high habitual sodium intake. The design and 
methods of the GenSalt study has been described in detail 
in past papers.18 Briefly, among persons aged 18–60  years, 
community-based BP screenings were performed in the 
6 study villages to identify potential probands. Those with 
mean systolic BP of 130–160 mm Hg and/or diastolic BP 
of 85–100 mm Hg and no use of antihypertensive medica-
tion were recruited, as well as with their parents, siblings, 
spouses, and offspring. Individuals with stage 2 hyperten-
sion, secondary hypertension, a history of clinical cardiovas-
cular disease or diabetes, or were pregnant, heavy alcohol 
drinkers, or currently on a low-sodium diet were excluded 
from the study.

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

Baseline data collection

The baseline examination and subsequent dietary inter-
vention occurred from 2003 to 2005. In this examination, a 
standard questionnaire was given by trained staff to collect 
information regarding family pedigrees, demographic char-
acteristics, personal and family medical history, and lifestyle 
risk factors. Three BP measurements were obtained accord-
ing to a standard protocol on each morning of the 3-day 
baseline observation. BP readings were taken by trained 
and certified technicians using a random-zero sphygmoma-
nometer after participants rested for 5 minutes in the sitting 
position. Also, participants were advised to avoid alcohol, 
cigarette smoking, coffee/tea, and exercise for at least 30 min-
utes before their BP measurements were taken. Mean BP at 
baseline was calculated as the average of the 9 measurements 

taken from the baseline observation. Body weight and height 
were measured twice in light indoor clothing without shoes. 
Body mass index was calculated as kilograms per square 
meter (kg/m2).

Follow-up data collection

As part of the GenSalt follow-up study, participants took 
part in 2 follow-up examinations which were conducted in 
2008–2009 and again in 2011–2012. During each follow-up 
visit, a clinical examination lasting 3  days was conducted 
using the same protocol as that of the baseline examination. 
Mean BP was calculated as the average of 9 BP measure-
ments which were taking during each of the two 3-day fol-
low-up visits. Hypertension was defined as having a systolic 
BP ≥140 mm Hg and/or diastolic BP ≥90 mm Hg or use of 
antihypertensive medication.

Among 1,906 eligible individuals from the 633 families 
who participated in the GenSalt baseline examination, 117 
individuals were missing BP data at both follow-up visits and 
another 21 individuals were missing genotype data. In total, 
1,768 participants (92.3%) were included in the analysis.

Genotype data and quality control

Ten genes in the RAAS (REN, HSD11B1, AGT, AGTR1, 
NR3C2, CYP11B1, CYP11B2, ACE, AGTR2, and RENBP) 
were selected based on their potential biological effect on 
BP regulation. Within the 10 candidate genes, 265 SNPs 
were genotyped on the Affymetrix 6.0 platform (Affymetrix, 
Santa Clara, CA). Quality control excluded 55 SNPs based 
on low minor allele frequency <1%, low genotyping call rate 
(<95%), or deviation from the Hardy–Weinberg equilibrium 
after using the false discovery rate procedure to correct for 
multiple testing. Among the remaining 210 SNPs, we used 
empirical patterns of linkage disequilibrium structure within 
the GenSalt sample and Tagger software (Dr Paul de Bakker, 
Broad Institute, Cambridge, MA) to select 106 tag-SNPs 
with r2 <0.8 for inclusion in the statistical analysis.19 Detailed 
information on these SNPS, including their genomic loca-
tions, major/minor alleles, minor allele frequency, call rates, 
and Hardy–Weinberg equilibrium-P values can be found in 
the Supplementary Table.

Statistical analysis

The phenotypic and genotypic data of GenSalt follow-up 
study participants were presented as mean ± SD for continu-
ous variables and as percentages for categorical variables. 
To account for the longitudinal, family-based design of the 
GenSalt study, mixed-effect linear regression models were 
used to examine the associations between each SNP and 
longitudinal BP phenotypes.20,21 For the assessment of BP 
change over time, a genotype by follow-up time interaction 
term and the main effects of these variables were included in 
the models. Autoregressive and compound symmetry covar-
iance matrices were used to accommodate the correlations 
of repeated measurements within individuals and of individ-
uals within families, respectively. Models were additionally 
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adjusted for the fixed effects of age, gender, and body mass 
index using the PROC MIXED procedure in SAS (version 
9.2; SAS Institute, Cary, NC). For participants taking antihy-
pertensive medication (N = 159 at baseline examination), BP 
was imputed by adding 10 and 5 mm Hg to systolic BP and 
diastolic BP values, respectively.22

After excluding 173 participants with hypertension at 
baseline, the additive association of SNPs with hypertension 
incidence was assessed using a multilevel logistic regression 
model.23 Autoregressive and compound symmetry covari-
ance matrices were once again used to account for the corre-
lations of repeated measurements within individuals and of 
individuals within families, respectively. After accommodat-
ing for the longitudinal family design, the fixed effects of age, 
gender, body mass index, and follow-up time were adjusted 
in multivariable analyses using the PROC GLIMMIX proce-
dure in SAS.

The truncated product method was used to determine the 
overall association of each RAAS gene (with at least 2 geno-
typed SNPs) with longitudinal BP changes and hypertension 
incidence.24,25 This method is particularly suitable for com-
bining P values across genes or genomic loci due to its ability 
to accommodate correlations among SNPs and its increased 
power to detect gene-based associations compared to other 
meta-analysis techniques.24 When determining a gene’s 
association with longitudinal BP changes, the P value for 
the genotype by follow-up time interaction term was used. 
When determining a gene’s association with hypertension 
incidence, the P value of the genotype term was used. The 
truncation point was set as τ = 0.10, and the P value for trun-
cated product method was estimated through simulation 
(10,000 replications). Gene-based analysis was performed 
using R software (Version 3.0.1; http://www.r-project.org). 
Furthermore, using publicly available data from the NCBI 
Database of Genotypes and Phenotypes (dbGaP), attempts 
were made to replicate significant SNPs and genes among 
775 Chinese-Americans who took part in the longitudi-
nal Multi-Ethnic Study of Atherosclerosis (MESA) (dbGaP 
accession phs000209v11.p3.c2 and phs00420v4.p3.c2).26,27 
False discovery rate procedures were used to adjust for mul-
tiple testing in all analyses.

RESULTS

Table  1 shows the baseline characteristics of the 1,768 
GenSalt participants who were eligible for analysis. At base-
line, the average participant had an age of 39.0 years, a body 
mass index of 23.4 kg/m2, a systolic BP of 116.9 mm Hg, 
and a diastolic BP of 73.8 mm Hg. Of the 1,768 participants, 
924 (52.3%) were male, 173 (9.8%) had hypertension, and 
159 (9.0%) were taking antihypertensive medications. After 
excluding the individuals with hypertension at baseline, 
512 (32.1%) participants developed hypertension during an 
average of 7.2 years of follow-up.

Figure 1 displays the association of 106 SNPs in 10 RAAS 
genes with BP changes and hypertension incidence. NR3C2 
SNPs rs7694064 and rs6856803 were both significantly asso-
ciated with longitudinal changes in systolic BP after correct-
ing for multiple testing (Pinteraction = 6.9 × 10−5 and 8.2 × 10−4 
respectively) (Table  2). However, these findings could not 

be replicated among a smaller sample of 775 Asian partici-
pants of the MESA study (P = 0.3 and 0.5 for rs7684064 and 
rs6856803, respectively). No SNPs had significant associa-
tions with longitudinal changes in diastolic BP or hyperten-
sion incidence after adjustment for multiple testing.

Systolic and diastolic BP changes as well as odds ratios for 
hypertension incidence according to genotype for the 2 sig-
nificant NR3C2 SNPs are shown in Table 2. For rs7694064, 
the minor A  allele was associated with dose-dependent 
increases in longitudinal systolic BP, while the minor C allele 
of rs6856803 was associated with dose-dependent decreases 
in systolic BP over time. Similar but nonsignificant trends 
were noted for diastolic BP changes and odds ratios for 
hypertension incidence.

Table 3 presents the results of gene-based analyses. Two 
genes, AGTR2 and RENBP, could not be examined since 
genotype data were available on only one SNP within each 
of these genes (Supplementary Table). Among the remain-
ing genes, NR3C2 was found to be significantly associated 
with longitudinal systolic BP change (P value of 1.00 × 10−7). 
NR3C2 was still significant after adjustment for multiple 
testing and the simultaneous removal of significant SNPs 
(rs7694064 and rs6856803) from gene-based analyses. 
Furthermore, the significant association between NR3C2 
and systolic BP change was replicated in MESA (P value of 
1.00 × 10−4). No genes were significantly associated with lon-
gitudinal diastolic BP changes or hypertension incidence. 

DISCUSSION

This is the first study to investigate the association between 
RAAS genes with longitudinal BP changes and hyperten-
sion incidence in a Han Chinese population. Two variants 
of the NR3C2 gene, rs7694064 and rs6856803, were found 
to be significantly associated with systolic BP changes over 
an extended period of time. The minor allele of rs7694064 
was related to an increased systolic BP change over time 
compared to its more frequent counterpart, while the minor 
allele for rs6856803 was significantly associated with a 
decrease in longitudinal systolic BP change compared to its 
more frequent counterpart. Consistent with these findings, 

Table 1.  Baseline characteristics of GenSalt follow-up study 
participants (N = 1,768)

Variable Mean ± SD or %

Age, years 39.0 ± 9.2

Male 52.3

Body mass index, kg/m2 23.4 ± 3.2

Systolic blood pressure, mm Hg 116.9 ± 14.1

Diastolic blood pressure, mm Hg 73.8 ± 10.2

Hypertension 9.8

Antihypertension medication 9.0

Incidence of hypertension during follow-upa 32.1

aExcludes 173 participants with hypertension at baseline.

http://www.r-project.org
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpv033/-/DC1
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gene-based analyses also revealed an association of the 
NR3C2 gene with systolic BP changes over time. In aggre-
gate, these findings contribute strong genomic evidence for 
a role of the mineralocorticoid receptor, encoded by NR3C2, 
in BP regulation.

Similar to the current genomic findings, physiological 
studies have long demonstrated an influence of the min-
eralocorticoid receptor on BP. Its effect on BP is achieved 
through the control of renal salt handling. Specifically, the 
interaction of aldosterone with the mineralocorticoid recep-
tor in renal tubular cells increases activity of the epithelial 
sodium channel, leading to net salt and water reabsorption. 
The increased salt and water retention expands extracellu-
lar fluid volume and increases cardiac output, raising BP.28,29 
Studies of monogenic disorders have further confirmed the 
physiological relevance of the mineralocorticoid receptor on 

BP. An NR3C2 gain-of-function mutation results in an early 
onset form of severe salt-sensitive hypertension that is exac-
erbated by pregnancy,30 while a loss-of-function mutation 
to the NR3C2 gene is responsible for a severe salt-wasting 
hypotension disorder known as pseudohypoaldosteronism, 
type I.31

Of the 106 SNPs analyzed in the present study, 2 SNPs 
in NR3C2 (rs7694064 and rs6856803) were found to be 
significantly associated with systolic BP change over time. 
Both rs7694064 and rs6856803 are located in intronic 
regions of the NR3C2, unlikely representing functional 
variants but rather the synthetic associations of unob-
served causal variants. While these single-marker find-
ings are promising, their associations with longitudinal 
systolic BP could not be replicated in MESA. However, 
given MESA’s relatively small sample of Asian participants, 

Table 2.  Association of significant RAAS SNPs with BP changes and hypertension incidence among GenSalt study participants

HGNC gene 

symbol SNP Chr. Position Genotype

Systolic BP change Diastolic BP change HTN incidence

β (SE) P valuea β (SE) P valuea OR (95% CI) P valueb

NR3C2 rs7694064 4 149302668 A/A (195) 2.26 (0.16) 6.9 × 10–5c 1.33 (0.11) 0.08 1.33 (0.93, 1.89) 0.30

G/A (828) 1.76 (0.07) 1.23 (0.05) 1.00 (0.78, 1.28)

G/G (856) 1.56 (0.07) 1.15 (0.05) Ref.

rs6856803 4 149306577 C/C (415) 1.51 (0.10) 8.2 × 10–4c 1.08 (0.07) 0.08 0.83 (0.60, 1.14) 0.19

T/C (918) 1.66 (0.07) 1.21 (0.05) 0.75 (0.57, 0.99)

T/T (548) 1.97 (0.10) 1.28 (0.07) Ref.

Abbreviations: BP, blood pressure; Chr. = chromosome; HGNC = HUGO gene nomenclature committee; HTN = hypertension; OR = odds 
ratio; RAAS = renin–angiotensin–aldosterone system; SNP = single nucleotide polymorphism.

aP value for genotype × time interaction term.
bP value for additive genetic association.
cSignificant after adjustment for multiple testing.

Figure 1.  Log10 P values for the association of 106 single nucleotide polymorphisms (SNPs) in REN, HSD11B1, AGT, AGTR1, NR3C2, CYP11B2, ACE, AGTR2, 
and RENBP with longitudinal changes in systolic and diastolic blood pressure, as well as hypertension incidence. The black and white circles show P values 
for the testing of genotype by follow-up time interactions for systolic blood pressure and diastolic blood pressure, respectively, while the gray circles 
show P values for the testing of the effect of SNPs on hypertension incidence. Two labeled SNPs were significantly associated with longitudinal changes 
in systolic BP after using false discovery rate procedures for multiple testing.
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such an analysis was likely underpowered to detect the 
modest effects of these variants. In contrast, others 
have identified SNPs in NR3C2 that influence BP phe-
notypes.10,31,32 Of particular interest, NR3C2 rs6810951, 
which is in strong linkage disequilibrium with rs6856803 
(r2 = 0.906), was found to be significantly associated with 
both systolic BP and diastolic BP in a population of 7551 
individuals among the Ansung and Ansan communities 
in South Korea.10 Similar to the effect directions noted 
in the present study, Song and colleagues demonstrated 
higher systolic BP and diastolic BP associated with the 
major compared to the minor allele.10 In populations of 
European ancestry, NR3C2 rs5522 was significantly asso-
ciated with risk of hypertension among 1,502 Spanish 
adults32 while NR3C2 rs2070951 was associated with sys-
tolic BP among 1,754 Dutch men.33 Although the present 
study did not replicate rs5522 (potentially due to differ-
ences in linkage disequilibrium structure) and genotype 
data were not available for rs2070951, these findings sup-
port a role of the NR3C2 gene in BP regulation.

In addition to the association of single NR3C2 markers 
with the longitudinal systolic BP phenotype, NR3C2 aggre-
gately associated with longitudinal systolic BP change in 
gene-based analysis. These findings were significant even 
after removal of rs7694064 and rs6856803, indicating that 
gene-based analyses were not solely driven by the observed 
single-marker associations. This suggests that there may 
be additional variants in NR3C2 influencing systolic BP 
change that were not discovered in this study. Such findings 
highlight the potential relevance of gene-based analysis for 
increasing statistical power to detect meaningful genomic 
mechanisms underlying BP progression. Furthermore, with 
strong evidence for replication among MESA participants, 
these results implicate NR3C2 as an important factor in BP 
progression.

The current study has several strengths. It is one of few 
studies to examine the associations between RAAS gene 
variants and longitudinal BP phenotypes and the first 
to conduct gene-based analyses in a cohort study. Study 
attributes, such as the recruitment of all Han Chinese par-
ticipants, should make the analysis robust to population 
stratification.34 Also, the study had a very high follow-up 
rate (92.3%). Stringent quality control procedures were 
employed for genotyping and data collection. The ability to 
detect association was further enhanced by using the aver-
age of 9 separate BP measures that were collected at baseline 
and each follow-up examination, which should have greatly 
reduced measurement error. In addition, false discovery rate 
procedures were performed in order to account for multiple 
testing. However, this study also does have its limitations. 
The single-marker findings from this paper need to be repli-
cated in a larger study population before any definitive con-
clusions can be made. While the genotyping platform used 
generally provides good coverage of common SNPs across 
the genome,35 some RAAS SNPs may not be tagged by this 
array. Any associations of such SNPs with longitudinal BP 
phenotypes would be missed by the current study. Less fre-
quent genetic variants may have also been left out of the 
current study. Furthermore, due to the limited number of 
SNPS in AGTR2 and RENBP, gene-based analyses could not 
be conducted for these RAAS genes. Future research will be 
needed to explore their gene-based associations with longi-
tudinal BP phenotypes.

Based on single-marker and gene-based analyses, the 
present study provides strong evidence for a role of the 
NR3C2 gene in BP progression in a Han Chinese popula-
tion. Although single-marker results still require confirma-
tion by an independent sample, the gene-based findings 
were successfully replicated among 775 Asian participants of 
the MESA study. Findings from the current study emphasize 
the potential for using longitudinal BP measures and gene-
based analyses to help elucidate the biological pathways 
underlying hypertension susceptibility. Furthermore, this 
works contributes to the cumulative understanding of the 
genomic mechanisms that regulate BP.

SUPPLEMENTARY MATERIAL

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