
Novel Genetic Variants in the Alpha-adducin and Guanine
Nucleotide Binding Protein Beta Polypeptide 3 Genes and Salt-
Sensitivity of Blood Pressure

Tanika N. Kelly, PhD, Treva K. Rice, PhD, Dongfeng Gu, MD, PhD, James E. Hixson, PhD,
Jing Chen, MD, MSc, Depei Liu, PhD, Cashell E. Jaquish, PhD, Lydia A. Bazzano, MD, PhD,
Dongsheng Hu, MD, Jixiang Ma, MD, C. Charles Gu, PhD, Jianfeng Huang, MD, L. Lee
Hamm, MD, and Jiang He, MD, PhD
Department of Epidemiology, Tulane University School of Public Health and Tropical Medicine,
New Orleans, LA, USA (TNK, JC, LAB, JH); Division of Biostatistics, Washington University
School of Medicine, St. Louis, MO, USA (TKR, CCG); Cardiovascular Institute and Fuwai
Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, and Chinese
National Center for Cardiovascular Disease Control and Research, Beijing, China (DG, JH);
Department of Epidemiology, University of Texas School of Public Health, Houston, TX, USA
(JEH); Department of Medicine, Tulane University School of Medicine, New Orleans, LA, USA
(JC, LAB, LLH, JH); National Laboratory of Medical Molecular Biology, Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing,
China (DL); Division of Prevention and Population Sciences, National Heart, Lung, Blood
Institute, Bethesda, MD, USA (CEJ); School of Public Health, Zhengzhou University, Henan,
China (DH); Shandong Center for Diseases Control and Prevention, Shandong, China (JM).

Abstract
Background—We examined the association between twelve single nucleotide polymorphisms
(SNPs) in the alpha-adducin (ADD1) and guanine nucleotide binding protein (G protein) beta
polypeptide 3 (GNB3) genes and systolic (SBP), diastolic (DBP), and mean arterial (MAP)
pressure responses to salt-intake.

Methods—A 7-day low-sodium (51.3 mmol sodium/day) followed by a 7-day high-sodium
intervention (307.8 mmol sodium/day) was conducted among 1,906 Han participants from rural
north China. BP measurements were obtained at baseline and the end of each intervention period
using a random-zero sphygmomanometer.

Results—We identified a significant association between a rare ADD1 variant rs17833172 and
SBP, DBP, and MAP responses to high-sodium (p-values<0.0001) and DBP response to low-
sodium (p-value=0.002). Participants homozygous for the variant A allele of this marker had SBP,
DBP, and MAP responses (95% confidence interval) to high-salt of 1.6 (−1.8, 4.9), −0.8 (−5.6,
4.0), and −0.1 (−4.0, 3.9) mmHg, respectively, versus corresponding responses of 4.6 (2.5, 6.6),
1.7 (−0.2, 3.6), and 2.7 (0.9, 4.4) mmHg, respectively, for those who were heterozygous or
homozygous for the G allele. In addition, participants with at least one copy of the A allele of SNP
rs1129649 of the GNB3 gene had significantly decreased MAP response to low-salt compared to
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homozygotes for the C allele (p-value=0.004) with responses of −3.4 (−3.8, −3.0) versus −4.2
(−4.6, −3.8) mmHg, respectively.

Conclusions—These data support a role for the ADD1 and GNB3 genes in BP salt-sensitivity.
Future studies aimed at replicating these novel findings are warranted.
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INTRODUCTION
Individuals with salt-sensitivity of blood pressure (BP) are usually unable to excrete excess
sodium without experiencing a concurrent increase in arterial pressure 1, 2. These
individuals are at increased risk for essential hypertension, cardiovascular disease (CVD),
and premature death 3, 4. There is strong evidence that genetic mechanisms may underlie
the inter-individual variation in BP response to salt intake 5–7. Genes encoding intracellular
messenger proteins that influence renal sodium handling are biologically plausible candidate
genes that could be involved with BP salt-sensitivity. Both the guanine nucleotide binding
protein (G protein) beta polypeptide 3 (GNB3) and alpha-adducin (ADD1) genes have been
implicated in BP salt-sensitivity due to their potential biological effects on sodium
homeostasis via sodium-proton exchanger activity and renal tubular sodium reabsorption,
respectively 7. Several reports have investigated the association between the GNB3 C825T
and ADD1 Gly460Trp polymorphisms and BP responses to sodium 7. However, there have
been no studies aimed at characterizing other variants in these genes that could play an
important role in BP salt-sensitivity.

The current study was conducted in a large, homogeneous sample of Han Chinese
participants, who took part in the Genetic Epidemiology Network of Salt-Sensitivity
(GenSalt). The objective of our study was to examine the association between twelve single
nucleotide polymorphisms (SNPs), which provided full coverage of the GNB3 and ADD1
genes in the Chinese population, and systolic (SBP), diastolic (DBP), and mean arterial
(MAP) pressure responses to a dietary sodium intervention.

METHODS
Study Population

The GenSalt study was conducted in a Han Chinese population from rural areas of northern
China where habitual salt-intake is high. A community-based BP screening was conducted
among persons aged 18 to 60 years in the study villages to identify potential probands and
their families. Those with a mean SBP between 130–160 mmHg and/or a DBP between 85–
100 mmHg and no use of antihypertensive medications and their spouses, siblings and
offspring were recruited for the dietary intervention study. Detailed eligibility criteria for the
probands and spouses/siblings/offspring have been presented elsewhere 8. Individuals who
had stage-2 hypertension, secondary hypertension, clinical cardiovascular disease, diabetes,
chronic kidney disease, current use of antihypertensive or antidiabetic medications or
insulin, pregnancy, heavy alcohol consumption, or current use of a low-sodium diet were
excluded from the study. Among the 1,906 eligible participants from 637 families, 1,871
(98.2%) and 1,860 (97.6%) completed the low- and high-sodium interventions, respectively,
and were included in the current analysis.
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Institutional Review Boards at all of the participating institutions approved the GenSalt
study. Written informed consents for the baseline observation and 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, other
dietary nutrient intake remained unchanged. Total energy intake was varied according to
each participant’s baseline energy intake. All study foods were cooked without salt, and pre-
packaged salt was added to the individual study participant’s meal when it was served by the
study staff. To ensure study participants’ compliance to 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
phase of intervention (days 5, 6, and 7) to monitor each participants’ compliance with their
dietary sodium intervention. The timed overnight urinary excretions of sodium and
potassium were converted to 24-hour values based on a formula developed from data in this
study. The results from the 24-hour urinary excretions of sodium showed excellent
compliance with the study diet: the mean (standard deviation) 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)
and 31.4 (7.7) at the end of the low-sodium intervention period, and 244.3 (37.7) and 35.7
(7.5) at the end of the high-sodium intervention period, respectively.

Phenotype Measurement
A standard questionnaire was administered by trained staff at the baseline examination to
collect information on family structure, demographic characteristics, personal and family
medical history, and lifestyle risk factors. 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 by trained and certified observers using a
random–zero sphygmomanometer 9. 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 intervention. Body
weight and height 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/m2).

Mean SBP, DBP and MAP responses to low-sodium were calculated as the mean of 9
measurements on days 5, 6 and 7 during the low-sodium intervention minus the mean of 9
measurements at baseline. Similarly, 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 measurements on days 5, 6 and 7 during the low-sodium intervention.

Candidate Gene and SNP Selection and Genotyping
Of 30 candidate genes selected from various biological pathways involved in BP regulation
and genotyped as part of the GenSalt study, the current analysis focused on two candidate
genes in the intracellular messenger pathway, and included the ADD1 and GNB3 genes.
Tagger software was used to identify tagSNPs in these candidate genes based on the
empirical patterns of linkage disequilibrium (LD) structure in the Chinese population, as
determined by the Chinese HapMap 10, 11. In addition, functional SNPs were chosen based
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on previously reported associations with BP. SNP genotyping was performed using SNPlex
assays (Applied Biosystems) based on the oligonucleotide ligation assay (OLA) for capillary
electrophoresis on an automated DNA Sequencer (ABI 3700 DNA Analyzer).

Of the fifteen genotyped SNPs, two monomorphic SNPs and one with a low genotyping call
rate (54.2%) were excluded from the analysis. The Supplemental Table lists the
chromosomal and physical locations, major and minor alleles, genotyping call rate, minor
allele frequency (MAF), and Hardy-Weinberg (HW) p-value for the remaining twelve SNPs
examined in this analysis. Likely due to its low MAF, rs17833172 deviated significantly
from HW-equilibrium, with 197 expected compared to 185 observed heterozygotes
(p=0.003).

Statistical Analysis
ASPEX and GRR were used to check for potential misreported relationships in the GenSalt
family pedigrees 12, 13. The Mendelian consistency of the SNP genotype data was assessed
by PLINK and PedCheck 14, 15, and HW-equilibrium for each SNP was examined using
the PEDSTATS procedure, as implemented in Merlin 16. The genotyping call rate and MAF
were also assessed for each SNP.

The mean or percentage of each baseline characteristic and BP response variable was
calculated for all study participants. The association between SNP genotypes and BP
responses to low- and high-sodium interventions were examined in codominant, additive,
dominant and recessive genetic models using a mixed linear model. A sandwich estimator
was used to account for the non-independence of family members. Age, gender, BP
measurement room temperature, and study site were adjusted in multivariable analyses. To
adjust for multiple comparisons, the false discovery rate (FDR) q-value was calculated for
all SNPs 17. For those SNPs with a q-value<0.05 for at least one BP response phenotype, we
used a mixed linear model to estimate the mean effect size and 95% confidence interval (CI)
of each genotype using the appropriate genetic model. These analyses were conducted using
SAS statistical software (version 9.1; SAS Institute Inc).

RESULTS
On average, participants were 38.7 years of age, had a BMI of 23.3 kg/m2 and mean SBP,
DBP and MAP of 116.9, 73.7, and 88.1 mmHg, respectively, at the baseline examination
(Table 1). Approximately 53% of the study population was male. SBP, DBP and MAP
responses were normally distributed with average responses of −5.5, −2.8, and −3.7 mmHg,
respectively, for the low-sodium intervention and 4.9, 1.9, and 2.9 mmHg, respectively, for
the high-sodium intervention.

P-value associations between each SNP and SBP, DBP and MAP responses to the low-
sodium intervention are presented in Table 2. Markers rs17833172 and rs3775067 of the
ADD1 gene and markers rs4963516, rs1129649, and rs3213431 of the GNB3 gene were
significantly associated with SBP, DBP or MAP responses to low-sodium in at least one of
the genetic models tested. After adjustment for multiple comparisons, marker rs17833172
remained significantly associated with DBP response in both the codominant and recessive
genetic models (q-values=0.04 and 0.02, respectively). In addition, rs1129649 remained
significantly associated with MAP responses in the dominant genetic model (q-value=0.05).

Table 3 presents p-value results from the high-sodium intervention. In the ADD1 gene,
rs17833172 was significantly associated with SBP, DBP and MAP responses to high-
sodium in the codominant and recessive genetic models, even after adjustment for multiple
comparisons (all q-values<0.0001). Additionally, markers rs3213431 and rs2301339 of the
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GNB3 gene were significantly associated with SBP responses to high-sodium, but did not
retain significance after adjusting for multiple testing.

The SBP, DBP and MAP responses to low- and high-sodium intervention for participants
homozygous for the A allele of the rs17833172 marker of the ADD1 gene compared to those
with one or less copies are presented in Figure 1. While both the codominant and recessive
models were significant for this variant, assessment of the p-values for these models and
mean effect sizes for each genotype indicated a potentially better fit of the recessive model.
Despite the low MAF of the A allele (4%), participants that were homozygous for this
variant had a decreased response to the low- and high-sodium interventions compared to
those with who were heterozygous or homozygous for the common G allele. Responses
(95% CI) to the low-sodium intervention for those with G/G or G/A genotypes compared to
A/A genotype were −5.8 (−8.3, −3.2) vs. −4.9 (−26.2, 16.5) for SBP, −2.8 (−4.9, −0.6) vs.
−1.7 (−9.5, 6.0) for DBP, and −3.8 (−5.8, −1.7) vs. −2.8 (−15.2, 9.7) for MAP; and for the
high-sodium intervention were 4.6 (2.5, 6.6) vs. 1.6 (−1.9, 4.9) for SBP, 1.7 (−0.2, 3.6) vs.
−0.8 (−5.6, 4.0) for DBP, and 2.7 (0.9, 4.4) vs. −0.1 (−4.0, 3.9) for MAP.

Figure 2 presents mean SBP, DBP and MAP responses to low- and high-sodium
intervention among participants who had 0 compared to 1 or more copies of the minor A
allele of the GNB3 marker rs1129649. Those with 1 or more copies of the A allele had a
decreased response to sodium intervention. Mean SBP responses to low-sodium were −5.4
(−5.9, −4.9) vs. −6.1 (−6.7, −5.6), DBP −2.4 (−2.8, −1.9) vs. −3.2 (−3.6, −2.8), and MAP
−3.4 (−3.8, −3.0) vs. −4.2 (−4.6, −3.8), respectively, for those with the C/A or A/A
genotypes compared to those with C/C genotype. Similarly, for the high-sodium
intervention, those who had the C/A or A/A genotypes compared to the C/C genotypes had
responses of 4.4 (4.0, 4.9) vs. 4.8 (4.3, 5.2) for SBP, 1.5 (1.1, 1.9) vs. 1.9 (1.5, 2.3) for DBP,
and 2.5 (2.1, 2.9) vs. 2.9 (2.5, 3.3) for MAP.

DISCUSSION
We identified novel genetic variants in the ADD1 and GNB3 genes that may be important
predictors of salt-sensitivity of BP. ADD1 marker rs17833172 was strongly associated with
SBP, DBP and MAP responses to a high dietary sodium intervention, and was also
associated with DBP response to low-sodium intervention. Participants homozygous for the
minor A allele appeared to have a significantly decreased response to salt-intake compared
to those who were heterozygous or homozygous for the common G allele. Moreover, SNP
rs1129649 of the GNB3 gene was significantly predictive of MAP response to low-sodium,
with the minor A allele significantly decreasing MAP response to sodium intervention. The
positive findings reported here could have important clinical and public health implications
and warrant the need for further investigation of these variants.

Our study has several important strengths. To date, this is largest dietary intervention study
to examine the association between genetic variants in the ADD1 and GNB3 genes and BP
response to dietary sodium intervention. This is also the first study to examine salt-
sensitivity in relation to multiple tag-SNPs and previously reported SNPs that provide full
coverage of the ADD1 and GNB3 genes. Study attributes, including the recruitment of a
homogenous sample of Han Chinese participants, makes our analysis robust to population
stratification. Additionally, study participants were similar with respect to lifestyle and
environmental risk factors, including diet and physical activity. Thus, confounding due to
these exposures should be minimized. Moreover, we controlled for the fixed effects of age,
gender, field center and room temperature in our analysis. An additional adjustment for BMI
was conducted, and the results were similar to those presented in the current study.
Participation in the dietary interventions was high (98.2% and 97.6%, respectively, for the
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low- and high-sodium interventions), and compliance with the study interventions, as
assessed by urinary excretion of sodium during each intervention period, was excellent.
Finally, stringent quality control procedures were employed during measurement of BP and
the other study covariables, conduct of the dietary interventions, genotyping, and marker
data cleaning. The limitations of our study include the relatively short duration of dietary
sodium interventions. However, in a recent study among 36 Olivetti Heart Study participants
an increased incidence of hypertension during 15-years of follow-up was noted among
individuals with high salt-sensitivity of BP as defined by their response to a 3-day period of
reduced salt intake18.

ADD1 has been a target for candidate gene studies of BP-related phenotypes because of its
role in modulating the reabsorption of sodium in renal tubular cells 19. In the current study,
we observed an association between the rs17833172 variant of the ADD1 gene and SBP,
DBP, and MAP responses to a high-sodium intervention and DBP response to a low-sodium
intervention. Two copies of the A allele of rs17833172 significantly decreased response to
salt-intake. Despite the potential importance of the rs17833172 variant on BP salt-
sensitivity, a word of caution regarding our result is warranted. This study represents the
first examination of rs17833172, a variant that had a low MAF in the Chinese population.
We highlight the need for replication of this result in other study populations. In addition,
future studies of unique ADD1 variants may provide important information in relation to BP
salt-sensitivity.

Many studies have examined the effects of the ADD1 Gly460Trp polymorphism (rs4961) on
BP salt-sensitivity 1, 7, 20–25, BP responses to thiazide diuretics 20, 26–29, and essential
hypertension 20, 21, 30, 31. While several studies have reported increased salt-sensitivity of
BP among participants with the 460Tryp variant 1, 20, 23–25, the current study did not find
such an association. Our results are similar to those of two separate reports of negative
findings 21, 22. These differences may be explained by phenotypic discrepancies between
studies. In our study and the study by Castejon and colleagues 21, salt-sensitivity was
determined by BP response to a dietary sodium intervention. In contrast, most previous
studies have used an acute salt-loading and depletion protocol to measure salt-sensitivity 20,
23–25. The discrepant findings reported here may also reflect population heterogeneity, as
the LD structure of the Han Chinese population examined here may be different to that of
the Caucasion populations examined in the majority of previous studies 1, 20, 23–25.

In this study, participants with at least one A allele of the GNB3 marker rs1129649 had a
significantly decreased MAP response to low-sodium intervention. The novel finding
reported here could have important implications and warrants replication. Marker rs1129649
lies in the 5’ region of the GNB3 gene. Additionally, it has been reported as both a nonsense
and missense mutation of exon 15 in the leprecan-like 2 (LEPREL2) gene 32, 33. It should
be noted that the GNB3 and LEPREL2 genes overlap on chromosome 12 32, 33. Functional
studies will be important to determine whether this SNP influences the transcription and
protein levels of the GNB3 gene or the structure of the LEPREL2 protein, and whether these
changes may be associated with BP-related phenotypes.

Although the novel finding reported here has not been identified previously, many studies
have examined the association between another GNB3 polymorphism, the C825T variant
and BP-related phenotypes. Studies have indicated a significant association between this
SNP and both essential hypertension and response to thiazide diuretics 34, 35. However,
past examinations of salt-sensitivity phenotypes have not supported such an association 7,
36–38. The current study did not examine C825T specifically, but did investigate the
rs2301339 variant of GNB3. Marker rs2301339 is in perfect linkage disequilibrium with the
C825T polymorphism (D’ and r2 = 1.0) in the HapMap Chinese (CHB) and Caucasian
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(CEU) populations. Interestingly, this SNP was significantly associated with SBP response
to high-sodium, and was marginally associated with SBP, DBP, and MAP responses to low-
sodium in our analysis. Although these findings did not retain significance after adjustment
for multiple testing, our results combined with positive findings of an association between
C825T and response to thiazide diuretics warrants the need for more research of the effect of
this variant on BP response to salt-intake.

In conclusion, we identified an association between two variants of the ADD1 and GNB3
genes and BP response to a sodium intervention that remained significant after adjustment
for multiple comparisons. Our results are in support of a role for the ADD1 and GNB3 genes
in BP salt-sensitivity and could have important clinical and public health implications.
Future studies aimed at replicating these novel findings in other populations are warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Absolute change (mm Hg) in systolic (SBP), diastolic (DBP), and mean arterial pressure
(MAP) from the baseline to low (upper) and low to high (lower) sodium intervention
according to SNP rs17833172 genotypes of the ADD1 gene.
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Figure 2.
Absolute change (mm Hg) in systolic (SBP), diastolic (DBP), and mean arterial pressure
(MAP) from the baseline to low (upper) and low to high (lower) sodium intervention
according to SNP rs1129649 genotypes of the GNB3 gene.
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Table 1

Characteristics of 1,906 study participants.

Variable
Mean ± SD or

Percentage Range

Age, yrs 38.7 ± 9.6 (15.0, 62.0)

Male, % 53.0 …

BMI, kg/m2 23.3 ± 3.2 (14.5, 37.8)

Baseline BP, mm Hg

 Systolic 116.9 ± 14.2 (80.9, 176.9)

 Diastolic 73.7 ± 10.3 (38.9, 109.3)

 Mean arterial pressure 88.1 ± 10.9 (58.7, 126.4)

BP response to low salt, mm Hg

 Systolic −5.5 ± 7.0 (−45.8, 24.2)

 Diastolic −2.8 ± 5.5 (−23.1, 18.2)

 Mean arterial pressure −3.7 ± 5.3 (−28.8, 15.2)

BP response to high salt, mm Hg

 Systolic 4.9 ± 6.0 (−11.3, 36.2)

 Diastolic 1.9 ± 5.4 (−20.0, 27.1)

 Mean arterial pressure 2.9 ± 5.0 (−14.4, 30.1)

BMI = body mass index; BP = blood pressure; SD = standard deviation
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