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The authors conducted a genome-wide linkage scan and positional association analysis to identify the genetic

determinants of salt sensitivity of blood pressure (BP) in a large family-based, dietary-feeding study. The dietary

intervention was conducted among 1,906 participants in rural China (2003–2005). A 7-day low-sodium interven-

tion was followed by a 7-day high-sodium intervention. Salt sensitivity was defined as BP responses to low- and

high-sodium interventions. Signals of the logarithm of the odds to the base 10 (LOD ≥ 3) were detected at 33–

42 centimorgans of chromosome 2 (2p24.3-2p24.1), with a maximum LOD score of 3.33 for diastolic blood pres-

sure responses to high-sodium intervention. LOD scores were 2.35–2.91 for mean arterial pressure (MAP) and

0.80–1.49 for systolic blood pressure responses in this region, respectively. Correcting for multiple tests, single

nucleotide polymorphism (SNP) rs11674786 (2.7 kilobases upstream of the family with sequence similarity 84,

member A, gene (FAM84A)) in the linkage region was significantly associated with diastolic blood pressure (P =

0.0007) and MAP responses (P = 0.0007), and SNP rs16983422 (2.8 kilobases upstream of the visinin-like 1

gene (VSNL1)) was marginally associated with diastolic blood pressure (P = 0.005) and MAP responses (P =

0.005). An additive interaction between SNPs rs11674786 and rs16983422 was observed, with P = 7.00 × 10−5

and P = 7.23 × 10−5 for diastolic blood pressure and MAP responses, respectively. The authors concluded that

genetic region 2p24.3-2p24.1 might harbor functional variants for the salt sensitivity of BP.

allelic association; blood pressure; genetic linkage; salt sensitivity

Abbreviations: BP, blood pressure; cM, centimorgan; DBP, diastolic blood pressure; GenSalt, Genetic Epidemiology Network of

Salt Sensitivity; LOD, logarithm of the odds; MAP, mean arterial pressure; SBP, systolic blood pressure; SD, standard deviation;

SNP, single nucleotide polymorphism.

Epidemiologic studies and randomized clinical trials have
documented that dietary sodium reduction lowers blood pres-
sure (BP) in both hypertensive and normotensive persons (1).
In addition, experimental studies in human subjects and
animal models have shown that high dietary sodium intake
increases BP (2, 3). It is also well known that BP responses
to dietary sodium intake vary among individuals (4–6). Age,
gender, ethnicity, and environmental and genetic factors may
all play a role in determining an individual’s salt sensitivity

of BP (4, 5). Salt sensitivity is inheritable, as suggested by
different family studies (7–9), indicating that genetic factors
contribute to salt sensitivity. The Genetic Epidemiology
Network of Salt Sensitivity (GenSalt) Study (10), which we
conducted in a Chinese population, has shown that heritabili-
ties of BP responses were 0.24, 0.34, and 0.27 during
low-sodium intervention and 0.27, 0.42, and 0.35 during
high-sodium intervention for systolic blood pressure (SBP),
diastolic blood pressure (DBP), and mean arterial pressure
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(MAP), respectively. However, the genetic etiology underly-
ing salt sensitivity is not yet clear (10).
Understanding the genetic determinants of BP response to

sodium intake has important public health significance. The
identification of genetic variants that contribute to salt sensi-
tivity of BP could help identify people with a genetic predis-
position to salt-sensitive hypertension for early intervention.
It will also assist in the development of new antihypertensive
medications targeting biologic pathways related to sodium
metabolites. The objective of the current study is to identify
genetic variants underlying salt sensitivity of BP in a homo-
geneous Chinese population. We conducted a genome-wide
linkage scan to identify linkage regions that may harbor
potential susceptibility genes for salt sensitivity. In the
follow-up analysis, we examined the association of tag single
nucleotide polymorphisms (SNPs) in the linkage regions
with BP responses to sodium intervention.

MATERIALS AND METHODS

Study participants

The GenSalt Study was conducted in rural areas of north
China, where people have habitually high dietary sodium
intake, from October 2003 to July 2005. A community-
based BP screening was conducted among persons aged
18–60 years in study villages to identify potential probands
for the study. Those with average SBP between 130 and
160 mm Hg and/or DBP between 85 and 100 mm Hg had
a second BP screening visit 1 day later to confirm their eli-
gibility. The detailed eligibility criteria for the probands
and siblings/offspring are presented elsewhere (11). Indi-
viduals who had stage-2 hypertension, secondary hyper-
tension, use of antihypertensive medications, history of
clinical cardiovascular disease, diabetes, or chronic kidney
disease, pregnancy, or heavy alcohol use were excluded
from the GenSalt Study for safety purposes. After probands
and their siblings were confirmed for eligibility, they were
invited to participate in the study and signed an informed
consent form. Both 2-generation (proband, siblings, and
their parents) and 3-generation (proband, siblings, their
parents, and proband’s spouse and offspring) families were
recruited for the study. Only probands, siblings, offspring,
and spouses of probands from 3-generation families partici-
pated in the dietary sodium intervention. Of the 1,906 eligi-
ble participants, 1,860 participants (97.6%) from 624
families completed low- and high-sodium intervention.
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.

Low- and high-sodium intervention

The dietary sodium intervention included low-sodium
and high-sodium feeding among probands and their sib-
lings and offspring. In the first 3 days at the baseline obser-
vation, the study participants consumed their usual diet.
The dietary feeding study started on day 4. The intervention
participants received a 7-day low-sodium diet (3 g of

sodium chloride or 51.3 mmol of sodium per day) followed
by a 7-day high-sodium diet (18 g of sodium chloride or
307.8 mmol of sodium per day). During the period of
sodium intervention, dietary potassium intake remained un-
changed. 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 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.
Food consumption of study participants was carefully re-
corded at each meal by study staff members. The study par-
ticipants were instructed to avoid consuming any foods that
were not provided by the study. In addition, 3 timed
urinary specimens were collected at baseline and in each
phase of intervention to monitor participants’ compliance
to dietary sodium intake. The results from 24-hour urinary
excretion of sodium at the baseline examination and during
each of the dietary intervention phases showed excellent
compliance. For example, the mean 24-hour urinary excre-
tions of sodium and potassium were 242.4 (standard devia-
tion (SD), 66.7) mmol and 36.9 (SD, 9.6) mmol at
baseline, 47.5 (SD, 16.0) mmol and 31.4 (SD, 7.7) mmol
during the low-sodium intervention, and 244.3 (SD, 37.7)
mmol and 35.7 (SD, 7.5) mmol during the high-sodium in-
tervention, respectively. Baseline 24-hour urinary sodium
excretions were not significantly different from those of the
high-sodium intervention phase, suggesting that sodium
intake during the high-sodium diet was similar to the habit-
ual sodium intake of this population.

Phenotype measurement

A standard questionnaire was administered by a trained
staff member at the baseline examination to collect infor-
mation on family structure, demographic characteristics,
personal and family medical history, and lifestyle risk
factors. Three BP measurements were obtained at each
clinic visit by trained and certified observers according to a
common protocol adapted from procedures recommended
by the American Heart Association (12). 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 measurement. A random-zero
sphygmomanometer was used, and 1 of 4 cuff sizes (pedi-
atric, regular adult, large, or thigh) was chosen on the basis
of the circumference of the participant’s arm. BP was mea-
sured each morning of the 3-day baseline observation and
on days 2, 5, 6, and 7 of each intervention period by the
same BP technician using the same sphygmomanometer to
avoid interobservation variation. All BP observers were
blinded to the dietary intervention.

Marker genotyping and tag SNP selection

Lymphocytic DNA samples were obtained from GenSalt
family members (probands, parents, spouses, siblings, and
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offspring) and used for genotyping microsatellite markers
spaced at approximately 9-centimorgan (cM) intervals (407
markers of Weber Lab Screening Set 12; Marshfield Center,
Marshfield, Wisconsin). Microsatellite genotyping used fluo-
rescently labeled polymerase chain reaction primers for
marker amplification followed by capillary electrophoresis
on automated DNA sequencers (ABI 3730xl DNA Ana-
lyzer; Applied Biosystems, Carlsbad, California). Quality
control samples included blind duplicates, no DNA controls,
and Centre d’Etudes du Polymorphisme Humain (CEPH)
DNA standards (mother, father, offspring with known geno-
types). Genotypes were assigned by using GeneMapper soft-
ware (Applied Biosystems). Graphical representation of
relation (GRR) and affected sib-pair exclusion (ASPEX)
mapping were used to check for potential misreported rela-
tions in the GenSalt family pedigrees (13, 14). MapMaker/
Sibs and PedCheck were used to check for Mendelian incon-
sistencies within families for each marker (15, 16). After
quality control, 359 markers were used for analysis.

SNPs located within identified linkage regions (LOD ≥
3.0) were genotyped as part of the SNP Array 6.0 platform
(Affymetrix, Inc., Cleveland, Ohio), which should provide
excellent coverage of all common genetic variation. On the
basis of human haplotype map data of Han Chinese in
Beijing (17), these SNPs were analyzed to select tag SNPs
by using Haploview (18) software and the following criteria:
1) minor allele frequency ≥0.01; 2) P value of a Hardy-
Weinberg equilibrium test ≥0.01; and 3) pairwise correlation
coefficient ≤0.1. The positions and corresponding genes of
tag SNPs were identified by the National Center for Biotech-
nology Information map viewer (www.ncbi.nlm.nih.gov/
mapview/) and Affymetrix annotation data.

Statistical analyses

BP levels at baseline and during intervention were calcu-
lated as the average of 9 measurements from 3 clinic visits
during the 3-day baseline observation or on days 5, 6, and
7 of each intervention period. Mean arterial pressure
(MAP) was calculated as DBP + (SBP−DBP)/3. The BP
responses to low-sodium intervention were calculated as
BP in the low-sodium intervention minus BP at baseline,
and BP responses to high-sodium intervention were calcu-
lated as BP in the high-sodium intervention minus BP in
the low-sodium intervention. BP responses were used to
define salt sensitivity for linkage and association tests.

The BP responses were adjusted for the effects of age
and BP examination room temperature separately within
sex-generation-field center groups. In brief, each phenotype
was regressed on the covariates in a stepwise manner, and
only significant terms (P < 0.05) were retained. The residu-
al variance was also examined (i.e., heteroscedasticity) by
regressing the squared residual from the first regression on
the same covariates (stepwise) and retaining significant
terms. The final adjusted phenotype was computed as the
residual from the first regression, divided by the square root
of the predicted score from the second regression. A final
standardization step was taken to ensure a mean of 0 and a
standard deviation of 1. These adjusted and standardized
scores were used as the analysis phenotypes.

Multipoint genome-wide linkage analyses of salt sensitiv-
ity BP were conducted by using SOLAR software (19). The
resolution for a multipoint linkage scan is set as 1 cM. The
linkage region is defined as 0.5 cM up- and downstream of
the tested locus that has LOD ≥3.0. The association of
every tag SNP in linkage regions (LOD ≥3.0) with salt-
sensitivity BP was examined by using the lme4 package of
R (version 2.10.1; http://www.r-project.org) and SAS
(version 9.1; SAS Institute, Inc., Cary, North Carolina) sta-
tistical software using a mixed linear regression model. A
sandwich estimator was used to account for the nonindepen-
dence of family members. This method assumes the same
degree of dependency among family members. Age,
gender, BP measurement, room temperature, and study site
were adjusted in multivariable analyses. The Bonferroni
method was used to adjust for multiple tests. For significant
or marginally significant SNPs, additive effects were exam-
ined by comparing the statistical model including all SNPs
with that without SNPs. Nonadditive interactions were ex-
amined by comparing the statistical model including an in-
teraction term with that without the term. Hardy-Weinberg
equilibrium was examined by Fisher’s exact test (20).

RESULTS

The baseline characteristics of 3,142 participants, includ-
ing 676 probands, 69 spouses, 1,236 parents, 956 siblings,
and 205 offspring from 625 families, are presented in
Table 1. The baseline SBP ranged from 107 mm Hg among
offspring to 137 mm Hg among parents, the DBP ranged
from 65 mm Hg among offspring to 80 mm Hg among pro-
bands, and the MAP ranged from 79 mm Hg among off-
spring to 96 mm Hg among probands. Among the 1,860
participating probands, spouses, siblings, and offspring
who completed the entire low- and high-sodium interven-
tions, the average SBP, DBP, and MAP decreased during
low-sodium intervention (SBP: −2.3 to −8.0 mm Hg;
DBP: −1.7 to −4.2 mm Hg; and MAP: −1.9 to −5.5 mm
Hg) and increased during high-sodium intervention (SBP:
10.1 to 13.4 mm Hg; DBP: 8.7 to 9.5 mm Hg; and MAP:
8.3 to 10.4 mm Hg). The effects of low- and high-sodium
intake on BP were also observed in whites and blacks (21)
that showed increased BP (SBP: 6.7 mm Hg; DBP: 3.5 mm
Hg) comparing high-sodium intake with low-sodium intake
and decreased BP (SBP: 4.6 mm Hg; DBP: 2.4 mm Hg)
comparing low-sodium intake with intermediate-sodium
intake.

Genome-wide linkage results for BP responses to the
low-sodium and high-sodium interventions are illustrated in
Figure 1, A and B, respectively. We observed significant
linkage (LOD score = 3.08–3.33) for DBP responses
(ΔDBP) to the high-sodium intervention to chromosomal
region 2p24.3-2p24.1. We also observed suggestive linkage
(LOD score = 2.35–2.91) for MAP responses to this chro-
mosomal region (ΔMAP). The linkage scan of the SBP re-
sponse (ΔSBP) has a LOD score of 0.80–1.49. There is no
significant linkage region identified for BP responses to the
low-sodium intervention.

Twenty-two tag SNPs in the significant linkage region
were selected for testing the association with BP responses
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Table 1. Characteristics and BP Responses to Sodium Intervention Among 3,142 Participants From 633 Families, GenSalt Study, China, 2003–2005

Probands (n = 676) Spouses (n = 69) Parents (n = 1,236)a Siblings (n = 956) Offspring (n = 205)

% Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD)

Men 60.4 33.3 48.6 51.1 55.6

Age, years 41.0 (8.3) 49.1 (6.7) 67.6 (8.4) 39.6 (7.7) 23.5 (6.5)

Body mass indexb 24.2 (3.3) 23.4 (3.7) 22.8 (3.4) 23.1 (2.8) 21.5 (3.3)

Baseline BP, mm Hg

SBP 128.0 (11.4) 112.6 (14.9) 136.6 (23.9) 111.6 (11.5) 106.6 (10.3)

DBP 80.3 (9.0) 72.6 (10.0) 75.0 (11.7) 71.0 (8.9) 65.3 (9.0)

MAP 96.2 (8.5) 85.9 (11.2) 95.6 (14.3) 84.5 (9.2) 79.1 (8.7)

BP during low-sodium intervention, mm Hg

SBP 119.9 (11.3) 106.2 (11.7) NA 107.2 (9.8) 104.5 (9.7)

DBP 76.0 (9.1) 69.5 (8.7) NA 69.1 (8.6) 63.7 (8.7)

MAP 94.2 (9.3) 81.7 (9.1) NA 81.8 (8.3) 77.3 (8.2)

BP response to low-sodium intervention, mm Hg

SBP −8.0 (7.9) −5.59 (7.7) NA −4.3 (6.0) −2.3 (4.9)

DBP −4.2 (5.9) −2.7 (5.0) NA −2.0 (5.1) −1.7 (5.3)

MAP −5.5 (5.8) −3.7 (5.4) NA −2.7 (4.8) −1.9 (4.5)

BP during high-sodium intervention, mm Hg

SBP 125.6 (12.4) 111.9 (13.4) NA 111.8 (11.1) 106.9 (10.1)

DBP 78.5 (9.4) 71.3 (9.5) NA 70.8 (9.1) 64.5 (8.7)

MAP 94.2 (9.3) 84.9 (10.4) NA 84.5 (9.2) 78.7 (8.3)

BP response to high-sodium intervention, mm Hg

SBP 5.7 (6.4) 5.8 (5.9) NA 4.7 (5.8) 2.6 (4.3)

DBP 2.5 (5.8) 2.0 (4.3) NA 1.7 (5.2) 0.9 (5.0)

MAP 3.3 (4.4) −2.9 (4.7) NA 2.7 (4.8) 1.4 (4.0)

Abbreviations: BP, blood pressure; DBP, diastolic blood pressure; GenSalt, Genetic Epidemiology Network of Salt Sensitivity; MAP, mean arterial pressure; NA, not available; SBP,

systolic blood pressure; SD, standard deviation.
a Characteristics for parents in the sample. Parents did not take part in the dietary intervention, and their BP responses to sodium intervention are not available.
b Body mass index: weight (kg)/height (m)2.
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to the high-sodium intervention. Table 2 shows the charac-
teristics of selected tag SNPs including alleles, minor allele
frequency, physical position in base pairs, and the P value
of a Hardy-Weinberg equilibrium Fisher’s exact test. The
linkage disequilibrium, measured as r2 ≤ 0.16, is presented
in Web Figure 1, which appears on the Journal’s Web site
(http://aje.oxfordjournals.org/) along with Web Figure 2
and Web Table 1. For each tag SNP, its LOD score in the
linkage region and −log10 (P value) of association were
shown in Figure 2, A and B, respectively. SNP
rs11674786, downstream from the family with sequence
similarity 84, member A, gene (FAM84A), has significant
linkage to DBP responses (LOD = 3.26) and suggestive
linkage to MAP responses (LOD = 2.60) during high-
sodium intervention. The corresponding P values are 6.9 ×
10−4 and 7.2 × 10−4 for associations with DBP and MAP
responses, respectively, and are both significant after Bon-
ferroni correction. SNP rs16983422, upstream from the
visinin-like 1 gene (VSNL1), has significant linkage to
DBP responses (LOD = 3.30) and suggestive linkage to
MAP responses (LOD = 2.89) during high-sodium interven-
tion. The corresponding P values of 0.005 and 0.005 are

marginally significant for associations with DBP and MAP
responses, respectively, when compared with the Bonferroni-
corrected threshold of significance (P = 0.05/22).

The effect sizes of SNP rs11674786 and rs16983422 on
BP responses are shown in Figure 3. For SNP rs11674786,
genotypes GG, GT, and TT have increased DBP of 0.01,
0.99, and 1.97 mm Hg and MAP of 0.94, 1.84, and
2.74 mm Hg during high-sodium intervention. For SNP
rs16983422, genotypes GG, GA, and AA have increased
DBP of 0.53, 1.24, and 1.95 mm Hg and MAP of 1.40,
2.05, and 2.70 mm Hg during high-sodium intervention.
The numbers of allele T at SNP rs11674786 and allele A at
SNP rs16983422 are linearly associated with increased
DBP and MAP responses at high-sodium intervention.

Additive interactions between rs11674786 and
rs16983422 on BP responses to dietary sodium interven-
tions are shown in Figure 4. Genotypes GG, GT, and TT of
rs11674786 have DBP responses of −1.24, −0.26, and
0.72 mm Hg under GG; −0.54, 0.44, and 1.42 mm Hg
under GA; and 0.16, 1.14, and 2.12 mm Hg under AA of
rs16983422. Genotypes GG, GT, and TT of rs11674786
have MAP responses of −0.20, 0.70, and 1.60 mm Hg

Figure 1. Genome-wide linkages scan of BP responses to low-sodium (A) and high-sodium (B) interventions, GenSalt Study, China, 2003–
2005. Linkage logarithm of the odds (LOD) scores for the blood pressure (BP) responses are distinguished by different line styles: solid line,
ΔDBP (absolute diastolic blood pressure (DBP) change); dashed line, ΔMAP (absolute mean arterial pressure (MAP) change); and dotted line,
ΔSBP (absolute systolic blood pressure (SBP) change). GenSalt, Genetic Epidemiology Network of Salt Sensitivity.
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under GG; 0.44, 1.34, and 2.24 mm Hg under GA; and
1.08, 1.98, and 2.88 mm Hg under AA of rs16983422. The
effect of rs11674786 increased as the number of allele A’s
at rs16983422 increased. The additive interaction between
rs11674786 and rs16983422 on BP responses was signifi-
cant for both DBP (P = 7.00 × 10−5) and MAP (P = 7.23 ×
10−5) responses (Figure 4), and nonadditive interaction
effects were not significant for DBP (P = 0.58) or MAP
(P = 0.72) responses during high-sodium intervention.

DISCUSSION

In this study, we identified a linkage region on chromo-
some 2 for salt sensitivity of BP and observed susceptibility
genetic variants significantly associated with BP responses
to high-sodium intervention in the linkage region. Genome-
wide linkage scans in a rat model (22) and candidate linkage
scans in humans (23, 24) have been reported in the past
decades related to BP responses to sodium intake. However,
this study is the first to conduct genome-wide linkage scans
in humans and to identify genomic regions by using a
family-based, dietary-feeding study. We also conducted

follow-up association analyses of tag SNPs to identify sus-
ceptibility genetic variants in the linkage region.
Our study was performed in a rural Han Chinese popula-

tion with similar lifestyles and other environmental risk
factors, including diet and physical activity (11). Thus, con-
founding due to these exposures should be minimized. Par-
ticipation in the dietary interventions was high (97.6%). To
ensure study participants’ compliance to the low-sodium and
high-sodium interventions, consumption of food with pre-
packaged salt was supervised and recorded at each meal
with dietary potassium intake unchanged. The controlled
food consumption will minimize the confounding effects of
dietary intakes during the sodium intervention study. Fur-
thermore, bias due to population stratification is unlikely,
because the study is conducted in a homogenous Chinese
Han population. Compliance with dietary low- and high-
sodium intervention assessed by urinary 24-hour excretion
was excellent in our study. Stringent quality control during
the intervention, data collection, genotyping, and statistical
analyses all served to reduce type I error and improve power.
Our genome-wide linkage scan observed a signifi-

cant linkage region at 33–42 cM on chromosome 2

Table 2. Description of Tag SNPs Within Linkage Regions, GenSalt Study, China, 2003–2005

SNP
Minor Allele/
Major Allele

MAF
Position,
base pairs

HWE
P Value

Region
Gene

Symbola

rs11674786 G/T 0.107 14417953 1 Upstream FAM84A

rs13384484 A/G 0.001 14610298 1 Upstream FAM84A

rs1434977 A/C 0.349 14652091 0.876953511 Upstream FAM84A

rs17432222 A/T 0.391 14873031 0.695026883 Downstream FAM84A, NAG

rs7607460 A/T 0.476 15139806 0.743512478 Downstream FAM84A , NAG

rs12692275 T/C 0.246 15634232 0.068854963 Upstream NAG, DDX1

rs4668969 G/A 0.234 15803805 0.603205915 Downstream DDX1

rs7575008 A/G 0.263 15881442 0.506276473 Downstream DDX1

rs12613688 A/G 0.423 15893199 1 Downstream DDX1

rs4832711 C/T 0.247 17218488 0.230969457 Upstream VSNL1

rs16983422 G/A 0.145 17308144 0.924923419 Upstream VSNL1

rs1426510 A/T 0.205 17646037 0.77517763 Intron VSNL1

rs16984221 G/A 0.212 18091241 0.944454778 Downstream RDH14, NT5C1B

rs16984349 G/A 0.259 18142831 0.012544094 Downstream RDH14, NT5C1B

rs4832569 C/A 0.454 18315827 0.17281924 Downstream RDH14, NT5C1B

rs13402643 T/G 0.381 18519802 0.804634338 Downstream RDH14, NT5C1B

rs12053481 A/C 0.476 18695827 0.175628829 Upstream RDH14, NT5C1B

rs4666450 C/G 0.221 19149985 0.734119022 Downstream OSR1

rs699066 C/A 0.276 19354652 0.682966192 Downstream OSR1

rs1608132 T/C 0.235 19501366 0.136379003 Upstream OSR1

rs16986476 A/C 0.228 19522847 0.14446073 Upstream OSR1

rs4572555 G/A 0.352 19778919 0.328785215 Upstream OSR1

Abbreviations: GenSalt, Genetic Epidemiology Network of Salt Sensitivity; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency;

SNP, single nucleotide polymorphism.
a DDX1, DEAD (Asp-Glu-Ala-Asp) box helicase 1 gene; FAM84A, family with sequence similarity 84, member A, gene; NAG, neuroblastoma

amplified sequence gene; NT5C1B, 5’-nucleotidase, cytosolic IB gene; OSR1, odd-skipped related 1 gene; RDH14, retinol dehydrogenase 14

gene; VSNL1, visinin-like 1 gene.
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(2p24.3-2p24.1) for DBP responses to the high-sodium in-
tervention. This region also observed suggestive linkage for
MAP responses to high-sodium intervention (LOD > 2.0).
Genome-wide linkage scans for salt sensitivity have not
been conducted in human subjects previously. Our find-
ings, however, are consistent with genomic regions identi-
fied in linkage scans for regular BP (25–32), which are
close to or overlap with linkage regions in our study. This
suggests that genetic determinants underlying salt sensitivity
of BP and regular BP might share the same genes.

In the follow-up association study of linkage region, we
found that SNP rs11674786, upstream from a gene encod-
ing FAM84A, was strongly associated with DBP and MAP
responses to the high-sodium intervention. The function of
FAM84A has not been widely studied yet. Previous re-
search indicated that expression of FAM84A was associated

with morphology of cells, and up-regulation of FAM84A
may be involved with progression of colon cancer (33).
Our study suggests that regulation of the region upstream
from FAM84A may be related to salt sensitivity of BP. The
second SNP rs16983422, upstream from VSNL1 (Online
Mendelian Inheritance in Man (OMIM) identifier (ID)
600817), has a marginally significant association with DBP
and MAP responses to a high-sodium intervention. VSNL1
is highly expressed in the brain and associates with mem-
branes in a calcium-dependent manner by regulating the ac-
tivity of adenylyl cyclase (EntrezGene ID 7447). The
family of neuronal calcium sensor proteins can modulate a
variety of pathophysiologic processes including cancer
(34), hypertension (35), and insulin secretion (36). Implica-
tion of VSNL1 in these processes could be attributable to its
regulation of the natriuretic peptide system (37). Our study

Figure 2. Logarithm of the odds (LOD) scores of tag SNPs in the linkage region (LOD ≥3.0) for diastolic blood pressure (DBP, solid line),
mean arterial pressure (MAP, dashed line), and systolic blood pressure (SBP, dotted line) responses (A) and –log10 (P value) of tag SNPs
associated with DBP, MAP, and SBP responses (B), GenSalt Study, China, 2003–2005. GenSalt, Genetic Epidemiology Network of Salt
Sensitivity; SNP, single nucleotide polymorphism.
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Figure 3. The effect sizes of SNP rs11674786 (GG: white; GT: black; TT: line) and rs16983422 (GG: white; GA: black; AA: line) on diastolic
blood pressure (DBP) responses (ΔDBP) and mean arterial pressure (MAP) responses (ΔMAP) during the high-sodium intervention, GenSalt
Study, China, 2003–2005. P = 6.9 × 10−4 and 7.3 × 10−4 for rs11674786 associated with DBP and MAP responses; P = 0.005 and 0.005 for
rs16983422 associated with DBP and MAP responses. GenSalt, Genetic Epidemiology Network of Salt Sensitivity; SNP, single nucleotide
polymorphism.

Figure 4. Additive interaction between SNP rs11674786 (GG: white; GT: black; TT: line) and rs16983422 on diastolic blood pressure (DBP)
responses (ΔDBP), P = 7.00 × 10−5, and mean arterial pressure (MAP) responses (ΔMAP), P = 7.23 × 10−5, during the high-sodium intervention,
GenSalt Study, China, 2003–2005. GenSalt, Genetic Epidemiology Network of Salt Sensitivity; SNP, single nucleotide polymorphism.
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added novel information that VSNL1 may be involved in
regulation of salt sensitivity of BP. However, rs11674786 is
2.7 kilobases upstream of FAM84A, and rs16983422 is 2.8
kilobases upstream of VSNL1. These distances may also
possibly suggest that causative variants are out of gene
regions, and that these significant intergenic SNPs lie in
regulatory sequences. The function of these regions and po-
tential regulations on FAM84A and VSNL1 are worth future
investigations.

Our study identified strongly significant association of
rs11674786 and marginally significant association of
rs16983422 with BP responses during the high-sodium in-
tervention. The joint test of both SNPs had a much more
significant P value than separate tests of single SNPs, indi-
cating strong additive effects between them. These findings
suggest that the salt sensitivity of BP could involve multi-
ple variants, and that each variant contributes additively to
BP responses. In addition, these findings suggest that a
strong linkage signal in a chromosomal region can be the
result of multiple variants, each with modest effect.

We conducted association tests in the significant linkage
region for BP responses to dietary intervention, which has
the advantages of identifying genetic variants with the evi-
dence of both cosegregation and linkage disequilibrium with
causal genetic variants. For SNPs rs11674786 and
rs16983422, which were associated with DBP and MAP re-
sponses to high-sodium intervention (P ≤ 0.005), the
family-based association test (38, 39) jointly detects
the presence of both linkage and association as evidenced by
the similar significant results (not shown). After adjustment
for either rs11674786 or rs16983422 as a covariate in the
linkage test, the linkage peak at 33–42 cM of chromosome 2
(2p24.3-2p24.1) presented decreased signals for both (Web
Figure 2). The results indicate that the linkage signals were
partially attributed to SNPs rs11674786 and rs16983422.

This study would have important clinical and public
health implications. All participants lived in the rural area of
northern China with a conventional high-salt diet. The dis-
section of the underlying risk genes for BP responses to
dietary salt intake will contribute to the understanding of car-
diovascular disease development. The findings could con-
tribute to identifying individuals at high risk for developing
hypertension and cardiovascular diseases and will enable the
discovery of a new preventive strategy for people living in
areas of conventional high dietary-salt intake.

However, this study has 2 potential limitations. First, the
linkage scan may not be able to detect chromosomal
regions that incubate variants with only modest effect (40).
Therefore, the follow-up association analysis will fail to
identify variants in these missed genomic regions. Addi-
tionally, we did not investigate rare variants for salt sensi-
tivity of BP. Rare variants are considered to be more
enriched in the functional region and exhibit stronger effect
sizes (39). The linkage region at chromosome 2 contains
50 genes on either the forward (+) or backward (−) strand
(Web Table 1). The functions for most of these genes are
not known yet. The linkage and the follow-up association
studies suggest potential effects from functional rare vari-
ants of one or several genes in this region. In the next step,
we expect to perform deep resequencing of these candidate

genes to identify functional rare variants that influence the
salt sensitivity of BP.

In summary, the current study identified chromosomal
region 2p24.3-2p24.1 linkage to BP responses to a high-
sodium intervention. Furthermore, variants near FAM84A
and VSNL1 in the linkage region are associated with BP
responses to sodium intervention. The findings are support-
ed by evidence from both linkage and association analyses.
Although this study was performed on a Chinese popula-
tion, the findings can be used to instruct the study of gene
functions on different populations. This study provides new
evidence of genetic factors that might be partially responsi-
ble for BP responses to dietary sodium intake. Replication
studies of candidate genes from independent samples of
different populations should be conducted to further vali-
date the findings. In addition, experimental studies are war-
ranted to explore the effect of functional variants in
FAM84A, VSNL1, and other genes in this genetic region on
the salt sensitivity of BP.
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