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Abstract

Genetic factors influence blood pressure (BP) response to the cold pressor test (CPT), which is 

a phenotype related to hypertension risk. We examined the association between variants of the 

α-adducin (ADD1) and guanine nucleotide binding protein (G protein) β-polypeptide 3 (GNB3) 

genes and BP response to the CPT. A total of 1998 Han Chinese participants from the Genetic 

Epidemiology Network of Salt Sensitivity completed the CPT. The area under the curve (AUC) 

above the baseline BP during the CPT was used to measure the BP response. Twelve single-

nucleotide polymorphisms (SNPs) of the ADD1 and GNB3 genes were selected and genotyped. 

Both single-marker and haplotype association analyses were conducted using linear mixed models. 

The rs17833172 and rs3775067 SNPs of the ADD1 gene and the rs4963516 SNP of the GNB3 
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gene were significantly associated with the BP response to CPT, even after adjusting for multiple 

testing. For the ADD1 gene, the AA genotype of SNP rs17833172 was associated with lower 

systolic BP (SBP) reactivity (P<0.0001) and faster BP recovery (P=0.0003). The TT genotype of 

rs3775067 was associated with slower SBP recovery (P=0.004). For the GNB3 gene, the C allele 

of SNP rs4963516 was associated with faster diastolic BP recovery (P=0.002) and smaller overall 

AUC (P=0.003). Haplotype analysis indicated that the CCGC haplotype of ADD1 constructed by 

rs1263359, rs3775067, rs4961 and rs4963 was significantly associated with the BP response to 

CPT. These data suggest that genetic variants of the ADD1 and GNB3 genes may have important 

roles in BP response to the CPT. Future studies aimed at replicating these novel findings are 

warranted.
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INTRODUCTION

Hypertension is an important worldwide public health challenge, because of its high 

prevalence and the concomitant increase in the risk of vascular disease. Elevated blood 

pressure (BP) response to the cold pressor test (CPT) has been demonstrated by prospective 

studies to be a significant risk factor for hypertension in normotensive persons.1-3 A large 

body of evidence indicates that genetic factors have an important role in determining the 

individual BP response to CPT. For example, our previous study demonstrated that the 

heritabilities of systolic BP (SBP) and diastolic BP (DBP) responses to CPT are 29% and 

28%, respectively.4 Similar findings were also reported in Caucasians.5,6

The CPT is known to cause global sympathetic activation and to result in significant 

arteriolar vasoconstriction with a subsequent increase in BP. Most previous association 

studies of the CPT have targeted candidate genes from the sympathetic nervous system 

because of its direct biological relevance for the BP response to cold stress.7 Although 

several genes from this system, such as those that code for β1-, β2-, and α2C-adrenergic 

receptors, have shown important roles in the BP response to the CPT;8-10 these genes explain 

only a fraction of the observed heritability, suggesting that further variants are yet to be 

discovered. To better understand the genetic mechanism of this significant predictor of 

hypertension, it is still highly necessary to discover novel genetic variants associated with 

BP response to the CPT.

In this study, we aimed to explore the role of two important cellular signal transduction 

genes, namely, the α-adducin (gene: ADD1) and guanine nucleotide binding protein 

(G protein) β-polypeptide 3 (gene: GNB3) genes. Both of these genes are involved in 

hypertension and salt sensitivity of BP, which has been demonstrated to share some genetic 

components with the phenotypes of BP response to the CPT.11 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 single-nucleotide 
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polymorphisms (SNPs) of the ADD1 and GNB3 genes were tested to determine their 

associations with the BP response to the CPT.

MATERIALS AND METHODS

Study participants

The GenSalt study was conducted in a Han Chinese population from rural areas of northern 

China. A community-based BP screening was conducted among persons aged 18–60 years 

in the study villages to identify potential probands and their families. Those individuals 

with a mean SBP between 130 and 160mmHg and/or a DBP between 85 and 100mmHg, 

no use of antihypertensive medications, as well as their parents, siblings, offspring and 

spouses, were recruited. Detailed eligibility criteria for the participants have been presented 

elsewhere.12 In general, individuals who had stage 2 hypertension, secondary hypertension, 

use of antihypertensive medications, history of clinical cardiovascular disease, diabetes, 

chronic kidney disease, pregnancy or heavy alcohol use were excluded from the CPT. 

Overall, 1998 participants from 631 families completed the CPT and were included in the 

current analysis.

Institutional review boards at all of the participating institutes approved the GenSalt study. 

Written informed consent was obtained from each participant.

Data collection and CPT

A standard questionnaire was administered by a trained staff member to collect information 

on demographic characteristics, personal and family medical history and lifestyle risk 

factors. Body weight and height were measured twice in light indoor clothing without shoes. 

Body-mass index was calculated as weight (in kilograms) divided by the squared height (in 

meters). BP measurements were obtained by trained and certified observers using a standard 

mercury sphygmomanometer according to a common protocol adapted from procedures 

recommended by the American Heart Association.13 Participants were advised to avoid 

alcohol, cigarette smoking, coffee/tea and exercise for at least 30 min before their CPT. 

Three baseline BP measurements were obtained after the participant was seated for 20 min. 

Next, the participants immersed their left hands in the ice water bath (3–5 °C) to just above 

the wrist for 1 min. BP measurements at 0, 1, 2 and 4 min were obtained after the left hand 

had been removed from the ice water bath. The CPT was well tolerated in all subjects, and 

no side effects were reported.

SNP selection and genotyping

TagSNPs of the ADD1 and GNB3 genes were selected to cover their common variants 

fully. Tagger software (http://www.broad.mit.edu/mpg/tagger/) was used to select tagSNPs 

(r2⩾0.8) from each gene based on the empirical patterns of linkage disequilibrium (LD) 

structure in the Chinese population, as determined by Chinese HapMap data.14 In addition, 

potential functional SNPs were also included based on previously reported associations with 

BP. A total of 15 SNPs from these two genes were selected. Genotyping was performed 

using SNPlex assays based on the oligonucleotide ligation assay for capillary electrophoresis 
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on an automated DNA sequencer (Applied Biosystems 3700 DNA Analyzer; Applied 

Biosystems, Carlsbad, CA, USA).

Of the 15 genotyped SNPs, two monomorphic SNPs and one SNP with a low genotyping 

call rate (53.1%) were excluded from the analysis. Table 1 lists detailed information for the 

12 analyzed SNPs, including physical position, alleles and minor allele frequency.

Statistical analysis

The Mendelian consistency of the SNP genotype data was assessed by PLINK software 

(http://pngu.mgh.harvard.edu/purcell/plink/).15 The Hardy–Weinberg Equilibrium for each 

SNP and the extent of pairwise LD between SNPs were examined using Haploview software 

(version 4.2, http://www.broad.mit.edu/mpg/haploview).16 LD blocks were defined based on 

the confidence intervals method implemented in the Haploview software.17 The most likely 

haplotypes within each block for individuals were inferred using the MERLIN program 

(http://www.sph.umich.edu/csg/abecasis/Merlin).18

Both single-marker and haplotype association analyses were conducted using linear mixed 

models. In this model, a sandwich estimator was used to account for the non-independence 

of family members. All analyses were carried out separately for SBP and DBP. We used 

the average of three BP measurements taken before the CPT as the pre-CPT baseline BP. 

The area under the curve (AUC) above the baseline BP was calculated and taken as the 

measurement variable for BP responses to the CPT. In addition, the AUC of BP response 

to CPT was further divided into BP reactivity (from baseline to time 0) and recovery (from 

time 0 to time 4). The association between SNP genotypes and BP responses to CPT were 

tested under general (df=2), additive (df=1), dominant (df=1) and recessive (df=1) genetic 

models. Age, gender, body-mass index, room temperature of BP measurement, and the study 

site were adjusted in multivariable analyses. The P-values were adjusted for the total number 

of tested SNPs using the Bonferroni correction method (α=0.05/12=0.004). Association 

analyses were conducted using SAS statistical software (version 9.1; SAS Institute, Cary, 

NC, USA).

RESULTS

At the baseline examination, on average, study participants were 40.1 years of age, had a 

body-mass index of 23.4 kgm −2, and a mean pre-CPT baseline SBP and DBP of 120.1 

and 74.7 mm Hg, respectively (Table 2). Approximately 52.5% of the study population was 

male. Table 2 also shows the overall AUC, as well as the AUC of BP reactivity and the AUC 

of BP recovery for SBP and DBP, respectively.

The rs17833172 and rs3775067 SNPs of the ADD1 gene and the rs4963516 SNP of the 

GNB3 gene were significantly associated with SBP or DBP responses to the CPT under at 

least one of the four genetic models after adjusting for multiple testing. P-values for the 

associations between these SNPs and the BP responses to the CPT are listed in Table 3.

Compared with the individuals carrying the major G allele of rs17833172 for ADD1, 

participants who were homozygous for the minor A allele had much lower SBP reactivity 
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(2.83±0.22 vs. 6.75±0.15, P<0.0001), recovery (−12.21±6.10 vs. 9.76±0.50, P=0.0003), and 

an overall AUC (−9.28±6.33 vs. 16.50±0.61, P<0.0001) (Figure 1). The rs3775067 SNP 

of the ADD1 gene was associated with the AUC for SBP recovery in a recessive model. 

The participants homozygous for the T allele of rs3775067 had a greater AUC for SBP 

recovery (13.06±1.26 vs. 9.31±0.53, P=0.004) than carriers of the C allele (Figure 2). For 

the rs4963516 SNP of GNB3, the AUC of DBP recovery decreased with the number of C 

alleles (P=0.002). The mean AUC of DBP recovery for the AA, AC and CC genotypes was 

8.08±0.55, 6.13±0.53 and 5.23±0.99, respectively (Figure 3). A similar trend was observed 

for the mean AUC for DBP overall (P=0.003).

We also performed haplotype analysis within LD blocks of the two genes (Figure 4). 

Only one LD block was identified for each gene. For the ADD1 gene, three common 

haplotypes within the LD block (including rs1263359, rs3775067, rs4961 and rs4963) were 

identified. Of these three haplotypes, CCGC was significantly associated with the AUC 

of DBP recovery and overall (P=0.0005 and 0.0007, respectively), even after adjusting for 

multiple testing (Table 4). For the GNB3 gene, no haplotypes were significantly associated 

with the BP response to CPT.

DISCUSSION

In this large family study, we identified novel genetic variants in the ADD1 and GNB3 genes 

that may contribute to the variation of the BP response to CPT among this population. These 

findings may provide valuable insight into the genetic regulation of the BP response to stress 

and the pathogenesis of hypertension.

In this study, we observed that the rs17833172 and rs3775067 SNPs of the ADD1 gene 

were associated with BP response to the CPT. Interestingly, rs17833172 has been found 

to be associated with salt sensitivity in our previous study.19 This finding may suggest 

that the ADD1 gene contributes to the genetic correlation between salt sensitivity and 

BP response to the CPT. Functional studies indicated that mutated forms of ADD1 could 

increase Na/K pump activity and the number of pump units in renal cell lines. It has also 

been suggested that the constitutive reduction of Na/K pump endocytic rate induced by 

mutated adducin variants might influence renal tubular sodium reabsorption and result in 

salt-sensitive hypertension.20 In addition, adducin has been involved in signal transduction, 

cell-to-cell contact formation and cell migration.21 However, the mechanism by which 

adducin regulates the BP response to stress is still not clear. Understanding how ADD1 is 

involved in the BP response to cold stress will require further experimental studies.

To speculate the potential functions of these two significant intronic SNPs of the 

ADD1 gene, we conducted an analysis using the SNP Function Prediction (FuncPred) 

(http://snpinfo.niehs.nih.gov/snpfunc.htm) database. Unfortunately, we could not find any 

functional prediction for these two SNPs. However, we found a functional SNP, rs16843169, 

which is in perfect LD with rs17833172 (D′ and r2=1) based on the HapMap data of Beijing 

Han Chinese individuals. SNP rs16843169 is located at a splice site of the ADD1 gene and 

may affect splicing of the gene. Future studies are warranted to identify the causal variants 

that lead to these association signals.
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The GNB3 gene encodes a β-subunit of G proteins that mediates intracellular signaling 

transduction of adrenergic receptors in the sympathetic nervous system. This gene is an 

attractive candidate gene for the BP response to cardiovascular stress reactivity. A recent 

study indicated that the C825T variant (rs5443) might affect heart rate response to the CPT 

but not BP response to the CPT.10 Our study did not examine C825T directly, but we did 

investigate SNP rs2301339 of GNB3, which is in perfect LD with the C825T polymorphism 

(D′ and r2=1.0) among the HapMap Chinese Han and Caucasian populations. Consistently, 

we could not detect the association between this agent variant of C825T and BP response 

to the CPT. However, our study identified another variant, rs4963516, to be significantly 

associated with DBP response to CPT. Our previous report supports a role for this SNP in 

regulating resting BP.22 SNP rs4963516 is located at the 5′-flanking region of the GNB3 
gene. Additionally, this SNP has been reported as a variation of intron 13 in the leprecan-like 

2 (LEPREL2) gene. It should be noted that the GNB3 and LEPREL2 genes overlap on 

chromosome 12. FuncPred analysis shows that SNP rs4963516 lies in the transcription 

factor binding site and may alter the transcription level of either of the two genes or both. 

Certainly, further functional studies are warranted to determine whether this SNP regulates 

the transcription of the GNB3 or LEPREL2 genes.

In this study, rs4963516 in the GNB3 gene is significantly associated with DBP response 

to CPT; however, rs17833172 and rs3775067 in the ADD1 gene are significantly associated 

with the SBP response to the CPT. SBP may be more related to aortic elasticity and 

pulse wave velocity, whereas DBP may be more closely associated with peripheral vascular 

resistance.23 The magnitude of increase in SBP and DBP response to cold stimulus might be 

regulated by different genes. Such an influence may explain why certain SNPs were related 

to SBP, while others were associated with DBP.

Our study has several important strengths. To date, the GenSalt study is the largest study 

to investigate the genetic components of BP response to the CPT. This study is the most 

comprehensive one to examine the association between genetic variants of the ADD1 and 

GNB3 genes and BP response to the CPT. Additionally, the homogeneous sample of Han 

Chinese participants make our analysis robust for population stratification. Finally, stringent 

quality control procedures were employed during the performance of the CPT, genotyping 

and genetic data cleaning based on family relationships.

In summary, we identified a significant association between several genetic variants of the 

ADD1 and GNB3 genes and BP response to the CPT. These findings may contribute to 

a better understanding of the genetic mechanism of BP response to the CPT, which is a 

significant predictor for the risk of cardiovascular disease. Future studies are necessary to 

replicate these findings and to clarify their role in BP regulation.
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Figure 1. 
Systolic blood pressure responses to the cold pressure test according to rs17833172 

genotypes of the ADD1 gene (recessive model). Tests adjusted for covariates, including age, 

gender, body-mass index, study site and room temperature of blood pressure measurements.
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Figure 2. 
Systolic (a) and diastolic (b) blood pressure responses to the cold pressor test according to 

rs3775067 genotypes of the ADD1 gene (recessive model). Tests adjusted for covariates, 

including age, gender, body-mass index, study site and room temperature of blood pressure 

measurements.

Wang et al. Page 11

Hypertens Res. Author manuscript; available in PMC 2022 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Diastolic blood pressure responses to the cold pressor test according to rs4963516 genotypes 

of the GNB3 gene (general model). Tests adjusted for covariates, including age, gender, 

body-mass index, study site and room temperature of blood pressure measurements.
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Figure 4. 
The structures of the ADD1 (a) and GNB3 (b) genes and the position of single-nucleotide 

polymorphisms. The black boxes in each gene are exons. Solid lines show introns, and 

dashed lines show flanking regions. Pairwise linkage disequilibrium (LD) coefficients D′ 
×100 are shown in each cell (D′ values of 1.0 are not shown). The r2 color scheme of 

Haploview was applied (r2=0 shown in white, 0<r2<1 shown in shades of gray, and r2=1 

shown in black). A full color version of this figure is available at the Hypertension Research 
journal online.
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Table 1

Information of the analyzed SNPs of the ADD1 and GNB3 genes

Gene SNP Chr
Physical
location Region in gene

Alleles
(major/
minor) MAF

HW
P-value

ADD1 rs4690002 4 281 1038 5′ Flanking C/T 0.44 0.60

rs12503220 4 281 9940 intron 1 G/A 0.14 0.70

rs1263359 4 283 1824 intron 1 T/C 0.43 0.93

rs17833172 4 283 8312 intron 1 G/A 0.04 0.21

rs3775067 4 285 8420 intron 4 C/T 0.34 0.77

rs4961 4 287 6505 exon 9(missense) T/G 0.48 0.20

rs4963 4 288 6560 exon12(missense) G/C 0.48 0.54

GNB3 rs4963516 12 681 8289 5′ flanking A/C 0.32 0.12

rs1129649 12 681 8729 5′ flanking T/C 0.31 0.61

rs3213431 12 681 8789 5′ flanking T/C 0.11 0.82

rs2301339 12 682 4885 intron 9 G/A 0.45 0.66

rs5446 12 682 6723 3′ UTR C/T 0.20 0.68

Abbreviations: ADD1, α-adducin; GNB3, guanine nucleotide binding protein (G protein) β-polypeptide 3; H–W, Hardy–Weinberg equilibrium 
test; MAF, minor allele frequency; SNP, single-nucleotide polymorphism.
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Table 2

Characteristics and blood pressure responses to cold pressor test of 1998 study participants

Variable All subjects

No. of participants 1998

Age, years 40.1±10.3

Male, % 52.5

Body-mass index, kgm−2 23.4±3.2

Baseline blood pressure, mmHg

 Systolic 120.1±15.6

 Diastolic 74.7±10.9

Reactivity area under the curve

 Systolic 6.8±5.3

 Diastolic 3.5±3.4

Recovery area under the curve

 Systolic 10.4±19.0

 Diastolic 7.3±14.3

Overall area under the curve

 Systolic 17.1±22.9

 Diastolic 10.8±16.7

Data are presented as mean±s.d. or percentage.
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Table 3

SNPs associated with blood pressure responses to cold pressor test

Gene SNP

P-values

General
model

Additive
model

Dominant
model

Recessive
model

Systolic blood pressure

Reactivity AUC ADD1 rs17833172 <0.0001* 0.68 0.50 <0.0001*

rs3775067 0.03 0.61 0.49 0.03

GNB3 rs4963516 0.64 0.72 0.95 0.40

Recovery AUC ADD1 rs17833172 0.002 * 0.66 0.90 0.0003 *

rs3775067 0.01 0.15 0.88 0.004 *

GNB3 rs4963516 0.26 0.47 0.19 0.64

Overall AUC ADD1 rs17833172 0.0002 * 0.77 0.96 <0.0001*

rs3775067 0.01 0.21 0.94 0.005

GNB3 rs4963516 0.31 0.63 0.28 0.55

Diastolic blood pressure

Reactivity AUC ADD1 rs17833172 0.13 0.88 0.98 0.04

rs3775067 0.02 0.23 0.93 0.008

GNB3 rs4963516 0.40 0.18 0.27 0.29

Recovery AUC ADD1 rs17833172 0.38 0.60 0.73 0.17

rs3775067 0.05 0.08 0.49 0.02

GNB3 rs4963516 0.006 0.002 * 0.002 * 0.09

Overall AUC ADD1 rs17833172 0.36 0.62 0.75 0.16

rs3775067 0.04 0.09 0.57 0.01

GNB3 rs4963516 0.01 0.003 * 0.005 0.10

Abbreviations: ADD1, α-adducin; AUC, area under the curve; GNB3, guanine nucleotide binding protein (G protein) β-polypeptide 3; SNP, 
single-nucleotide polymorphism.

*
P-value <0.05 after Bonferroni correction. Original P-values <0.05 are indicated in bold.

Hypertens Res. Author manuscript; available in PMC 2022 January 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 17

Table 4

Association analysis of haplotypes with BP response to cold pressor test

Genes
Haplotype
sequence

Haplotype
frequency

P-values

Reactivity
AUC

Recovery
AUC

Overall
AUC

Systolic blood pressure

ADD1 TCTG 0.52 0.83 0.85 0.85

CTGC 0.33 0.86
0.004 

c 
0.008 

c 

CCGC 0.09 0.67 0.18 0.25

GNB3 GC 0.54 0.80 0.38 0.54

AC 0.26 0.23 0.06 0.07

AT 0.20 0.16 0.53 0.37

Diastolic blood pressure

ADD1 TCTG 0.52 0.19 0.46 0.37

CTGC 0.33
0.009 

c 
0.02 

a /0.01 
c 

0.02 
a /0.008 

c 

CCGC 0.09
0.04 

b 
0.001 

a * /0.0005 
b * 0.002 

a * /0.0007 
b *

GNB3 GC 0.54 0.74 0.22 0.27

AC 0.26
0.03 

b 
0.03 

b 
0.04 

a /0.03 
b 

AT 0.20 0.10
0.03 

c 
0.04 

c 

Abbreviations: ADD1, α-adducin; AUC, area under the curve; BP, blood pressure; GNB3, guanine nucleotide binding protein (G protein) 
β-polypeptide 3.

For association not significant under any model, P-values for additive model are listed.

For ADD1 gene, haplotype sequence is in the order of rs1263359–rs3775067–rs4961–rs4963. For GNB3 gene, haplotype sequence is in the order 
of rs2301339-rs5446. Original P-value <0.05 is indicated in bold.

*
P-values are significant after Bonferroni correction (P<0.004).

a
Additive model.

b
Dominant model.

c
Recessive.
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