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Obesity reveals an association between blood pressure and
the G-protein §3-subunit gene: a study of female dizygotic

twins

Yanbin Dong®?, Haidong Zhu®P, Xiaoling Wang?, Chrysoula Dalageorgou®,
Nick Carter®, Tim D. Spector® and Harold Snieder®®

The 825C>T polymorphism of the G-protein $3-subunit
gene (GNB3) has been associated with hypertension,
although results are not entirely consistent. In a sample of
282 female Caucasian dizygotic twins aged 21-80 years,
we aimed to investigate the associations between blood
pressure and five single nucleotide polymorphisms (SNPs)
including the 825C>T and haplotypes of the GNB3 gene.
The polymorphisms (—350A>G, 657A>T, 814G>A, 825C>T
and 1429C>T) were genotyped by polymerase chain
reaction-restriction enzyme assays. Regular association
tests did not show a significant effect on blood pressure
for any of the five SNPs. However, strongly significant
interactions between the A-350G, 825C>T and 1429C>T
loci and adiposity (both body mass index and waist
circumference) were observed for systolic blood pressure
(P<0.01) as well as diastolic blood pressure (P < 0.05),
suggesting increases in adiposity amplify the effects of the
SNPs on blood pressure. Haplotype analyses confirmed
the effects of the GNB3 gene-obesity interaction on
hypertension risk. Additionally, sib-transmission
disequilibrium tests (sib-TDTs) showed significant
associations with blood pressure for the 825C>T and
1429C>T loci. The presence of obesity reveals an

Introduction

The heterotrimeric G-proteins mediate intracellular
signal transduction and are present in all cells. A
polymorphism, 825C>'T, in the B3 subunit of the
pertussis toxin-sensitive Gi-type proteins (GNB3) has
been described both 77z vitro and in vivo [1]. The 825T
allele was associated with alternative splicing, which
shortens the protein by 41 amino acids. This results in
enhanced G protein-mediated signal transduction, thus
providing a multiplicity of mechanisms of relevance to
the pathogenesis of hypertension [2].

There have been numerous studies indicating that the
8251 allele is a determinant of hypertension. However,
the currently available genetic association studies are not
entirely consistent [3]. This is not unexpected for a
multifactorial disease such as hypertension. There might
be several reasons for this. The first is that only the
825C>"T polymorphism has been investigated in detail.
Roskopf ez al. [4,5] described additional single nucleotide
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association between blood pressure and the GNB3 gene in
White females. Our data suggest that adiposity is a final
pathway through which gene-lifestyle interactions may
exert their effects on the development of hypertension.
Our results from the combined SNP, haplotype and sib-
TDT analyses also support the hypothesis that the 825C>T
is a susceptibility locus for hypertension, whereas effects
of other loci on blood pressure may result from their
strong linkage disequilibrium with the 825C>T locus.
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polymorphisms (SNPs) and the haplotype structure of
the GNB3 gene, showing that the 825C>"T" polymorph-
ism is part of a complex haplotype. Recent findings
suggest that use of haplotypes can reduce inconsistencies
observed in single marker analysis and may improve
power to detect hypertension susceptibility genes [6].
However, GNB3 haplotypes have not yet been used in
association studies of hypertension or blood pressure.

The second reason might be population stratification,
which can be controlled for using within-family associa-
tion tests known as transmission disequilibrium tests
(TD'T's). Extensions of the classic twin study design to
include measured genotypes have been recently de-
scribed [7,8]. Use of dizygotic (DZ) twins has numerous
advantages for the study of the genetics of common
complex traits such as blood pressure. DZ twins are
sib-pairs that are naturally matched for age and a range
of possible environmental confounders, and are thus

ideally suited for sib-TDT's.
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Furthermore, the action of the 825T allele on blood
pressure may be dependent on other factors such as
age, sex, obesity or lifestyle, constituting a final possible
reason for the lack of consistency in association studies
[9-12]. For example, a recent study of 737 men and
775 women from a Caucasian population found clear
sex differences, with effects of the 825C>T poly-
morphism on a range of cardiovascular and metabolic
phenotypes in men, but not in women. In particular,
higher daytime ambulatory systolic blood pressure
(SBP) and diastolic blood pressure (DBP) was observed
in 'T'T" homozygous males, but not in females [10].

The main purpose of the present study was to examine
the associations of multiple SNPs and haplotype varia-
tion of the GNB3 gene with blood pressure in a sample
of 282 female Caucasian dizygotic twins. We also
investigated whether there were interactions between
individual SNPs and haplotypes of the GNB3 gene with
age, and adiposity measured by body mass index (BMI)
and waist circumference.

Methods

Subjects

A total of 282 female Caucasian DZ twins (137 pairs
and eight single twins) aged 21-80 years from the St
Thomas’ UK Adult Twin Registry were available for
this study. Twins from the registry were ascertained
from the general population through national media
campaigns in the UK [13]. All twins participated in a
comprehensive screening for risk factors of common
chronic disease between March and November of 1999
and were unaware of the specific hypotheses tested.
Informed consent was obtained from all subjects and
the study was approved by the St Thomas’ Hospital
Trust Ethics’ Committee. Zygosity was determined by
standardized questionnaire and DNA fingerprinting was
used for confirmation [13]. Information on medical
history, medication use, lifestyle and demographic vari-
ables was obtained by standardized nurse administered
questionnaire.

Measures

Subjects were interviewed and studied by trained
research nurses. Height was measured to the nearest
0.5 cm using a wall-mounted stadiometer. Weight (light
clothing only) was measured to the nearest 0.1 kg using
digital scales. BMI was used as a measure of general
adiposity and calculated as weight divided by height
squared (kg/mz). Waist circumference (cm) was used as
an index of central adiposity and measured at the level
midway between the lower rib margin and the iliac
crest. Brachial blood pressure was measured using an
automated  cuff  sphygmomanometer (OMRON
HEM713C; Omron Healthcare (UK) Ltd, Henfield,
UK) in the seated position under standardized condi-
tions. SBP and DBP were measured three times. The

last two readings were highly correlated (0.90 for SBP
and 0.92 for DBP) and averaged.

Genotyping

DNA was extracted from blood according to standard
procedures. All the GNB3 polymorphisms were de-
tected by polymerase chain reaction (PCR) followed by
restriction enzyme digestion assays, as previously de-
scribed with minor modifications [4]. Genotypes were
confirmed by direct sequence analysis with the use of a
dye terminator kit on an ABI-377 automated sequencer.
Genotyping was carried out in batches and each batch
contained appropriate and verified allelic controls. To
prevent observer bias, the investigators were unaware
of sample origin and all gels were cross-checked by a
separate investigator.

Analytical approach

The main purpose of our analyses was to test the
association between SNP and haplotype variation in
the GNB3 gene with SBP and DBP. We further
investigated whether the effect of the GNB3 gene on
blood pressure was dependent on age and/or adiposity
by testing interactions of individual SNPs and haplo-
types of the GNB3 gene with these variables.

Association analysis

All regular association analyses were performed within a
regression framework using generalized estimating equa-
tions, which takes the non-independency of twin data
into account and yields unbiased P-values [14,15]. Ana-
lyses were performed separately for each of the SNPs and
followed up by haplotype analyses. Both codominant
(three genotype groups) and completely dominant (car-
riers versus non-carriers of rare allele) models for each
SNP were tested. Age and adiposity (either BMI or waist
circumference) were included as covariates in the mod-
els, as were their interactions with individual SNPs and
haplotypes. To test the association of statistically inferred
haplotypes with the continuous blood pressure traits, we
used the haplotype trend regression (HTR) approach as
outlined by Zaykin ¢z a/. [16]. Assuming additive effects
of the haplotypes on the trait, the HTR approach tests for
the contribution of individual haplotypes rather than
haplotype pairs. HTR is more powerful than analysis of
variance methods and naturally extends to the case where
haplotype frequencies are not directly observed [16].
Briefly, HTR is based on the regression of a trait on a
design matrix that includes the expected proportions of
haplotypes. The contributions of haplotypes are
weighted with the design matrix, such that unambiguous
pairs of haplotypes are coded 1 for the haplotypes of
homozygotes and 0.5 for each of the haplotypes of a
heterozygote. All other haplotypes are coded as 0. How-
ever, the contributions of ambiguous pairs of haplotypes
in the design matrix are based on the probabilities of
haplotype pairs (divided by 2) as estimated by PHASE



2.0 software [17,18]. Haplotypes with estimated frequen-
cies below 3% were pooled together and included in the
model as one term. The most frequent haplotype was
used as the baseline haplotype with which effects of the
other haplotypes were contrasted [19].

Sib-TDTs

Sib-TD'T's for quantitative traits were performed using
structural equation modelling as described elsewhere
[20,21]. Parameters were estimated by normal-theory
maximum-likelihood, where the models were fitted to
the raw data. Only DZ pairs discordant for their
genotype are informative for the sib-TDTs. The locus
effect on the quantitative trait was modelled using a
parameterization in which a score « is assigned to AjA,
subjects, & to AjA; subjects, and —a to A,A; subjects.
Codominant (¢ and & estimated), additive (only «
estimated, # = 0) and completely dominant (< equals @)
models were tested for each locus. Comparing the full
model including the genotype effect with the reduced
model in which the effect of the genotype was set to
zero, gives a chi-square test with 2 for the codominant
and a chi-square test with 1d.f. for the additive and
dominant models. Analyses were adjusted for the effect
of adiposity (BMI or waist circumference) by incorpor-
ating these variables as a linear regression on the trait
value within the model. DZ twins are naturally
matched for age in the sib-TDTs. Sib-TDTs were
limited to SNPs because we are not aware of a sib-
TDT method that allows for haplotype phase uncer-
tainty by incorporating haplotype pair probabilities as
used in the regular association test described above.

Statistical analysis

SBP and DBP were both log-transformed to obtain
better approximations of the normal distribution. Pre-
liminary analyses were performed using STATA 8
(StataCorp, College Station, Texas, USA). Hardy-
Weinberg equilibrium was investigated by a chi-square
test with 1d.f. in one twin of each pair chosen at
random to prevent inflated significance. Pairwise link-
age disequilibrium (LLD) coefficients were calculated
using 2 LD [22] and reported as the ratio of the
unstandardized coefficient to the maximal value
(D" = D/Dn.x) [23]. Haplotype frequencies for the five
GNB3 SNPs were estimated using PHASE 2.0 [17,18].
Both DZ twins of a pair were used for estimates of
haplotype frequencies and D’. Ancestral relationships
between inferred haplotypes with frequency > 1%
were investigated using the reduced median (RM)
network algorithm [24] with NETWORK 2.0 software
(http://[www.fluxus-engineering.com). Sib-TDTs were
performed with the statistical software Mx [25].

Results
General characteristics of the female twin subjects are

shown in Table 1. Almost 15% (7 =42) reported
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current use of antihypertensive medication and these
subjects were excluded from further quantitative trait
analyses. An additional 18 subjects were diagnosed with
untreated hypertension (mean SBP = 140 mmHg and/
or mean DBP =90 mmHg). Accordingly, a total of 60
women (21.3%) had hypertension. In an effort to use
the potentially informative 42 subjects on antihyperten-
sive medication, we compared SNP allele and haplo-
type frequencies between hypertensive cases (7 = 60)
and controls (# = 222) but found no significant differ-
ences (data not shown). For the 103 complete DZ twin
pairs who did not use antihypertensive medication,
twin correlations were 0.29 and 0.25 for SBP and DBP,
respectively (P < 0.01). These results are in accordance
with the majority of twin studies reporting SBP and
DBP heritabilities between 40% and 60% [26,27].

Table 2 shows allele frequencies and pairwise LD
coefficients (D') of the five GNB3 polymorphisms in all
subjects. The 657A>T and 814G> are relatively rare
with minor allele frequencies of 2% and 6%, respec-
tively. Apart from a non-significant D’ between these
two rare polymorphisms, strong LD is observed be-
tween all GNB3 loci. None of the loci showed deviation
from Hardy—Weinberg equilibrium.

Results for the regular association test for all five GNB3
SNPs on both SBP and DBP are shown in Table 3. For
the 657A>'T" locus, no homozygotes for the rare allele
were observed. Only two individuals were homozygote
for the 814A allele, and they were combined with the
heterozygote group for the analysis. For the other three
more common SNPs, codominant models (Table 3) as
well as dominant models (data not shown) were tested,
adjusted for either age and BMI, or age and waist
circumference. In spite of some suggestive trends, none
of main effects of the SNPs reached a statistical
significance. Furthermore, none of the interactions be-
tween age and individual SNPs were significant. How-
ever, strongly significant interactions between the A-
350G, 825C>T and 1429C>'T" loci and adiposity (both

Table 1 General characteristics of subjects

Variables Values

n (subjects) 282

Age (years) 49.2 +11.1
Height (m) 1.62 £+ 0.06
Weight (kg) 67.5 + 13.5
BMI (kg/m?) 25.6 + 4.8
Waist circumference (cm) 80.2 +10.4
SBP (mmHg) 118.23 £ 15.13
DBP (mmHg) 74.67 £10.28
Antihypertensive medication (%) 14.89
Hypertension (%)? 21.28

Data are mean + SD, unless stated otherwise. 2SBP = 140 mmHg and/or DBP
= 90 mmHg or antihypertensive medication. BMI, body mass index; SBP,
systolic blood pressure; DBP, diastolic blood pressure.
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Table 2 Allele frequencies and pairwise linkage disequilibrium coefficients of GNB3 polymorphisms in all subjects (D’ below diagonal and

P-value above diagonal)

Physical distance (bp)? Allele frequency —350A>G 657A>T 814G>A 825C>T 1429C>T
—350A>G - 0.33/0.67 - 0.020 0.000 0.000 0.000
657A>T 4075 0.02/0.98 —1.000 - 0.685 0.000 0.019
814G>A 1764 0.94/0.06 -0.513 0.486 - 0.000 0.008
825C>T 11 0.68/0.32 0.830 —0.999 —0.997 — 0.000
1429C>T 1587 0.73/0.27 0.832 —0.423 —0.742 0.864 —

2Physical distances between neighbouring single nucleotide polymorphisms.

Table 3 Results for the association tests between blood pressure and GNB3

polymorphisms

Locus Genotype n SBP (mmHg) Pa DBP (mmHg) pa
—350A>G AA 30 115.3+16.9 NS/NS 71.9+10.8 NS/NS
AG 98 116.3 + 13.3 742 +9.4
GG 112 1171 +£13.9 73.9+10.1

657A>T T 232 116.8 + 141 73.8 £9.9
AT 8 109.9 +8.3 NS/NS 72.0 £8.6 NS/NS
814G>A GG 215 117.2 £ 1441 74.0 £10.0
GA +AA 25 1105 + 121 NS/NS 72.0 £ 84 NS/NS
825C>T CC 116 115.7 +13.3 73.3+£95
CT 97 116.9 + 14.8 NS/NS 73.9 £9.9 NS/NS
T 27 1188 + 144 754 +115
1429C>T CC 130 1156 +11.8 73.3+88
CT 96 117.3+16.6 NS/NS 741 +11.3 NS/NS
T 14 120.4 +13.9 76.5 +£9.2

2Adjusted for: age and BMI/age and waist. BMI, body mass index; SBP, systolic blood pressure; DBP,

diastolic blood pressure; NS, not significant.

BMI and waist circumference) were observed for SBP
(P <0.01) as well as DBP (P < 0.05). GG homozygotes
of the —350A>G locus always showed a steeper in-
crease in SBP and DBP compared to AG heterozygotes
and AA homozygotes with increases in BMI (Fig. 1a) or
waist circumference (data not shown). For the 825C>T
locus, T'T homozygotes showed the steepest, and CC
homozygotes the slowest, increase in SBP and DBP
with increases in BMI (Fig. 1b) or waist circumference
(not shown). Heterozygote individuals showed an inter-
mediate increase. A similar pattern of interaction with
general and central adiposity was observed for the
1429C>T locus, with carriers of the T allele showing
the steepest increase in SBP or DBP with increases in
BMI or waist circumference (data not shown). Further
analyses splitting the sample in a normal weight (BMI
< 25, n=137) and an overweight (BMI = 25, » = 103)
group showed that the effects of the —350A>G,
825C>T and 1429C>T loci on blood pressure was
limited to the overweight group (Table 4).

Table 5 shows inferred haplotype frequencies of GNB3
polymorphisms in all DZ twin subjects. Only three
truly common haplotypes were observed, comprising
83% of the total. Two additional haplotypes (4 and 5)
had frequencies of approximately 5% whereas the
remaining eight haplotypes were rare (< 2%). Figure 2
shows a phylogeny of the eight most common (> 1%)
inferred GNB3 haplotypes in Table 5, allowing insight

into their ancestral relationships. Every haplotype is
connected to the haplotype most similar to itself and
represented by a circle whose area represents the over-
all frequency of that haplotype in the sample. SNPs
that are different between haplotypes are shown on the
connecting lines. Reticulations often suggest recombi-
nant haplotypes. For example, haplotype 4 is best
explained as a recombinant between the highly fre-
quent haplotypes 1 and 3. An analysis of nonhuman
primates [4] indicated that the ancestral GNB3 gene
harbored the —350G, 814G, 825C and 1429C alleles.
Thus, the most common haplotype 1 is the ancestral
haplotype.

Because the 657A>T" polymorphism showed no varia-
tion among the seven most common haplotypes, this
locus was excluded from the haplotype association
analyses. That is, haplotype frequencies were re-esti-
mated using only the —350A>G, 814G>, 825C>"1" and
1429C>T SNPs. The results of these haplotype ana-
lyses are shown in Table 6. No significant main effects
of GNB3 haplotypes on blood pressure were found.
The inclusion of haplotype—adiposity interactions al-
ways led to a significant improvement of the overall
model for both SBP and DBP with haplotypes GGTT
and GG'TC responsible for the effect (Table 6). The
beta coefficient for the GGTT-BMI interaction
(P =0.054) on SBP was 1.5, which means that indivi-
duals homozygous for this haplotype show a 1.5 mmHg
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(a) —~350A>G genotype and body mass index (BMI) interaction on
systolic (P = 0.001) and diastolic blood pressure (P = 0.014). (b)
825C>T genotype and BMI interaction on systolic (P = 0.008) and
diastolic blood pressure (P = 0.015).

steeper increase in SBP per unit increase of BMI
compared to the most common reference haplotype.
Similarly, the beta coefficient for the GGTC-waist
interaction (P =0.042) on DBP was 0.75 (i.e. indivi-
duals homozygous for GGTC show a 0.75 mmHg
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steeper increase in DBP per cm increase in waist
circumference compared to the baseline haplotype).
The differentiating characteristic of both these haplo-
types is the 8257T allele at position 3 compared to the
most common haplotype GGCC. Based on simulations,
Lake ¢z al. [19] suggest that haplotype frequencies need
to be at least 5% to avoid biased regression parameters.
However, pooling the AACC haplotype (3.8%) with the
other rare haplotypes in a rest category did not change
the results (data not shown).

For the 657A>T and 814G> loci, very few DZ pairs
were informative for the sib-TDT, such that analyses
were only performed for the three common SNPs
(Table 7). Only additive (#) and completely dominant
(d = a) models are shown, because dominance devia-
tion (#) in the codominant models (¢ + &) was never
significant (i.e. 4=0). The 825C>T polymorphism
showed a significant association with SBP in both
additive and dominant models, irrespective of adjust-
ment for adiposity. Association with DBP in the
dominant model was of borderline significance. The
same pattern was found for the association between the
1429C>T locus and SBP, although the significance was
only borderline for the raw data (i.e. unadjusted for
adiposity).

Discussion

In this cohort of female twins, we comprehensively
examined the influence of GNB3 polymorphisms
(=350A>G, 657A>T, 814G>, 825C>T and
1429C>T) and informative haplotypes on SBP and
DBP. Regular association tests did not show any signifi-
cant findings between these polymorphisms and blood
pressure. However, strong interactions between the
three common polymorphisms (—350>G, 825C>T and
1429C>T) and adiposity were observed for SBP as well
as DBP. Increases in both BMI and waist circumfer-
ence amplified the effects of the SNPs on blood
pressure in a dose—response fashion for T allele carriers
of both the 825C>T and 1429C>T loci. For the
—350A>G promoter polymorphism, GG homozygotes

Table 4 Results for the association tests between blood pressure and —350A>G, 825C>T and 1429C>T according to BMI category

BMI < 25 kg/m?

BMI = 25 kg/m?

Locus Genotype n SBP (mmHg) P2 DBP (mmHg) P2 N SBP (mmHg) P2 DBP (mmHg) P2
—3850A>G AA 20 1111 £156.1 68.2 + 8.5 10 123.6 +18.1 79.4+ 115

AG 59 1142 £ 125 72.6 +£9.3 39 119.5 £ 14.0 76.6 +£ 9.2

GG 58 110.7 £ 10.0 NS 70.1 +£8.3 NS 54 1239 +14.4 0.051 78.0 +10.2 NS
825C>T CcC 71 113.8 £ 131 71.6 +£9.1 45 118.6 £ 13.3 76.1 9.5

CT 51 1109 £ 11.2 70.6 + 8.9 46 123.6 £ 155 77.4+9.9

T 15 109.6 + 6.9 NS 68.7 + 7.6 NS 12 130.2 + 131 < 0.025 83.3 +10.0 0.052
1429C>T CC 73 1138+ 11.9 71.4 + 8.4 57 1178 £ 115 75.6 + 8.9

CT 55 1104 £ 125 70.2 +£10.0 41 126.6 £17.0 79.4 +10.8

T 9 1116+ 75 NS 71.7 £ 5.4 NS 5 136.3 + 4.7 < 0.01 85.3 + 8.1 < 0.05

2Adjusted for age. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; NS, not significant.
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Table 5 Inferred haplotype frequencies of GNB3 polymorphisms in all
subjects (n =282)
Frequency
Haplotype —350A>G 657A>T 814G>A 825C>T 1429C>T (n=564)
1 G T G C C 0.3369
2 A T G C C 0.2677
3 G T G T T 0.2270
4 G T G T C 0.0567
5 A T A C C 0.0426
6 G T G C T 0.0195
7 G T A C C 0.0142
8 G A G T T 0.0124
9 A T G T C 0.0071
10 G A G T C 0.0071
11 A T G T T 0.0053
12 A T A C T 0.0018
13 A T G C T 0.0018

Fig. 2

Phylogeny of GNB3 haplotypes. Each haplotype is represented by a
circle whose area represents the overall frequency of that haplotype in
the sample. The haplotype numbers correspond to those in Table 4.
The site differences between haplotypes are shown on the connecting
lines. Only haplotypes observed in > 1% of the sample are displayed.

showed a steeper blood pressure increase compared to
A allele carriers. Stratified analysis confirmed that
association with blood pressure for these SNPs was only
observed in overweight subjects.

We have confirmed findings by Rosskopf ez a/. [4,5] that
most polymorphisms within the GNB3 gene are in
strong LD, especially in Caucasians. In particular, the
additional polymorphisms selected in this study
(=350A>G, 657A>T, 814G> and 1429C>T) were all
in strong LD with the 825C>T. Based on comparison
of observed and predicted genotype distributions (chi
squared tests) between pairs of loci, Rosskopf ez a/. [5]
deduced two typical GNB3 haplotypes in Caucasians, a
C haplotype (including —350G, C825 and C1429) and a

T haplotype (including A-350, 8251 and 14297T). How-
ever, the frequencies of these major haplotypes were
not given. Estimates of haplotype frequencies in our
Caucasian sample showed three common haplotypes
with frequencies > 20%, two with frequencies of
approximately 5% and eight rare haplotypes (< 2%).
The C haplotype was the most common one in our data
(34%), and analyses of nonhuman primates [4] indicate
that this is the ancestral GNB3 haplotype. Interest-
ingly, the T haplotype, more specifically the combina-
tion of A-350 and 825T, was extremely rare in our
British females (1.24%). This was in agreement with a
low haplotype frequency of 4.46% in Germans, as based
on the contingency table data presented by Rosskopf
et al. [5] and estimated using 2 LD [22]. The explana-
tion is that the G rather than the A allele of the
—350A>G promoter polymorphism is in LD with the
825T allele, resulting in a considerable frequency of
this —350G/825T combination in our data (> 28%,
haplotypes 3, 4, 8 and 10) (Table 4), as well as the
German data (27%). Thus, haplotype 3 in our data
(GTGTT, Table 4) can be considered the T haplotype,
which showed marked differences in predicted second-
ary structure of the pre-mRNA, potentially resulting in
alternative splicing [5], and is thus most likely to show
an effect on outcome variables.

To the best of our knowledge, this study is the first to
perform haplotype association analyses for the GNB3
gene. The results of these haplotype analyses offered
further insight into the GNB3—-obesity interaction ob-
served in the single SNP analyses. After exclusion of
the rare and uninformative 657A>"T" locus, haplotypes 3
(GGTT) and 4 (GGTC) were found to be associated
with higher blood pressure increases with increasing
levels of adiposity. The promoter —350G allele did not
differ between these haplotypes and the most common
baseline haplotype GGCC. This is in agreement with
evidence from reporter gene assays showing that the

—350A>G polymorphism did not change the GNB3
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Table 6 Results of haplotype analysis using four single nucleotide polymorphisms
in GNB3 gene including —350A>G, 814G>A, 825C>T and 1429C>T

P-value BMI model P-value waist model

Effects Haplotype Frequency SBP DBP SBP DBP
Main Age 0.000 0.056 0.001 0.220
BMl/waist 0.008 0.011 0.008 0.002
AGCC 0.263 NS NS NS NS
GGTT 0.234 NS NS 0.081 NS
GGTC 0.065 NS NS NS 0.057
AACC 0.038 NS NS NS NS
Interaction AGCC-BMl/waist NS NS NS NS
GGTT-BMl/waist 0.054 0.099 0.040 NS
GGTC-BMl/waist NS NS NS 0.042
AACC-BMl/waist NS NS NS NS
Overall P for < 0.01 < 0.05 < 0.05 < 0.05

interactions

Results are shown for models that include haplotype interactions with either BMI or waist
circumference. Estimates are contrasts with the most common haplotype GGCC

(frequency = 0.341). BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; NS, not significant.

Table 7 Results for the sib-transmission disequilibrium test (sib-TDT) between blood pressure and three
common GNB3 polymorphisms

=L
n? Genotype 11 Genotype 12 Genotype 22 Additive model Dominant model

—350A>G

SBP 48 112.0 115.8 112.8 NS/NS/NS NS/NS/NS

DBP 48 71.1 74.4 70.8 NS/NS/NS NS/NS/NS
825C>T

SBP 42 111.7 117.4 118.6 < 0.05/< 0.05/< 0.05 < 0.05/< 0.05/< 0.05

DBP 42 71.0 74.2 73.8 NS/NS/NS 0.056/0.060/< 0.05
1429C>T

SBP 48 112.6 116.2 120.3 0.079/< 0.05/< 0.05 0.090/0.054/< 0.05

DBP 48 715 72.6 75.9 NS/NS/NS NS/NS/NS

2n is the total number of informative dizygotic twin pairs included in the sib-TDT analysis. ® P-value for raw data/adjusted for BMI/adjusted

for waist. NS, Not significant.

promoter activity and is unlikely to be functional. The
more rapid rise in blood pressure with increasing
adiposity in GG homozygotes as shown by the single
SNP analysis (Fig. 1a) can probably be attributed to
LD between the —350G and 8257 alleles. Interest-
ingly, both these haplotypes (3 and 4) carried the 825T
allele at position 3, but differed in their 1429C>T
allele (position 4). This indicates that the 1429T allele
might not be necessary for a cooperative effect on the
GNB3 pre-mRNA structure that would favour use of
the alternative splice site[4].

Although we were unable to show significant results of
the overall association tests, sib-"TDT's showed associa-
tions with blood pressure for both the 825C>T and
1429C>T" SNPs. However, the association was more
convincing and significant for the 825C>T locus.
These results are interesting, because they rule out a
spurious association caused by hidden population strati-
fication. They are also unexpected, because only DZ
pairs discordant for their genotype are informative for

the sib-"TDT, which reduces the effective sample size
(and power) for this test [20]. We infer that using DZ
twins for the sib-TDT may have added value. In
addition to partial matching for genetic background
effects, DZ twins are naturally matched for age and a
range of possible environmental confounders. The
within-pair difference as used in the sib-TDT may
therefore provide a more precise estimate of the
genetic effect.

The combination of our single SNP, haplotype and sib-
TDT results supports the hypothesis that the 825C>T
locus is mainly responsible for the association with
blood pressure. The effects of the other loci appear to
be secondary, and can efficiently be explained by their
strong LD with the 825T allele.

The 825T allele has also been highlighted as a risk
factor for obesity. In addition to BMI and waist
circumference, measures of total body fat and central
fat based on dual-energy X-ray absorptiometry were
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available in most of our subjects [28]. SNP, haplotype
and sib-TDT analyses of these traits were not pre-
sented in this paper as none of the results reached
significance. These findings appear to be in agreement
with the literature where effects of the 825C>T
polymorphism have mostly been limited to males
[10,29] and may only become apparent in females in
the presence of adverse environmental factors such as a
sedentary lifestyle [30]. Similar mechanism may explain
why effects of the 825C>T locus on hypertension and
blood pressure have been stronger in men than in
women [9,10]. Women may be protected against the
hypertensive action of the 825T allele, and additional
factors such as a strong family history of essential
hypertension [31] or obesity, as in our study, may be
needed to unmask the effect of the polymorphism.

At least four possible pathways may explain why in-
creasing levels of obesity potentiate the effect of the
GNB3 gene on hypertension risk. The first pathway
consists of the sympathetic nervous system and its
effect on vasoconstriction. Obese individuals show in-
creased levels of leptin and free fatty acids, which
stimulate sympathetic activity and the production of
vasoconstrictive agents, including norepinephrine, en-
dothelin-1 and angiotensin II, that act via G-protein
coupled receptors. For example, Baumgart er a/. [32]
found an almost two-fold enhanced o;-adrenoceptor-
mediated vasoconstriction in 8251 allele carriers, and a
recent study [33] observed enhanced vasoconstriction in
the skin microcirculation in response to infusion of
noradrenaline, endothelin-1 and angiotensin II in car-
riers of the 8251 allele. Direct effects of leptin on the
vascular wall may constitute the second pathway.
Experimental models show that leptin promotes vascu-
lar cell calcification and smooth muscle cell proliferation
and migration, which may lead to the intimal thicken-
ing and impaired arterial distensibility [34,35]. Further
evidence from prospective and animal studies confirms
the link between the hyperleptinemia of obesity with
cardiovascular disease and hypertension [36,37]. Insulin
resistance is the third pathway. Siffert [38] speculated
that the 825T allele predisposes to hypertension via
hyperinsulinemia. Obesity-induced insulin resistance
and subsequent endothelial dysfunction may amplify
the vasoconstrictor response in 1" allele carriers. Finally,
obesity may increase renal tubular sodium reabsorption
through hyperactivity of the renin—angiotensin system,
and possibly by an alteration of intrarenal physical
forces, thereby enhancing the renal action of the T
allele. There is evidence that altered intracellular signal
transduction in 825T allele carriers increases Nat—H™
exchanger activity [39], which may lead to increased
renal tubular sodium reabsorption and volume expan-
sion. This view is strengthened by the association
between the 825T allele and lower levels of plasma
renin in a population-based study [40].

In summary, obesity reveals an association between the
GNB3 gene and blood pressure in our cohort of adult
females. Women may display initial protection against
the hypertensive effect of the 825T allele or the “T
haplotype’ of the GNB3 gene, and this effect is
unmasked by additional adverse genetic (e.g. a family
history of hypertension) or environmental factors such
as a sedentary lifestyle. These findings highlight the
importance of adiposity as a final pathway through
which gene-lifestyle interactions may exert their ef-
fects on the development of hypertension.

References

1 Siffert W, Rosskopf D, Siffert G, Busch S, Moritz A, Erbel R, et al.
Association of a human G-protein beta3 subunit variant with hyper-
tension. Nature Genet 1998; 18:45-48.

2 Dong Y. The G protein beta3 subunit polymorphism in human hyper-
tension. Int J Cardiol 2000; 73:197-198.

3 Brand E, Herrmann SM, Nicaud V, Ruidavets JB, Evans A, Arveiler D, et
al. The 825C/T polymorphism of the G-protein subunit beta3 is not
related to hypertension. Hypertension 1999; 33:1175-1178.

4 Rosskopf D, Busch S, Manthey |, Siffert W. G protein beta 3 gene:
structure, promoter, and additional polymorphisms. Hypertension 2000;
36:33-41.

5 Rosskopf D, Manthey |, Siffert W. Identification and ethnic distribution of
major haplotypes in the gene GNB3 encoding the G-protein beta3
subunit. Pharmacogenetics 2002; 12:209-220.

6 Zhu X, Chang YP, Yan D, Weder A, Cooper R, Luke A, et al. Associations
between hypertension and genes in the renin-angiotensin system. Hyper-
tension 2003; 41:1027-1034.

7 Luft FC. Twins in cardiovascular genetic research. Hypertension 2001;
37:350-356.

8 MacGregor AJ, Snieder H, Schork NJ, Spector TD. Novel uses of twins
to study the genetics of complex traits and diseases. Trends Genet
2000; 16:131-134.

9 Hengstenberg C, Schunkert H, Mayer B, Doring A, Lowel H, Hense HW,
et al. Association between a polymorphism in the G protein beta3 subunit
gene (GNB3) with arterial hypertension but not with myocardial infarction.
Cardiovasc Res 2001; 49:820-827.

10 Brand E, Wang JG, Herrmann SM, Staessen JA. An epidemiological
study of blood pressure and metabolic phenotypes in relation to the
Gbeta3825C>T polymorphism. J Hypertens 2003; 21:729-737.

11 Castellano M. Genetic association studies on gender- and age-related
phenotypes: the case of GNB3 gene. J Hypertens 2003; 21:683-685.

12 Siffert W. G-protein beta3 subunit 825T allele and hypertension. Curr
Hypertens Rep 2003; 5:47-53.

13 Spector TD, MacGregor AJ. The St. Thomas' UK Adult Twin Registry.
Twin Res 2002; 5:440-443.

14 Trégouét D-A, Ducimetiére P, Tiret L. Testing association between
candidate-gene markers and phenotype in related individuals, by use of
estimating equations. Am J Hum Genet 1997; 61:189-199.

15 Grainger DJ, Heathcote K, Chiano M, Snieder H, Kemp PR, Metcalfe JC,
et al. Genetic control of the circulating concentration of transforming
growth factor type $1. Human Molecular Genetics 1999; 8:93-97.

16 Zaykin DV, Westfall PH, Young SS, Karnoub MA, Wagner MJ, Ehm MG.
Testing association of statistically inferred haplotypes with discrete and
continuous traits in samples of unrelated individuals. Hum Hered 2002;
53:79-91.

17 Stephens M, Smith NJ, Donnelly P. A new statistical method for haplotype
reconstruction from population data. Am J Hum Genet 2001; 68:
978-989.

18 Stephens M, Donnelly P. A comparison of bayesian methods for
haplotype reconstruction from population genotype data. Am J Hum
Genet 2003; 73:1162-1169.

19 Lake SL, Lyon H, Tantisira K, Silverman EK, Weiss ST, Laird NM, et al.
Estimation and tests of haplotype—environment interaction when linkage
phase is ambiguous. Hum Hered 2003; 55:56 - 65.

20 Snieder H, van den Oord EJCG, Chiano M, MacGregor AJ, Spector TD.
Sib-TDT analysis of human TGF-f1 gene single nucleotide polymorph-
isms in female twins: evidence for linkage and association with blood
pressure at the codon 263 polymorphism. GeneScreen 2000; 1:89-91.

21 Keen RW, Snieder H, Molloy H, Daniels J, Chiano M, Gibson F, et al.
Evidence of association and linkage disequilibrium between a novel



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

GNB3-obesity interaction and blood pressure Dong et al.

polymorphism in the transforming growth factor 1 gene and hip bone
mineral density: a study of female twins. Rheumatology 2001; 40:48-54.
Zhao JH. 2LD - two-locus linkage disequilibrium (LD) calculator: http://
www.iop.kcl.ac.uk/loP/Departments/PsychMed/GEpiBSt/software.shtml;
2002.

Lewontin RC. On measures of gametic disequilibrium. Genetics 1988;
120:849-852.

Bandelt HJ, Forster P, Sykes BC, Richards MB. Mitochondrial portraits of
human populations using median networks. Genetics 1995; 141:
743-753.

Neale MC, Boker SM, Xie G, Maes HH. Mx: Statistical Modeling.
Richmond, VA: Department of Psychiatry, Virginia Commonwealth Uni-
versity; 1999.

Snieder H. Familial aggregation of blood pressure. In: Portman RJ, Sorof
IM, Ingelfinger J (editors). Pediatric Hypertension. Totowa, NJ: Humana
Press; 2004.

Evans A, Van Baal GC, McCarron P, DeLange M, Soerensen Tl, De Geus
EJ, et al. The genetics of coronary heart disease: the contribution of twin
studies. Twin Res 2003; 6:432-441.

Samaras K, Spector TD, Nguyen TV, Baan K, Campbell LV, Kelly PJ.
Independent genetic factors determine the amount and distribution of fat
in women after the menopause. J Clin Endocrinol Metab 1997; 82:
781-785.

Siffert W, Forster P, Jockel KH, Mvere DA, Brinkmann B, Naber C, et al.
Worldwide ethnic distribution of the G protein beta3 subunit 825T allele
and its association with obesity in Caucasian, Chinese, and Black African
individuals. J Am Soc Nephrol 1999; 10:1921-1930.

Gutersohn A, Naber C, Muller N, Erbel R, Siffert W. G protein beta3
subunit 825 TT genotype and post-pregnancy weight retention. Lancet
2000; 355:1240-1241.

Benjafield AV, Jeyasingam CL, Nyholt DR, Giriffiths LR, Morris BJ. G-
protein beta3 subunit gene (GNB3) variant in causation of essential
hypertension. Hypertension 1998; 32:1094-1097.

Baumgart D, Naber C, Haude M, Oldenburg O, Erbel R, Heusch G, et al.
G protein beta3 subunit 825T allele and enhanced coronary vasocon-
striction on alpha(2)-adrenoceptor activation. Circ Res 1999; 85:
965-969.

Wenzel RR, Siffert W, Bruck H, Philipp T, Schafers RF. Enhanced
vasoconstriction to endothelin-1, angiotensin Il and noradrenaline in
carriers of the GNB3825T allele in the skin microcirculation. Pharmaco-
genetics 2002; 12:489-495.

Parhami F, Tintut Y, Ballard A, Fogelman AM, Demer LL. Leptin enhances
the calcification of vascular cells: artery wall as a target of leptin. Circ
Res 2001; 88:954-960.

Singhal A, Farooqi IS, Cole TJ, O'Rahilly S, Fewtrell M, Kattenhorn M,

et al. Influence of leptin on arterial distensibility: a novel link between
obesity and cardiovascular disease? Circulation 2002; 106:1919-1924.
Wallace AM, McMahon AD, Packard CJ, Kelly A, Shepherd J, Gaw A,

et al. Plasma leptin and the risk of cardiovascular disease in the west of
Scotland coronary prevention study (WOSCOPS). Circulation 2001;
104:3052-3056.

Aizawa-Abe M, Ogawa Y, Masuzaki H, Ebihara K, Satoh N, Iwai H, et al.
Pathophysiological role of leptin in obesity-related hypertension. J Clin
Invest 2000; 105:1243-1252.

Siffert W. G protein beta 3 subunit 825T allele, hypertension, obesity,
and diabetic nephropathy. Nephrol Dial Transplant 2000; 15:
1298-1306.

Siffert W, Rosskopf D, Moritz A, Wieland T, Kaldenberg-Stasch S, Kettler
N, et al. Enhanced G protein activation in immortalized lymphoblasts from
patients with essential hypertension. J Clin Invest 1995; 96:759-766.
Schunkert H, Hense HW, Doring A, Riegger GA, Siffert W. Association
between a polymorphism in the G protein beta3 subunit gene and lower
renin and elevated diastolic blood pressure levels. Hypertension 1998;
32:510-513.

9



	Introduction
	Methods
	Subjects
	Measures
	Genotyping
	Analytical approach
	Association analy—sis
	Sib-TDTs
	Statistical analy—sis

	Results
	Table 1
	Table 2
	Table 3
	Discussion
	Figure 1
	Table 4
	Table 5
	Figure 2
	Table 6
	Table 7
	References
	mkr1
	mkr2
	mkr3
	mkr4
	mkr5
	mkr6
	mkr7
	mkr8
	mkr9
	mkr10
	mkr11
	mkr12
	mkr13
	mkr14
	mkr15
	mkr16
	mkr17
	mkr18
	mkr19
	mkr20
	mkr21
	mkr22
	mkr23
	mkr24
	mkr25
	mkr26
	mkr27
	mkr28
	mkr29
	mkr30
	mkr31
	mkr32
	mkr33
	mkr34
	mkr35
	mkr36
	mkr37
	mkr38
	mkr39
	mkr40

