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Genetic and environmental influences on blood
pressure and body mass index in Han Chinese:
a twin study

Ting Wu1,2, Harold Snieder2,3, Liming Li1, Weihua Cao1, Siyan Zhan1, Jun Lv1, Wenjing Gao1,
Xiaoling Wang3, Xiuhua Ding3 and Yonghua Hu1

The familial aggregation of blood pressure (BP) may be partly due to the familial aggregation of obesity, caused by genetic

and/or environmental factors that influence both. Gene–obesity interactions are expected to result in different heritability

estimates for BP at different obesity levels. However, the latter hypothesis has never been tested. The present study included

1243 monozygotic and 833 dizygotic Han Chinese twins (mean±s.d. age: 37.81±9.82; range: 19.1–81.4) from the Chinese

National Twin Registry. Body mass index (BMI) was used as the index of general obesity. The outcome measures were systolic

BP (SBP) and diastolic BP (DBP). Quantitative genetic modeling was performed using Mx software. The SBP and DBP

heritabilities were 46 and 30%, respectively. The positive correlations of BMI with SBP (r¼0.26) and with DBP (r¼0.27) were

largely due to genetic factors (approximately 85%). Genetic factors, which also influence BMI, account for 6 and 7% of

the total variance for SBP and DBP, respectively. The gene–obesity interaction analysis showed that both common and unique

environmental influences on SBP increased with increasing levels of BMI, resulting in a lower heritability at higher BMI levels,

whereas for DBP the heritability remained unchanged at higher BMI levels. Our results suggest that higher BMIs may reduce

SBP heritability through a larger impact of environmental effects. These conclusions may be valuable for gene-finding studies.
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INTRODUCTION

Hypertension affects a large proportion of the adult population,1 and
is caused by complex interactions of environmental and genetic factors
that vary across populations. Obesity is a well-established risk factor
for hypertension.2–4

Twin studies have shown that underlying continuous traits for both
hypertension and obesity are significantly heritable. Heritability esti-
mates for both systolic blood pressure (SBP) and diastolic blood
pressure (DBP) are between 40 and 60%,5 and the heritability for body
mass index (BMI) is also substantial.6–8 These estimates raise the
possibility that common genetic susceptibility may account for the
association. Several previous twin and family studies have shown that
the association between blood pressure (BP) and BMI is partly
attributed to a common set of genetic factors,5,9–11 although another
study investigating the differences in monozygotic (MZ) twins showed
that even in the absence of genetic influences, obesity may still be
significantly associated with BP.12 Moreover, most of these studies

were performed in Caucasians and with relatively small sample sizes;
studies conducted with Asian twins are rare.13 Another possibility of
interest is that obesity modifies the genetic susceptibility to hyperten-
sion. However, no study has hitherto quantified, such an effect
of BMI, on the relative contribution of genetic and environmental
factors on BP.

Twin studies provide a unique opportunity to provide evidence
regarding genetic and environmental influences not only on the
variation of individual traits but also on cross-trait correlations.
Furthermore, study designs involving twins can examine evidence
for gene–environment interactions.14 Such information will help
direct molecular, clinical and epidemiological studies on specific
underlying causes of the disease. The present twin study is among
the very few studies that investigate the shared genetic and environ-
mental influences on BP and obesity, as well as the effect of gene–
obesity interactions on these influences. Moreover, our study is the
first to report such analyses in the Han Chinese population and uses a
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comparatively large sample size. The aims of this study were to
(1) examine the relative influence of genetic and environmental factors
on SBP, DBP and BMI; (2) investigate the extent to which the
phenotypic correlations between BP and BMI may be explained by
genetic or environmental factors using bivariate variance component
models; and (3) investigate the extent to which BMI may modify the
genetic influence on SBP and DBP in a large sample of adult twins
from the Chinese National Twin Registry.

METHODS

Subjects
The present study comprised subjects from the Chinese National Twin Registry,

which was established in 2001.15,16 In total, 2111 subjects were recruited from

Qingdao and Lishui, two cities located in the north and south of China,

respectively. In this study, we excluded three triplets (nine individuals), 20

individuals who had type 2 diabetes, two pairs of twins who did not have sex

information and one pair of twins who did not have BP measures. After the

exclusions, 1243 MZ (620 pairs and three singletons) and 833 dizygotic (DZ)

(414 pairs and five singletons) twins, including pairs of the same and the

opposite sex (age, mean±s.d.: 37.81±9.82; range: 19.1–81.4), were included.

Gender and ABO blood type were used for an initial screen of zygosity, and

those twin pairs showing differences were categorized as DZ. Then X4 Short

Tandem Repeat markers were used to determine zygosity in the remaining

twins.16,17 Written informed consent was obtained from all participants before

they entered the study, which was approved by the Ethics Committee for

Human Subject Studies of the Peking University Health Science Center.

Measurements
BP was measured in seated subjects with a mercury-gravity sphygmomanometer

according to standard protocols.18 Each individual of a pair of twins was

measured on the same day in the morning and was seated quietly for at least

5 min before measurement. Three measurements were taken for each subject

with an interval of at least 30 s between measurements, and the mean value of

the three measurements was used in the analysis. Subjects were asked to refrain

from alcohol, coffee and vigorous exercise during the 24 h before the measure-

ments, and they were also asked to fast for 12 h before the measurements. Height

was measured to the nearest cm using a wall-mounted stadiometer. Weight

(light clothing only) was measured to the nearest 0.1 kg using digital scales. BMI

was calculated as weight divided by the square of the height (kg m�2).

Statistical analysis
Structural equation modeling was the primary method of analysis. Structural

equation modeling is based on the comparison of the variance–covariance

matrices in MZ and DZ twin pairs and allows the separation of the observed

phenotypic variance into its genetic and environmental components: additive

(A) or dominant (D) genetic components and common (C) or unique (E)

environmental components. Dividing each of these components by the total

variance yields the different standardized components of the variance. For

example, the heritability (h2) can be defined as the proportion of the total

variance attributable to additive genetic variation.19 We focused on the additive

genetic effects and common and unique environmental effects because there

was little evidence that correlations among MZ twins substantially exceeded

twice those among DZ twins, which would indicate dominance variance.19

Sex differences were examined by comparing a full model, in which

parameter estimates were allowed to differ in magnitude between men and

women, with a reduced model, in which parameter estimates were constrained

to be equal across the sexes. In addition to those models, a scalar model was

tested. In the scalar model, the heritabilities were constrained to be equal across

sexes, but total variances could be different.20

For the second purpose of the study, a bivariate path model, which is shown

in Figure 1, was used. With this model, which made use of the ‘Cholesky

decomposition,’ we can not only estimate the heritability of BMI
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test whether the magnitude of the genetic influence differs for BMI and BP. We

can further test whether the genes influencing BP are the same (that is, a22¼0?),

partly the same (that is, a21a0 and a22a0?) or entirely different (that is,

a21¼0?) from those for BMI. If they are partly the same, this bivariate model

allows further determination of the amount of overlap between the genes that

influence BP and BMI by calculating the genetic correlation between the two

traits (rg¼COVA (trait 1, trait 2)/O(VAtrait1*VAtrait2)). The shared and unique

environmental correlations can be calculated in a similar manner.19,21

We then fit the gene–environment interaction models as described by

Purcell14 using BMI as a continuous moderator and incorporating all available

twin pairs (Figure 2). In this gene–environment interaction model, the

phenotypic variance of the outcome variables (SBP and DBP) was portioned

into A, C and E components, with the path coefficients associated with each

variable expressed as linear functions of the moderator (for example, A+T�M1,

C+U�M1 and E+V�M1), in which M1 represents the value of the moderator
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Figure 1 Path diagram for a bivariate model. For clarity only one twin is

depicted. A1, A2¼genetic variance components; C1, C2¼common

environmental variance components; E1, E2¼unique environmental variance

components; a11 through a22¼genetic path coefficients (or factor loadings)

of which a22 represents specific genetic influences on SBP; c11 through

c22¼common environmental path coefficients (or factor loadings) of which
c22 represents specific common environmental influences on SBP; e11

through e22¼unique environmental path coefficients (or factor loadings), of

which e22 represents specific unique environmental influences on SBP.

Formulas for the different heritability estimates are as follows:
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Figure 2 Partial path diagram for the basic gene–environment interaction

model. A¼additive genetic effects; C¼common environmental effects;

E¼unique environmental effects; M¼moderator (BMI in the present study);

T¼moderated component of A; U¼moderated component of C; V¼moderated

component of E; B¼linear effects of moderator on mean (forced entry).
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and B represents the linear effects on the outcome. Because we were primarily

interested in the effects of BMI on the variance components, we forced B into

the model to guard against model misspecification. That is, by forcing the effect

of BMI into the model, we guarded against detecting the GxE that is actually

due to gene–environment correlation (rGE). A significant compromise of model

fit when parameters T, U and V were fixed to zero reflected evidence of

significant moderation of additive genetic, common environmental and unique

environmental variance by BMI, respectively. For example, a significant

moderation of additive genetic variance alone would suggest that the magni-

tude of the heritability of SBP changes as the moderator increases or decreases.

Variance components were only tested for significance if the respective

interaction terms had been dropped from the model; for example, A was not

tested unless T was not significant, to avoid modeling interactions in the

absence of the main effects. In the final model, each parameter contributed

significantly to the model fit (Po0.05). BMI may be correlated with the genetic

effects on BP (rGE) rather than modifying the genetic effects on BP (G�E).

However, entering BMI in the means model to allow for a main effect would

effectively remove from the covariance model any genetic effects that may be

shared between BP and BMI (a21 in Figure 1). Thus, any interactions detected

will not be due to gene–environment correlation (rGE), but will instead be

interactions between BMI and the variance components specific to BP. We

further performed stratified analyses in twin pairs concordant for normal

weight or overweight to confirm the results from the above analysis. Over-

weight in our population of Han Chinese was defined as BMIX24 kg m�2.22,23

Before the analysis, 15 and 10 mm Hg were added to SBP and DBP,

respectively, for individuals using antihypertensive medication because this

addition was shown to reduce bias and improve statistical power.24,25 However,

performing all analyses after the exclusion of 39 subjects who were currently

taking antihypertensive medication yielded virtually identical results. SBP, DBP

and BMI were log-transformed to obtain a better approximation of the normal

distribution. The effects of age, gender and study site were regressed for the log-

transformed SBP and DBP before using the residuals in model fitting. To obtain

the heritabilities for SBP and DBP independent of obesity, we adjusted for BMI

in the univariate analysis. For the gene–BMI interaction analysis, only SBP and

DBP were log-transformed. The significance of moderator effects T, U and V

and variance components A and C were assessed by testing the deterioration in

model fit after each term was dropped from the full model. Standard hierarchic

w2-tests were used to select the best-fitting models in combination with Akaike’s

Information Criterion (w2-2d.f.). The model with the lowest Akaike’s Informa-

tion Criterion reflects the best balance of goodness of fit and parsimony.19

Preliminary analyses were done using STATA 10.0 (Stata Corp., College Station,

TX, USA). Genetic modeling was conducted with Mx, a computer program

specifically designed for the analysis of twin and family data.26

RESULTS

Sample and demographics
The general characteristics of the male and female twins are presented
in Table 1. Men had higher SBPs and DBPs than women. More women
lived in the city of Qingdao compared with men. Subjects who lived in
Qingdao had higher SBPs and DBPs (Pso0.001) than those living in
the city of Lishui. None of the traits showed significant differences
between MZ and DZ twins.

Table 2 presents the twin correlations for all traits of each sex-by-
zygosity group. For SBP and DBP, the results are shown before and
after adjustment for BMI. The MZ correlations were consistently
higher than the DZ correlations, indicating an important contribution
of genetic factors. The DZ correlations for all traits were more than
half of the corresponding MZ correlations, suggesting an absence of
dominance (D) effects. There was no substantial change in the
correlations after adjustment for BMI.

Univariate model
Parameter estimates of the best-fitting models for SBP, DBP and BMI
are shown in Table 3. All three traits were significantly heritable, with

heritabilities of 46% for SBP, 30% for DBP and 74% for BMI. For SBP
and DBP, the model, including additive genetic, common and unique
environmental (ACE) effects without sex differences, provided the best
fit. Heritability of SBP and DBP decreased after adjustment for BMI,
indicating that BP shared some genetic factors with BMI to some
extent. For BMI, we also tested for the presence of a common
environmental effect, but dropping this effect had virtually no effect
on the model fit. A scalar sex effect was observed for BMI, with
women showing larger total variability than men, but there was equal
heritability across the sexes.

Bivariate model
We performed a bivariate model fitting to estimate to what extent the
phenotypic correlations can be explained by genetic or environmental
factors that influence both BP and obesity (Figure 1). BMI was
significantly correlated with both SBP (0.26) and DBP (0.27), reflect-
ing higher levels of BP at higher levels of BMI. Genetic correlations for
BP and BMI were substantial (0.38 and 0.48 for SBP and DBP,
respectively), whereas unique environmental correlations were some-
what weaker, but still highly significant (0.17 and 0.12 for SBP and
DBP, respectively) (Table 4). The decomposition of the phenotypic
correlations into their genetic and environmental parts showed that
they were largely (82% for SBP and BMI, 86% for DBP and BMI) due
to genetic factors.

Figure 3 presents sources of variance of BP based on the best-fitting
bivariate models. Around 38% percent of the total variance for SBP
and 24% for DBP could be attributed to specific genetic factors that

Table 1 General characteristics and blood-pressure related variables

of study subjects by gender

Male Female

Sex

difference, P

Subjects, n a 1092 984

Age, years 38.73±10.6 36.79±8.71 NS

Study site (Qingdao %) 47.5% 58.5% o0.001

Zygosity (MZ %) 61.1% 58.7% NS

BMI, kgm–2 22.9±3.02 23.0±3.39 NS

SBP, mm Hg 123.0±16.9 114.8±15.7 o0.001

DBP, mmHg 82.6±11.1 77.3±10.4 o0.001

Antihypertensive medication useb 22 (1.99%) 17 (1.71%) NS

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; DZ, dizygotic; MZ,
monozygotic; SBP, systolic blood pressure.
Data are mean±s.d. unless stated otherwise.
aEight singletons; 620 MZ and 414 DZ pairs; two missing values for BMI in male and one in
female; one missing value (outlier) for SBP in male.
bAntihypertensive medication use in the most recent 2 weeks.

Table 2 Twin correlations of each sex-by-zygosity group for SBP, DBP

and BMI

Measure MZM DZM MZF DZF DOS

N, pairs 332 111 288 103 200

SBP, mm Hga 0.70/0.70 0.46/0.43 0.65/0.63 0.47/0.49 0.42/0.43

DBP, mmHga 0.66/0.64 0.50/0.46 0.60/0.58 0.42/0.43 0.40/0.39

BMI, kgm�2 0.73 0.50 0.76 0.42 0.29

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; DOS, dizygotic opposite
sex; DZM, dizygotic male; DZF, dizygotic female; MZF, monozygotic female; MZM, monozygotic
male; SBP, systolic blood pressure.
aTwin correlations for SBP and DBP are shown before and after adjustment for BMI. All
measures were log-transformed and adjusted for age, sex and study site.
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only influenced BP. Genetic factors that also influenced BMI con-
tributed 6% to the total variance for SBP and 7% for DBP. Compara-
tively, environmental factors that also influenced BMI contributed
very little to the total variance for SBP and DBP (1%).

Gene–environmental interaction model
Comparative model fittings that tested the extent to which BMI served
as a moderator of SBP and DBP are presented in Table 5. Gene–BMI
analyses were collapsed across genders because heritability estimates of

Table 3 Parameter estimates and 95% CIs of best-fitting models for SBP, DBP and BMI

Measures h2 (95%CI) c2 (95%CI) e2 (95%CI) Sex effects

SBP, mmHg Model 1 0.46 (0.30–0.62) 0.22 (0.06–0.36) 0.32 (0.29–0.37)

Model 2 0.41 (0.26–0.58) 0.25 (0.09–0.39) 0.34 (0.30–0.38)

DBP, mmHg Model 1 0.30 (0.14–0.48) 0.31 (0.15–0.46) 0.38 (0.34–0.43)

Model 2 0.27 (0.10–0.45) 0.32 (0.16–0.47) 0.41 (0.37–0.46)

BMI, kg m�2 0.74 (0.71–0.77) 0.26 (0.23–0.29) k2¼0.81

Abbreviations: BMI, body mass index; c2, common environmental effects; CI, confidence interval; DBP, diastolic blood pressure; e2, unique environmental effects; h2, heritability; k2, scalar sex
effect; SBP, systolic blood pressure.
All (non-standardized) variance components for males are constrained to be equal to a scalar multiple, k2, of the female variance components, such that hm

2¼k2hf
2, cm

2¼k2cf
2 and em

2¼k2ef
2. As a

result, the standardized variance components, such as heritabilities, are equal across sexes.
BMI was log-transformed and adjusted for age, sex and study site.
Model 1: SBP and DBP were log-transformed and adjusted for age, sex and study site.
Model 2: Model 1+ adjustment for BMI.

Table 4 Phenotypic (rP), genetic (rA) and unique environmental (rE) correlations from the best-fitting bivariate models

Phenotypic correlation Additive genetic correlation Unique environmental correlation
Proportions of rP

rP 95%CI rA 95%CI rE 95%CI A/E

SBP and BMI 0.26 0.22–0.31 0.38 0.28–0.49 0.17 0.10–0.24 0.82/0.18

DBP and BMI 0.27 0.22–0.31 0.48 0.35–0.68 0.12 0.05–0.19 0.86/0.14

Abbreviations: A, additive genetic factor; CI, confidence interval; E, unique environmental factor; h2, heritability.
All phenotypes were log-transformed and adjusted for age, sex and study site.

38%

6%24%

31%

1%

genetic factors only influencing SBP
genetic factors also influencing BMI
common environmental factors influencing SBP
unique environmental factors only influencing SBP
unique environmental factors also influencing BMI

1%

37%

31%

7%

24% genetic factors only influencing DBP
genetic factors also influencing BMI
common environmental factors influencing DBP
unique environmental factors only influencing DBP
unique environmental factors also influencing BMI

Figure 3 A decomposition of the variance of BP in its genetic and environmental components (that is, genetic and environmental sources of individual

differences in BP) is shown for SBP (a) and DBP (b). We could further discriminate between genetic and environmental factors that also influenced BMI or

were specific to BP.
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SBP and DBP were not significantly different between men and
women (Table 3). The best-fitting model for SBP was the ACEUVB
model in which the moderators of the common (U) and unique
environment (V) components contributed significantly. As shown in
Figure 4a, both the common and the unique environmental influences
on SBP increased with BMI, which resulted in a lower heritability
estimate for SBP at higher BMI levels; for example, the heritability
for SBP is 0.47 at BMI¼20 kg m�2 and 0.32 at BMI¼30 kg m�2

(Figure 4b). For DBP, the best-fitting model was the ACEB model
in which none of the moderators contributed significantly.

The change in variance components of SBP with different BMI
levels was confirmed by stratified analysis in twin pairs concordant for
normal weight and for overweight, as shown in Table 6. As a result, the
heritability was 14 percentage points lower for SBP among twins
concordant for overweight (h2¼0.31) relative to twins concordant for
normal weight (h2¼0.45). Moreover, the unchanged heritability of
DBP in the interaction model was confirmed by stratified analysis,
which showed the same heritability (h2¼0.26) in subjects with normal
weight and overweight.

DISCUSSION

The aims of this study included estimating the relative influence of
genetic and environmental factors on BP and BMI. Furthermore, we
investigated the genetic and environmental overlap between BP and
BMI and the extent to which BMI may modify the effect of genetic
factors on SBP and DBP in a large sample of adult twins from the Han
Chinese population. The current study suggests that genetic and
environmental influences on SBP may vary as a function of BMI.

The present study, for the first time, reported the heritability of BP
in a large sample of adult Han Chinese twins and further investigated
sex effects. The major difference between this study and former twin
studies is that we found a significant contribution of the common
environment to BP. The environmental factors common to twins for
SBP and DBP explained 22 and 31%, respectively, of the total variance.
Because familial resemblance could be explained by sharing the
environment in addition to sharing genes, the heritability estimates
for BP in the present study were somewhat lower than those reported
in the previous twin studies.5,27 Part of the explanation might be the
diversity of genetic backgrounds and/or differences in the environ-
mental effects between populations. The present study was performed
in Han Chinese, whereas previous studies were mostly performed in
white twins.5 In addition, the common environmental influences
detected in this study may be attributable to different sample sizes.
Hopper28 convincingly argued that most twin studies simply lacked
the power to detect moderate-size influences of the common envir-
onment. A few studies that either had large sample sizes or used a

Table 5 Comparative model fitting for BMI as a continuous moderator

of SBP and DBP

Model fitting Comparative model fitting

Model �2LL d.f. D-2LL Dd.f. P-value AIC

SBP

1.Full ACETUVB 6067.531 2054

2.T¼U¼V¼0 ACEB 6092.519 2057 24.988 3 o0.001 18.988

3.V¼0 ACETUB 6074.529 2055 6.999 1 0.008 4.999

4.U¼0 ACETVB 6068.573 2055 1.042 1 0.307 �0.958

5.T¼0 ACEUVB 6067.540 2055 0.010 1 0.922 �1.990

6.U¼V¼0 ACETB 6074.561 2056 7.031 2 0.030 3.031

7.T¼V¼0 ACEUB 6077.025 2056 9.494 2 0.009 5.494

8.T¼U¼0 ACEVB 6074.966 2056 7.436 2 0.024 3.436

DBP

1.Full ACETUVB 6355.688 2054

2.T¼U¼V¼0 ACEB 6363.211 2057 7.524 3 0.057 1.524

Abbreviations: �2LL, �2-log likelihood; A, additive genetic variance; AIC, Akaike’s Information
Criterion; B, linear effects of BMI on means of the outcome variables; BMI, body mass index; C,
common environmental variance; DBP, diastolic blood pressure; d.f., degrees of freedom; E,
unique environmental variance; SBP, systolic blood pressure; T, moderation of additive genetic
variance by BMI; U, moderation of common environmental variance by BMI; V, moderation of
unique environmental variance by BMI.
All models were compared with the full model (model 1).
SBP and DBP were log-transformed and adjusted for age, sex and study site.
Best fitting models are in bold.
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Figure 4 (a) Change of additive genetic, common environmental and unique

environmental variances of SBP with increasing level of BMI. (b) Change of

heritability of SBP with increasing level of BMI.

Table 6 Twin pair correlations and univariate twin structural equation

model parameter estimates (unstandardized) for BP, normal weight

and overweight subjects

N (pairs)
Correlations

Total

Variables MZ/DZ rMZ rDZ a2 c2 e2 variance

SBP

Normal weight 357/195 0.68 0.43 0.53 0.27 0.40 1.20

Overweight 140/76 0.65 0.52 0.53 0.60 0.58 1.71

P-valuea 0.989 0.293 0.006

DBP

Normal weight 357/195 0.59 0.42 0.41 0.46 0.63 1.50

Overweight 140/76 0.63 0.50 0.33 0.62 0.59 1.54

P-valuea 0.796 0.588 0.526

Abbreviations: a2, additive genetic effects; BP, blood pressure; c2, common environmental
effects; DBP, diastolic blood pressure; DZ, dizygotic; e2, unique environmental effects; MZ,
monozygotic.
aP-value: P-value is shown for the w2 difference (1 d.f.) between the full ACE model with BMI
differences and the ACE sub–model, in which normal weight and overweight parameter
estimates are set equal, that is, a2 (normal weight)¼a2 (overweight), then c2 (normal
weight)¼c2 (overweight) and then e2 (normal weight)¼e2 (overweight), respectively.
Normal weight: BMIo24kgm�2; overweight: BMIX24kgm�2.
SBP and DBP were log-transformed and adjusted for age, sex and study site.
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more powerful multivariate approach did find a small contribution by
the common environment of approximately 10–20%.5 For example, a
large family study, including two-generation families, reported that
common environmental effects accounted for 31 and 23% of the
variance in SBP and DBP, respectively.11 The present study is one of
the largest twin studies to date that investigates the relative contribu-
tion of genes and environment on BP. Thus, our results confirm that
large sample sizes are needed to detect moderate influences of the
common environment in twin studies. However, we did not observe
any sex differences for BP. Our results were in line with most previous
twin studies in which heritability estimates for men and women are
remarkably similar.5 We also detected a substantial heritability of 0.74
for BMI, which is consistent with previous findings.6,29,30 The herit-
ability estimates of BP decreased after adjustment for BMI, suggesting
that the heritability of BP is partly dependent on BMI.

We further confirmed the above conclusion by performing bivariate
variance components analyses. Our results showed that genetic factors
accounted for a large portion of the correlations between BP and BMI
(approximately 85%), indicating that these phenotypes, as expected,
had a set of genes in common.31 The percentage of total BP variance
caused by genetic effects common to BP and BMI was 6 and 7% for
SBP and DBP, respectively. Schieken et al.32 addressed the same issue
in a pediatric population of 11-year-old twins. They observed a
significant correlation between SBP and BMI (0.29) that could
largely be explained by common genes rather than common environ-
mental effects influencing both traits. The percentage of total SBP
variance caused by genetic effects common to SBP and BMI was 8%,
which is consistent with our results. McCaffery et al.9 also reported
that genetic and, to a lesser extent, non-shared environmental factors
contribute to the covariation of SBP and BMI in young adult twins.
Another study performed in African-American twins found sex
differences, showing that 3.1% of the total variance in SBP was in
common with BMI in males and 6% in females, while for DBP, 6.1%
was in common with BMI in males and 3.7% in females.10 The
consistent results of these studies across different ethnicities and age
groups confirm that part of the genetic variation in BP can be
explained by genes for obesity.

A novel finding of this study is that the genetic and environmental
influences on SBP vary as a function of general obesity. The influence
of common and unique environmental factors increases with increas-
ing levels of BMI, resulting in a decreased level of heritability. This
result seems to suggest that higher BMI levels may reduce the
penetrance of genetic vulnerability to SBP through a larger impact
of environmental effects. Using models similar to the present study,
McCaffery et al.33 reported a higher heritability of hypertension with
more years of education. Typically, socioeconomic status, as indexed
by education attainment, occupation and income, is inversely asso-
ciated with BMI levels, even in developing countries.34,35 In other
words, our results are consistent with those from McCaffery’s study,
showing reduced heritability in the high-risk environment; that is,
heritability was reduced with higher BMIs in our study and lower
education levels in McCaffery’s. Although the specific mechanism by
which BMI affects the heritability of BP cannot be determined from
this study, it is well known that several environmental and behavioral
factors that predict BP levels, such as unhealthy diets and lack of
physical activity, are more prevalent among groups with higher BMIs.
Within the twin design, this type of effect may manifest itself as an
enhancement of the environmental effect relative to the genetic effect,
resulting in reduced heritability.

Our results have some implications for further efforts to find genes
underlying BP levels. Although BP shows a substantial heritability of

approximately 40–60%,5 the findings for candidate genes have been
difficult to consistently replicate. Two recent large-scale genome-wide
association studies36,37 identified common variants in 13 loci asso-
ciated with BP that each explained only 0.05–0.10% of the variance,36

and only about 1% was associated with BP when aggregated over all
the loci.37 Thus, the vast majority of the genetic contributions to
variation in BP remain unexplained. One explanation for the difficulty
in finding genes for BP is that the expression of genes may vary as a
function of environmental exposures. This would mean that their
effects could only be found in the presence of certain environments.
Our results provided some evidence for this because genetic variation
of SBP was higher in subjects with normal BMI. This suggests that in
the Han Chinese, the selection of subjects with normal BMIs would
increase the power required to find genes for SBP. Future genome-
wide association studies may want to rigorously measure environ-
mental exposures and perform gene–environment interaction analyses
to enhance the chances of finding genes.38

There are many strengths of this paper. First, our study was based
on a large sample of adult male and female twins of Han Chinese
ethnicity and is one of the largest twin studies for BP.5,27 Second, BMI
was measured in an objective way rather than self-reported. In our
study, BP was measured three times according to standard procedures,
and we used the mean values in the analyses to decrease measurement
error. There are also some potential limitations. First, the Chinese
Twin National Registry is predominantly of Han ethnicity. Thus, the
generalizability of these results to other ethnicities remains to be
determined. Second, although we treated BMI as an environmental
moderator in the statistical models, BMI is not a purely environmental
factor. We have shown in our study that BMI is both substantially
heritable and shows genetic and environmental overlap with BP. At the
same time, however, the interaction model suggests that BMI influ-
enced SBP heritability through a larger impact of environmental
effects. By entering BMI into the means model to allow for a main
effects model, we effectively removed from the covariance model any
genetic effects that are shared between SBP and BMI (a21 in Figure 1).
Any interactions detected were not due to gene–obesity correlation,
which is essential when interpreting and generalizing our results.
Third, the model used to test for interactions, including a continu-
ously measured environmental variable, is relatively new. However,
splitting the sample into a normal and an overweight group confirmed
our findings. Fourth, we did not include other risk factors for
hypertension (for example, smoking, alcohol consumption and salt
intake), which may have some influence on the modifying effects of
BMI on BP.

In conclusion, our findings show that genes for obesity explain part
of the genetic variation in BP. These results will provide important
information for strategies for the discovery of specific genes or
environmental factors that impact BP, BMI or both, especially in
Asian populations. Our results further suggest that BMI levels are
associated with the heritability of SBP. In this regard, we expect that
performing gene–obesity interaction analyses in future genome-wide
association studies will enhance the efficiency of detecting BP suscept-
ibility genes.
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