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Abstract

 

The renin-angiotensin system plays a major role in regulat-
ing blood pressure and maintaining electrolyte and volume
homeostasis. Previously, the angiotensinogen gene, which
encodes the key substrate for renin within this system, has
been reported linked to and associated with essential hyper-
tension in White Europeans, African-Caribbeans, and Japa-
nese. Therefore, we investigated whether the angiotensino-
gen gene might be similarly implicated in the pathogenesis
of essential hypertension in Chinese by carrying out linkage
analysis in 310 hypertensive sibling pairs. Genotypes for
two diallelic DNA polymorphisms observed at amino acid
residues 174 (

 

T174M

 

) and 235 (

 

M235T

 

) within the coding
sequence and for two highly informative dinucleotide
(

 

GT

 

)-repeat sequences (one in the 3

 

9

 

 flanking region, and
one at a distance of 6.1 cM from the gene) were deter-
mined. Affected sibpair analysis conducted according to
three different algorithms (S.A.G.E./SIBPAL, MAPMAKER/
SIBS, and APM methods) revealed no evidence for linkage
of the angiotensinogen gene to hypertension. Our data indi-
cate that molecular variants of this gene do not appear to
contribute materially to the pathogenesis of primary hyper-
tension among Chinese (a notion supported by concomitant,
direct estimates of power), and that the disease relevance of
this gene may vary therefore depending on ethnicity.
(

 

J. Clin. Invest.

 

 1998. 101:188–194.) Key words: hyperten-
sion 

 

•

 

 genetics 

 

•
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•
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•

 

 linkage
analysis

 

Introduction

 

Essential hypertension is a complex trait of major public
health importance based on its prevalence and its association
with morbidity from coronary heart disease, stroke, renal dis-
ease, peripheral vascular disease, and other disorders (1). Es-
sential hypertension is regarded as a multifactorial condition
whose onset and severity are influenced by both genetic and
environmental factors. The role of genetic factors in the etiol-
ogy of hypertension is supported by cross-sectional studies that
document familial aggregation of the disorder, as well as by
twin and adoption studies that indicate a greater degree of trait
concordance among identical as compared with dizygotic twins
(2, 3), and among natural as compared with adoptive siblings
(4), respectively. While rare syndromes showing simple Men-
delian inheritance (5) have been reported, the large majority
of cases appears to exhibit complex polygenic patterns of in-
heritance where the level of blood pressure represents a re-
mote phenotype that is governed by the combined effects of
blood pressure-raising and -lowering genes (and their respec-
tive molecular variants) as well as their interaction with each
other and with environmental variables.

The renin-angiotensin system contributes importantly to
the regulation of vascular tone, blood pressure, cardiovascular
remodeling, and electrolyte and volume homeostasis (6), and
is a logical source of candidate genes for hypertension. Recent
reports have implicated the gene encoding angiotensinogen
(

 

AGT

 

), the precursor of the vasoactive peptide, angiotensin II,
as being genetically linked to essential hypertension in popula-
tions of Caucasian ancestry (7, 8) as well as in African-Carib-
beans (9); in addition, an association between hypertension
and the molecular variants at positions 235 and 174 of the gene
has been reported by some (7, 10), but not by others (8, 9, 11).

Investigations into the genetic underpinnings of complex
disease rely on the ascertainment, precise phenotypic charac-
terization, and stringent selection of large numbers of families
for genetic linkage analyses. Among disease-affected sibpairs
the degree of allele sharing will exceed chance only when the
respective locus is causally related to the disease or when the
alleles in question are in strong linkage disequilibrium with
disease locus alleles. We studied the role of the 

 

AGT

 

 gene and
of its previously described mutations in a large, well-character-
ized, and highly selected cohort of hypertensive sibpairs from
Anqing, a remote area in Anhui province, China. Limited mi-
gration of the population sampled as well as shared exposure
to common environmental variables provide an excellent op-
portunity for the study of genetic influences on hypertension in
this cohort. Because of the complex nature of hypertension,
and because of the possibility that certain characteristics may
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serve as intermediate phenotypes that would allow stratifica-
tion into pathogenetically distinct subgroups, we examined
subgroups as well as the entire study sample for a possible link-
age between 

 

AGT

 

 and essential hypertension.

 

Methods

 

Study sample

 

The study was conducted in the Zongyang and Huaining counties of
Anhui province, a remote, rural area of central China that offered
several important advantages, including limited population mobility,
low divorce rate, large average family size, and low prevalence of
treated hypertension.

In 1994, 310 hypertensive sibpairs (223 sibpairs, 21 sets of 3, and 4
sets of 4 affected siblings) were selected from the study area based on
data obtained in a previously conducted survey on 20,216 individuals
from the area (12). Individuals were selected if their systolic blood
pressure was 

 

$

 

 140 mmHg or if their diastolic blood pressure was

 

$

 

 90 mmHg regardless of treatment status. Cross-referencing of med-
ical records disclosed that 98% of the selected subjects had a previous
history of physician-diagnosed hypertension, including information
about age of onset. In addition, 15 individuals who had a history of
hypertension and who were on antihypertensive therapy but who had
systolic blood pressure 

 

,

 

 140 mmHg and diastolic 

 

,

 

 90 mmHg were
enrolled. Only subjects over the age of 15 yr, and only those without
evidence for secondary forms of hypertension such as diabetes, hy-
perthyroidism, or glomerular nephritis were eligible. After obtaining
informed consent from all individuals enrolled, a questionnaire was
administered, and a screening exam performed as described previ-
ously (12).

 

Blood pressure measurement

 

Blood pressure measurements were obtained after subjects had
voided, had not smoked for 15 min, and had rested, comfortably
seated, for 10 min. Measurements were taken by arm plethysmogra-
phy, using a mercury-gravity manometer with appropriately sized
cuffs, by trained nurses. Triplicate measurements were taken on the
same arm, waiting at least 30 s between readings. Systolic blood pres-
sure was defined as Korotkoff phase I (appearance of sound), and di-
astolic pressure as Korotkoff phase V (disappearance of sound), re-
spectively. The radial pulse rate was measured for 60 s between blood
pressure determinations. Three measurements were taken and the
average was used in the data analysis.

 

Phlebotomy

 

Forearm venous blood samples were then collected from each subject
by venipuncture into 5-ml vacutainer tubes containing EDTA (two
tubes) and citrate (two tubes). Tubes were kept on ice and were spun
subsequently for 10 min in a refrigerated centrifuge at 2,000 

 

g

 

. Plasma
was subsequently removed from the cell pellet by pipetting. All sam-
ples were frozen at 

 

2

 

85

 

8

 

C.

 

DNA extraction

 

High molecular weight DNA (200–400 kb) was extracted using ad-
sorption to a silica matrix after lysis with a proprietary reagent
(QIAGEN Inc., Chatsworth, CA), high-salt washes, and elution in
H

 

2

 

O, as described previously (13, 14).

 

Genotype analyses

 

Diallelic polymorphisms.

 

The 

 

M235T

 

 and 

 

T174M

 

 polymorphisms (7)
(Fig. 1) were investigated by PCR amplification of genomic DNA fol-
lowed by restriction-endonuclease digestion. The variant 

 

M235T

 

 was
analyzed using a modification of the method described previously
(15). In brief, genomic DNA (20 ng) was amplified in a reaction con-
taining 200 nM of each primer (for primer sequences please refer to
Table I), 50 mM KCl, 1.5 mM MgCl

 

2

 

, 10 mM TRIS-HCl (pH 9.0 at
25

 

8

 

C), 0.1% Triton X-100, 200 nM of each deoxynucleotide triphos-

phate, and 0.15 U of 

 

Taq

 

 polymerase (Promega Corp., Madison, WI)
in a volume of 15 

 

m

 

l. An initial denaturation for 3 min at 94

 

8

 

C, was
followed by 38 cycles of 15 s at 94

 

8

 

C, 45 s at 60

 

8

 

C, and 45 s at 72

 

8

 

C.
The specific mismatches incorporated into the antisense primer cre-
ate a Tth111I site if the 

 

235T

 

 variant is present; subsequent digestion
with this enzyme at 65

 

8

 

C thus results in diagnostic fragments that are
visualized by ethidium bromide staining and ultraviolet transillumi-
nation after electrophoresis on a horizontal submarine 3.5% agarose
gel. The 

 

T174M

 

 polymorphism was genotyped as an NcoI PCR-
RFLP, using an analogous protocol, except for an annealing tempera-
ture of 64

 

8

 

C.

 

Microsatellite polymorphisms.

 

Genotyping for the 

 

AGT

 

 and

 

HLX1

 

 (GenBank No. L21930) 

 

GT

 

-repeats (see Fig. 1) was carried
out as described previously (7, 16) with primer sequences shown in
Table I. The 

 

HLX1

 

 

 

GT

 

-repeat marker has been mapped at a distance
of 6.1 cM (Kosambi) from the 

 

AGT

 

 and was chosen for its high poly-
morphism information content (PIC)

 

1

 

 to provide haplotype informa-
tion at the locus. For each marker, one primer was labeled at the 5

 

9

 

end with [

 

g

 

-

 

32

 

P]ATP as described previously (7, 16), and PCR was
carried out at annealing temperatures of 66

 

8

 

C (

 

HLX1

 

) and 60

 

8

 

C
(

 

AGT

 

) for 39 cycles. Reaction products were resolved over denatur-
ing sequencing gels containing 6% polyacrylamide, 8 M urea, and
30% formamide, and visualized by autoradiography. Several repeti-
tive loadings per lane and run were done to improve efficacy and out-
put. Scoring was carried out by two independent observers as de-
scribed previously (17).

 

Statistical analysis

 

General.

 

A multianalytical approach was used for the affected sib-
pair analysis, to provide comparability to previous investigations.

 

S.A.G.E./SIBPAL method.

 

We used the S.A.G.E./SIBPAL pro-
gram (18) to carry out a qualitative trait linkage analysis of 

 

M235T

 

,

 

T174M

 

, 

 

AGT-GT

 

, and 

 

HLX1-GT

 

. This nonparametric method re-
quires no a priori assumptions of patterns of inheritance. All subjects
included in our study are sibpairs concordant for hypertension. The
basic assumptions of the program are that the sibpairs of the study
are selected from a random mating population and that the popula-
tion is in gametic equilibrium. For each marker locus, the program
uses sibling genotype data and marker allele frequencies to estimate

, the mean proportion of marker alleles shared identical by des-
cent (i.b.d.) by the

 

 n 

 

sibpairs and the corresponding standard devia-
tion, 

 

S

 

.
If the statistic

then the proportion of alleles shared i.b.d. exceeds 1:2, the level ex-
pected under the null hypothesis, and the data support the presence
of linkage (at the level of 

 

a 5 

 

0.05). Since we only have four sets of
four affected siblings out of 248 sibships (1.6%), weighting by family
size was considered unnecessary.

 

MAPMAKER/SIBS method.

 

A multipoint linkage analysis was
implemented using MAPMAKER/SIBS (19). In MAPMAKER/SIBS,
allele sharing is determined at incremental locations along a chromo-
some, taking into account the genotypes of all available markers on
that chromosome. Based on this allele-sharing information, a statistic
(lod score) is then calculated at each chromosomal location by choos-
ing from among all genetically feasible combinations (i.e., z

 

0

 

, z

 

1

 

, z

 

2)

 

,
the probabilities that the sibs share 0, 1, or 2 alleles i.b.d., in order to
maximize the likelihood. The constraints for this maximization have
been shown to be z

 

2

 

 

 

1

 

 z

 

1

 

 

 

1

 

 z

 

0

 

 5 

 

1, z

 

2

 

 

 

1

 

 z

 

0

 

 

 

$

 

 z

 

1

 

, z

 

1

 

 

 

$

 

 2z

 

0

 

 (20). Any re-
gions surpassing the traditional cutoff (lod

 

 . 

 

3.0), or alternatively,

π̂
-

π̂

n
π̂ .5–

Sπ̂
------------- 

  1.96,>

 

1. 

 

Abbreviations used in this paper: 

 

APM

 

, 

 

affected pedigree method;
i.b.d., identical by descent; i.b.s., identity by state; PIC

 

, 

 

polymorphism
information content.
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the cutoffs suggested by Lander and Kruglyak (21) (lod

 

 . 

 

3.6 for sig-
nificant and lod

 

 . 

 

2.2 for suggestive linkage), are flagged.

 

Affected pedigree method (APM).

 

Using identity by state (i.b.s.),
the APM method calculates a nonparametric statistic (T), which mea-
sures whether affected relatives share alleles in excess of expectation,
as is the case if linkage exists (22, 23). Like the i.b.d. sibpair method,
APM makes no explicit assumptions about mode of inheritance, pen-
etrance, or the presence of phenocopies. To place more emphasis
on the sharing of rare marker alleles between affected subjects, the
pair-wise statistic, normally unweighted [

 

f

 

A

 

(

 

p

 

)

 

 5 

 

1, where

 

 p

 

 denotes
the allele frequency] can be weighted with an intermediate weight
[

 

f

 

B

 

(

 

p

 

)

 

 5 

 

1/

 

sqrt

 

(

 

p

 

)] or with a heavy weight [

 

f

 

C

 

(

 

p

 

)

 

 5 

 

1/

 

p

 

].

 

Power simulations.

 

Assessment of the power of our sample to de-
tect linkage was carried out by simulation as described previously by
Risch (24–26), using the model which assumes first degree relatives
only, and lack of parental data. Based on the specified level of recom-
bination, on the PIC of a marker, and on a given sibling risk ratio (

 

l

 

s

 

,
the recurrent risk for a sibling of an affected proband proportioned
on population prevalence), the probability that siblings will share 0, 1,
or 2 alleles can be calculated. Using these probabilities, replicates of
m families can be simulated, and for each replicate, the lod score cal-
culated. The proportion of replicates exceeding the cutoff for signifi-
cance (e.g., lod

 

 . 

 

3.0) is the power to detect linkage using m families.
To simplify calculations, markers are assumed to have equally fre-
quent alleles. For the 

 

AGT-GT

 

 (PIC 

 

5 

 

0.86, recombination fraction

 

u 5 

 

0.00), a six-allele model was thus used; and for the 

 

HLX1-GT

 

(PIC 

 

5 

 

0.77, recombination fraction 

 

u 5 

 

0.061), a five-allele model
was used. The hypothesis being tested in our study is whether or not
the 

 

AGT

 

 plays a major role in the causation of essential hypertension.
Hence, a single-locus model was used, and 

 

l

 

s

 

 assumed to correspond
only to the AGT (i.e., ls,AGT). The sample-specific recurrent sibling
risk ratio, ls, was calculated from a randomly selected group of 750
nuclear families from Anhui province in whom hypertension was de-
fined as exceeding the 90th percentile of the residual distribution of
systolic and/or diastolic blood pressure. Power simulations were per-

formed for 310, 263, and 235 affected sibpairs assuming i.b.s. (no pa-
rental genotype information available). These numbers reflect the to-
tal number of sibpairs available for the study (n 5 310), the number
of sibpairs where both members fulfilled the cutoff criteria for hyper-
tension based on the Anhui Field Survey population data (i.e., ex-
ceeding the 90th percentile of the residual blood pressure distribution;
n 5 263), and the number of sibpairs where both members fulfilled
the cutoff criteria for hypertension based on data from the 750 ran-
domly selected families used to derive ls (i.e., exceeding the 90th per-
centile of the residual blood pressure distribution; n 5 235), respec-
tively.

Results

Among the 525 study subjects, representing 248 sibships and
310 sibpairs, there were 335 (64%) males and 190 (36%) fe-
males. Table II presents the clinical characteristics of the study
population. Except for smoking, clinical parameters showed
very small variances, supporting the contention that the study
population was rather homogeneous.

The M and T alleles for the polymorphic marker at amino
acid position 235 were present at frequencies of 0.21 and 0.79;
the frequencies of the T and M alleles for the marker at posi-
tion 174 were 0.93 and 0.07. Genotype frequencies, as deter-
mined from one randomly chosen individual from each sib-
ship, were in Hardy-Weinberg equilibrium. For the AGT-GT
microsatellite, 15 alleles were observed in the study popula-
tion, with a PIC of 0.86 (see Table IV). The HLXI-GT marker
was present in 10 allelic forms, providing a PIC of 0.77 (see Ta-
ble IV).

Results of linkage analyses using the S.A.G.E./SIBPAL
software (18) are presented in Table III, indicating lack of evi-

Figure 1. Schematic representation of the 
four polymorphic markers used in the 
study showing their location with respect to 
the angiotensinogen gene. Note that the 
drawing is not to scale.

Table I. Primers Used for AGT Haplotyping Among 310 Affected Sibpairs with Essential Hypertension

Marker 59 primer sequence 39 primer sequence

M235T CCGTTTGTGCAGGGCCTGGCTCTCT CAGGGTGCTGTCCACACTGGACCCC
T174M TGGCACCCTGGCCTCTCTCTATCT CAGCCTGCATGAACCTGTCAATCT
AGT-GT GGTCAGGATAGATCTCAGCT CACTTGCAACTCCAGGAAGACT
HLX1-GT TGCTGTCTCTGTTTCTTTCTGACC TTCACACAAGTTCCAGCTTCCCTT
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dence for excess allele sharing at any of the markers. These re-
sults were confirmed by multipoint linkage analysis using the
MAPMAKER/SIBS program (19) where the probability of
sharing 0, 1, or 2 alleles was estimated as 0.25, 0.50, and 0.25 (a
boundary solution rendered by the program due to the con-
straints for z0, z1, z2) across the entire region spanned by the
four markers, resulting in a lod score of zero. The APM (22)
results, calculated either without weighting (most conserva-
tive) or using the intermediate weighting function [fB(p) 5 1/Îp]
that has been used in previous publications (8, 9), showed no
evidence of significant linkage with any of the four markers
(Table IV). We repeated the MAPMAKER/SIBS and the
S.A.G.E./SIBPAL analyses on 182 sibpairs (131 sibships of 2,
11 sibships of 3, and 3 sibships of 4 affected siblings each) in
which all siblings were untreated, obtaining essentially identi-
cal results (data not shown). Similar results were obtained in
S.A.G.E./SIBPAL and MAPMAKER/SIBS analyses for those
147 sibpairs in whom both siblings had blood pressure residu-
als (after adjustment for confounding factors) that were in the
top 5th percentile of the distribution of blood pressure residu-
als obtained in the general population, based on the data ob-
tained in the previously conducted large scale survey (12)
(data not shown).

Linkage studies were repeated in additional subsets of the
population stratified by median age of onset of hypertension,
median body mass index, and median systolic blood pressure,
again failing to yield any evidence for significant linkage (data
not shown).

Table V shows the power of our analyses as a function of
ls,AGT with regard to each of the two microsatellite markers

(AGT-GT and HLX1-GT) based on single-locus simulations if
the entire cohort of 310 sibpairs is taken into account, and if
only those 263 or 235 affected sibpairs are considered that had
been selected based on the criteria used to derive ls from the
large scale survey data (see above).

Discussion

This study represents a large, family-based investigation into
the role of AGT in hypertension in Chinese. The negative re-
sults of our investigation demonstrate that in the Chinese pop-
ulation we studied there is no evidence that genetic variation
at the angiotensinogen gene or locus contributes to a biologi-
cally relevant degree to essential hypertension. These findings,
which differ from some of the results obtained previously in
other ethnic groups, indicate the potential importance of eth-
nic origin in the assessment of genetic risk identifiers.

It is important to emphasize that the robustness and reli-
ability of our results is enhanced by the unique opportunity we
had to compare the phenotypic characteristics of our sample
population with a contemporaneously established, large cross-

Table II. Clinical Characteristics of Study Sample

Variable n Mean SD Median
Interquartile

range

Age (yr) 519 54.7 10.7 56.0 48.0–62.0
Age of onset of hypertension (yr) 515 51.1 11.5 52.0 43.0–59.0
BMI (kg/m2) 506 21.5 3.3 20.8 19.2–23.1
SBP (mmHg) 525 161.7 21.3 157.5 145.0–175.0
DBP (mmHg) 525 93.7 10.6 92.5 87.5–100.0
Cigarette smoking (pack-yr) 524 11.1 18.4 1.1 0.0–18.9
Alcohol consumption (g/d) 148 58.3 57.0 42.9 25.0–75.0

The number of subjects in each category is not equal to 525 due to miss-
ing values. For quantitation of alcohol consumption, only those report-
ing to consume were considered.

Table III. Results of Qualitative-trait S.A.G.E./SIBPAL 
Analyses for T174M, M235T, AGT-GT, and HLX1-GT

Marker Sibpairs
Allele sharing

(expected)
Allele sharing

(observed) SE P

M235T 309 0.50 0.51 0.01 NS
T174M 308 0.50 0.50 0.01 NS
AGT-GT 309 0.50 0.45 0.02 NS
HLX1-GT 302 0.50 0.48 0.02 NS

Data calculated without weighing.

Table IV. Results of i.b.s.-based APM Analyses for M235T, 
T174M, AGT-GT, and HLX1-GT

Marker Alleles PIC
Nuclear
families Weighting T statistic P

M235T 2 0.28 247 None 1.28 0.10
1/sqrt(p) 1.11 0.13

1/p 0.44 0.33
T174M 2 0.12 246 None 20.47 0.68

1/sqrt(p) 21.40 0.92
1/p 21.23 0.89

AGT-GT 15 0.86 247 None 23.12 0.99
1/sqrt(p) 22.01 0.98

1/p 0.07 0.47
HLX1-GT 10 0.77 247 None 21.75 0.96

1/sqrt(p) 21.65 0.95
1/p 20.54 0.70

Table V. Power Simulations for the Two Microsatellite 
Markers, AGT-GT and HLX1-GT, Assuming i.b.s. 
Information (No Parents Available) for 310, 263, and 235 
Affected Sibpairs, for a Range of Values of the Gene-specific 
Sibling-recurrent risk, ls (see Methods)

Assumed
ls

Power estimate
(310 sibpairs)

Power estimate
(263 sibpairs)

Power estimate
(235 sibpairs)

AGT-GT HLX1-GT AGT-GT HLX1-GT AGT-GT HLX1-GT

1.5 0.34 0.09 0.25 0.07 0.19 0.05
2.0 0.91 0.48 0.83 0.37 0.75 0.29
2.5 1.00 0.77 0.97 0.64 0.95 0.55
3.0 1.00 0.90 1.00 0.81 0.99 0.73
3.5 1.00 0.95 1.00 0.89 1.00 0.83

The AGT-specific lgs, lAGTs, will represent an unknown fraction of the
overall ls.
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sectional database of 20,216 subjects from the same province
collected only one year earlier (12). This allowed us to validate
our selection of probands, and to determine a population-spe-
cific index of heritability of hypertension for direct assessment
of the power of our study. The survey had revealed mean sys-
tolic and diastolic blood pressures of 114.6 and 71.2 mmHg,
with standard deviations of 8.4 and 3.7 mmHg, respectively. Of
note, these values are substantially lower than corresponding
ones documented in Western societies (e.g., mean systolic and
diastolic blood pressures of 126 and 79 mmHg in the US [27]);
therefore, even the seemingly nonstringent WHO criteria to
diagnose hypertension of 140 and 90 mmHg for systolic and di-
astolic blood pressure, respectively, that were used for initial
selection of study subjects reflect, in actuality, a larger devia-
tion from the norm, and thus more extreme relative blood
pressure elevations than may appear at first sight, or than
would have appeared if applied to a Western population. The
mean residuals for systolic and diastolic blood pressure, after
adjustment for age, sex, height, smoking, socioeconomic sta-
tus, and exercise status (using the regression coefficients deter-
mined for these variables in the overall population) among the
individuals selected as study subjects were 38.0 and 19.1
mmHg. This places a cumulative fraction of in excess of 50%
of all study subjects at or above the 95th percentile, and of al-
most 80% above the 90th percentile of the distribution of resid-
uals determined in the population at large; and more than 90%
were above the 75th percentile (Table VI). These data confirm
that our study indeed included a large majority of subjects
whose blood pressure was in the extreme upper tail of the dis-
tribution of the source population.

Common complex disorders are the manifestation of a
multifactorial interaction of several environmental and genetic
factors. Among both, there are disease-promoting and disease-
retarding influences, and the effect of gene–environment and
gene–gene interactions may modulate the effects of individual
factors by affecting their magnitude, or even their direction.
Thus, the effect of a given disease-contributing gene variant
will vary, depending on the overall constellation of genetic and
environmental factors operative in a particular individual at a
particular point during development, and in a particular envi-
ronment (28).

Given the difficulty of accounting for the influence of many
of these confounding conditions, the (measured) magnitude of
effect that a particular gene variant contributes in a complex
disorder will often be modest (even if simply due to noise).

The resulting inherent lack of power is the major challenge
faced by all genetic-epidemiologic investigations. It is com-
monly further aggravated by the difficulty of obtaining precise
phenotype information (particularly in quantitative traits), by
the absence of accurate data on allele frequencies (a critical is-
sue due to the extreme sensitivity of many of the analytical al-
gorithms to this parameter), and by lack of precise knowledge
on the degree of heritability of the trait or disorder studied in
the source population. To improve statistical power it is there-
fore critically important to optimize a number of salient fea-
tures, including: (a) large sample size; (b) selection of the sam-
ple from a genetically relatively homogeneous population; (c)
accurate documentation of and adjustment for potential con-
founding factors (i.e., use of regressed quantitative phenotype
values); (d) stringent verification of phenotype of interest; (e)
use of robust and redundant polymorphic markers; (f) accu-
rate, target-population–specific determination of allele fre-
quencies; (g) information on the heritability of the trait in the
target population; and (h) robust, redundant statistical genetic
analysis. We believe that our investigation incorporates many
of these features. (a) The sample size of our study (310 sib-
pairs) represents the largest cohort of affected sibpairs with
hypertension from a single geographic area reported so far in
the literature. (b) Homogeneity of the population with regard
to ethnicity, to socioeconomic status, and to exposure to envi-
ronmental factors contributed further to noise reduction. The
use of an isolated, presumably genetically more homogenous
population favors the presence of fewer gene variants contrib-
uting to hypertension. (c) To account for the multiple con-
founding factors that might influence blood pressure in inter-
action with or independent of the possible contribution of AGT
we used the residuals of covariate-adjusted systolic blood pres-
sure values rather than (adjusted) absolute blood pressure val-
ues, to validate subject selection and to perform calculations
and analyses. (d) We believe our phenotype data to be robust,
based on both the analysis of our sample with respect to the
covariate-adjusted population distribution, and on the selec-
tion criteria that stipulated demonstration of hypertensive
blood pressure values regardless of treatment status. This was
possible because, owing to limited access to continuous health
care, the majority of our subjects, despite having been diag-
nosed previously as being hypertensive, was not receiving
treatment (we verified that exclusion of the 3% of treated sub-
jects in whom nonhypertensive blood pressure values were
found did not change the overall results of the study). (e) We
used two diallelic markers and two microsatellite markers,
both of which are highly polymorphic. (f) We used population-
specific allele frequencies, rather than estimates from other
samples. (g) We had the opportunity to obtain population-spe-
cific estimates of heritability (ls), and thus to carry out mean-
ingful power simulations. (h) Lastly, we used three different
statistical-genetic algorithms to analyze our data set.

To estimate the power of a genetic-epidemiological study it
is necessary to know the heritability of the trait studied in the
source population. While estimates of heritability for blood
pressure in Caucasians have ranged from as low as 10% to as
high as 60%, no similar data are available for Chinese. Using a
panel of 750 randomly selected nuclear families with at least
two siblings (who were from the same geographic region and
in whom the same set of clinical and demographic data had
been collected as in our study sample) and assuming the 90th

percentile of the distribution of residuals (adjusted for blood

Table VI. Distribution of Subjects within Reference Population 
According to Systolic Blood Pressure Residuals

Population
percentile

Frequency
among sample %

Cumulative
frequency

Cumulative
%

, 75th 35 6.7 35 6.7
75th–80th 10 1.9 45 8.6
81st–85th 22 4.2 67 12.8
86th–90th 46 8.8 113 21.6
91st–95th 123 23.4 236 45.0
. 95th 289 55.0 525 100.0

Reference population: Anhui field survey population (n 5 20,216).
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pressure-relevant covariates such as age, sex, height, socioeco-
nomic status, and smoking) as an objective cutoff for defining
hypertension, we found the aggregate sibling recurrent risk ra-
tio, ls, to be 2.4. Based on the criteria used to derive this esti-
mate, we next carried out simulations to estimate the power
rendered by our investigation, for the information content of
the two microsatellite markers used, and for different assump-
tions of gene-specific ls, lgs (Table V). As is evident, unless one
postulates that ls, AGT comprises a large proportion of overall
ls, the power of the study remains rather limited. However,
based on the assessments of ls and on our power simulations,
we may conclude that molecular variants of AGT do not ac-
count for a major proportion of the inherited (sibling-recur-
rent) risk of hypertension among ethnic Chinese.

We take added comfort in the finding that according to all
three statistical algorithms used, and with and without weight-
ing for rare alleles, the results of our analyses remain consis-
tent. In previous studies results differed depending on weight-
ing function, with significant excess allele sharing found only
when weighting was used (8, 9). Since the APM statistic is
based on i.b.s. status at the marker locus, and since this method
is exquisitely sensitive to misspecification of marker allele fre-
quencies, it is preferable to use the i.b.d.-based approaches
such as S.A.G.E./SIBPAL or MAPMAKER/SIBS, to perform
the affected sibpair linkage analyses. However, for reasons of
comparability with previously published studies, we have also
included analyses on our sample using APM.

Our study is the only affected sibpair investigation examin-
ing the possible role of AGT as a contributing genetic factor to
essential hypertension in a Chinese population carried out to
date. Thus, our failure to reproduce earlier, positive linkage
data may reflect racial/ethnic differences that are likely to exist
with regard to the distribution/prevalence of individual genetic
factors contributing to a complex disease. This explanation ap-
plies perhaps in particular to the sample investigated: the very
characteristics that make our data robust, namely their deriva-
tion from a genetically more homogeneous population, impose
certain limitations regarding their generalizability, as they will
not necessarily reflect the presumably more diverse mix of hy-
pertensinogenic gene variants present in the Chinese popula-
tion at large, or in other populations of different ethnicity, such
as Caucasians or African-Caribbeans (7–9).

In summary, we did not observe linkage of AGT to essen-
tial hypertension in Chinese. Our results, if confirmed in addi-
tional, equally well-characterized and preferably even larger
samples, demonstrate that if genetic variants of AGT indeed
contribute to essential hypertension, then the magnitude of
this contribution is likely to be rather modest, and probably of
little epidemiological relevance. In addition, the results of this
study highlight the importance of accounting for ethnic back-
ground when studying the genetics of complex diseases.
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