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respectively). In model 2, we fixed values of 140 mm Hg for 

SBP and 90 mm Hg for DBP, if the treated values were less 

than the standard referenced treatment thresholds of 140/

90 mm Hg for hypertensive status. However, if the observed 

treated BP values were found to be above these standard 

treatment thresholds, the actual observed treated BP values 

were retained in order not to reduce them by substitution of 

the treatment threshold values.  Results:  The multipoint link-

age analysis revealed strong linkage signals for SBP com-

pared with DBP. The strongest evidence for linkage of SBP 

(model 1, LOD = 5.0; model 2, LOD = 3.6) was found on chro-

mosome 6q14.1 near the marker  D6S1031  (89 cM) in both 

models. In addition, some evidence for SBP linkage occurred 

on chromosomes 1q, 4p, and 16p. Most importantly, our

major SBP linkage finding on chromosome 6q near marker 

 D6S1031  was independently confirmed in a Caucasian popu-

lation (LOD = 3.3). In summary, our study found evidence for 

a major locus on chromosome 6q influencing SBP levels in 

Mexican-Americans.  Copyright © 2011 S. Karger AG, Basel 
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 Abstract 

  Objective:  Hypertension or high blood pressure is a strong 

correlate of diseases such as obesity and type 2 diabetes. We 

conducted a genome-wide linkage screen to identify sus-

ceptibility genes influencing systolic blood pressure (SBP) 

and diastolic blood pressure (DBP) in Mexican-Americans 

from the Veterans Administration Genetic Epidemiology 

Study (VAGES).  Methods:  Using data from 1,089 individuals 

distributed across 266 families, we performed a multipoint 

linkage analysis to localize susceptibility loci for SBP and DBP 

by applying two models. In model 1, we added a sensible 

constant to the observed BP values in treated subjects [To-

bin et al.; Stat Med 2005;   24:   2911–2935] to account for antihy-

pertensive use (i.e. 15 and 10 mm Hg to SBP and DBP values, 
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 Introduction 

 Hypertension or high blood pressure (HBP) is strong-
ly associated with various diseases including obesity, type 
2 diabetes (T2DM), end-stage renal disease, coronary ar-
tery and cerebrovascular diseases  [1, 2] . It is a component 
of the metabolic syndrome (MS), which predisposes to 
increased cardiovascular morbidity and mortality  [3] . 
The increasing prevalence of HBP in the global popula-
tions has become a major public health issue. For exam-
ple, the estimated overall prevalence of hypertension in 
the adult population of developed countries is  � 30% and 
has been predicted to rise to  � 60% in the next two de-
cades  [4, 5] . In the US, 1 in 3 adults has HBP, and the age-
standardized prevalence rate of hypertension increased 
from 24.4 to 28.9% in the US adult population within a 
period of  � 10 years  [2, 6] . Specifically, it increased from 
23.3 to 27.4% in non-Hispanic whites, from 35.8 to 40.1% 
in non-Hispanic blacks, and from 25.0 to 27.1% in Mexi-
can-Americans  [6] . The total cost of HBP is estimated to 
be USD 69.4 billion in the year 2008  [2] .

  HBP is a strong correlate of various disease conditions 
including obesity and T2DM. In adults with diabetes, 
more than 75% have blood pressure (BP) levels  6 130/80 
mm Hg or use antihypertensive medication  [5] . The clus-
tering of hypertension with diabetes tends to occur more 
likely in Hispanics than in blacks, whites, and other mi-
nority communities  [7] . Also, more than 85% of those 
with MS have HBP or hypertension  [3] . In addition, HBP 
is considered as an important risk factor for the develop-
ment of chronic kidney disease (CKD) in the presence of 
obesity, MS, and microalbuminuria  [3] . The increased 
prevalence of CKD from 1988–1994 to 1999–2004 in the 
US was partly explained by the increasing prevalence of 
diabetes and hypertension  [8] .

  BP is a complex phenotype that is influenced by both 
genetic and environmental factors and their interactions 
 [9, 10] . The genetic evidence provided from studies using 
animal models, human families and twins suggested that 
genes account for 15–50% of the variation in BP levels 
 [11–14] . In addition to the influences of age and gender, a 
number of environmental factors affect BP, including 
poor diet, lack of exercise, increased body weight, stress, 
smoking and alcohol intake  [15] . Aside from the identifi-
cation of causal mutations for various monogenic forms 
of familial hypertension  [16, 17] , there have been contin-
ued efforts to localize susceptibility loci for BP or hyper-
tension in the general population. Several genome-wide 
linkage screens have been performed to localize genes for 
BP or hypertension, which found evidence for suggestive 

or significant linkage signals on several chromosomal re-
gions, e.g. 1q, 2p, 3p, 6q, 7q, 11q, 12q, 15q, 16q, 18q, and 
19p [reviewed in  12 ,  13 ,  18  –20 ]. However, a consistent 
pattern of evidence for linkage of BP and hypertension 
across multiple studies was lacking. In addition, meta-
analysis of genome-wide linkage screens for hyperten-
sion yielded no clear consensus on major chromosomal 
regions influencing hypertension or BP levels  [21, 22] .

  In recent years, several studies have used a genome-
wide association study (GWAS) approach to localize sus-
ceptibility genes for BP or hypertension successfully (re-
viewed by Arora and Newton-Cheh  [23] , Hastie et al.  [24] , 
Rafiq et al.  [25] , and Ehret  [26] ). For example, two large 
GWASs, the Global Blood Pressure Genetics (Global BP-
gen) Consortium study  [27]  and the Cohorts for Heart 
and Aging Research in Genome Epidemiology (CHARGE) 
Consortium study  [28] , identified several significant 
common genetic variants/genes that influence variation 
in BP and hypertension (e.g. systolic BP, SBP:  ATP2B1 , 
 CYP17A1 ,  PLEKHA7 ,  SH2B3 ; diastolic BP, DBP:  ATP2B1 , 
 CACNB2 ,  CSK-ULK3 ,  SH2B3 ,  TBX3-TBX5 ,  ULK4 , and 
hypertension:  ATP2B1 )  [28] . However, it is recognized 
that the effect size of common variants identified by such 
GWASs is rather modest, and that these studies have ex-
plained only a small proportion of trait-specific herita-
bilities  [25, 26] . Therefore, the purpose of this study was 
to perform a genome-wide linkage screen to identify the 
susceptibility loci influencing BP in Mexican-American 
individuals from the Veterans Administration Genetic 
Epidemiology Study (VAGES), where the families were 
ascertained for T2DM.

  Participants and Methods 

 The Veterans Administration Genetic Epidemiology Study 
 The phenotypic and demographic information was collected 

from Mexican-American family members who were enrolled in 
the VAGES  [29] . In the present study, genotypic and phenotypic 
data were available for 1,089 Mexican-Americans distributed 
across 266 mostly nuclear families. These individuals generated 
2,002 relative pairs that were distributed across 9 relative pair cat-
egories ( table 1 ). The VAGES families were ascertained on at least 
2 sibs affected with T2DM and only 1 parent with T2DM. All fam-
ily members, mostly from nuclear families, aged 18 years or above 
were invited to participate in the study. Our analysis also includ-
ed 37 single and unrelated individuals with BP data available, 
since they could contribute to the evaluation of covariate effects. 
All participants signed a consent form approved by the Institu-
tional Review Board, University of Texas Health Science Center, 
San Antonio, Tex., USA, after risks and procedures had been ex-
plained.
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  Phenotype Data 
 The individuals of the present study were extensively pheno-

typed for various metabolic and anthropometric traits. In addi-
tion, demographic and medical history information was obtained 
on all examined participants. BP was measured three times using 
a standardized Colin Press-Mate (model BP-8800; Colin) auto-
mated cuff-inflation instrument, and an average of the last two 
SBP and DBP measures was used for genetic analysis. SBP and 
DBP values were available for 1,089 related plus 37 single and un-
related individuals to conduct the present study. The data related 
to antihypertensive treatment included all medications recorded 
for BP treatment, including angiotensin-converting enzyme or 
angiotensin receptor blocker. For the genetic analysis, BP values 
only within  8 4 SDs from the mean were considered.

  Genotype Data and Genetic Map 
 DNA was prepared from whole-blood samples (Gentra

Systems, Minneapolis, Minn., USA). The Center for Inherited 
Disease Research (CIDR) performed a 10-cM genome scan us-
ing the DNA samples from the VAGES participants. For the pres-
ent study, we used CIDR genotypic data on 385 highly polymor-
phic autosomal markers. Pedigree-validation and genotype-clean-
ing procedures, implemented in the PEDSYS  [30]  programs 
PREPREST and PRESWALK, respectively, were applied to these 
data. The pedigree-validation procedure utilizes the program 
PREST  [31]  to detect and resolve pedigree misspecifications. The 
genotype-cleaning procedure removes Mendelian inconsisten-
cies and spurious recombinants by blanking genotypes which 
have been flagged by the program SimWalk2  [32]  as probable ge-
notyping errors. Overall, the blanking rate for errors was  ! 0.22% 
of the total number of genotypes. The program INFER (PEDSYS) 
was used to infer unknown genotypes from the genotypes of rela-
tives, when possible without ambiguity. As described previously 
 [29] , the genetic maps (map distance in Kosambi cM) used for this 
study were similar to the Marshfield map. The multipoint identi-
cal-by-descent matrices given a number of genetic markers (map 
distance in Haldane cM) were calculated using Markov chain 
Monte Carlo methods implemented in the program Loki  [33, 34] . 
To facilitate comparison with other studies, the locations of our 
linkage findings have been placed on the Marshfield genetic map.

  Statistical Genetic Analysis 
 To estimate the heritability of BP and to test potential link-

ages between marker loci and BP, a variance components ana-
lytic approach was used  [35–37] . This technique uses information 
from all possible biological relationships simultaneously in an at-
tempt to disentangle the genetic architecture of a quantitative 
trait. Linkage of a genetic location for BP was tested using a gen-
eral variance components method, which allows for marker lo-
cus-specific effects, residual genetic effects, random environmen-
tal effects, and covariate effects. Hypothesis testing of no linkage 
versus linkage was performed using the likelihood ratio test. LOD 
scores were obtained by converting the  ln  likelihood values into 
values of log to the base 10. A LOD score of 3.0 and above was 
considered as strong evidence in support of linkage. For the pur-
pose of discussion, potential linkages are considered as those ge-
netic locations across the genome with nominal p values of 0.01 
or less (i.e. LOD scores  6 1.2).

  The VAGES families were ascertained on T2DM probands; so, 
as a conservative approach, all genetic analyses were performed 

by correcting for the ascertainment by conditioning the likeli-
hood for the family data on the phenotype (i.e. BP) of probands 
 [38] . Since the VAGES families had more than 1 proband per fam-
ily, we randomly chose one of the probands from each family to 
correct for the ascertainment bias since correcting for ascertain-
ment bias in data sets ascertained on multiple affected probands 
can result in a loss of power to detect linkage  [39, 40] . To verify 
the findings from the multipoint linkage analyses, we determined 
trait-specific empirical p values based on the distribution of LOD 
scores observed under the hypothesis of no linkage. This null dis-
tribution was generated by repeatedly simulating a genetic mark-
er, unlinked to the trait, which was then tested for linkage. We 
generated the empirical p values on the basis of LOD score distri-
bution obtained from the 100,000 replicates. All genetic analyses 
were performed using the program SOLAR  [36] .

  Treated BP Values and Models 
 The SBP and DBP data analyses were related to the same num-

ber of individuals (i.e. individuals with normal and treated BP 
values), but differed in the ways of considering the treated BP val-
ues for the genetic analyses. We used the approach by Tobin et al. 
 [41]  to more closely reflect the pretreatment BP values in our data. 
We called this method, as recommended by Cui et al.  [42]  and 
Tobin et al.  [41] , model 1, wherein a sensible constant was added 
to the observed BP values in treated subjects to account for anti-
hypertensive use (i.e. 15 and 10 mm Hg to SBP and DBP values, 
respectively). In contrast to model 1, as a conservative approach, 
in model 2, we fixed values of 140 mm Hg for SBP and 90 mm Hg 
for DBP, if the treated values were less than the standard refer-
enced treatment thresholds of 140/90 mm Hg for hypertensive 
status. However, if the observed treated BP values were found to 
be above these standard treatment thresholds, the actual observed 
treated BP values were retained in order not to reduce them by 

Table 1. D istribution of relative pairs by category in the VAGES 
familiesa

Relative pair Relationship
coefficientb

No. of
pairs

Parent-offspring 0.5000 504
Sibs 0.5000 1,168
Grandparent-grandchild 0.2500 21
Avuncular 0.2500 210
Half-sibs 0.2500 53
Grand avuncular 0.1250 6
Half-avuncular 0.1250 15
First cousins 0.1250 24
First cousins, once removed 0.0625 1

Total 2,002

a  The total data used for the present study were obtained from 
1,089 individuals distributed across 266 families.

b The relationship coefficient is 2 ! coefficient of kinship of 
two individuals.
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substitution of the treatment threshold values. The recommenda-
tions of the seventh Joint National Committee (JNC-7) were fol-
lowed to define hypertension by setting the SBP and DBP values 
to 140/90 mm Hg  [43] . The BP data were adjusted for covariate 
effects of age and sex terms and  log -transformed body mass index 
( ln  BMI) in both models.

  Results 

 The clinical characteristics of 1,089 individuals with 
BP are reported in  table 2 . As can be seen, the mean age 
of the individuals was 50 years, 65% were females, 69% 
were affected with T2DM, and 37% of the individuals 
were found to be treated with anti-hypertensive medica-
tions. The mean BP values without and with adjustment 
for antihypertensive treatment are also reported in  ta-
ble 2 . The coefficients of skewness and kurtosis for SBP 
in model 1 were 0.55 and 0.04, and in model 2 these values 
were 0.27 and 0.29. The same coefficients for DBP in 
model 1 were 0.10 and –0.06 and in model 2 –0.56 and 
–0.31.

  Prior to conducting linkage analyses, we estimated the 
heritability (h 2 ) to determine the genetic basis of BP (i.e. 
residuals), after accounting for the covariate effects of age 

and sex terms and  ln  BMI. Since in our linkage approach 
a multivariate normal distribution was assumed, we ex-
amined the distributional properties of the BP residuals 
on the basis of the coefficients of skewness and kurtosis. 
For SBP residuals, the coefficients of skewness and kur-
tosis after adjusting for the effects of age and sex terms 
and  ln  BMI were 0.52 and 0.67, and for DBP residuals, 
they were 0.10 and 0.02. Thus, the violation of nonnor-
mality of the BP residuals in this study appears to be mi-
nor. In model 1, after accounting for the covariate effects, 
SBP and DBP phenotypes exhibited significant heritabil-
ities (h 2  = 38 and 34%, respectively; p  !  0.0001). In mod-
el 2, the SBP and DBP phenotypes also exhibited signifi-
cant heritabilities (h 2  = 41 and 27%, respectively; p  !  
0.0001), after accounting for the covariate effects.

  Multipoint Linkage Findings 
 After determining that SBP and DBP were under sig-

nificant additive genetic influence, we performed an au-
tosomal genome-wide linkage analysis to identify quan-
titative trait loci for both SBP and DBP using the two 
models. We found strong and potential evidence for SBP 
linkage at various chromosomal regions ( table  3 ), but 
none of the chromosomal regions showed potential evi-
dence for linkage of DBP (data not shown). Therefore, 
only linkage results associated with SBP were discussed 
henceforth. Model 1 revealed strongest evidence for
SBP linkage with a LOD score of 5.0 [empirical p = 1.0  !  
10 –5 ] on chromosome 6q14.1 at 89 cM from pter near 
marker  D6S1031  ( table  3 , model 1;  fig.  1  and  2 ). Three 
chromosomal regions showed potential evidence for SBP 
linkage: a genetic location between markers  D16S3103  
and  D16S403  (LOD = 1.8) on chromosome 16p12.3–p12.1, 
a genetic location near marker  D1S518  (LOD = 1.4) on 
chromosome 1q31.1, and a genetic location near marker 
 D4S2639  (LOD = 1.2) on chromosome 4p15.31.

  Using model 2, the evidence of linkage was observed 
for SBP on chromosome 6q near the same marker 
 (D6S1031)  with   a LOD score of 3.6 (empirical p = 2.0  !  
10 –5 ) ( table 3 , model 2;  fig. 1  and  2 ). As can be seen in 
 table 3 , there were no other regions identified by model 2 
to be potentially linked with SBP. Thus, the maximum 
LOD score for SBP on chromosome 6q from the two 
models occurred at the same chromosomal location. The 
1-LOD support intervals around the linkage peaks ob-
tained from models 1 and 2 spanned a  � 23-cM-long
region on chromosome 6q between markers  D6S1053  
(6q12, 80 cM) and  D6S1056  (6q16.1, 103 cM) on the 
Marshfield map.

Table 2. C haracteristics of 1,089 study subjects in 266 VAGES 
families

Characteristics

Subjects, na 1,089
Age, years 49.9813.3
Gender (% females) 65
Type 2 diabetes 69
Anti-hypertensive medicationb 37
Systolic blood pressure, mm Hg 130.9819.4
Model 1 systolic blood pressure, mm Hg 136.2823.3
Model 2 systolic blood pressure, mm Hg 133.6819.1
Diastolic blood pressure, mm Hg 74.9811.0
Model 1 diastolic blood pressure, mm Hg 78.6812.6
Model 2 diastolic blood pressure, mm Hg 80.0811.8
Body mass index 33.287.9
ln body mass index 3.580.2

F igures are means 8 SD or %, unless otherwise indicated.
ln = log transformed.

a The analyses included 37 unrelated individuals in addition 
to the 1,089 subjects from the VAGES.

bAntihypertensive treatment included all current medications 
including angiotensin-converting enzyme or angiotensin recep-
tor blocker.
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  Discussion 

 In the present study, we used data on the Mexican-
American population from the VAGES to identify sus-
ceptibility genes influencing variation in SBP and DBP 
traits. After finding that the heritability estimates de-
rived from the two models were moderate and signifi-
cant, we employed the variance components multipoint 
linkage technique to localize the susceptibility genes for 

SBP. Despite the differences in their magnitudes, the 
maximum LOD scores of 5.0 and 3.6 for SBP occurred at 
a genetic location on chromosome 6q near the marker 
 D6S1031 . In our linkage analyses, no attempt was made 
to correct for multiple testing in regard to the used cor-
related BP measures/models since they were not indepen-
dent. For example, the phenotypic correlation between 
SBP and DBP in our study indicated that 39% of the vari-
ation is commonly shared by these correlated traits. Like-
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  Fig. 1.  Summary of linkage findings of SBP in Mexican-Americans from the VAGES using model 1 (red line) 
and model 2 (blue line). 
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wise, the commonly shared variation by the treatment-
corrected SBP values by the two methods is 38% based on 
their phenotypic correlation.

  Several other genome-wide linkage studies of BP 
found significant or potential linkages on chromosome 
6q ( table 4 ). As can be seen, we independently confirmed 
a significant linkage signal for SBP found in a European 
population from the National Heart, Lung and Blood
Institute (NHLBI) Family Heart Study, which is a mul-
ti-center, population-based study, consisting of 2,959
individuals from 500 white families  [44] . This study
performed a linkage analysis using different methods 

on how to account for antihypertensive use in treated 
individuals. Briefly, one of their methods included indi-
viduals who were taking antihypertensive medication 
and fixed their treated BP values to 140/90 mm Hg. Us-
ing these data, a significant linkage signal (LOD = 3.3) 
for SBP values was found on chromosome 6q near the 
same marker as reported in the present study  (D6S1031) 
  [44] . In another study, a potential linkage finding
(LOD = 2.5) for DBP was reported at the same 6q chro-
mosomal region in Dutch families with familial com-
bined hyperlipidemia  [45] . Thus, the BP susceptibility 
loci in these studies mapped to the same marker 

7

6

5

4

3

2

1

0

LO
D

0 50 100 150 200

Chromosome position (cM)

Model 1 (LOD = 5.0)

Model 2 (LOD = 3.6)

D
6

S
1

0
2

7

D
6

S
1

2
7

7

D
6

S
1

0
3

5

D
6

S
2

4
3

6

D
6

S
1

0
0

9

D
6

S
1

0
4

0

D
6

S
4

7
4

D
6

S
1

0
2

1

D
6

S
1

0
5

6

D
6

S
1

0
3

1

D
6

S
1

0
5

3

D
6

S
2

4
1

0

D
6

S
1

0
1

7

D
6

S
2

4
2

7

D
6

S
2

4
3

9
D

6
S

1
6

6
0

D
6

S
2

4
3

4

D
6

S
9

4
2

F
1

3
A

1

G
A

TA
1

8
4

A
0

8

Nearest marker region Distance from
pter in the
Marshfield map

Chromosomal
location

M aximum LOD score

mo del 1a model 2a

D1S518 202 1q31.1 1.4 0.4
D4S2639 33 4p15.31 1.2 0.5
D6S1031 89 6q14.1 5.0 3.6
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Table 3.  Chromosomal regions 
potentially linked (LOD ≥1.2) to SBP 
using Tobin et al.’s [41] method

  Fig. 2.  Multipoint linkage findings of SBP 
on chromosome 6q obtained from model 
1 and model 2. 
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 (D6S1031 ) region on chromosome 6q14.1 as reported in 
the present study. In the San Antonio Family Heart 
Study, another Mexican-American family study in San 
Antonio without any overlap with the VAGES, a poten-
tial linkage signal (LOD = 2.2) for SBP was observed 
 � 10 cM away from our linkage peak  [46] . As shown in 
 table 4 , some other studies observed BP linkage signals 
on chromosome 6q, but which were closer to the qter. 
For example, Krushkal et al.  [47] , Adeyemo et al.  [13]  
and Caulfield et al.  [20]  implicated the 6q23–q27 chro-
mosomal region as influencing variation in SBP and/or 
essential hypertension.

  There are no known major candidate genes for BP in 
our 6q chromosomal region of interest. The  � 23-cM-
long ( � 30 Mb) 1-LOD support interval region around the 
SBP linkage peak (89 cM, 76 Mb) on chromosome 6q is 
flanked by markers  D6S1053  (6q12; 80 cM, 65 Mb) and 
 D6S1056  (6q16.1; 103 cM, 94 Mb) on the Marshfield map, 
and it contains approximately 180 genes (NCBI Build 37). 
As noted earlier, numerous BP susceptibility variants/
genes have been identified by recently conducted GWASs. 
However, none of the reported BP/hypertension GWA 
findings occurred in the 1-LOD support interval around 
the linkage peak found in our study (reviewed by Arora 
and Newton-Cheh  [23] , Hastie et al.  [24] , Rafiq et al.  [25] , 
and Ehret  [26] ). As in the case of other GWASs of complex 
diseases, the concordance of linkage and GWASs of BP/
hypertension is far from perfect. The GWASs, generally 
using a case-control design involving unrelated individ-

uals, have been shown to be successful in associating 
common variation with BP susceptibility. In contrast to 
linkage studies, the chromosomal regions of interest 
identified by GWASs involve small confidence regions. 
However, the issues of missing heritability, rare variants, 
and synthetic associations need to be addressed. These 
concerns highlight the potential role of rare variants 
which are undetectable with the use of the current
GWAS-related technologies that focus on common vari-
ants  [48, 49] . In this context, it should be noted that large 
family-based studies have a high likelihood of detecting 
the rare variants, given that multiple individuals in large 
families can be associated with such sequence variants.

  To verify whether any BP data were found in the recent 
GWASs to be modestly associated in our 6q chromosom-
al region of interest, a survey of the overall association 
findings from these studies was performed. As reported 
mostly in their supplementary materials, modest associa-
tions related to 1 or more BP traits (i.e. SBP, DBP and hy-
pertension) that occurred in the 1-LOD support interval 
were found by 6 studies (Levy et al.  [50] , WTCCC  [51] , 
Org et al.  [52] , Yang et al.  [53] , Adeyemo et al.  [54] , Hiura 
et al.  [55] ). For example, an association (trend p = 9.4  !  
10 –5 ) between hypertension and rs276699 (76.5 Mb) was 
found in a British population  [51] . In a Japanese popula-
tion, the best modest associations were found between 
SBP and rs9353859 (p = 5.0  !  10 –4  at 92.3 Mb) and DBP 
and rs1482567 (p = 1.8  !  10 –5  at 72.7 Mb), respectively 
 [55] . In the Framingham Heart Study data, a modest as-

Table 4. C orrespondence of our SBP linkage finding with other studies on chromosome 6q

Population Trait Chromosomal
location

Marker region
implicated

Position cM
(Marshfield map)

LOD
score

Reference

Mexican-Americans SBP 6q12 D6S1053 80 2.2 Rutherford et al.,
2007 [46]

Dutch families DBP 6q14.1 D6S1031 89 2.5 Allayee et al.
2001 [45]

White families SBP 6q14.1 D6S1031 89 3.3 Hunt et al.,
2002 [44]

Present study SBP 6q14.1 D6S1031 89 3.6 Puppala et al.
White families
(Americans)

SBP 6q23.3–6q24.2 D6S1009–
D6S1003

138–144 <0.0001a Krushkal et al.,
1999 [47]

Nigerian families SBP 6q26 D6S1277 173 2.9 Adeyemo et al.,
2005 [13]

White sibling pairs
(Europeans)

essential
hypertension

6q27 D6S281 190 3.2 Caulfield et al.,
2003 [20]

S BP = Systolic blood pressure; DBP = diastolic blood pressure; a p value.
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sociation was observed between DBP and rs2509458 (p = 
6.9  !  10 –6  at 88.7 Mb  [50] ).

  Interestingly, SNP  !  SNP interaction tests in a GWAS 
of young-onset hypertension in the Han Chinese popula-
tion of Taiwan revealed a significant pair-wise interac-
tion between rs1886985 on chromosome 6q14.1 (76.7 Mb) 
and rs6129969 on chromosome 20q12 (40.5 Mb) asso-
ciated with young-onset hypertension  [53] . Three types 
of interaction tests were performed, where the p val-
ues ranged from 1.9  !  10 –4  to 7.6  !  10 –9 . This finding 
was validated in the second-stage analysis. Given that 
rs1886985 represents the gene  IMPG1  (which encodes
interphotoreceptor matrix proteoglycan 1) region, these 
authors performed a preliminary gene expression analy-
sis of  IMPG1  and concluded that its expression may be 
involved in the modification of blood vessel structure, in 
turn affecting the activity and stability of proteins and 
signaling molecules within the matrix  [53] .

  To address the issue of the potential influence of 
T2DM at the identified SBP susceptibility locus on 6q14.1 
in the VAGES family data enriched for T2DM due to the 
ascertainment scheme, we performed 2 additional analy-
ses. We found no evidence for linkage of T2DM (LOD = 
0) at the location where we found strong evidence for 
linkage of SBP (at 89 cM on chromosome 6q14.1). We also 
conducted bivariate linkage analyses of T2DM and SBP 
at the same genetic location using models 1 and 2, and 
found no evidence for shared major gene influences 
(model 1, p = 0.37 and model 2, p = 0.62) on T2DM and 
SBP. These observations reveal that the major SBP locus 
found in this study is not likely to be a T2DM susceptibil-
ity locus, and that it influences variation in SBP without 
any confounding effects on T2DM. Recently, we reported 
suggestive evidence for linkage of plasma triglyceride lev-
els (LOD = 2.2) on chromosome 6q in the same popula-
tion as reported in the present study  [28] . However, the 
chromosomal region of interest reported in the present 
study is approximately 98 cM far from that reported by 
our previous study  [28] , thus suggesting that these 2 ge-
netic regions on chromosome 6q are unlikely to be the 
same.

  In summary, we performed genome-wide linkage 
analyses to map susceptibility genes for SBP and DBP in 
Mexican-Americans, and we found strong evidence for a 
major susceptibility gene influencing SBP on chromo-
some 6q14.1. Most importantly, our significant SBP link-
age finding independently confirmed an earlier report
of a major susceptibility locus at the same location on 
chromosome 6q14.1 by the NHLBI Family Heart Study 
relating to a European population. Potential linkages and 

modest genome-wide associations for BP/hypertension 
were also found in our 6q chromosomal region of inter-
est. Although our findings correspond well with those 
reported in a Caucasian population, it is possible that the 
present linkage finding may be related to T2DM-associ-
ated hypertension, given that our VAGES families were 
enriched with T2DM individuals. Our study also provid-
ed some evidence of linkage for SBP on chromosomes 1q, 
4p and 16p. In consideration of the major and potential 
linkage findings together with the modest associations 
for BP in the same 6q chromosomal region by several 
studies involving ethnically diverse populations, region-
specific genomic surveys at a finer level appear to be
urgently needed for identifying the putative functional 
variants that influence variation in SBP. Such refined 
gene discovery efforts on chromosome 6q may ultimate-
ly help to pave the way for prevention and treatment of 
coronary artery and cerebrovascular disease complica-
tions.
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