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C

ardiovascular disease is the leading cause of
death among individuals with type 2 diabetes
(1). Dyslipidemia plays a major role in the
development of cardiovascular disease in type 2
diabetic patients, in whom lipid abnormalities are characterized by hypertriglyceridemia and reduced levels of HDL
cholesterol present mainly in the form of small, dense HDL
particles (2,3). Levels of LDL cholesterol are typically
normal or only mildly elevated; however, an increased
level of small, dense LDL particles that are highly atherogenic is frequently a component of diabetic dyslipidemia
(4,5). Disregulated lipoprotein metabolism and risk for
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cardiovascular disease most likely precede the development of glucose intolerance and frank diabetes (6).
Haffner et al. (6) showed that among individuals who were
normoglycemic at baseline examination, those who later
progressed to diabetes had lower HDL levels and higher
levels of LDL and total cholesterol compared with individuals who remained diabetes free. In this study, differences
in lipid levels persisted following adjustments for BMI and
level of glycemia but not fasting insulin concentration.
Similarly, in analyses using nuclear magnetic resonance
spectroscopy, Garvey et al. (7) found that increasing
severity of insulin resistance, in both diabetic and nondiabetic individuals, was associated with 1) increased VLDL
size and levels of large VLDL particle concentrations
(where circulating triglycerides are predominantly carried); 2) decreased HDL size due to depletion of large HDL
particles and increased levels of small HDL particles; and
3) increased levels of small, dense LDL particles and an
overall increase in the total number of LDL particles.
Combined, these findings suggest that insulin resistance,
and possibly hyperinsulinemia, likely underlie the lipidrelated changes associated with type 2 diabetes.
Diet and exercise are among the most common environmental factors affecting lipid levels (8,9); however, genetic
determinants of several monogenic lipid-related disorders
have been clearly established (10). For example, mutations in the LDL receptor (LDLR) gene underlie familial
hypercholesterolemia, which is marked by excessively
high LDL levels (11), and defects in the ATP binding
cassette A1 (ABCA1) gene lead to Tangier disease, characterized by reduced HDL levels (12–14). Despite the
considerable success in identifying mutations underlying
monogenic lipid-related disorders, genetic determinants of
lipid traits in the general population remain largely unknown. Based on twin and pedigree analyses, genetic
heritability (the proportion of variance due to genetic
factors) of lipid levels has been estimated to range from
0.20 to 0.87 (15,16), suggesting roles for both environmental and genetic components.
Over 90 genome scans have been performed to identify
loci affecting lipid levels (for a comprehensive review, see
Bossé et al. [17]). Of these, four were performed in families
who were originally ascertained for type 2 diabetes (18 –
21). Duggirala et al. (21) identified a major susceptibility
locus for plasma triglycerides on 15q in Mexican-American
families ascertained for type 2 diabetes. Linkage to chromosome 19 was identified for total cholesterol, triglycerides, and LDL in Pima Indians (19), non-Hispanic
Caucasians (20), and Old Order Amish (18), respectively,
in a region linked with lipid traits in nondiabetic study
samples. Additional regions of linkage for lipid traits in
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Coronary heart disease (CHD) is the leading cause of death
among individuals with type 2 diabetes. Dyslipidemia contributes significantly to CHD in diabetic patients, in whom
lipid abnormalities include hypertriglyceridemia, low HDL
cholesterol, and increased levels of small, dense LDL particles. To identify genes for lipid-related traits, we performed genome-wide linkage analyses for levels of
triglycerides and HDL, LDL, and total cholesterol in Caucasian, Hispanic, and African-American families from the
Genetics of NIDDM (GENNID) study. Most lipid traits
showed significant estimates of heritability (P < 0.001)
with the exception of triglycerides and the triglyceride/
HDL ratio in African Americans. Variance components
analysis identified linkage on chromosome 3p12.1-3q13.31
for the triglyceride/HDL ratio (logarithm of odds [LOD] ⴝ
3.36) and triglyceride (LOD ⴝ 3.27) in Caucasian families.
Statistically significant evidence for linkage was identified
for the triglyceride/HDL ratio (LOD ⴝ 2.45) on 11p in
Hispanic families in a region that showed suggestive evidence for linkage (LOD ⴝ 2.26) for triglycerides in this
population. In African Americans, the strongest evidence
for linkage (LOD ⴝ 2.26) was found on 19p13.2-19q13.42
for total cholesterol. Our findings provide strong support
for previous reports of linkage for lipid-related traits,
suggesting the presence of genes on 3p12.1-3q13.31,
11p15.4-11p11.3, and 19p13.2-19q13.42 that may influence
traits underlying lipid abnormalities associated with type 2
diabetes. Diabetes 54:3007–3014, 2005

LINKAGE ANALYSIS OF QUANTITATIVE LIPID TRAITS

TABLE 1
Characteristics of study participants
Men
n
Age (years)
BMI (kg/m2)
Triglycerides (mg/dl)
LDL (mg/dl)
HDL (mg/dl)
Total cholesterol (mg/dl)

Caucasians
Women

357
53.7 ⫾ 15.9
29.2 ⫾ 6.5
158.4 ⫾ 105.8
117.3 ⫾ 33.8
34.6 ⫾ 9.0
183.9 ⫾ 37.0

462
54.8 ⫾ 15.7
30.1 ⫾ 7.6
140.8 ⫾ 103.7
120.0 ⫾ 35.9
43.9 ⫾ 11.4
192.4 ⫾ 42.0

Hispanics
Men

Women

211
50.6 ⫾ 15.6
28.9 ⫾ 5.0
156.8 ⫾ 92.7
119.7 ⫾ 34.1
36.2 ⫾ 9.4
187.6 ⫾ 38.1

371
50.3 ⫾ 15.6
31.8 ⫾ 8.0
154.6 ⫾ 90.0
118.2 ⫾ 33.9
40.7 ⫾ 9.7
189.4 ⫾ 39.2

African Americans
Men
Women
79
50.2 ⫾ 16.5
28.8 ⫾ 6.0
89.9 ⫾ 51.6
122.9 ⫾ 36.7
44.5 ⫾ 12.5
188.0 ⫾ 39.3

161
52.1 ⫾ 14.9
34.3 ⫾ 9.3
96.0 ⫾ 50.8
127.1 ⫾ 35.3
47.6 ⫾ 10.7
195.1 ⫾ 38.4

Data are means ⫾ SD. Descriptive statistics of lipid levels and covariates in 819 Caucasians, 582 Hispanics, and 240 African Americans are
given. Lipid concentrations represent untransformed, unadjusted values.

RESEARCH DESIGN AND METHODS
The GENNID study was initiated in 1993 to establish a repository of
phenotypically well-characterized families ascertained by the presence of at
least two siblings with type 2 diabetes. Ascertainment was completed in two
phases: phase I families contained at least three other first-degree relatives
and a nondiabetic ethnically matched control (i.e., an unaffected spouse) in
addition to two diabetic siblings; phase II families had at least two diabetic
siblings and both parents or, in cases with no available parent(s), up to two
additional siblings (22). The present study used phenotypic data from both
phase I and II families. Clinical and anthropometric measures, as well as
family/medical histories for all GENNID participants, were collected from 13
different clinical centers throughout the U.S. Diabetes was documented
according to the National Diabetes Data Group criteria (i.e., either a fasting
plasma glucose concentration of ⱖ140 mg/dl on more than one occasion or a
plasma glucose concentration of ⱖ200 mg/dl in a 2-h sample and in at least
one other sample taken during an oral glucose tolerance test) (22). Among the
clinical data collected, measures for fasting plasma levels of triglycerides and
HDL, LDL, and total cholesterol were also obtained (22). Plasma levels of
triglycerides, HDL, and total cholesterol were directly measured. Triglycerides
were measured using a free-glycerol blanking method, HDL was measured
following heparin-manganese sulfate precipitation, and total cholesterol was
measured enzymatically (22). Plasma LDL concentration was estimated using
the Friedewald equation [LDL ⫽ total cholesterol ⫺ HDL ⫺ (triglyceride/5)]
(23).
This study used phenotypic data from the GENNID database for 819
non-Hispanic Caucasians (153 families), 582 Hispanics (113 families), and 240
African Americans (59 families). Non-Hispanic Caucasian family size ranged
from 2 to 18 members with 450 parent-offspring pairs, 944 sibling pairs, 124
cousin pairs, 422 uncle/aunt-niece/nephew pairs, and 41 grandparent-grandchild pairs. Hispanic family size ranged from 2 to 16 members with 314
parent-offspring pairs, 646 sib-pairs, 70 cousin pairs, 266 uncle/aunt-niece/
nephew pairs, and 4 grandparent-grandchild pairs. African-American families
consisted of 2– 8 individuals with 88 parent-offspring pairs, 230 sibpairs, 7
cousin pairs, 39 uncle/aunt-niece/nephew pairs, and 13 grandparent-grandchild pairs.
Genotypes. Whole-genome microsatellite marker (Marshfield screening sets
6 and 8) genotyping was performed at the Marshfield Medical Research
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Foundation (Marshfield, WI), and additional markers were genotyped at Glaxo
Wellcome (Research Triangle Park, NC) to fill gaps in one or more of the
sample populations (24). In total, 418, 424, and 373 microsatellite markers
were genotyped in the non-Hispanic Caucasian, Hispanic, and African-American study groups, respectively. Average marker spacing ranged from ⬃8 to 9
cM, and average marker heterozygosity for each sample population was ⬃0.75
(24).
Statistical analyses. The SIMWALK program (25) was used to identify
Mendelian genotyping errors, which were then coded with missing values. In
analyses of the phenotypic data, outliers with trait values ⱖ3 SDs were
removed to avoid any bias that might be introduced into the results (n ⫽ 12
in Caucasians, 17 in Hispanics, and 14 in African Americans). Some of the lipid
traits (HDL, triglycerides, and LDL/HDL and triglyceride/HDL ratios) were not
normally distributed. We therefore log- or square root–transformed these lipid
concentrations, and the Statistical Analysis System package (SAS Institute,
Cary, NC) was used for regression analysis of the transformed lipid traits. The
covariates tested were sex, duration of diabetes, BMI, waist circumference,
hip circumference, waist-to-hip ratio, age, weight, and their square and cubic
terms, smoking status, and alcohol intake status. Adjustment of covariates
significantly related to plasma lipid levels at the 0.05 level was performed
separately in individuals affected and unaffected with diabetes to remove any
effects of diabetes status. The adjusted and standardized [N (0,1)] residuals for
all traits were approximately normally distributed with skewness ranging
from ⫺0.39 to 0.38 and kurtosis ranging from ⫺0.53 to 0.77. In this study
population, there were 66 Caucasians, 40 Hispanics, and 7 African Americans
taking lipid-lowering drugs; data analysis was performed both including and
excluding these individuals. Since the most commonly used diabetes drugs
were sulfonylureas, which do not exert direct effects on lipid levels, no
adjustments were made for individuals on medication for type 2 diabetes.
Genetic heritability was estimated for the adjusted and standardized
residuals using the Pedigree Analysis Package (26). In addition, the six lipid
traits (we will refer to the transformed, adjusted, and standardized lipid levels
as total cholesterol, triglycerides, LDL, HDL, and LDL/HDL and triglyceride/
HDL ratios) were subjected to variance components linkage analysis as
implemented in the program GENEHUNTER (27). To assess the genome-wide
significance of our linkage signals observed in Caucasians, African Americans,

TABLE 2
Heritability estimates for lipid levels in Caucasians, Hispanics,
and African Americans

Lipid level
Total cholesterol
HDL
LDL
Triglycerides
Triglyceride/HDL
ratio
LDL/HDL ratio

Heritability estimate ⫾ SE
African
Caucasians
Hispanics
Americans
0.50 ⫾ 0.08
0.42 ⫾ 0.08
0.42 ⫾ 0.07
0.54 ⫾ 0.08

0.38 ⫾ 0.08
0.34 ⫾ 0.09
0.28 ⫾ 0.08
0.19 ⫾ 0.07

0.47 ⫾ 0.15
0.38 ⫾ 0.15
0.39 ⫾ 0.14
0.14 ⫾ 0.13

0.53 ⫾ 0.08
0.48 ⫾ 0.07

0.22 ⫾ 0.07
0.32 ⫾ 0.08

0.20 ⫾ 0.13
0.44 ⫾ 0.14

Heritability (h2) was estimated for 153 Caucasian, 113 Hispanic, and
59 African-American families. All h2 estimates were significant (P ⬍
0.001) except for triglycerides and triglyceride/HDL ratio in African
Americans (P ⬎ 0.05).
DIABETES, VOL. 54, OCTOBER 2005
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type 2 diabetic families include 1q21-q23 (20), 11q23 (18),
and 3q (19).
The goal of this study was to identify quantitative trait
loci that affect the diabetes-related plasma lipid profile in
ethnically diverse populations. For this purpose, we analyzed genotype data for ⬃400 microsatellite markers in 153
non-Hispanic Caucasian, 113 Hispanic, and 59 AfricanAmerican families who participated in the Genetics of
NIDDM (GENNID) study, which comprises a repository
containing extensive phenotypic and genotypic information on individuals from different ethnic groups ascertained by the presence of at least two type 2 diabetic
siblings (22). Heritability estimates for lipid traits were
obtained in these families, and variance components linkage analyses were performed for log-transformed plasma
levels of triglycerides, HDL, LDL, and total cholesterol, as
well as triglyceride/HDL and LDL/HDL ratios.

A. MALHOTRA AND ASSOCIATES

TABLE 3
Regions showing evidence for linkage (multipoint LOD ⬎1.5) in Caucasians
Chromosome
2
3
5
9
10
15
16

Lipid level

Multipoint LOD

2-point LOD

Closest marker

1-LOD interval (cM)

Triglyceride
Triglyceride/HDL ratio
Triglyceride
Triglyceride/HDL ratio
Total cholesterol
LDL
Total cholesterol
LDL
LDL
LDL/HDL ratio

1.71
1.74
3.27
3.36
1.62
1.69
1.63
2.07
2.23
2.18

1.36
1.41
1.74
2.43
1.41
1.38
2.06
1.20
2.44
1.64

GATA176C01
GATA176C01
D3S3045
D3S3045
MFD154
MFD154
D9S1121
GGAA23C05
D15S107
D16S748

98–113
95–113
116–130
116–130
145–178
149–178
24–63
125–160
98–118
0–49

Variance components linkage analysis was performed using data from 153 families.

RESULTS

The characteristics of each study sample used in our
analyses are shown in Table 1. Diabetes prevalence was
45% in both Caucasians and Hispanics and 54% in African
Americans. In the Caucasian sample, covariates explained
2–15% and 5–29% of the phenotypic variance in diabetic
and nondiabetic individuals, respectively. In the Hispanic
sample, covariates explained less of the phenotypic variance than in Caucasians: 2–10% and 7–16% in diabetic and
nondiabetic individuals, respectively. Covariates in African Americans explained levels of phenotypic variance
comparable to those seen in the Hispanic sample (i.e.,
3–10% and 8 –17% for diabetic and nondiabetic individuals,
respectively).
Statistically significant estimates of heritability were
observed for all plasma lipid traits in Caucasians (P ⬍
0.0001) and Hispanics (P ⬍ 0.001) as shown in Table 2. In
African Americans, total cholesterol, LDL, HDL, and LDL/
HDL ratio showed substantial heritability (P ⬍ 0.001), but

triglycerides and triglyceride/HDL ratio did not (Table 2;
P ⬎ 0.05).
Variance components linkage analyses were performed
for all lipid traits in each study population. The highest
LOD scores were found on chromosome 3 for both triglyceride/HDL ratio (LOD ⫽ 3.36; empirical P value ⫽ 0.051)
and triglycerides (LOD ⫽ 3.27; empirical P value ⫽ 0.059)
in Caucasian families. An LOD score threshold of 3.38 was
obtained following simulation of 1,000 replicates, making
the LOD score for both triglycerides and triglyceride/HDL
ratio slightly less than the level of statistical significance.
Suggestive evidence for linkage was observed on chromosomes 5, 10, and 15 for LDL, chromosome 2 for triglycerides and triglyceride/HDL ratio, chromosomes 5 and 9 for
total cholesterol, and chromosome 16 for the LDL/HDL
ratio (Table 3).
Statistically significant evidence for linkage was observed for triglyceride/HDL ratio (LOD ⫽ 2.45; empirical P
value ⫽ 0.032) on chromosome 11p in Hispanic families,
where suggestive evidence for triglycerides (LOD ⫽ 2.26;
empirical P value ⫽ 0.061) was also found. Simulation
results for observing a false-positive rate of 0.05 anywhere
in the genome identified an LOD score threshold of 2.31
(P ⬍ 0.001). Suggestive evidence for linkage was observed
on chromosomes 2 and 4 for total cholesterol, 4 and 15 for
LDL/HDL ratio, chromosome 11 for HDL, and chromosome 14 for triglycerides and triglyceride/HDL ratio (Table
4).
In African Americans, three chromosomal regions were
identified with multipoint LOD scores ⬎1.45 (Table 5). The
strongest evidence for linkage was found on chromosome
19 for total cholesterol (LOD ⫽ 2.26; empirical P value ⫽
0.105). An LOD score threshold of 2.51 (P ⬍ 0.001) was

TABLE 4
Regions showing evidence for linkage (multipoint LOD ⬎1.5) in Hispanics
Chromosome
2
4
11
14
19

Lipid level

Multipoint LOD

2-point LOD

Closest marker

1-LOD interval (cM)

Total cholesterol
Total cholesterol
Total cholesterol
LDL/HDL ratio
LDL/HDL ratio
Triglyceride/HDL ratio
Triglyceride
Triglyceride
Triglyceride/HDL ratio
LDL/HDL ratio

1.61
1.90
1.79
1.61
2.38
2.45*
2.26
1.54
2.07
2.10

1.11
1.62
1.95
1.18
2.42
2.18
2.09
2.12
2.46
1.78

D2S1352
D2S1353
D4S1530
D4S403
D4S2417
D4S2417
D11S902
GATA193A07
GATA193A07
D19S47

77–107
171–188
160–204
0–19
160–186
21–46
21–46
53–83
52–83
47–75

Variance components linkage analysis was performed using data from 131 families. *Significant evidence for linkage based on a simulation
study.
DIABETES, VOL. 54, OCTOBER 2005
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and Hispanics, 1,000 replicates of the genome were simulated using the
program SIMULATE (28). The family structure and marker allele frequency
information of the original dataset were used to generate the replicates.
Variance components linkage analysis was then performed on all the replicates, and a logarithm of odds (LOD) score threshold was estimated for a
false-positive rate anywhere in the genome of 0.05. We estimated the LOD
score threshold by first subjecting each replicate to variance components
linkage analysis, then obtaining the maximum LOD score for each replicate
and ranking these LOD scores in ascending order. The LOD score threshold
was identified as the LOD score that was exceeded in ⬍5% of replicates. In
addition, empirical P values were estimated as the proportion of replicates
equal to or exceeding the observed LOD score. Due to time and computational
constraints, we performed simulations only for those traits showing the
highest LOD scores (i.e., triglycerides, triglyceride/HDL ratio, and total
cholesterol).

LINKAGE ANALYSIS OF QUANTITATIVE LIPID TRAITS

TABLE 5
Regions showing evidence for linkage (multipoint LOD ⬎1.5) in African Americans
Chromosome
19
5

Lipid level

Multipoint LOD

2-point LOD

Closest marker

1-LOD interval (cM)

Total cholesterol
LDL
HDL
LDL/HDL ratio

2.26
1.62
1.59
1.66

1.69
1.58
0.80
1.05

MFD235
D19S714
D5S2500
D5S807

23–78
0–76
22–76
2–43

Variance components linkage analysis was performed using data from 59 families.

DISCUSSION

Genetic factors most likely underlie control of lipid traits
in the general population. We found substantial genetic
heritability for most lipid traits in the three populations
comprising this study, and the estimates shown here
correspond well with previously reported values (15,16).
High estimates of genetic heritability imply familial aggregation of lipids; therefore, a gene underlying the inheritance of lipid levels may be detectable through the use of
linkage and association analyses.
The highest LOD scores obtained in these analyses were
found for triglyceride/HDL ratio (LOD ⫽ 3.36) and triglycerides (LOD ⫽ 3.27) on 3p12.1-3q13.31 in Caucasian families. This chromosomal region overlaps with intervals that
have been identified by linkage analysis in at least five
previously published studies (Fig. 1). The majority of
linkage findings in this region were obtained in Caucasian
populations (four of five) using different ascertainment

schemes as well as different lipid-related traits (i.e., quantitative and qualitative). Analysis of the triglyceride/HDL
ratio showed evidence for linkage in a coronary heart
disease (CHD)-ascertained Mauritian population (29) and
a randomly ascertained population from the Framingham
Heart study (16). In a bivariate analysis of total cholesterol
and triglycerides, evidence for pleiotropic effects of a gene
residing in this region was found (30). The interval identified in the present study has also been implicated in
discrete trait analyses of familial hypercholesterolemia
(31) and coronary artery disease (CAD) (32). Four of the
above studies (including the present study), using either
randomly or disease-ascertained families, showed evidence for linkage on chromosome 3 for triglycerides
and/or triglyceride/HDL ratio, and a fifth study identified
linkage for CAD in this region. Because triglycerides levels
are generally increased in individuals with CAD and diabetic dyslipidemia, these results strongly support the
presence of a common gene on chromosome 3, which
affects triglycerides levels in both randomly and diseaseascertained families.
The strongest evidence for linkage (LOD ⫽ 2.45) in the
Hispanic study sample was found for triglyceride/HDL
ratio on chromosome 11p15.4-11p11.3. Based on a simulation study for observing a false-positive rate of 0.05
anywhere in the genome, this LOD score was statistically
significant. The linked region on chromosome 11 has also
been reported in several other studies, one of which
included families ascertained for type 2 diabetes (Fig. 2).

FIG. 1. A summary of studies showing evidence for linkage on chromosome 3. The ethnic background of the study population is given. Horizontal
lines with arrows represent the approximate 1-LOD support interval on a cytogenetic map (bottom) for the respective studies. The closest marker
and position (cM, vertical line) of the maximum LOD score or lowest P value (right) are indicated above the horizontal line.
3010
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obtained following simulation of 1,000 replicates, making
the LOD score for total cholesterol slightly less than the
level of statistical significance. Suggestive evidence for
linkage for LDL was also detected in the same region on
chromosome 19 (LOD ⫽ 1.62). Additional regions of
linkage included chromosome 5 for LDL/HDL ratio
(LOD ⫽ 1.66) and HDL (LOD ⫽ 1.59), chromosome 1 for
LDL (LOD ⫽ 1.45), chromosome 17 for total cholesterol
(LOD ⫽ 1.35), and chromosome 18 for triglycerides
(LOD ⫽ 1.04) and triglyceride/HDL ratio (LOD ⫽ 1.14).

A. MALHOTRA AND ASSOCIATES

Evidence of linkage to this region was observed in families
ascertained by the presence of familial combined hyperlipidemia (LOD ⫽ 2.7 for triglycerides and LOD ⫽ 2.04 for
total cholesterol in the same region) (33) in the Quebec
Family Study (LOD ⫽ 2.1 for triglycerides) using both
randomly and obesity-ascertained families (34) and in the
Old Order Amish (LOD ⫽ 1.7 for triglycerides) ascertained
for type 2 diabetes (18). Linkage on chromosome 11p was
also observed for other lipid traits. In a study combining
data from CHD and randomly ascertained families, a
linkage peak was identified for LDL (35). This region has
also been identified in randomly ascertained individuals
for total cholesterol (36) and familial combined hyperlipidemia (as a discrete trait) (37). Replication of previously
published results supports the presence of a gene affecting
lipid levels in this region on chromosome 11. In addition,
the use of different ascertainment schemes, all of which
are associated with abnormal lipid levels, may suggest
pleiotropic effects of a common underlying gene in these
various conditions.
Several potential candidates for control of lipid metabolism map to the linked regions on 3p12.1-3q13.31 and
11p15.4-11p11.3. The pregnane X receptor gene (also
known as nuclear receptor subfamily 1, group I, member 2
[NR1I2]), which induces expression of genes involved in
clearance of cholesterol metabolites, is located on 3q12
and has recently been shown to exert direct effects on the
detoxification of cholesterol metabolites (38). The phosphotidylserine-specific phospholipase A1-␣ (PLA1A) gene,
located on 3q13, is involved in the hydrolysis of fatty acids.
Genes on chromosome 11 include the liver X receptor ␣
(LXRA), which plays a key role in the regulation of
cholesterol and lipid metabolism; oxysterol-binding protein-like protein 5 (OSBPL5), which belongs to a family of
intracellular lipid receptors and may play a role in the
regulation of cholesterol metabolism (39); and 7-dehydroDIABETES, VOL. 54, OCTOBER 2005

cholesterol reductase (DHCR7), which catalyzes the conversion of 7-dehydrocholesterol to cholesterol during the
final step of endogenous cholesterol biosynthesis and is
linked to control of total cholesterol levels (40).
We observed a statistically significant correlation of 0.94
(P ⬍ 0.0001) between triglycerides and triglyceride/HDL
ratio in both Caucasians and Hispanics. Given that we
observed similar LOD scores for these traits in the same
region but a lower LOD score for HDL (1.15 in Hispanics
and ⬍1 in Caucasians), we predict that the triglycerides
level is responsible for most of the linkage signal on
chromosomes 3 and 11 in Caucasians and Hispanics,
respectively; however, it is possible that pleiotropic effects
of an underlying gene are present. Because hypertriglyceridemia is typically observed in type 2 diabetic patients,
these regions may harbor genes underlying susceptibility
to developing CAD in families ascertained for type 2
diabetes.
In the African-American study sample, the strongest
evidence for linkage was found on chromosome 19 for
total cholesterol in a region that also overlapped a linkage
peak for LDL in our analyses. Interestingly, this region has
been reported for lipid traits in at least five independent
studies, including three investigations of families originally ascertained for type 2 diabetes (Fig. 3). In these
diabetic families, evidence of linkage was seen for total
cholesterol in Pima Indians (19), triglycerides in nonHispanic Caucasians (20), and LDL in the Old Order Amish
(18). In addition, linkage for LDL concentrations was
found in two non-Hispanic Caucasian populations, one
randomly ascertained (41) and the other containing a
combination of randomly and obesity-ascertained families
(34). In a separate study, Rainwater et al. (42) fractionated
LDL components and performed quantitative linkage analysis on the different LDL size fractions. Evidence for
linkage of two size fractions, LDL-1 (26.4 –29 nm) and
3011
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FIG. 2. A summary of studies showing evidence for linkage on chromosome 11. The ethnic background of the study population is given. Horizontal
lines with arrows represent the approximate 1-LOD support interval on a cytogenetic map (bottom) for the respective studies. The closest marker
and position (cM, vertical line) of the maximum LOD score (right) are indicated above the horizontal line. One study did not have closest marker
information available (see ref. 36).

LINKAGE ANALYSIS OF QUANTITATIVE LIPID TRAITS

LDL-2 (25.5–26.4 nm), were identified on 19p13.12-q12 and
19q13.12-q31.31, respectively, in Mexican Americans (42).
Although the linkage signal obtained for chromosome 19
in the present study was not statistically significant, the
strong support for linkage reported in other studies,
particularly those using families with type 2 diabetic
individuals, suggests the possibility that this region harbors genes that may impact the regulation of lipid traits in
diabetic individuals.
A number of candidate genes with possible effects on
lipid metabolism are located in the region of interest on
chromosome 19. These include the genes encoding the
LDL receptor (LDLR; MIM 606945), which mediates LDL
uptake at the cell membrane; hormone-sensitive lipase
(LIPE; MIM 151750), which converts cholesteryl esters to
free cholesterol and hydrolyzes stored triglycerides to free
fatty acids; apolipoprotein E (APOE; MIM 107741), which
is essential for lipoprotein metabolism; and the upstream
stimulatory factor 2 (USF2; MIM 600390), which belongs
to the same nuclear hormone receptor family as USF1
(MIM 191523), a key factor in the development of familial
combined hyperlipidemia (43). In addition, several members of the cytochrome P450 family involved in cholesterol
and steroid hormone biosynthesis are located in this
region.
Although the present study provides strong support for
the presence of loci on chromosomes 3, 11, and 19 that
contribute to the control of lipid levels, a number of
limitations remain. Even though many studies have shown
evidence for linkage in regions overlapping the ones
reported here, results from other studies do not support
these findings (44,45). Disparities in linkage findings may
3012

result from different ascertainment schemes, dissimilar
methods of statistical analysis, and variability in the power
of a particular study sample to detect genetic linkage.
Undoubtedly, failure to replicate findings among independent studies is also indicative of the complexity involved
in the control of lipid levels. Furthermore, evidence for
linkage of different lipid traits within the same region is
suggestive of pleiotropic effects for an underlying gene(s).
Although beyond the scope of the present study, multivariate analysis would be an appropriate method to address
this possibility.
A second limitation of this study involves the use of
lipid-lowering drugs. In the present study, we performed
variance components analyses including individuals who
self-reported use of lipid-lowering prescription drugs, although we recognize that the plasma lipid levels in these
individuals may influence our findings. Loss of information
was the primary reason for not removing these individuals
from the analyses. For example, in our analyses, removal
of individuals who self-reported lipid-lowering drug use (7
individuals from 6 African-American families, 40 individuals from 33 Hispanic families, and 66 individuals from 55
Caucasian families) did not eliminate the evidence for
linkage but did reduce the LOD scores in the corresponding regions (2.26 to 2.07 in African Americans, 2.45 to 1.81
in Hispanics, and 3.36 to 1.69 in Caucasians; data not
shown). Our results suggest that these individuals contributed to the evidence for linkage in these regions, and
removing them from the variance components analyses
would result in significant loss of information. Furthermore, in this study sample, removal of individuals on
lipid-lowering medications may not be the most appropriDIABETES, VOL. 54, OCTOBER 2005
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FIG. 3. A summary of studies showing evidence for linkage on chromosome 19. The ethnic background of the study population is given. Horizontal
lines with arrows represent the approximate 1-LOD support interval on a cytogenetic map (bottom) for the respective studies. The closest marker
and position (cM, vertical line) of the maximum LOD score or lowest P value (right) are indicated above the horizontal line. Two regions of
linkage did not have closest marker information available (42). In addition, in the Old Order Amish study (18), the markers at the ends of the
linkage interval are given.
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