
The Dissertation Committee for Guowen Cai certifies that this is the 
approved version of the following dissertation: 

 

Localization of Chromosomal Regions Influencing the Phenotypes 

of the Metabolic Syndrome 

 

 

 
Committee: 
 

Jeanne H. Freeland-Graves, Supervisor 

Kimberly Kline   

Michelle Lane 

Anthony G. Comuzzie 

Ravindranath Duggirala 

 

 

 

 



 ii

Localization of Chromosomal Regions Influencing the Phenotypes 

of the Metabolic Syndrome 

 

 
by 
 

Guowen Cai, B.S.; M.S.  
 
 
 

Dissertation 

 
 

Presented to the Faculty of the Graduate School of 

the University of Texas at Austin 

in Partial Fulfillment  

of the Requirements  

for the Degree of 

Doctor of Philosophy 
 
 
 
 
 
 

The University of Texas at Austin 
 

May 2004 



 iii

                                           

 
Acknowledgements 

 
 
    I would like to sincerely thank my advisor, Dr. Freeland-Graves and my 

mentor Dr. Comuzzie for their guidance and support throughout the years. 

Without their powerful encouragements and insights this dissertation would not 

have been existed. Among my other committee members, Dr. Duggirala has given 

many helpful suggestions in the analyses and discussions. I have also directly 

benefited from the scientific thinking that Dr. Kline taught in classes. I am very 

grateful to Dr. Sanders for his time, efforts, and encouragements. Dr. Lane has 

been much appreciated for her generous academic supports.  

     The positive and friendly atmospheres in Dr. Freeland-Grave’s group and Dr. 

Comuzzie’s lab have been of great help. Everyone seems to be self-motivated 

about their projects yet generous with their time and data in helping others. Dr. 

Cole, Dr. Martin, and Dr.Williams have spent a lot of time in discussions of my 

work.  

    The staff members at the nutrion division in UT and the Southwest 

Foundation for Biomedical Research have been very supportive in my course of 

study.  

     



 iv

Localization of Chromosomal Regions Influencing the Phenotypes 

of the Metabolic Syndrome 

 
Publication No.___________________________ 

 
 

Guowen Cai, Ph.D. 

The University of Texas at Austin, 2004 

Supervisor: Jeanne H. Freeland-Graves 
 

 
     The goal of this project was to study the genetic structure of the metabolic 

syndrome. The first objective was to locate chromosomal regions influencing 

insulin resistance in Mexican Americans of the San Antonio Family Heart Study 

(SAFHS). Two studies were performed to achieve this objective using a genome-

wide scan. In the first study using data from the first visit of the SAFHS, we 

detected significant linkage evidence on chromosome 8p between marker 

D8S1130 and D8S1106 and on chromosome 13q between marker D13S787 and 

D13S252. In the second study that used data from the second visit of the SAFHS, 

markers D1S1663 on chromosome 1 and D2S436 on chromosome 2 were found to 

be linked to insulin sensitivity indices. Candidate genes on detected locations 

were proposed. The significant findings in both studies duplicate those of 

previous investigations. The second objective of this project was to identify the 

genetic locations related to the quantitative traits that constitute the metabolic 
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syndrome in the same population of Mexican Americans. Principal component 

factor analysis (PCFA) was conducted, and significant and suggestive evidence 

for linkage of lipid (factor 4) and body size/adiposity (factor 1) were found on 

chromosome 4 near marker D4S403 and chromosome 1 near marker D1S1597, 

respectively. The third objective of this project was to explore the genetic 

pleiotropy between insulin resistance and adiposity, especially visceral obesity 

using the baboon as a model. The present study is the first to use omental tissue to 

investigate gene pleiotropy between visceral fat and insulin resistance. The results 

from the baboon study in this thesis, coupled with research in humans, suggest 

that a common set of genes contribute to insulin resistance and obesity in both 

species. It is also plausible that those two groups of genes completely overlap 

each other. At present, the variance decomposition based, multipoint linkage 

analysis is a mathematical model that can provide useful information for 

susceptible gene mapping. Future finemapping and the positional candidate gene 

approach will be helpful to further our understanding of the genetic structure of 

this complex disease.  
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Chapter 1 

Review of Literature 

     Metabolic syndrome, or syndrome X, is a cluster of risk factors including 

central obesity, insulin resistance/type 2 diabetes, dyslipidemia and hypertension 

[1.1]. This term was introduced in the 1990’s based on clinical observations of the 

presence of multiple cardiovascular risk factors with impaired glucose 

metabolism in the same patients [1.2]. Insulin resistance is the center of the 

metabolic syndrome, which contributes to the development of both cardiovascular 

disease and type 2 diabetes [1.2].  

     An important genetic contribution to the metabolic syndrome is suggested by 

the familial segregation of type 2 diabetes [1.3], the different concordance rates 

between heterozygous and homozygous twins [1.4, 1.5], the variation in the 

prevalence in genetic admixture as compared with the full blood counterparts 

[1.6], and the discovery of the genes associated with subtypes of type 2 diabetes 

[1.7-1.12]. Most previous research indicates a genetic model that consists of a few 

genes with a modest effect, superimposed on a polygenic background [1.13].  

     Although the search for the underlying genes for insulin resistance/type 2 

diabetes has been going on for years, the complexities of this multi-factorial 

disease makes the gene search such a challenge that no one gene has been 

considered to account for the prevalence of the disease in a population. To date 
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the candidate gene approach has not been successful for the identification of the 

genetic components of metabolic syndrome. Therefore, genome-wide screening 

appears to be a better choice to understand the genetic aspects of this disease. 

Initial linkage studies using type 2 diabetes and related phenotypes have identified 

diverse signals in different chromosomal locations, such as chromosome 2 [1.14] 

and chromosome 20 [1.15]. More recently, specific loci repeat in other locations 

have been suggested to exhibit a greater relationship with type 2 diabetes. These 

include signals in chromosomes1q [1.16], 2q [1.16], 3q [1.17], 9p [1.18], 10q 

[1.18], 11q [1.19], 2 loci in 12q [1.20], and 20q [1.21].  

     The goal of this project is to study the genetic structure of the metabolic 

syndrome. The chromosomal regions on autosomes and their corresponding 

candidate genes for their association with the metabolic syndrome are investigated 

in Mexican Americans. The shared genetic effects of insulin resistance and 

obesity phenotypes are researched in a baboon model. Techniques to be utilized 

will include the variance component analysis and the principal component factor 

method.  

1.1 SPECIFIC AIMS 

     The specific aims of this project are: 

1. To identify chromosomal locations linked to insulin resistance phenotypes in 

Mexican Americans. 
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     Hypothesis: There is a significant genetic component contributed by selected 

QTLs to the development of insulin resistance. 

 

2. To identify the genetic locations related to the quantitative traits that constitute 

the metabolic syndrome in Mexican Americans.  

     Hypothesis: There is a significant evidence for linkage of selected QTLs to 

the principle component factors of the metabolic syndrome. 

 

3. To estimate the shared genetic effect (pleiotropy) between insulin resistance 

and adiposity traits in baboons. 

     Hypothesis: There is a common set of genes influencing both insulin 

resistance and adiposity phenotypes in baboons.  

1.2 INTRODUCTION 

     Metabolic syndrome is characterized by hypertension, central obesity, insulin 

resistance/type 2 diabetes, microalbuminuria, and dyslipidemia (low high-density 

lipoprotein cholesterol and high triglyceride) [1.2]. As early as 1923, Kylin 

described the clustering pattern of these symptoms in the same patients [1.22]. 

The metabolic syndrome also has been called the insulin resistance syndrome 

[1.23], the plurimetabolic syndrome [1.24], the deadly quartet [1.25] and 

syndrome X [1.26]. In 2002, the age-adjusted prevalence of metabolic syndrome 
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was estimated to be about 24% among adults in the States [1.27]. The prevalence 

in Mexican Americans is 32%, which is the highest as compared to all other 

ethnicities. This incidence suggests that Mexican Americans are excellent models 

to study metabolic syndrome. 

     Mexican Americans are more prone to develop insulin resistance because 

they readily deposit fat centrally, as compared to the African Americans and 

White Americans with the same degree of adiposity [1.28]. A previous study has 

reported that abdominal visceral fat size is a precursor of glucose intolerance, 

hyperinsulinemia, elevated plasma triglycerides, decreased high-density-

lipoprotein cholesterol (HDL-C) and increased blood pressure [1.29]. In 

comparison to Caucasians, Mexican Americans have higher values of subscapular 

skinfold thickness, but have similar peripheral skinfolds [1.30]. When 

socioeconomic status is controlled, Mexican American women displayed 

excessive abdominal fat, as compared with Caucasian women [1.31]. However, 

after adjustment for truncal fat distribution and total body adiposity, Mexican 

Americans still had excessive insulin resistance as compared with Caucasians. In 

addition, healthy Mexican Americans do not have reduced insulin resistance 

[1.32]. Thus, obesity and fat distribution cannot solely explain the elevated insulin 

resistance in this ethnic group. It is plausible that the increased insulin resistance 

is governed by an interaction between genetic predisposition and the environment.  
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     Insulin resistance is considered the basis of the metabolic syndrome [1.1]. 

Reaven [1.33] hypothesized that insulin resistance links all of the diverse 

metabolic disturbances of the syndrome. A prospective study found that insulin 

resistance was a predictor of cardiovascular complications after an average 

follow-up of 4.7 years [1.34]. In 4,483 Finnish subjects (age > 35 years), 10 and 

15% of men and women with normal glucose tolerance, 42 and 64% with 

impaired glucose tolerance or fasting glucose, and 78 and 84% with type 2 

diabetes developed metabolic syndrome, respectively [1.35]. Therefore, insulin 

resistance might be an important indicator for the risk of heart disease and type 2 

diabetes, the major two complications of the metabolic syndrome.  

     The distribution of abdominal fat and generalized adiposity independently 

predict the severity of the metabolic syndrome [1.36]. However, a subtype of the 

metabolic syndrome patients have normal weights but are insulin resistant. These 

patients have a higher morbidity and mortality rates for cardiovascular diseases 

and metabolic syndrome, as compared to the obese and insulin resistant 

individuals. Ruderman et al. [1.37] called these patients ‘metabolically obese, 

normal weight.’ Thus, the interrelationship between obesity and insulin resistance 

and their roles in the development of the metabolic syndrome will be investigated 

in this study.  
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1.3 QUANTITATIVE GENETIC ANALYSES 

     According to Bouchard, all phenotypes of the metabolic syndrome display a 

low to moderate heritability that is contributed by a group of common genes 

[1.38]. Heritability is defined as the proportion of the total phenotypic variance 

accounted by genetic factors. Efforts to identify specific genes for complex 

diseases such as type 2 diabetes have relied on the candidate gene approach until 

recently. Candidate genes are those with known genetic locations in chromosomes 

and a relevant biological function to the phenotype under study. As of 2002, there 

were about 200 candidate genes for type 2 diabetes and more for metabolic 

syndrome [1.39]. To date, specific genes have not been identified to explain the 

variance in adiposity or insulin resistance in the prevalence of a population. The 

failure of the traditional candidate gene approach may be due to several 

possibilities. Most of the understanding about obesity- related biology has been 

based on the rodent model. It is plausible that the evolutionary distance between 

rodents and humans may introduce significant errors when data are extrapolated 

to humans.  Also, in most previous human studies, small sample sizes and/or 

ineffective collection of the samples may have diminished the power to detect the 

effects of the candidate genes. Larger sample sizes are difficult to achieve because 

molecular genetic studies of this type are cost prohibitive. Finally, the huge 

impact of the environment, i.e. diet and physical activities, may supersede the 

effects of genotypes. 



 7

     The candidate gene approach is based on our current biological knowledge. 

Recently, this method has been replaced by genome-wide scans. Scans of the 

entire genome rely on statistical analysis of measured traits, with no a priori 

assumptions about the biological functions of the gene. Thus, the genome scan 

method is more objective and a more exhaustive tool than the candidate gene 

approach. Once a significant linkage between a quantitative trait locus (QTL) in a 

chromosome and the trait is observed, then the positional candidate gene approach 

is undertaken. The positional candidate genes are those genes whose locations are 

in the same region of the linked QTLs. In addition, the genome scan also may 

detect novel genes for the phenotypes under study.  

     The variance component linkage analysis will be used in this study to do 

genome-wide scans. The basis of a genome scan is the concept of identity by 

descent (IBD) allele sharing among relatives. If the IBD sharing segregates with 

the disease in a family, then a linkage between the gene of this allele and the 

disease is established [1.40]. The variance component linkage method is 

employed to partition the phenotypic covariance among family members into 

effects of: 1) additive QTLs linked to genotyped markers; 2) residual (non 

additive QTLs) genetic effects; and 3) environmental effects [1.40]. The specific 

QTL effect is calculated by estimation of the IBD sharing in that specific location. 

The model in which the QTL effect is estimated is compared to that of a model in 

which the effect is constrained to zero. The hypothesis is that the QTL effect is 
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significantly greater than zero. The logarithm of the odds (LOD) score is used, 

instead of p-values, to demonstrate the significance of the statistical test. A LOD 

score is the difference in the log 10 (likelihood) between the two models.  

     The variance component methodology has been implemented in SOLAR, an 

analytical software package [1.41].  This linkage model has been extended for 

multipoint analysis, using the multipoint approximation approach of [1.42]. The 

IBD sharing at any arbitrary chromosomal locations (such as 1 cM intervals) is 

estimated by a linear function of the known IBDs of the two nearby genetic 

markers in the same chromosomal region [1.41].  

     In the proposed research, 417 highly polymorphic markers spaced at about 

10 cM intervals throughout the entire 22 autosomes will be used for multipoint 

analyses. Seven candidate genes will be investigated. These genes (and their 

coded proteins) are INSR (insulin receptor), INS (insulin), GLUT2 (glucose 

transporter 2), GLUT4 (glucose transporter 4), GCK (glucose kinase), FABP2 

(fatty acid binding protein 2), and B3AR (β-3 adrenergic receptor), respectively. 

     To date significant linkage signals of QTLs related to the phenotypes of the 

metabolic syndrome detected from genome scans have been identified, but not 

been characterized through follow up fine mapping and positional cloning [1.42]. 

This method has been very successful in isolating major genes associated with 

single gene diseases [1.43] but not with insulin resistance/ type 2 diabetes due to 

the complexity of the disease. Research on insulin resistance is essential for the 
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discovery of the genes responsible for the metabolic syndrome. Therefore, 

genome wide screening will be conducted to search for susceptible genes for 

insulin resistance. Aim 1 in this project is to identify chromosomal locations 

linked to insulin resistance phenotypes in Mexican Americans. 

     In addition to the complexity of the multi-factorial genetic structure of the 

metabolic syndrome, numerous genes by environment, and gene by gene 

interactions, make the detection of the responsible genotypes an enormous 

challenge. In a single gene disease, the correspondence of genotype and 

phenotype is 1:1. This ratio means that all the patients have the defect in the 

responsible gene and all the individuals who have the defective gene will develop 

the disease. However, the degree of the disease will be modified by the 

environment. In a multi-factorial genetic disease, the correspondence of genotype 

and phenotype is not 1:1 [1.44]. Because there are several responsible genes, a 

major defect in any of the genes, or a modest defect in different combinations of 

the genes, or the environmental factors alone, can contribute to the development 

of the disease.  

     Geneticists are facing practical problems in exploring the genetic structure of 

the metabolic syndrome [1.43]. According to the World Health Organization 

(WHO), metabolic syndrome is diagnosed if the patient has type 2 diabetes or 

impaired glucose tolerance, plus two of the following: hypertension, dyslipidemia, 

obesity, microalbuminuria. Or if the patient has normal glucose tolerance, one 
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must demonstrate three of the above criteria [1.2]. Because the severity of the 

symptoms may vary within patients, phenotypes can differ significantly. This 

variance makes the classification of the subtypes of the metabolic syndrome much 

more difficult. Subtypes are classified according to the combinations of the 

symptoms in the patients.  

     The late-onset (later years of life) of the metabolic syndrome causes the 

ascertainment (classification) of the family material (information about family 

members) to become problematic, which is the very basis for population genetic 

study. For instance, an individual can be classified as healthy when the 

information is collected, then develop the disease several years later. However, 

data that are entered into the genetic analyses may not reflect the change in 

subsequent years. Therefore, in this project, genome-wide scan results from the 

first clinical visit data will be compared with those from the recall data in 

Mexican Americans using insulin resistance as phenotypes. 

     In order to define the phenotype, each of the continuous traits of the 

metabolic syndrome can be utilized to determine the genetic structure. Although 

obesity can be defined in terms of body mass index (BMI) of a person, the 

measurement is continuous when distributed over a population [1.45]. This 

definition of obesity is somewhat arbitrary, which may not reflect the underlying 

genetic phenomenon. If one is just considering obesity as a discontinuous entity, 

the transformation from a continuous to discontinuous trait causes the loss of 
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information from the original data. Therefore, the statistic power to detect the 

gene effect is decreased [1.45].  

     Genes underlying the metabolic syndrome might be common, but a variety 

of symptoms may result due to the interactions with internal and external 

environments. The study of each single facet of the metabolic syndrome might not 

be sufficient to discern the entire genetic details of the disease.  

1.4 PRINCIPAL COMPONENT FACTOR ANALYSIS 

     A mathematical approach - the principal component factor analysis - will be 

used to explore the responsible genes, based on the same understanding that 

common genes constitute the founding for the diverse phenotypes of the 

metabolic syndrome. The idea of principal component analysis was introduced by 

Karl Pearson [1.46] who studied biological problems. The actual calculation of 

the method was established by Hotelling in 1933 [1.47]. However, this method 

has been limited by the complex statistical calculations. Recently, the availability 

of statistical software has permitted its application to genetics.  

     The concept of principal component factor analysis is to extract basic 

uncorrelated elements from related variables in order to address a problem system 

in a population. In our study, traits to describe the degree of an individual’s 

metabolic syndrome are significantly associated with each other. These 

measurements include obesity, insulin resistance, blood pressures and lipid panel. 

In this method to find the basic elements of a principal component analysis, the 
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elements are the principal components or factors [1.48]. These factors are formed 

by linear combinations of the original variables and are independent from each 

other. The factors retain the information about the dimensions of the original data 

set, but delete those of redundancy. This method can be used to identify the basic 

factors for metabolic syndrome, if the variances of the traits measured in this 

study are contributed genetically by only a few common genes. 

     Numerous studies have used factor analysis to investigate the phenotypes of 

the metabolic syndrome. However, the factors obtained have differed in various 

studies. For example, the Frammingham cohort study extracted three factors from 

12 original variables, namely, the adiposity factor, the glucose metabolism factor 

and the blood pressure factor [1.49]. In Japanese-Americans in Hawaii, four 

factors were extracted from nine measurements including adiposity factor, blood 

pressure factor, lipid panel factor and insulin sensitivity factor [1.50]. These 

discrepancies may originate from differences in: 1) numbers of the original 

variables; 2) type of variables; and 3) ethnicity of the population. 

     To our knowledge, there are only one published abstract [1.51] and one 

paper [1.52] using the extracted factors from principal component factor analysis 

for genome screening of the metabolic syndrome phenotypes. Imperatore et al. 

[1.51] studied the phenotypes of fasting insulin, fasting glucose, triglycerides, 

HDL, diastolic blood pressure, systolic blood pressure, body weight, and waist 

circumference in the Pima Indians. Insulin-glucose factor and lipid factor showed 
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strong evidence for loci on chromosomes 1 and 7, respectively. In Mexican 

Americans, Duggirala and colleagues [1.52] revealed genetic locations associated 

with metabolic syndrome on chromosomes 6 and 7, using phenotypic traits of 

fasting glucose, fasting specific insulin, BMI, systolic blood pressure, diastolic 

blood pressure, HDL cholesterol, triglycerides, and leptin. This proposal will 

verify and expand these results. We will conduct the factor analysis and genome 

scans in a group of Mexican Americans; but the phenotypic traits also will 

incorporate waist/hip ratio, 2- hour glucose and insulin measurements in the 

analyses. Thus, the second aim in this study is to identify the genetic locations 

related to the quantitative traits that constitute the metabolic syndrome in Mexican 

Americans. 

1.5 THE BABOON AS A MODEL FOR THE GENETIC STUDY OF 

INSULIN RESISTANCE SYNDROME   

     Given the observations that abdominal obesity is closely related to insulin 

resistance, we would like to propose the hypothesis that a common set of genes 

influence both insulin resistance and obesity phenotypes, especially visceral fat. A 

bivariate genome-wide scan in Pima Indians indicated that a locus on 

chromosome 11q linked to age-adjusted diabetes and BMI [1.19]. The genetic 

correlation in that specific locus is 1.0. In the San Antonio Family Diabetes Study, 

bivariate linkage analysis of leptin (hormone released by adipocytes) and specific 

insulin (insulin which do not crossreact with insulin precursors) also showed 
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pleiotropic effects on chromosome 6q [1.53]. Similarly, significant genetic 

correlations were detected between fasting insulin and BMI or waist/hip ratio, and 

between 2-hour insulin and BMI or waist/hip ratio in the Mexican American 

subjects [1.54].  

     Only a limited number of bivariate analyses have been conducted to study 

the pleiotropy between insulin resistance and obesity phenotypes. There is no 

study using direct measurements from visceral fat to conduct any bivariate 

analysis. Waist to hip ratio may not be a good indicator of visceral fat since the 

bone structure and the subcutaneous fat in abdominal area contributes to the 

variance of the measurement. Also, size might not be the most important character 

that influences the development of insulin resistance. However, it is extremely 

difficult to obtain omental tissue biopsy specimens from human family subjects 

with a sample size large enough for sufficient statistical power to perform genetic 

analysis. Thus, an animal model seems an ideal solution. 

     The baboon is a well-established animal model for the genetic study of 

complex diseases including obesity [1.55]. With a long lifespan, baboon is very 

similar to humans both in physiology and genetics. Previous research indicates 

that baboons and humans share similar protein structures.  Also, a high degree of 

correspondence in chromosome banding patterns was found between baboons and 

humans [1.56]. The arrangements of genetic loci on chromosomes are similar in 

both species [1.57]. Baboons shared 96% of DNA variation of humans [1.58] and 
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many human genetic markers are also polymorphic in baboons [1.59]. Using 

human microsatellite markers, a 10 cM linkage map for the baboon has been 

developed [1.59]. This effort makes it possible to search for genes involved in 

complex diseases using this unique animal model. Baboons seem to become 

overweight or obese spontaneously [1.60] and gain weight when fed a high fat 

diet [1.61]. Omental tissue biopsies are available in baboons as well. Therefore, 

pedigreed baboons represent a strong candidate for development as a model for 

the study of the genetics of the metabolic syndrome. The third aim of this study is 

to estimate the shared genetic effect (pleiotropy) between insulin resistance and 

adiposity traits in baboons. 

     In summary, the overall goal of this project is to identify major genes 

underlying the metabolic syndrome in Mexican Americans and the pleiotropy 

effect of insulin resistance and obesity phenotypes in a baboon model. Three 

different approaches based on variance component technique will be used: 1) 

genome-wide screening using continuous traits of insulin resistance from the first 

clinical visit and recall data of Mexican Americans; 2) genome-wide screening 

using principal component factors extracted from measurements to describe the 

metabolic syndrome in Mexican Americans; 3) estimation of genetic correlation 

between insulin resistance and obesity phenotypes in baboons.  
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Chapter 2  

Genome-wide Scans Reveal Quantitative Trait Loci on 8p 

and 13q Related to Insulin Action and Glucose 

Metabolism – The San Antonio Family Heart Study 

 
2.1 ABSTRACT 

     Type 2 diabetes is a complex disease arising from physiological disruptions 

of the body’s sensitivity to insulin and ability to metabolize glucose. Multipoint 

linkage analyses for insulin sensitivity phenotypes were conducted in 1280 

Mexican Americans from 41 families participating in the San Antonio Family 

Heart Study (SAFHS). A significant linkage signal (logarithm of odds [LOD] = 

2.98) affecting corrected insulin response to glucose (CIR) was detected on 

chromosome 13q between D13787 and D13S252, in the region where the MODY-

4 gene has previously been mapped. Another signal on chromosome 13 was 

observed at D13S285 (LOD = 1.86), where the insulin receptor substrate 2 (IRS-

2) gene resides. Significant linkage (LOD = 3.09) for insulin response to glucose 

(IRG) was found on chromosome 8 between D8S1130 and D8S1106, near the 

lipoprotein lipase (LPL) and macrophage scavenger receptor genes. Multipoint 

analysis of abdominal skin fold with a LOD of 2.68 showed signals in the same 

region. There was also suggestive evidence for linkage of QUICKI index and 

fasting glucose to a previously reported location at D9S301 (LOD = 2.19). These 
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results indicate that chromosomal locations on 8p and 13q might harbor genes 

affecting a variety of insulin- and glucose-related phenotypes that contribute to 

the observed variations in these important risk factors for diabetes in Mexican 

Americans. 

2.2 INTRODUCTION 

     Type 2 diabetes/insulin resistance is a major component of the metabolic 

syndrome, which also includes hyperlipidemia, central obesity, hypertension, and 

cardiovascular diseases. Dramatic changes in environment and lifestyle have led 

to an epidemic increase in the number of diabetes patients, with the current 160 

million expected to reach 220 million in 2010, and 300 million in 2025 [2.1, 2.2].  

Its familial nature and differential prevalence in diverse populations suggest that 

type 2 diabetes is the consequence of the interactions of genetic and 

environmental factors [2.3]. According to Permutt and Hattersley [2.4] and Rich 

[2.5], the best-fit genetic model, inferred from most of the previous genetic 

studies for type 2 diabetes, involves a few genes with moderate effect, 

superimposed on a polygenic background.  

     Linkage studies have implicated many regions on a number of chromosomes 

as being related to type 2 diabetes phenotypes. Among them, regions on 

chromosomes 1q, 2q, 3q, 9q, 10q, and 11q have been replicated [2.6]. In addition, 

there is also evidence of a QTL on chromosome 3 which may be influencing the 

expression of the metabolic syndrome [2.7, 2.8]. However, more genetic 
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investigations in different populations are necessary to further our understanding 

of this complex condition. 

     In the present study, genome wide scans for insulin resistance – a major risk 

factor for type 2 diabetes – were conducted in Mexican Americans from the San 

Antonio Family Heart Study (SAFHS) [2.9]. The insulin resistance traits 

examined by multipoint analysis included: fasting and 2 hour glucose, fasting and 

2 hour insulin, and the calculated insulin resistance indices [homeostasis model 

assessment insulin resistance index (HOMA IR), quantitative insulin sensitivity 

check index (QUICKI), corrected insulin response (CIR), and insulin response to 

glucose (IRG)]. 

 2.3 RESEARCH DESIGN AND METHODS 

Subjects and Data 

     Mexican Americans of San Antonio, Texas who have been participating in 

the San Antonio Family Heart Study (SAFHS) [2.9] are the subjects of this study. 

Probands were selected randomly from a census tract in San Antonio of greater 

than 90% Mexican-American residency, without regard to any preexisting 

medical conditions. Probands who were selected were 40 to 60 years old, had a 

spouse who was willing to participate, and at least six offspring ≥ 16 years old. 

All relatives (≥ 16 years old) of the proband and his or her spouse, and women 

who were not pregnant, were invited to participate.  
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     At a clinic visit, abdominal skin folds were measured. Blood was collected 

after an overnight fast and again 2 hours after a 75-g glucose load (Orangedex, 

Custom Laboratories, Baltimore, MD). Plasma was prepared and stored at -80ºC 

until analyzed. DNA was isolated from lymphocytes for genotyping. All 

procedures were approved by the Institutional Review Board of the University of 

Texas.  

     Criteria for exclusion of 212 subjects from this study were 1) use of diabetic 

medication, 2) diagnosis of diabetes based on a fasting glucose ≥ 126 mg/dl and 

2-hour glucose of ≥ 200 mg/dl [2.10]. Data from 1302 (532 males; 770 females) 

individuals were available. The age ranged from 16 to 94, with a mean of 38. 

There are 41 pedigrees in this sample, ranging in size from 3 to 95 members, with 

an average of 25.  

     For abdominal skinfold measurement (ABDOM), the subjects were asked to 

relax the abdominal wall muscle as much as possible. The subjects stood 

straightly with body weight evenly distributed on both feet. The sites for 

abdominal skinfold measurements were selected at the locations 3 cm lateral and 

1 cm inferior to the midpoint of the umbilicus. The average of three repeated 

measurements from the left of the umbilicus was obtained as the phenotype for 

later genetic analysis. Plasma glucose concentrations were determined using the 

glucose oxidase method with an Abbott V/P Analyzer (Abbott Laboratories, 

Abbott Park, IL). Insulin levels were measured by radioimmunoassy using a 
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commercially available kit (Diagnostic Products, Los Angeles, CA).  HOMA IR, 

QUICKI, CIR, and IRG were calculated according to standard methods:  

HOMA IR = fasting insulin (mU/ml) × fasting glucose (mmol/l)/22.5  [2.11, 2.12]       

QUICKI = 1/[log fasting insulin (mU/ml) + log fasting glucose (mg/dl)]   [2.13] 

CIR = 2 hr insulin (mU/ml)/[2hr glucose × (2 hr glucose – 70mg/dl)]  [2.14, 2.15] 

IRG = [2hr insulin – fasting insulin](mU/ml) /[2hr glucose – fasting glucose] (mmol/l) [2.11]  

Genotyping 

     Genotyping data for the linkage analyses were obtained from 1280 

individuals according to standard protocols, as previously described [2.16, 2.17]. 

All family members were genotyped for 417 markers. That included seven 

candidate genes: INSR, INS, GLUT2, GLUT4, GCK, FABP2 and B3AR. These 

markers are spaced at an average interval of 10 centimorgans (cM). Briefly, 

polymerase chain reactions (PCR) were performed with fluorescently labeled 

primers from the MapPairs 6 and 8 Linkage Screening Sets (Research Genetics, 

Inc., Huntsville, AL). Reaction products were pooled and typed with an 

automated DNA sequencer and GeneScan® and Genotyper® software (Applied 

Biosystems, Foster City, CA).  

 Multipoint Linkage Analysis 

     To locate a specific quantitative trait locus (QTL) influencing a phenotype, 

we first estimated the proportion of the total phenotypic variance attributable to 

the genetic effects [2.18]. The total phenotypic variance (σ2
p) can be decomposed 

into the genetic and environmental components [2.19] as:  
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σ2
p = σ2 

g + σ2
e 

where σ2
g is the variance contributed by the genetic components and σ2

e is the 

variance contributed by the environmental components. The environment factor 

includes diet, physical activity, and any measurement errors. The σ2
g can be 

separated further into additive genetic variance due to specific QTLs (σ2
a) and 

residual genetic (non-QTL) variance. The additive genetic heritability (h2) is the 

proportion of the total phenotypic variance attributable to additive genetic 

components. 

     A multipoint variance component linkage method was employed to test for 

linkage between marker loci and the traits under study. If a locus on a 

chromosome is linked to the quantitative trait (such as fasting glucose), the 

expected genetic covariances between family members can be expressed as a 

function of the identity-by-descent (IBD) relationships at that locus. The overall 

expected IBD relationship between relative pairs is twice the kinship (Φ). Kinship 

is defined as the probability that two homologous genes drawn at random, one 

from each individual, will be IBD. IBD at the specific QTL locus (
∧

Π ) is 

estimated using genetic marker data. The covariance matrix takes the following 

form: 

2 22 2 a eq σ σσ
∧

Ω = Π + Φ + Ι  
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where omega (Ω) is the covariance matrix of the entire family. The pi (
∧

Π ) is a 

matrix of the proportions of the specific QTL that the relative pairs share as IBD. 

σ2
q is the additive genetic effect of the specific QTL, Φ is the kinship matrix, σ2

a 

is the residual (non-QTL) genetic effect, I is an identity matrix, and σ2
e represents 

the random environmental effect.  

     The null hypothesis is that the additive genetic variance of the specific QTL 

(σ2
q) for the trait equals zero. The likelihood of the null hypothesis (H0), where 

σ2
q is constrained to zero, will be compared with the likelihood of the alternative 

hypothesis (Ha), where the σ2
q is estimated. Twice the difference between the log 

likelihood of the two models yields a test statistic. This test statistic is 

asymptotically distributed as a ½:½ mixture of a chi-square distribution with one 

degree of freedom [2.20]. The logarithm of odds (LOD) score is used to 

demonstrate the significance of the test. It is calculated as the following:  

LOD = log 10 (likelihood of Ha) – log10 (likelihood of H0) 

The calculations of locus-specific IBDs for relative pairs and the multipoint 

linkage analyses were performed using the SOLAR program [2.19].  

     In the population used in the present study, the prevalence of diabetes 

mellitus varied considerably, from 2% in subjects < 30 years to 40% in those > 70 

years old [2.22]. Also, age and sex significantly affected plasma levels of glucose, 

insulin, lipids, and lipoproteins [2.22]. Thus, the age, sex, age2, and their 

interactions were included in the analyses above as covariates.  
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     To meet the assumption of normal distribution of the variance component 

linkage method, the distributions of all phenotypes were examined and fasting and 

2-hour insulin, HOMA IR, IRG, CIR were logarithm transformed. Subjects with 

2-hour glucose ≤ fasting glucose, 2-hour insulin ≤ fasting insulin, and 2-hour 

glucose ≤ 70mg/dl (which would be undefined when log transformed) were 

removed from the analyses of CIR and IRG. Data ≥ ±  4 standard deviations from 

the means were blanked out.  The kurtosis of all phenotypes were re-examined 

and additional outliers were removed so that the kurtosis for each of the traits was 

≤ 1.9, thereby avoiding an inflation of type 1 error [2.23]. The relative pairs used 

in quantitative genetic and linkage analyses are shown in Table 2.1. 

 2.4 RESULTS 

     The means, heritabilities, and sample sizes for fasting and 2-hour glucose, 

fasting and 2-hour insulin, average abdominal skin fold (ABDOM), QUICKI, 

IRG, CIR, and HOMA IR are shown in Table 2.2. The fasting plasma glucose 

levels were above 126 mg/ml in 12% of the subjects in this population [2.9]. 

About 33% of the subjects had HOMA IR above 3, which suggests insulin 

resistance [2.9].  

     Table 2.3 lists the chromosome regions with LOD scores above 1.85, or 

signals found in the same regions, using different traits for multipoint analyses. In 

all the genome scans, sex, age, age2, and the interactions between them were 

retained in the models as covariates if their p-values were less than 0.10. The 
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largest LOD score for IRG was 3.09 on chromosome 8 between marker D8S1130 

and D8S1106. In the same region, multipoint linkage analysis of ABDOM 

showed a LOD score of 2.68. IRG was also linked to chromosome 12 near marker 

D12S1090, with a LOD score of 1.90. The second largest LOD score detected was 

with CIR and localized on chromosome 13 between markers D13S787 and 

D13S252. CIR also was linked to chromosome 12 between marker D12S395 and 

D12S1045. Multipoint analysis of fasting glucose resulted in a LOD score of 2.19 

on chromosome 9 at marker D9S301. Both indices of insulin sensitivity, QUICKI 

and HOMA IR, were mapped to chromosome 13 near marker D13S285. A region 

on chromosome 18 near marker D18S858 was suggested to be associated with 

variations in the measurement of 2-hour insulin.       

     Only the genome wide scans using CIR and IRG as traits showed significant 

linkage results (LOD ≥ 3) in our study. We also conducted linkage analysis using 

abdominal skin fold average (ABDOM) as the phenotype. Interestingly, the 

curves of the multipoint linkage analyses of ABDOM and IRG present peaks at 

the same location on chromosome 8 (Figure 2.1). Figure 2.2 shows the significant 

linkage of CIR on chromosome 13. The positions of candidate genes and the exact 

cytogenic locations of the peaks are also given in both figures. All the genetic 

locations reported in cM refer to Marshfield map. The two figures are graphed 

based on our genetic map. 
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2.5 DISCUSSION 

     The strongest linkage signal detected in this study of insulin resistance was 

that for IRG on chromosome 8p between marker D8S1130 (22 cM) and D8S1106 

(26 cM). This region is near the location of the macrophage scavenger receptor 

gene (35 cM) and lipoprotein lipase gene (39 cM). The genome-wide scan of 

abdominal skin fold (ABDOM) also showed a peak near marker D8S1106, with a 

LOD score of 2.68. However, a multipoint linkage analysis on IRG using 

ABDOM as a covariate or as the second trait in a bivariate analysis failed to 

improve the LOD score.   

     Several previous studies have found signals in the same region on 

chromosome 8p[2.23-2.28]. A genome scan for type 2 diabetes-susceptibility 

genes in indigenous Australians suggested a linkage to a nearby marker D8S549 

(32 cM), with a LOD score of 1.77 [2.24]. In Japanese subjects, Iwasaki et al. 

[2.25] showed a nominally significant linkage (LOD score = 0.73) with type 2 

diabetes on chromosome 8 at 15 cM. Quantitative sib-pair linkage analysis in 48 

Chinese families with type 2 diabetes indicated a significant linkage of systolic 

blood pressure with the marker D8S261 (37 cM) in nondiabetic family members 

at high risk for insulin resistance [2.26]. Diastolic blood pressure showed 

suggestive evidence for linkage to the lipoprotein lipase gene locus with a LOD 

score 1.8 in Dutch dyslipidemic families [2.27]. In German twin pairs [2.28], a 

significant linkage was detected for high density lipoprotein-cholesterol (HDL-C) 
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and triglycerides with macrophage scavenger receptor gene locus, but not with the 

lipoprotein lipase gene. Wilson et al. [2.29] showed that diabetic patients with 

dysfunctional lipoprotein lipase alleles were prone to have severe lipemia, and the 

lipoprotein lipase and diabetic defects might be additive or synergistic. 

Considering that abdominal obesity, hypertension, dyslipidemia, and insulin 

resistance constitute the metabolic syndrome, this study replicates the above 

findings that a common genetic locus around the lipoprotein lipase or macrophage 

scavenger receptor gene may contribute to the different progressions typical of the 

metabolic syndrome. 

     The second strongest signal linked to CIR was found on chromosome 13 

between marker D13S787 and D13S252 (9-16 cM), where the MODY-4 gene is 

located. This is particularly interesting given an earlier proposal that mild 

variations in MODY-4 might affect an individual’s risk for type 2 diabetes [2.28]. 

In Finnish diabetic patients, BMI mapped to chromosome 13 at 5 cM (multipoint 

LOD = 3.28) [2.31]. In familial type 2 diabetes, HDL exhibited evidence of 

linkage to an area between D13S171 and D13S263 (25-38 cM) [2.32]. However, 

to our knowledge, this is the first linkage study demonstrating suggestive or 

significant signal in this region using glucose, insulin, or type 2 diabetes as 

phenotypes.  

     MODY-4 is also referred to as insulin promotor factor-1 (IPF-1), and codes 

for the major transcription factor controlling the development of the pancreas islet 
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and regulation of β cell insulin and somatostatin expression in response to glucose 

influx.  A homozygous frame shift mutation in IPF-1 results in pancreatic 

agenesis; whereas, a heterozygous mutation leads to maturity-onset diabetes of 

the young (MODY) [2.33]. Milder mutations might predispose one to type 2 

diabetes instead of causing MODY by influencing the gene expressions of insulin 

[2.33], GLUT-2 [2.34], glucokinase [2.35], and islet amyloid polypeptide [2.36] 

in β cells. For instance, the prevalence of the D76N and Q59L substitution 

mutations and an in-frame proline insertion (InsCCG243) in non-MODY type 2 

diabetic Caucasians is 6% in a French study [2.37]; whereas the prevalence of the 

D76N, C18R, and R197H missense mutations is 1% of a population in the United 

Kingdom [2.33]. However, variants in the exon-intron region of IPF1 were not 

detected in 61 Japanese subjects with type 2 diabetes [2.38]. The prevalence of 

IPF1 variants (G212R, P239Q, and D76N) were 3.5%, 2.7%, and 1.1% in early-

onset, late-onset type 2 diabetes, and healthy controls, respectively, in 

Scandinavians [2.39]. Thus, further investigation is necessary to determine the 

contribution of variants of MODY-4, a nearby locus, or its promoter region to 

insulin resistance in different populations.  

     The signal on chromosome 13 at marker D13S285 linked to both QUICKI 

and HOMA IR is in the region where the insulin receptor substrate 2 gene (IRS-2) 

resides. After insulin is secreted into the blood stream and transported to the target 

cells, it binds to the insulin receptor. The insulin receptor is a tyrosine kinase, 
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which initiates a cascade of phosphorylation and dephosphorylation of several 

substrates. IRS-2 is one of these substrates. This protein is expressed universally 

and is the major form of insulin receptor substrates in β cells. Although mice with 

defects in the IRS-2 gene present with phenotypes similar to human type 2 

diabetes [2.40], polymorphisms in IRS-2 in Caucasians do not appear to be 

associated to this common disease [2.41]. IRS-2 also was investigated and not 

considered as a major gene for early-onset type 2 diabetes [2.42]. However, the 

mutations in the promoter region of IRS-2 were not investigated in that study. To 

our knowledge, the current research is the first genome-wide scan to report its 

gene region as being linked with type 2 diabetes phenotypes. Since the peak is 

between the first two markers, fine mapping in this region may be useful to 

narrow down the exact location of this linkage in future work.  

     Multipoint analysis of fasting glucose resulted in a LOD score of 2.19 (66 

cM) on chromosome 9 at marker D9S301. In the same genetic region, a previous 

study in another group of Mexican Americans [2.43] showed linkage to HDL-C 

levels with a LOD score of 2.4. In patients with type 2 diabetes (diagnosed by 

fasting glucose levels), a low HDL-C level is common. Therefore, we conducted a 

bivariate multipoint analysis of fasting glucose and HDL-C levels, but did not 

improve the significance of the linkage signal. Also, using HDL-C levels as a 

covariate does not change the signal in this region (unpublished results). Marker 

D9S301 showed suggestive evidence of linkage with a nonparametric linkage 
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(NPL) score of 3.9 in a Finnish study when using NIDDM as the trait [2.44]. A 

genome scan for type 2 diabetes susceptibility genes in a Chinese population 

revealed a suggestive locus near D9S175 (70 cM, NPL=2.94) [2.45]. In addition, 

a study in Pima Indians [2.46] showed a LOD score of 1.64 at D9S1123 (78 cM) 

linked with fasting insulin levels. Therefore, a locus around D9S301 might harbor 

a gene influencing insulin sensitivity.  

     The signals found on chromosomes 12 and 18 also replicate previous 

findings. The Botnia study [2.44] mapped type 2 diabetes mellitus to chromosome 

12 near marker D12S304, whose location is in the same region as the signal for 

insulin resistance traits reported here. Shaw et al. [2.47] observed a susceptibility 

locus for late-onset type 2 diabetes linked to marker D12S321 (65 cM) on 

chromosome 12, with a LOD score 3.65. In early-onset diabetic Scandinavians 

[2.48], an NPL score of 1.9 was documented on chromosome 18 near marker 

D18S535 (64 cM). This marker is 16 cM upstream of our signal for 2-hour insulin 

concentrations. 

     In this study, HOMA IR and QUICKI were used as indicators for insulin 

resistance while IRG and CIR for insulin secretion in response to glucose 

ingestion. It is not surprising that HOMA IR and QUICKI were associated with 

the same marker on chromosome 13, considering both are calculated from fasting 

glucose and fasting insulin levels. The different magnitude of the LOD scores 

might be due to slightly different distribution from the inverse transformation in 



 30

QUICKI calculation and the different sample size resulting from trimming 

outliers. In addition to 2-hour glucose and 2-hour insulin levels which were used 

to estimate CIR, fasting glucose and fasting insulin levels were used to obtain 

IRG. Given the different chromosomal regions to which these indices map 

suggest that insulin resistance may be regulated by multiple genes with each index 

giving a different aspect of insulin resistance.   

     In summary, our findings suggest that chromosomal regions around the 

macrophage scavenger receptor or LPL gene on chromosome 8, MODY-4 on 

chromosome 13 and D9S301 are linked with insulin sensitivity in non-diabetic 

Mexican Americans. Further information on these genes or gene regions in 

different populations is needed to understand their role in genetic predisposition 

for type 2 diabetes.  
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Table 2.1 The relative pairs in this study 
Relative Relationship Size 

Parent-offspring  403 

Siblings  450 

Grandparent-grandchild  308 

Avuncular  717 

Half-siblings  104 

Great grandparent-grandchild  92 

Grand avuncular  231 

Half avuncular  114 

1st cousins  882 

1st cousins, once removed  634 

1st cousins, twice removed  65 

Half 1st cousins  62 

2nd cousins  190 

Total  4252 
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Table 2.2 Characteristics of study population 
Trait Mean Size h2* 

Fasting glucose (mg/dl) 85.83±10.18 818 0.24±0.05 

2-hour glucose (mg/dl) 105.64±45.60 816 0.27±0.06 

Fasting insulin (U/ml)** 12.78±8.87 840 0.32±0.07 

2-hour insulin (U/ml)** 68.78±56.53 772 0.34±0.07 

QUICKI × 100 16.85±0.91 840 0.40±0.06 

IRG** 132.45±649.45 818 0.13±0.08 

CIR** 0.0531±0.1642 676 0.22±0.08 

HOMA IR** 2.84±2.21 840 0.39±0.06 

ABDOM (mm) 41.17±13.90 961 0.38±0.07 

*p-value < 0.05; **logarithm transformed; IRG: insulin response to 

glucose; ABDOM: abdominal skin fold average; CIR: corrected insulin 

response; HOMA IR, homeostasis model assessment insulin 

resistance index; QUICKI: quantitative insulin sensitivity check index 
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Table 2.3 Genome scan results with LOD>1.86 or repeat signal (LOD>1.30) 
Chromosome Nearest Marker Trait LOD  

 8 D8S1130 -- D8S1106 (22-26 cM) IRG* 3.09 

 D8S1106 (26 cM) ABDOM 2.68 

 9 D9S301 (66 cM) fasting glucose 2.19 

 12 D12S1090 (56 cM) IRG* 1.9 

 D12S395 -- D12S1045 (137-161 cM) CIR* 2.24 

 13 D13S787 -- D13S252 (9-16 cM) CIR* 2.98 

 D13S285 (111 cM) HOMA IR* 1.35 

 D13S285 (111 cM) QUICKI 1.86 

 18 D18S858 (80 cM) 2-hour insulin* 1.87 

*logarithm transformed; IRG: insulin response to glucose; ABDOM: 

abdominal skin fold average; CIR: corrected insulin response; HOMA IR, 

homeostasis model assessment insulin resistance index; QUICKI: 

quantitative insulin sensitivity check index 
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Figure 2.1 The multipoint analyses of insulin response to glucose index 
(IRG) and the abdominal skin fold average (ABDOM) on chromosome 8. 
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Figure 2.2 The multipoint analysis of correct insulin response to glucose 
index (CIR) on chromosome 13. 
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Chapter 3 
Genome-wide Scans of Mexican Americans Reveal 

Locations on Chromosomes 1 and 2 Linked to Insulin 
Sensitivity – The San Antonio Family Heart Study 

3.1 ABSTRACT 

     Type 2 diabetes mellitus begins when insulin production from β cells cannot 

compensate for insulin resistance of peripheral body cells, which in turn results in 

the impairment of glucose metabolism. The major genes for this heterogeneous, 

complex disease have not yet been identified. We performed genome-wide scans 

using insulin sensitivity indices as the set of focal phenotypes. The study was 

conducted in 564 Mexican Americans from 28 pedigrees, who participated in the 

San Antonio Family Heart Study. We found evidence for linkage with the insulin 

sensitivity index on chromosome 1 near marker D1S1663, where the SOX13, 

PFKFB2, HSD11B1 and PROX1 genes are located (LOD = 3.34). The same 

region also showed suggestive linkage with homeostasis model assessment of 

insulin resistance index (LOD = 1.64) and QUICKI index (LOD = 2.10). The 

second strongest signal, linked to insulin response to glucose index, was found on 

chromosome 2 near marker D2S436, with a LOD score of 2.92. These two signals 

replicate findings from other studies related to type 2 diabetes. Multipoint 

analyses also indicated suggestive linkage of insulin sensitivity to chromosome 3, 
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10, 11, and 20. Therefore, multiple locations might harbor genes contributing to 

the risk factors for type 2 diabetes in Mexican Americans.  

3.2 INTRODUCTION 

     Type 2 diabetes mellitus is characterized by both insulin resistance in 

peripheral tissues and inadequate insulin production by pancreatic β cells relative 

to the blood glucose level. This chronic disease generally starts from insulin 

resistance, but with compensatory increased insulin production, the glucose level 

can be normal at this stage. Gradually, with the development of insulin resistance, 

the increased insulin production cannot maintain levels of glucose within a 

normal range. Symptoms of type 2 diabetes follow, with insulin production 

chronically impaired in most patients with type 2 diabetes due to the failure of 

pancreatic β cell function. Thus, insulin resistance is the major risk factor and the 

major cause of type 2 diabetes. Currently the prevalence of type 2 diabetes in 

Westernized countries is 3-10%, and is predicted to reach 30% in the next 20 

years [3.1]. This underscores the urgent necessity of studying this complex 

disease.  

     Numerous previous studies suggested type 2 diabetes is the final result of the 

interactions between multiple environmental and genetic factors [3.2]. Most 

previous genetic research suggested a polygenic model with a few genes having 

moderate effects [3.3, 3.4]. Although the initial linkage studies using type 2 

diabetes and related phenotypes gave diverse signals in different chromosomal 
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locations, more and more loci were replicated in later studies, among them signals 

on chromosome 1q, 2q, 3q, 9p, 10q, 11q, two loci in 12q, and 20q [3.5]. However, 

further fine mapping and positional cloning have not been successful in finding 

the major genes for type 2 diabetes. Therefore, further research is needed to 

discover the genes underlying this complex disease.  

     In the present study, we conducted multipoint linkage analyses in a search 

for chromosomal locations related to insulin resistance phenotypes in Mexican 

Americans. The focal phenotypes included: insulin sensitivity index, QUICKI 

index, homeostasis model assessment of insulin resistance index, homeostasis 

model assessment of insulin sensitivity index, and insulin response to glucose 

index.  

3.3 RESEARCH DESIGN AND METHODS 

Subjects and Phenotypes 

     The data for this study comes from subjects who participated in the second 

clinic visit of the San Antonio Family Heart Study (SAFHS). A detailed 

description of the sample is available in previous publications [3.6, 3.7]. Briefly, 

probands were randomly selected from a single census tract of low-income 

Mexican Americans in San Antonio, Texas. The probands were 40-60 years old, 

had spouses who were willing to participate, and had at least six offspring and or 

siblings older than 16 years in San Antonio, Texas. All the relatives of the 
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probands were invited to participate. The first visit of the study was conducted 

between 1992 and 1995. During this time, a total of 1431 subjects from 42 

extended pedigrees were recruited. From 1996 to 1999, all participants of the first 

visit were invited for the second clinic visit of the study. The response rate at this 

recall was 83%. All procedures were approved by the institutional review board 

of the University of Texas, and all subjects gave informed consent. 

     During the second clinic visit, a medical examination was given to the 

probands and their relatives. The glucose tolerance test was conducted after a 12-

hour fast. Blood samples were obtained before and 2 hours after a 75-gram 

glucose equivalent load (Orangedex, Custom Laboratories, Baltimore, MD). 

Subjects were considered diabetic if they had a fasting glucose level ≥126 mg/dl 

or a 2-hour glucose value ≥200 mg/dl according to the World Health Organization 

definition [3.8] or they were diagnosed as diabetic before they had attended this 

study. All the subjects who were diabetic and taking diabetic medications, or 

pregnant, were excluded from the analyses in this paper.  

     All the blood samples were stored at –75°C before analyses. An Abbott V/P 

Analyzer was used to determine plasma glucose levels. Fasting and 2-hour insulin 

levels were measured by radioimmunoassay kits (Diagnostic Products, Los Angeles, 

CA). The levels of insulin sensitivity of the subjects were estimated by 

homeostasis model assessment of insulin resistance index (HOMA IR), insulin 

sensitivity index (ISI), QUICKI, homeostasis model assessment of insulin 
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sensitivity index (HOMA IS), and insulin response to glucose (IRG). These 

phenotypes were calculated using the following formulas:  

HOMA IR = fasting insulin (µU/ml) * fasting glucose (mmol/l) / 22.5     [3.9, 3.10] 

QUICKI = 1 / [log fasting insulin (µU/ml) + log fasting glucose (mg/dl)]   [3.11] 

Insulin Sensitivity Index (ISI) = 1/[fasting insulin (µU/ml)*fasting glucose (mg/dl)]   [3.12] 

HOMA IS = [20* fasting insulin (µU/ml)]/[fasting glucose (mmol/l) – 3.5]        [3.9] 

IRG = [2hr insulin – fasting insulin]( µU/ml) /[2hr glucose – fasting glucose] (mmol/l)    [3.9] 

     A total of 564 subjects from 26 families were used for this study, including 

215 males and 349 females. The average age of the subjects was 41, ranging from 

18 to 97 years old. The pedigrees contained 5375 pairwise relationships for 

genetic analyses (Table 3.1), including 427 parent-offspring pairs, 447 sibling 

pairs, 907 avuncular pairs, 1190 first cousin pairs, 992 first cousin once removed 

pairs, and 436 second cousin pairs.      

Genotyping   

     A total of 417 highly polymorphic markers spaced at about 10-cM intervals 

across the 22 autosomes were used for multipoint analyses. Candidate genes 

(INSR, INS, GLUT2, GLUT4, GCK, FABP2 and B3AR) were also genotyped. 

Detailed information of the genotyping was described previously [3.13]. In short, 

DNA from lymphocytes was prepared for amplification with primer pairs from 

the MapPairs Human Screening Set (Research Genetics, Huntsville, AL; V6 and 

8). The primer pairs were labeled with fluorescence to detect polymorphic  
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microsatellite markers. ABI 377 DNA sequencers and the Gene-Scan and 

Genotyper Analyst programs (Applied Biosystems, Foster City, CA) were used 

for the analyses of genotypes.  

Quantitative Genetic and Linkage Analyses 

     Quantitative genetic analysis is achieved by partitioning the covariance 

between relative pairs into genetic and environmental factors. The heritability is 

estimated using the kinship relationship in a pedigree. Heritability is defined as 

the proportion of the phenotypic variance contributed by the genetic component 

[3.14]. Maximum-likelihood methods are utilized to estimate the heritability in 

each phenotype. If a trait is heritable, further genome-wide screening is employed 

to localize the specific quantitative trait loci (QTLs).  

     Multipoint linkage analysis was used to detect evidence of linkage with the 

derived insulin sensitivity indices in this study [3.15, 3.16]. If a genetic locus 

influences a quantitative trait, the expected genetic covariance between relatives 

is a function of their identity by descent (IBD). The variance component approach 

is employed in this method to partition the total genetic covariance into locus-

specific, additive genetic, covariate and environmental effects using all relative 

pair relationship information in a complex pedigree. The maximum likelihood 

ratio test is performed to test for the significance of a linkage signal. The 

technique of Fulker et al. [3.17] was extended to generate estimates of the IBDs at 

any point on a chromosome to allow for multipoint analysis [3.15]. This 
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quantitative trait linkage method has been implemented in the SOLAR software 

[3.15, 3.18].  

     If the distribution of a trait was highly skewed, a logarithm transformation 

was used to normalize the distribution. All the traits analyzed in this study had 

kurtosis less than 1.9 to avoid an inflated LOD score [3.19]. All multipoint 

analyses were corrected for age, sex, age squared, and their interactions. The 

criteria for significant linkage between a marker and a trait is a LOD score ≥ 3 

and that for a suggestive linkage is a LOD score ≥ 1.9 [3.20].  

3.4 RESULTS 

     Table 3.2 shows the characteristics of the subjects in this study. A total of 

564 (215 males and 349 females) Mexican Americans were included in the data 

analyses. The results of the quantitative genetic analyses are given in Table 3.3. 

All traits show significant heritabilities, ranging from 0.22 to 0.50, with 2-hour 

glucose showing the highest heritability. The values are similar to those reported 

in previous family studies.  

     Results of the genome scans of measures of insulin sensitivity in Mexican 

Americans in this study are shown in Table 3.4. We identified significant linkage 

of the insulin sensitivity index to chromosome 1q32, near D1S1663 (LOD = 

3.34). In the same chromosomal region, QUICKI index and HOMA IR give LOD 

scores of 2.1 and 1.64, respectively. Our second strongest signal showed 

suggestive linkage of insulin response to glucose index (LOD = 2.92) between 
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marker D2S1777 (99 cM) and D2S436 (118 cM) on chromosome 2p12. On 

chromosome 3, we found suggestive linkage of ISI near marker D3S2403 (LOD = 

2.66), and of QUICKI index and HOMA IR between marker D3S1304 and 

D3S2403 (LOD scores of 1.89 and 1.71, respectively). While not significant, the 

genome scan using HOMA IS also gave a LOD score of 1.67 between marker 

D3S2403 and D3S3038. IRG showed suggestive evidence of linkage to 

chromosome 10 near marker D10S1426 (LOD = 1.99), to chromosome 11 near 

marker D11S912 (LOD = 1.90), and to chromosome 20 near marker D20S482 

(LOD = 1.90). A different location on chromosome 10 near marker D10S1412 

was suggestively linked to QUICKI with a LOD score of 2.19. The regions on 

chromosome 4 near marker D4S2392 and on chromosome 11 between marker 

D11S1986 and D11S1998 also showed suggestive evidence of linkage to HOMA 

IR (LOD = 1.96) and HOMA IS (LOD = 1.90), respectively.  

     The results of the genome scans of ISI and IRG are represented in Figures 

3.1 and 3.2, respectively. Figure 3.3 shows multipoint LOD scores of ISI, 

QUICKI index, and HOMA IR on chromosome 1. Figure 3.4 shows the 

multipoint LOD scores for IRG on chromosome 2.  

3.5 DISCUSSION 

     Our findings on chromosome 1 replicate the results from previous studies of 

phenotypes related to type 2 diabetes in different populations (Figure 3.3). In  
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Japanese subjects [3.21], nominal evidence for linkage to type 2 diabetes in a two-

point analysis was detected near marker D1S2141 with a multipoint LOD score 

(MLS) of 1.19, although none of the signals obtained reached genome wide  

significance. In the Framingham Offspring Study [3.22], using 20 years of mean 

fasting glucose as the trait, significant linkage was found at about 247 cM near 

marker D1S3462 (multipoint LOD 2.33, two-point LOD 3.79), which is 14 cM 

downstream from D1S2141. Suggestive linkage to current fasting glucose levels 

was observed near marker D1S1678 (218 cM), which is 8 cM away from 

D1S1663 (multipoint LOD 1.80, two-point LOD 2.42). A study in Utah 

Caucasians indicated that type 2 diabetes showed suggestive linkage to 214 cM  

(LOD = 2.26), which is 13 cM away from D1S1663 and 7 cM from D1S1660 

[3.23]. A European study implied linkage of diabetes mellitus to a locus near 

marker D1S1660 (LOD = 1.98) [3.24]. Just 12 cM away from D1S2141, nominal 

evidence (p = 0.006) of linkage was detected with the occurrence of type 1 

diabetes in offspring [3.25]. 

     The suggestive linkage of levels of HbA1c in the Framingham Offspring 

Study [3.22] at marker D1S1589 (LOD = 2.81) and D1S1660 (LOD = 2.70) also 

appears to be replicated in our study (Figure 3). The overall shape of the graph of 

the LOD scores using mean glucose and hemoglobin A1c on chromosome 1 from 

150 cM to 270 cM in their study was very similar to that shown in Figure 3. 

Modest evidence for linkage with corrected insulin response at 2 hours (CIR120 
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calculated using 2-hour glucose and 2-hour insulin measurements) in non-diabetic 

Pima Indians was found on chromosome 1 near marker D1S1660 (LOD = 1.6), 

which is 13 cM away from D1S1663 [3.26]. Interestingly, a smaller signal also 

occurred near marker D1S1589. This is the same region associated with diabetes 

onset before 25 years of age (LOD = 4.1) and diabetes onset before 45 years of 

age (LOD = 2.5) in Pimas [3.27]. Our findings and the previous studies indicate 

that regions on chromosome 1 near marker D1S1589 and between markers 

D1S1663 and D1S2141 might harbor genes related to insulin resistance/type 2 

diabetes.  

     Several candidate genes are located in this chromosome 1 region, including 

prospero-related homeobox 1 (PROX1), sex determining region Y-box containing 

gene 13 (SOX13), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2 

(PFKFB2), and type 1 11-beta-hydroxysteroid dehydrogenase (HSD11B1) genes. 

The PROX1 gene controls the development of liver and pancreas from bi-

potential precursor cells in early embryos [3.28]. The SOX13 gene encodes the 

type 1 diabetes autoantigen, islet cell antigen 12 [3.29]. The PFKFB2 gene is also 

in the same area and regulates glycolysis in the heart [3.30]. The HSD11B1 gene 

is another candidate that catalyzes the conversion of cortisol to the inactive 

metabolite cortisone in many tissues, including liver and adipocytes [3.31]. 

Transgenic mice over-expressing HSD11B1 gene exclusively in adipose tissue 

had increased adipose levels of corticosterone and developed central obesity; the 
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central obesity was amplified by a high-fat diet [3.32]. The mice also developed 

other symptoms of the metabolic syndrome such as insulin resistance and 

hyperlipidemia.  

     The second strongest linkage signal in our study, found on chromosome 2, 

also replicated previous results. In a Botnian study, a genome scan of type 2 

diabetes displayed nominal P < 0.05 evidence of linkage between marker D2S286 

(94 cM) and D2S1790, with a nonparametric linkage (NPL) score of 2.0 [3.33]. In 

Finnish families, D2S1394 (91 cM), which is 8 cM away from D2S1777, was 

linked to HDL-C levels within low HDL-C families (LOD = 2.1) [3.34]. Low 

HDL-C is common in type 2 diabetes patients. In Mauritian families of North-

Eastern Indian origin, the genome-wide scans revealed locations near marker 

D2S286/D2S2216 (111 cM) linked to the ratio of triglycerides and HDL levels 

(LOD = 1.94) and the ratio of LDL and HDL levels (LOD = 1.34) [3.35]. The 

Quebec family study revealed evidence for linkage of systolic blood pressure on 

chromosome 2 near marker D2S1790/D2S2972 (LOD = 2.26) [3.36]. Diastolic 

blood pressure also was linked to D2S1790 in Nigerians with a LOD score of 1.74 

[3.37]. The above findings are not conflicting when considering that dyslipidemia, 

obesity, and insulin resistance are components of a broader disorder known as the 

metabolic syndrome. Linkage of type 1 diabetes also was detected in the same 

region at marker D2S113 (111 cM), with a LOD score of 1.82 [3.38]. 
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     There are several candidate genes for insulin resistance in the region on 

chromosome 2. These include regenerating islet-derived 1-α (REG1A), 

hexokinase II (HK2), translation initiation factor 2-alpha kinase-3 (EIF2AK3), and 

Alstrom syndrome (ALMS) genes. The REG1A gene is also called the pancreatic 

stone protein [3.39]. This protein might be important in the expansion of beta cell 

mass during regeneration and maintaining normal beta-cell function [3.39]. The 

HK2 gene catalyzes the conversion of glucose to glucose-6-phosphate in skeletal 

muscle. It has been regarded as a major candidate gene for type 2 diabetes  

[3.40, 3.41]. However, a polymorphism of HK2 gene was not found to be 

associated with type 2 diabetes in Pima Indians [3.42]. A mutation of EIF2AK3 

gene, encoding translation initiation factor 2-alpha kinase-3, was found to relate 

to infancy-onset diabetes mellitus–Wolcott-Rallison syndrome [3.43]. A mutation 

of the ALMS gene leads to the Alstrom syndrome that includes obesity and 

diabetes [3.44]. Although polymorphisms of the above genes may not induce the 

development of these conditions, it is plausible that individuals may be 

predisposed to late-onset type 2 diabetes.  

     ISI indicated suggestive linkage to chromosome 3 near marker D3S2403. 

This marker also showed a suggestive evidence for linkage of eating behavior 

with a LOD score of 2.5 in a population of Old Order Amish [3.45]. The same 

marker also was linked with fasting insulin levels in Pima Indians (LOD = 1.3) 
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[3.46]. In the same genetic region in Scandinavian families, the onset of diabetes 

≤45 years was linked to D3S1620 (14 cM, NPL = 2.2) [3.47].  

     On chromosome 3, multipoint analyses of the QUICKI index, HOMA IR, 

and HOMA IS demonstrated signals between markers D3S1304 and D3S3038  

(22–45 cM) in our study. In a Botnian study [3.33], type 2 diabetes was related to 

a region of D3S3038-D3S2409 (NPL = 2.2). In the Finland-United States 

investigation of non-insulin-dependent diabetes mellitus genetics study, a 

genome-wide scan using the ratio of fasting C-peptide to glucose showed 

significance at 53 cM, with a LOD score of 3.13 in diabetic patients [3.48].  

     The signals on chromosomes 10, 11 and 20 also replicate previous studies. 

The signal on chromosome 10 near marker D10S1426 (59 cM) replicates the 

evidence for linkage to obesity in French families (LOD = 4.85), with a peak at 

52-54 cM [3.49]. On chromosome 11 between marker D11S1986 and D11S1998 

(106-113 cM), our signal replicates previously reported evidence for linkages to 

insulin at 89 cM (MLS = 2.07), to insulin/glucose ratio at 91 cM (MLS = 2.32) 

[3.48], and to 2-hour insulin levels at D11S2000 (LOD = 0.8, 101 cM) [3.46]. On 

chromosome 20, the same region was linked to 2-hour glucose (LOD = 1.76) and 

insulin to glucose ratio (LOD = 1.19) [3.48], to nephropathy or retinopathy in 

type 2 diabetes patients (LOD = 1.83) [3.50], and type 2 diabetes (Zmax = 2.05) 

[3.51].  
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     In conclusion, the present study provides strong evidence of linkage for 

insulin resistance related phenotypes to chromosome 1q 32 and 2p12. 

Interestingly, the peak and the subsidiary peak on chromosome 1 resemble the 

figures obtained from similar studies. These signals repeated findings from 

previous studies in different populations. Several potential candidate genes in 

these areas are suggested, including PROX1, SOX13, PFKFB2, HSD11B1 on 

chromosome 1 and REG1A, HK2, EIF2AK3 and ALMS on chromosome 2. 

Further fine-mapping in these regions will help prioritize the candidate genes and 

identify novel genes influencing susceptibility to type 2 diabetes.  
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Table 3.1 Pairwise relationships in the 564 study subjects 
Type of relative pair          Number  
Parent-offspring 427   

Siblings 447   

Grandparent-grandchild 151   

Avuncular 907   

Half-siblings 82   

Grand avuncular 229   

Half avuncular 182   

First cousins 1190   

Half grand avuncular 16   

First cousins, once removed 992   

Half first cousins 153   

First cousins, twice removed 109   

Half first cousins, once removed 7   

Second cousins 436   

Double first cousins, once removed 14   

Double second cousins 24   

Half great grand avuncular 6   

Total 5375   
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Table 3.2  Characteristics of the subjects in the Mexican American Studyª
Characteristics Mean±SD N 
age (years) 41 ± 15 564 

fasting glucose (mg/dl) 94.5 ± 11.8 535 
2 hour glucose (mg/dl) 114.8 ± 35.6 525 
fasting insulin (µU/ml) 15.4 ± 8.4 549 

2 hour insulin (µU/ml) 57 ± 34.9 429 
HOMA IR 3.8 ± 2.4 546 
QUICKI 0.32 ± 0.03 564 

HOMA IS 176.7 ± 95.5 549 
ISI*10000 8.8 ± 5.3 559 
IRG 26.5 ± 58.7 405 
ª564 Subjects, including 215 males and 349 females.  
HOMA IR, homeostasis model assessment of insulin resistance index; 
HOMA IS, homeostasis model assessment of insulin sensitivity index; 
ISI*10000, insulin sensitivity index times 10,000; IRG, insulin response to 
glucose; QUICKI, quantitative insulin sensitivity check index. 
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Table 3.3 Heritability estimates of traits related to insulin sensitivity in 
Mexican Americans  
Phenotypes H2 P-value 

ISI 0.30 ± 0.09 0.000002 

QUICKI 0.35 ± 0.08 <0.0000001 

IRGa 0.36 ± 0.12 0.0003 

HOMA IS 0.22 ± 0.09 0.0009 

HOMA IRa 0.33 ± 0.09 0.0000002 

Fasting glucose 0.38 ± 0.08 0.0000001 

2 hour glucose 0.50 ± 0.09 0.0000001 

Fasting insulina 0.26 ± 0.08 0.000012 

2 hour insulina 0.36 ± 0.10 0.0000015 

ISI, insulin sensitivity index; IRG, insulin response to glucose; HOMA 
IS, homeostasis model assessment of insulin sensitivity index; 
HOMA IR, homeostasis model assessment of insulin resistance 
index; QUICKI, quantitative insulin sensitivity check index.   
aLog transformed. 
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Table 3.4 Results of the genome scans of measures of insulin 
sensitivity in Mexican Americans 
Chromosome Nearest Marker    Trait LOD Score 

1 D1S1663 ISI 3.34 

 D1S1663-- D1S2141 QUICKI 2.10 

 D1S1663-- D1S2141 HOMA IR 1.64 

2 D2S1777-D2S436 IRG 2.92 

3 D3S2403 ISI 2.66 

 D3S1304-D3S2403 QUICKI 1.89 

 D3S1304-D3S2403 HOMA IR 1.71 

 D3S2403-D3S3038 HOMA IS 1.67 

4 D4S2392 HOMA IR 1.96 

10 D10S1412 QUICKI 2.19 

 D10S1426 IRG 1.99 

11 D11S912 IRG 1.90 

 D11S1986-D11S1998 HOMA IS 1.90 

20 D20S482 IRG 1.90 

HOMA IS, homeostasis model assessment of insulin sensitivity 
index; HOMA IR,  
homeostasis model assessment of insulin resistance index; ISI, 
insulin sensitivity index; QUICKI, quantitative insulin sensitivity 
check index; IRG, insulin response to glucose. 
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Figure 3.1 Results of genome-wide scan of ISI in Mexican Americans.  

Each chromosome is represented as a vertical line, with y-axis indicating 

the distance in cM.  LOD scores are indicated on the x-axis. 
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Figure 3.2 Results of the genome-wide scan of IRG in Mexican 

Americans.  Each chromosome is represented as a vertical line, with y-

axis indicating the distance in cM.  LOD scores are indicated on the x-

axis. 

 

 



 56

Figure 3.3 Multipoint LOD scores of measures of insulin sensitivity on 

chromosome 1 in Mexican Americans.  1:  Iwasaki et al., 2003; 2a, b, c:  

Meigs et al., 2002; 3:  Hanson et al., 2001; 4a, b:  Hanson et al., 1998; 5:  

Elbein et al., 1999; 6:  Witshire et al., 2001; 7:  Ewens et al., 2002. 
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Figure 3.4 Multipoint LOD score for insulin response to glucose 

index (IRG) on chromosome 2 in Mexican Americans. 
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Chapter 4 
Principal Component Factors of the Metabolic Syndrome 

Map to Chromosomes 1p and 4p in Mexican Americans – 

The San Antonio Family Heart Study 

4.1 ABSTRACT 

     Metabolic syndrome refers to the clustering of disease conditions such as 

insulin resistance and/or hyperinsulinemia, dyslipidemia, hypertension and 

obesity. To explore the genetic components of this complex syndrome, principal 

component factor analysis was conducted using data on 14 phenotypes related to 

the metabolic syndrome. These subjects were 566 non-diabetic Mexican 

Americans, distributed in 24 extended families from the San Antonio Family 

Heart Study. The factor scores obtained from these 14 phenotypes were utilized in 

multipoint linkage analysis using SOLAR. Factors were identified that accounted 

for 73% of the total variance of the original variables: 1) body size-adiposity; 2) 

insulin-glucose; 3) blood pressure; and 4) lipids. Each exhibited evidence for 

either significant or suggestive linkage involving four factor-specific 

chromosomal regions relating to chromosomes 1, 3, 4 and 6. Significant evidence 

for linkage of factor 4 was found on chromosome 4 near marker D4S403 (LOD = 

3.52), where the cholecystokinin A receptor (CCKAR) and ADP-ribosyl cyclase 1 

(CD38) genes are located. Suggestive evidence for linkage of factor 1 to 



 59

chromosome 1 near marker D1S1597 (LOD = 2.53) in the region containing 

nuclear receptor subfamily 0, group B, member 2 gene (NROB2), also was 

observed. Factors 2 and 3 were linked suggestively to regions on chromosome 3 

near marker D3S1595 (LOD = 2.20) and 6 near marker D6S1031 (LOD = 2.08), 

respectively. In summary, those findings suggest that the factor structures of the 

metabolic syndrome are influenced by multiple, distinct genes across the genome.   

4.2 INTRODUCTION 

     Metabolic syndrome is characterized by the clustering of insulin resistance / 

type 2 diabetes, hypertension, dyslipidimia and obesity [4.1]. This condition 

contributes to the leading cause of death in the United States, cardiovascular 

disease [4.2]. In the general American population, the age-adjusted prevalence is 

24% [4.3]. However, it increases to 32% in Mexican Americans, which is the 

highest among all the ethnic groups [4.3].  

     Previous studies suggest that more than one factor underlies the cluster of the 

metabolic syndrome, although some researchers believe that insulin resistance is 

the basis of this complex disease. Principal component factor analysis (PCFA) has 

been employed to extract orthogonal (unrelated) factors from the many 

phenotypes related to the disease since 1994 [4.4]. The obtained orthogonal 

factors might be able to describe the dimension of the entire disease system, i.e., 

all the measurements used for the analysis. Studies have utilized PCFA to 

determine the structure of the metabolic syndrome, but the measurements have 
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varied in the number and type of the traits, population, gender, and diabetic status 

[4.5-4.8]. Thus the findings have been so diverse.  

     It is believed that the principal components underlying the metabolic 

syndrome have a strong genetic influence [4.9]. This contribution of genetics has 

been observed in studies by Duggirala, Arya and colleagues in Mexican 

Americans [4.10, 4.11]. Using multipoint linkage analysis in 261 nondiabetic 

subjects, quantitative trait loci (QTLs) on several chromosomes were identified 

[4.11]. To date, no gene has been characterized for the metabolic syndrome based 

on the information obtained from a genome scan/linkage analysis. Thus, further 

studies are needed to discern the genetic basis of this disease.  

     In the present study, we utilized the nondiabetic participants from the San 

Antonio Family Heart Study (SAFHS) [4.12]. PCFA was conducted to calculate 

individual factor scores that were used in quantitative genetic analysis to 

determine heritability. Subsequent genome-wide screenings localized the 

underlying QTLs responsible for the components isolated.   

4.3 RESEARCH DESIGN AND METHODS 

Subjects 

     Subjects were nondiabetic Mexican Americans derived from the first visit of 

the San Antonio Family Heart Study (SAFHS) of Texas. Probands for the SAFHS 

were selected randomly from low-income residents, without regard to any pre-

existing diseases. They were 40-60 years old, and their spouses willing to 
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participate, with at least six siblings or offspring (≥16 years old). All the relatives 

of the probands were invited to attend, with the exception of pregnant women. 

     In the present study, those who were diabetic, or taking lipid-lowering or 

hypertensive medications were excluded. Diabetes was diagnosed by the criteria 

of the World Health Organization [4.13]. The 566 subjects were based on 24 

pedigrees, with a mean size of 24 (4 to 51). The ages averaged 34 years, ranged 

from 16 to 82. There were a total of 4729 relative pairs, including 315 parent-

offspring, 395 sibling, 757 avuncular, 167 grand avuncular, 176 half avuncular, 

1125 1st cousin, 855 1st cousin once removed, 292 half 1st cousin, and 348 2nd 

cousin pairs.  

Phenotypic data collection 

     A physical examination and an interview of medical history were 

administered to each patient. Anthropometric measurements of weight, height, 

waist circumference, hip circumference, and abdominal skin fold were obtained 

using standardized protocols by Lohman et al. [4.14]. Body mass index was 

calculated as weight (kg)/ height (m2). Percentage body fat was estimated using 

bioelectric impedance analysis (RJL, Township, MI). Systolic and diastolic blood 

pressures via sphygmomanometer (Gelman-Hawksley, Lancing, Sussex, UK) 

were determined to the nearest 1 mm Hg.  

     Blood samples were collected after a 12-h fast and following a 2-hour 

glucose tolerance test. After centrifugation, aliquots of plasma were stored at –
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80ºC. Plasma glucose was measured using an Abbott V/P Analyzer (Abbott 

Laboratories, Abbott Park, IL) and insulin by radioimmunoassy (RIA) (Linco 

Research, Inc., St. Louis, MO). Cholesterol and triglycerides were determined 

with a CIBA-Corning Express Plus clinical chemistry analyzer (Oberlin, OH) 

with commercial reagents (Roche Diagnostics, Indianapolis, IN and Stanbio, San 

Antonio, TX). The HDL-cholesterol was quantified in plasma samples after 

precipitation of β-lipoproteins with dextran sulfate [4.15].  

Genotyping 

     The genotyping procedure has been described previously [4.16, 4.17].  

Briefly, DNA was isolated from lymphocytes and amplified by polymerase chain 

reaction (PCR). Fluorescently label primer pairs (MapPairs Human Screening Set 

Version 6, Research Genetics, Huntsville, AL) were used to detect highly 

polymorphic microsatellite markers. PCR reactions were pooled into multiplexed 

panels for genotyping with Applied Biosystems (Perkin Elmer, Foster City, CA) 

Model 377 DNA Sequencers and Genescan and Genotyper DNA fragment 

Analysis software. A total of 417 polymorphic genetic markers were typed across 

all the 22 autosomes. The average spacing between markers was estimated to be 

~10.0 cM using CRI-MAP software [4.18]. 

Statistical methods 

     PCFA was used to extract orthogonal factors from 14 correlated 

measurements of the metabolic syndrome via the computer program SAS [4.19]. 
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To meet the assumption of normal distribution of the principal component 

analysis, the distribution of each variable was examined [4.20]. Values of fasting 

and 2-hour insulin, as well as triglycerides, were log transformed. Data ≥ ± 4 

standard deviations away from the mean were considered as outliers and removed. 

Each variable was then standardized to a mean of 0 and standard deviation of 1. 

The principal components were obtained by calculating the eigenvalues of the 

sample covariance matrix [4.21]. The amount of variance contributed by each 

factor is represented by its eigenvalue.  A factor is a linear combination of the 

original variables; the coefficient of a variable is the factor loading. The first 

principal component contributes the most to the total variance, the second one 

contributes the second most, … etc. Generally, in factor analysis, the principal 

components with eigenvalues >1 are retained, because any factor with an 

eigenvalue <1 will explain less variance than the original. A varimax rotation was 

performed to isolate factors that were easy to interpret. If two variables have high 

loadings on the same factors, they must be highly correlated. We use variables 

with factor loadings ≥ 0.4 to characterize the obtained factors [4.21]. Factor 

scores of individual subjects were calculated using the factor loadings.  

     The obtained factor scores from PCFA were used to conduct multipoint 

linkage analyses to detect chromosomal regions responsible for each factor. The 

basic idea of linkage analysis is the identical-by-descent (IBD) concept. The 

genetic covariance in a pedigree is expected to be a function of identical-by-
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descent relationships of a quantitative trait locus (QTL). The phenotypic 

covariance of a trait can be partitioned into additive genetic variance due to QTLs, 

residual additive genetic variance, and variance attributable to random 

environmental effects. The genotypic and phenotypic data, and the kinship 

information within a pedigree, were entered into the variance component analysis 

to detect significant effects of QTLs related to the trait. The likelihood of the 

model, where the QTL effects are estimated by maximum likelihood technique, 

was compared to that of the null model where the QTL effects are constrained to 

zero.  Twice the difference of the logarithm of the likelihood distributes as a ½: 

½ mixture of a χ2 with one degree of freedom and a point mass of zero [4.22]. 

According to Blangero et al. [4.23], the kurtosis of all the four principal 

component factors under 1 was controlled to avoid inflating type 1 error by 

blanking outliers. Covariates included sex, age, age squared and their interactions. 

The multipoint linkage analysis method has been implemented in the SOLAR 

software [4.24].  

4.4 RESULTS 

     Table 4.1 shows the original 14 measurements used in the PCFA in this study, 

as well as age and sex. Table 2 presents the pairwise Pearson correlation matrix of 

the 14 variables. With the exception of HDL-cholesterol to blood pressure and %  
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body fat, most traits are related to each other. The anthropometric measurements 

are strongly correlated particularly body mass index and waist and hip 

circumferences.  

     The characteristics of the obtained principal component factors and their 

heritabilities are found in Tables 4.3 and 4.4, respectively. The PCFA extracted 

four factors from the 14 traits, explaining 73% of the total variance. Factor 1 has 

high loadings of weight, BMI, waist circumference, hip circumference, abdominal 

skin fold, % body fat, and fasting insulin. These traits could be interpreted as 

body size/adiposity. This factor contributes the greatest amount of the total 

variance, 41%. Factor 2 is composed primarily of parameters of fasting and 2-

hour insulin and glucose, suggesting an insulin sensitivity component. Factor 3 is 

blood pressure, both systolic and diastolic. Factor 4 is lipids, with triglycerides 

having a negative loading.   

     The heritabilities and multipoint linkage analyses of the factors of the 

metabolic syndrome are shown also in Table 4.4. All four factors are significantly 

heritable, with the lipid component the strongest, 64%. Only chromosomal 

regions with logarithm of odds (LOD) score ≥ 2.0 are shown in this table. The 

highest LOD score linked to the lipid factor (factor 4) was found on chromosome 

4 near marker D4S403. Suggestive evidence for linkage of body size/adiposity 

factor (factor 1) to chromosome 1 near marker D1S1597 also was observed. Other 

suggestive linkage signals occurred on chromosome 3 between markers D3S4529 
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(or D3S1595) and on chromosome 6 between marker D6S1053 and D6S1031, 

related to factor 2 (insulin-glucose) and 3 (blood pressure), respectively. Figures 

4.1 and 4.2 represent the signals of multipoint linkage analyses on chromosomes 1 

and 4, respectively.  

4.5 DISCUSSION 

     These data suggest that four factors are the major contributors to the 

metabolic syndrome as detected by analysis of the 14 phenotypes. These include 

body size/adiposity, insulin sensitivity, blood pressure, and lipids. The high 

loadings of fasting insulin in two factors indicate a close relationship between 

obesity and parameters of insulin resistance. Using the same statistical method of 

PCFA, the study by Arya et al. [4.11] in another group of nondiabetic Mexican 

Americans in San Antonio, Texas obtained three factors: adiposity-insulin, blood 

pressure, and lipid profile. Factor 3 and 4 in our study correspond to factors 2 and 

3 in their study, respectively. The inclusion of 2-hour glucose and 2-hour insulin 

levels in our analysis separates their adiposity-insulin factor into: body 

size/adiposity (factor 1) and insulin sensitivity (factor 2). However, Hodge et al. 

[4.6] observed that fasting and 2-hour insulin levels, obesity and lipid 

measurements loaded into a single factor in a Mauritian population.  

     In Pima Indians, four factors similar to ours were extracted from the original 

10 variables related to the metabolic syndrome: insulinemia, body size, blood 
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pressure, and lipid metabolism factors [4.7]. In the Framingham Offspring study 

[4.8], fasting and 2-hour glucose and insulin levels were loaded as factor 1, BMI 

and blood pressures into factor 2, and fasting and 2-hour insulin, lipids, and 

obesity measurements as factor 3. Due to the differences in the studied 

populations, number and types of variables measured and sample size, it is not 

surprising that factors obtained in each study vary somehow. However, most 

studies imply that insulin resistance is not the only common basis for the features 

of the metabolic syndrome [4.7].  

     A substantial genetic component was detected in each of these factors in this 

study, as found in other studies of heritabilities [4.11, 4.9, 4.25]. However, our 

genome scans showed different chromosomal locations related to the factors 

resulted from PCFA. Arya et al. [4.11] suggested QTLs on chromosome 1 (188 

cM) and 6 (149 cM, 208 cM) linked to an adiposity-insulin factor, and those on 

chromosome 1 (217 cM) and 7 (130 cM) linked to a lipid profile factor. 

Imperatore et al. [4.25] reported a region on chromosome 1 (233 cM) linked to 

insulin-glucose factor and a similar locus on chromosome 7 linked to lipid factor. 

Our study did not provide suggestive or significant linkage signals of these 

results. 

     The most significant linkage signal in this study was observed on 

chromosome 4 near marker D4S403 (26 cM) with a LOD score of 3.52. This 

genetic location was linked to the lipid factor. This same chromosomal region was 
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linked to levels of plasma free fatty acid (LOD=2.4) and systolic blood pressure 

(LOD=4.6) in Dutch dyslipidemic families [4.26]. The polymorphism of a 

candidate gene in this area related to blood pressure, α-adducin, was studied and 

failed to explain the linkage signal. This genetic location is more likely to be 

related to lipid metabolism; its influence to blood pressure might be indirect. In 

the same region, multipoint linkage analysis in Old Order Amish revealed a LOD 

score of 1.2 using HbA1c as the trait [4.27]. In severe obesity, a QTL near marker 

D4S2632 (50 cM) was documented to be linked to body mass index in Utah 

females [4.28] and high BMI in Mexican Americans [4.5].  

     Candidate genes in this area on chromosome 4 related to the lipid factor 

include the CCKAR and CD38 genes. The CCKAR gene codes for the 

cholecystokinin A receptor, which binds to cholecystokinin (CCK), a gut-released 

peptide hormone. The receptor mediates gallbladder contraction and pancreatic 

enzyme secretion in the gastrointestinal system in response to diets and regulates 

feeding behaviors in the central nervous system [4.29]. The gene product of CD38 

is ADP-ribosyl cyclase 1, which catalyzes the synthesis of cyclic ADP-ribose, a 

second messenger for glucose-induced insulin secretion from pancreas [4.30].  

     The second strongest signal occurred on chromosome 1 near marker 

D1S1597 (30 cM), with a LOD score of 2.53. This region is associated with the 

body size/adiposity factor. Only one previous study in Japanese subjects indicated 

that marker D1S1597 was related to type 2 diabetes, with a nominal significance 
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[LOD=0.9; 4.31]. The candidate gene could be nuclear receptor subfamily 0, 

group B, member 2 (NR0B2), which might be related to maturity onset diabetes of 

the young (MODY1). The study by Nishigori et al. [4.32] suggested that 

mutations of this gene were associated with increased body weight in early-onset 

obesity and MODY1.  

     Our signals on chromosome 3 (112 cM) related to insulin and glucose factor, 

and chromosome 6 (89 cM) related to blood pressure factor, also replicate 

previous findings.  In an initial sample (N= 391) of the same Mexican American 

population, fasting serum insulin concentration was associated with marker 

D3S1600 and D3S1285 (86-91 cM) with a LOD score of 3.1 [4.33]. Our signal on 

chromosome 3 has been found to be linked to eating behavior scores [4.34], acute 

insulin response [4.35], fasting specific insulin values [4.36], and type 2 diabetes 

[4.37]. In a study by Duggirala et al. [4.38], age at onset of diabetes and type 2 

diabetes were linked suggestively to the same marker. Although our study 

population is non-diabetic, we localized chromosomal regions detected in diabetic 

subjects. It implies that the type 2 diabetic state might be on one tail of the 

distribution of insulin sensitivity. The QTLs in this region might harbor genes 

contributing to the progression from insulin resistance to type 2 diabetes.  

     Triglycerides level was mapped to the same region on chromosome 3, with a 

LOD score of 1.8 in Pima Indians [4.39]. In MODY, putative evidence for linkage 

to the same regions on chromosome 3 (124 cM) and 6 (71 cM) were reported 
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[4.40]. The maximum-likelihood-binomial (MLB) multipoint analysis suggested a 

similar area on chromosome 6 linked to a trait related to cardiovascular heart 

disease with a LOD of 1.3 [4.41].  

     In summary, the factors of the metabolic syndrome are strongly influenced 

by genetic components in the Mexican American population. Although the four 

factors obtained from PCFA mapped to distinct chromosomal regions, each factor 

replicated findings using different phenotypes of the metabolic syndrome. 

Therefore, QTLs localized using a single trait of the metabolic syndrome have 

pleiotropic effects on the other traits of the disease and PCFA is an effective tool 

to detect its major role in the development of the complex disease in a specific 

population. In the present study, a major locus on chromosome 4p was identified 

to be linked to lipid factor. Genetic regions on chromosome 1, 3 and 6 also appear 

to harbor genes influencing factors of body size/adiposity, insulin sensitivity, and 

blood pressure, respectively. These results provide important information about 

the susceptible genes that may contribute to the factor structure of the metabolic 

syndrome. Replication of our findings by other studies may strengthen the efforts 

to characterize these genes.  
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Table 4.1 Characteristics of the study subjects for factor 
analysis 

N (male/female) 566 (234/332) 

Age (years) 34.2 ± 14.2 

Fasting glucose (mg/dl) 86.2 ± 10.1 

2-hour glucose (mg/dl) 100.0 ± 30.9 

HDL-cholesterol (mg/dl) 51.0 ± 12.1 

10 x log triglycerides (mg/dl) 20.5 ± 2.2 

Systolic blood pressure (mm Hg) 115.7 ± 13.9 

Diastolic blood pressure (mm Hg) 69.3 ± 9.4 

Weight (lb) 166.5 ± 38.2 

Body mass index (kg/m2) 28.5 ± 5.8 

Waist circumference (mm) 916.2 ± 146.2 

Hip circumference (mm) 1037.3 ± 116.9 

Abdomominal skin fold (mm) 40.1 ± 12.8 

Body fat (%) 27.8 ± 11.1 

10 x log fasting insulin (uU/ml) 10.3 ± 2.8 

10 x log 2-hour insulin (uU/ml) 17.2 ± 4.0 

Data = mean ± SD  
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Table 4.2 Pearson correlation matrix of the 14 variables for factor analysis of 566 subjects 

  FAST 2HR SYS DIA FAST 2HR

  GLU GLU 
HDL 

BP BP 
WT BMI WAIST HIPC ABDSF BF 

IN IN 

2HRGLU 0.36             

HDL -0.12 -0.10            

SYSBP 0.23 0.21 0.02ª           

DIABP 0.17 0.15 0.04ª 0.59          

WT 0.23 0.16 -0.23 0.36 0.35         

BMI 0.19 0.28 -0.18 0.34 0.32 0.86        

WAIST 0.25 0.26 -0.19 0.44 0.35 0.83 0.85       

HIPC 0.12 0.23 -0.11 0.26 0.25 0.79 0.89 0.78      

ABSF 0.11 0.29 -0.11 0.26 0.28 0.61 0.77 0.70 0.73     

BF 0.08 0.28 0.04ª 0.13 0.10 0.30 0.57 0.40 0.60 0.59    

FASTIN 0.28 0.30 -0.23 0.23 0.16 0.46 0.50 0.50 0.44 0.41 0.31   

2HRIN 0.18 0.66 -0.17 0.09 0.05ª 0.13 0.30 0.26 0.26 0.33 0.36 0.52  

TG 0.28 0.35 -0.31 0.30 0.29 0.30 0.31 0.38 0.20 0.32 0.11 0.37 0.32 

ª not significant at 0.05, all other correlations are significant at 0.05 

FASTGLU: fasting glucose, 2HRGLU: 2-hour glucose, HDL: high density lipoprotein cholesterol, 
SYSBP: systolic blood pressure, 
DIABP: diastolic blood pressure, WT: weight, BMI: body mass index, WAIST: waist circumference,  
HIPC: hip circumference, ABDSF: abdominal skin fold, BF: % body fat, FASTIN: log(fasting insulin)
2HRIN: log(2-hour insulin), TG: log(triglycerides) 
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Table 4.3 Factor loadings after varimax 
rotation   

Trait Factor 1 Factor 2 Factor 3 Factor 4 

Fasting glucose 0.02835 0.42542 0.29812 -0.32434 

2-hour glucose 0.09039 0.85716 0.16946 -0.01425 

HDL -0.10474 0.01647 0.10650 0.85041 

log triglycerides 0.17235 0.36147 0.29580 -0.55672 

Systolic blood  
pressure 0.18072 0.12422 0.84829 -0.00541 

Diastolic blood  
pressure 0.17744 0.02823 0.84310 -0.02122 

Weight 0.81630 -0.05804 0.28632 -0.31245 

Body mass index 0.92413 0.12311 0.19276 -0.13719 

Waist 
circumference 0.83327 0.09051 0.29379 -0.23222 

Hip circumference 0.93266 0.08613 0.09852 -0.04651 

Abdomominal  
skin fold 0.82373 0.21556 0.08195 0.01448 

% body fat 0.65238 0.38094 -0.11171 0.28526 

Log fasting insulin 0.49796 0.40782 -0.01284 -0.33219 

Log 2-hour insulin 0.21896 0.84798 -0.05869 -0.05404 

Total variance (%) 41 12 11 10 

Accumulative  
variance (%) 41 53 64 73 
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Table 4.4 Heritabilities and multipoint linkage analysis with LOD above 1.9 of the 
factors of the metabolic syndrome 

Factor Interpretation  Heritability* Chr. Loc.(cM) Marker LOD

1 Bodysize/ 
adiposity 0.49 ± 0.09 1 30 D1S1597  2.53

2 Insulin sensitivity 0.42 ± 0.09 3 112 D3S4529  2.20

3 Blood pressure  0.26 ± 0.08 6 89 D6S1053--D6S1031 2.08

4 Lipids 0.64 ± 0.09 4 26 D4S403 3.52

*Mean ± SD, all p-values <0.0001     
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Figure 4.1The multipoint analysis of body size/adiposity factor (factor 1) on 

chromosome 1.  
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Figure 4.2 The multipoint analysis of lipid factor (factor 4) on 

chromosome 4. 
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Chapter 5 

Genes Influencing Insulin Resistance Have Pleiotropic 

Effects on Adiposity-Related Phenotypes in Baboons 

5.1 ABSTRACT 

     Previous research has suggested a genetic contribution to the development of 

insulin resistance and obesity. We hypothesized that the same genes influencing 

insulin resistance might also contribute to the variation in adiposity. A total of 593 

(195 male, 398 female) adult baboons (Papio hamadryas) from 8 families, with 

pedigrees ranging in size from 43 to 121, were used in this study. Plasma insulin, 

glucose, C-peptide, and adiponectin were analyzed and homeostasis model 

assessment - insulin resistance (HOMA IR) was calculated. Fat biopsies were 

collected from omenal fat tissue and triglyceride concentration per gram of fat 

tissue was determined. Body weight and length were measured and body mass 

index (BMI) was derived. Univariate and bivariate quantitative genetic analyses 

were performed using SOLAR. Insulin, glucose, C-peptide, and adiponectin 

levels; HOMA IR; triglyceride concentration of fat tissue, body weight and BMI 

were all found to be significantly heritable, with heritabilities ranging from 0.15 

to 0.80. Positive genetic correlations  (rG) were observed for HOMA IR with C-

peptide (rG = 0.88±0.10, p-value = 0.01), triglyceride concentration in fat tissue 

(rG = 0.86±0.33, p-value = 0.02), weight (rG = 0.50±0.20, p-value = 0.03), and 
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BMI ( rG = 0.64±0.22, p = 0.02). These results suggest that a set of genes 

contributing to insulin resistance also have an influence on general and central 

adiposity phenotypes. Further genetic research in a larger sample size is suggested 

in order to identify the common genes that constitute the genetic basis for the 

development of insulin resistance and obesity.  

5.2 Introduction 

     Insulin resistance is a failure of target tissues (adipose, liver, skeletal and 

cardiac muscle) to respond normally to insulin [5.1]. It is defined as the lowest 

quartile of measures of insulin sensitivity that are evaluated during an euglycemic 

clamp, or the highest quartile of the fasting insulin or homeostasis model 

assessment of insulin resistance index (HOMA IR) [5.2]. This condition of insulin 

resistance is associated with obesity, aging, and genetic predisposition, and is 

characterized by slow glucose clearance in peripheral tissues [5.3]. Insulin 

resistance is proposed as the basis for the metabolic syndrome, which also 

includes abdominal obesity, hypertension, and dyslipidemia.  

     Human and animal studies have identified significant genetic components in 

obesity and related insulin sensitivity [5.4]. The association between insulin 

resistance and other metabolic abnormalities, such as obesity, suggests that there 

might be a group of common genes underlying the observed phenotypic 

relationship [5.5]. Shared genetic effects between insulin levels and body mass 

index (BMI), waist to hip ratio [5.6], and leptin levels [5.7] has been reported in 
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limited human studies. However, visceral fat tissue has not been used as a 

phenotype to estimate the genetic correlation between insulin resistance and 

abdominal obesity. According to Hauner [5.8], the distribution of abdominal fat 

and generalized adiposity independently predict the severity of the metabolic 

syndrome. Therefore, in this study we measured phenotypes that are parameters 

of both general and central obesity, including weight, BMI, and triglyceride 

concentration of omental tissue.  A newly found hormone produced in adipose 

tissue, elevated plasma adiponectin levels are associated with decreased obesity 

and insulin resistance [5.9]. Thus plasma adiponectin and C-peptide (an indicator 

of insulin secretion) were also evaluated in this paper.  

     Baboons provide an excellent model for genetic studies of obesity-related 

disorders since they develop spontaneous obesity and diabetes [5.10] and their 

chromosomal structure is similar to that of humans [5.11]. Additionally, proteins 

show a high degree of evolutionary conservation between baboons and humans as 

indicated by the use of human antibodies to detect baboon proteins. Finally it is 

easier to biopsy omental tissue from pedigreed animals as compared to humans.  

     In this study, we tested the hypothesis that the same genes influencing 

insulin resistance might contribute to the variation in both general and central 

adiposity in baboons. Quantitative genetic analyses were employed to investigate 

the genetic correlations between insulin resistance and phenotypes such as body 

weight, body mass index (BMI = body weight/length2, kg/m2), triglyceride 
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concentration in omental fat tissue (gram per gram of fat tissue), and plasma C-

peptide levels.  

5.3 Research Methods and Procedures 

Design 

     Body weight and height were measured and fasting blood samples were 

collected from 593 adult baboons under sedation. Levels of plasma glucose, 

insulin, C-peptide, and adiponectin were determined. Insulin resistance was 

estimated with the homeostasis model assessment - insulin resistance index 

(HOMA IR)[5.12]. We collected omental adipose tissue biopsies to obtain the 

tissue concentration of triglycerides. Quantitative genetic univariate and bivariate 

analyses were conducted to calculate the heritabilities and genetic correlations of 

these phenotypes.  

Animals 

     This study included 398 female and 195 male baboons from the pedigreed 

colony at Southwest Foundation for Biomedical Research (SFBR), San Antonio, 

Texas. The relative pairs present in the pedigreed animals are listed in Table 5.1. 

Details on the development and characteristics of this colony are described 

elsewhere [5.13]. These animals are a mixture of two species, Papio hamadryas 

anubis and Papio hamadryas cynocephalus. Animals at this colony are gang-

housed and fed ad libitum on a standard low fat chow diet (Harlan Teklad 15% 

Monkey Diet, 8715). 



 81

Sampling 

     All data were collected after an overnight fast (~12 hours) and with the 

animals under sedation with ketamine. Length was measured using a standard 

tape with the animal lying on its back; weight was measured on a calibrated 

electronic balance (GSE, Chicago, IL). Body mass index (BMI) was calculated 

using weight in kilograms divided by the square of height in meters. A total of 12 

ml blood was drawn from the antecubital vein. Blood samples were collected as 

follows: 4 ml of blood in sodium fluoride tubes for glucose analysis and 7 ml in 

EDTA tubes for analysis of insulin, C-peptide, and adiponectin. Samples were 

centrifuged at 2000 × g for 10 minutes, aliquoted and frozen at -80ºC until 

analysis. The adipose tissue biopsy was described previously by Lewis and 

Soderstrom [5.14]. 

Analysis of content of triglycerides in omental tissue: The triglyceride 

concentration in fat tissue was determined with the method of Stiles et al. [5.15]. 

Briefly, lipids in adipose tissue were extracted using CHCl3: CH3OH and 

transferred to a separatory funnel. A volume of 0.1 M KCl was added to the 

funnel. After the funnel was shaken vigorously for 5 minutes and then stored cold, 

the liquid separated into two phases with a clear boundary. The lower phase 

contained almost all the triglycerides, with negligible amounts of other types of 

lipids. The concentration of triglyceride in fat tissue was estimated by dividing the 
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amount of triglycerides (gram) with the weight of the fat tissue (gram) used for 

the extraction.  

Plasma glucose and hormone assays: Glucose was analyzed by the glucose 

oxidase method on an Analox spectrophotometer. Insulin and C-peptide were 

analyzed by quimioluminiscence in a Luminex100 using the Endocrine Multiplex 

Immunoassay (Linco Research, Inc., St. Louis, MO). Adiponectin was analyzed 

by radioimmunoassay (RIA) (Linco Research, Inc., St. Louis, MO). All samples 

were analyzed in duplicates; the intra-assay and inter-assay variations are less 

than 5%.  

     Homeostasis model assessment-insulin resistance (HOMA IR) was used to 

estimate the extent of insulin resistance of the baboon subjects in this study. 

Although the euglycaemic glucose clamp is considered the gold standard for 

insulin sensitivity [5.12], the HOMA IR has been suggested to correlate with the 

insulin sensitivity index obtained from the euglycaemic glucose clamp technique 

[5.16]. HOMA IR was calculated according to Melchionda et al. [5.12]:  

HOMA IR = fasting insulin (µU/mL) * fasting glucose (mmol/L) / 22.5        

Statistical Methods 

     Quantitative genetic analyses were conducted using the maximum 

likelihood-based, variance decomposition approach [5.17]. The phenotypic 

variance of a trait is separated into additive genetic and environmental 

(nongenetic) effects. Heritability (h2) is defined as the proportion that the additive 
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genetic effects contribute to the total phenotypic variance. The likelihood ratio 

test is conducted to compare the likelihood of a model where the heritability is 

estimated to the likelihood of a model with heritability constrained to zero. Two 

times the difference of the two log likelihoods is asymptotically distributed as a 

½: ½ mixture of a chi square distribution with one degree of freedom and a point 

mass at zero [5.18].  

     Bivariate genetic analysis is the extension from univariate genetic analysis. 

The bivariate phenotype is modeled as a linear function of the individual’s 

phenotypic values, the population means, the additive genetic values and 

environmental effects [5.19]. From this model, the genetic and environmental 

variance-covariance matrices can be calculated and genetic and environmental 

correlations may be estimated. A model where all parameters are estimated is 

compared with a model in which the genetic correlation is constrained to zero 

(pleiotropy). A second statistical test was performed to compare the model where 

all parameters are estimated with one in which the genetic correlation is 

constrained to 1 (complete pleiotropy). Twice the difference of log likelihood of 

the two models is distributed asymptotically as a χ2 statistic with one degree of 

freedom. Both univariate and bivariate genetic analyses were conducted in 

SOLAR [5.20]. Age, sex, age squared and their interactions were included in all 

the genetic analyses as covariates if their p-values were less than 0.1. Independent 



 84

t-test and univariate general linear model were utilized to compare group means 

of male and female baboons using SPSS 9.0. 

5.4 RESULTS 

     The characteristics of the analyzed traits in male and female baboons are 

shown in Table 5.2. Females were older and had lighter weights and BMI than 

males, and higher levels of glucose, insulin, and C-peptide, HOMA IR, and 

concentration of triglyceride in omantal tissue. After adjustment for age, males 

exhibited greatly higher plasma levels of adiponectin than females; other 

significant differences did not change.  

     The relationships between insulin and glucose, insulin and C-peptide, and 

HOMA IR and C-peptide are demonstrated in Figures 5.1, 5.2 and 5.3, 

respectively. Significant positive correlations were observed of these traits in both 

male and female baboons; however, some of the animals are related to each other.  

     All phenotypes in this study are significantly heritable, ranging from 0.15 to 

0.80 (Table 5.3). Body weight had the highest heritability; adiponectin, the 

lowest. The genetic correlations between HOMA IR and other phenotypes are 

presented in Table 5.4. Positive genetic correlations were observed for HOMA IR 

with C-peptide, body weight, BMI and triglyceride concentration in omental 

tissue. The tests for complete pleiotropy are significant except for triglyceride 

concentration in omental tissue. Plasma adiponectin level was negatively 
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genetically related to HOMA IR (data not shown). Significant relationship was 

also found for the environment.  

5.5 DISCUSSION 

     To our knowledge, this genetic study is the first to utilize omental tissue 

biopsy as a phenotype to explore the shared genetic effect between visceral 

obesity and insulin resistance.  We found that insulin resistance measured by 

HOMA IR showed a positive genetic correlation to triglyceride concentration in 

omental tissue. Thus, greater deposition of abdominal fat is associated with 

increased insulin resistance. In human, Zamboni et al. [5.21] found out that 

visceral adipose tissue evaluated by computed tomography positively related to 

insulin resistance. Also, the complete pleiotropy implies that genes controlling 

triglyceride levels in omental tissue might overlap most of those for insulin 

resistance.  

     Bivariate genetic analyses indicate that insulin resistance is genetically 

correlated with body weight and BMI, supporting previous genetic findings in 

humans. In Mexican Americans, significant genetic correlations were observed 

between fasting insulin levels and BMI (rG =0.49), and fasting insulin levels and 

waist/hip ratio (rG=0.27) [5.6]. In the Strong Heart Family Study [5.22], diabetes 

status was genetically correlated with BMI (rG = 0.55, p<0.001) and with 

percentage body fat (rG = 0.38, p<0.05). Therefore, a group of genes might 
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contribute to the variations in both body adiposity and insulin resistance 

phenotypes. The negative genetic correlation between plasma adiponectin levels 

and insulin resistance is consistent with the observation that reduced adiponectin 

concentration was related to the increased insulin resistance [5.23]. 

     The lack of complete pleiotropy between HOMA IR and body weight or 

BMI indicates that there are genes involved in the development of general obesity 

(as opposed to central obesity) that are independent of insulin resistance. These 

results are consistent with the observations that not all obese people become 

insulin resistant, and not all insulin resistant patients are obese. This complexity 

contributes to the difficulty in identifying the major genes that contribute to the 

metabolic syndrome.  

     The physiological and genetic similarities of baboon to humans make it an 

excellent animal model to study the genetics of complex human diseases [5.13]. 

The positive relationships between glucose, insulin, and C-peptide are comparable 

to those reported in humans [5.24, 5.25] and to a smaller sample of baboons from 

the same colony [5.26]. In addition, females had higher insulin levels than males 

in both humans and baboons [5.25].   

     This study suggests that obesity phenotypes associated with insulin 

resistance in baboons are heritable, as in humans. A large genetic component to 

variation in weight was found in the present study (80%); this value is higher than 

the 50% previously reported for the same colony [5.27]. Presumably, the greater 
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percentage is due to the use of two subspecies in the present study, as opposed to 

six in the study by Jaquish et al. [5.27]. The large heritability of weight in 

baboons as compared to human studies [5.28] might be due to the reduced 

environment effect in the animal model, given that the animals share the same diet 

and living conditions. The heritability of BMI (h2 = 0.46) in baboons is within the 

range of human studies, including Koreans, 0.26 [5.29], Caucasians, 0.37 [5.30], 

and African Americans and Hispanics, 0.54 [5.31].  

     The significant heritabilities of circulating levels of glucose (h2 = 0.19) and 

insulin (h2 = 0.46) are comparable to that documented in Mexican Americans (h2 

= 0.20 and 0.46, respectively)  [5.32]. Adiponectin, an adipocyte-derived protein 

related to glucose and insulin metabolism [5.33], is slightly heritable (h2 = 0.15) in 

these baboons; whereas, a quantitative genetic analysis of plasma adiponectin by 

Comuzzie et al. [5.34] reported a heritability of 46% in humans. A plausible 

reason of the lower value may be a slight incompatibility of the human antibody 

for the protein.  

     In summary, these results suggest that a set of genes contributing to insulin 

resistance also may influence adiposity phenotypes, especially central obesity. 

Baboon is a very good model to detect genetic effects of obesity related traits 

since the confounding factors from environments in human studies are avoided by 

the shared homogenous environment of the animals. Further genetic research in a 
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larger sample size is necessary to locate common genes underlying the genetic 

basis for the development of insulin resistance and obesity.  
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Table 5.1 The relative pairs in this study 

Relationship  Number

Parent-offspring 145 

Siblings 219 

Grandparent-grandchild 8 

Avuncular 49 

Half-siblings 2870 

Half avuncular 769 

1st cousins 6 

Half 1st cousins 55 

Half 1st cousins, 1 rem 15 

Half siblings and 1st cousins 9 

Half siblings and half 1st cousins 129 

Half siblings and half avuncular 12 

Double half avuncular 5 

Total 4291 
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Table 5.2 Charateristics of insulin resistant-related traits in male and female 
baboons 

Trait Male Female Number  p-value* p-value**

      male/female    

Age (year) 16.3 ± 3.6 19.3 ± 5.2 136/328 <0.001  

Body weight (kg) 31.5 ± 4.5 19.5 ± 4.0 133/322 <0.001 <0.001 

BMIa (kg/m2) 26.2 ± 3.7 22.6 ± 4.4 112/267 <0.001 <0.001 

Triglyceride 
in fat tissue (g/g) 0.61 ± 0.24 0.72 ± 0.18 125/328 <0.001 <0.001 

HOMA IRb 3.0 ± 2.7 4.9 ± 4.3 50/115 0.001 0.003 

Insulin (uU/mL) 124.1 ± 
101.4 200.5 ± 157.7 52/117 <0.01 0.001 

Glucose (mmol/L) 5.1 ± 0.7 5.3 ± 0.8 102/220 0.02 0.02 

C-peptide (pg/dL) 337.6 ± 
250.8 538.0 ± 302.5 56/119 <0.001 <0.001 

LNADIPOc 1.50 ± 0.20 1.47 ± 0.20 136/321 0.2 0.01 

*comparisons between male and females; ** adjusted for age 

a: body mass index; c: Adiponectin (ng/dL) log transformed 

b: homeostasis model assessment - insulin resistance index 
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Table 5.3 Heritabilities of insulin resistant-related traits in baboons 

Trait Heritability p-value 

Body weight 0.80 ± 0.09 <0.0000001 

C-peptide 0.59 ± 0.25 0.005 

HOMA IRa 0.47 ± 0.21 0.006 

Insulin 0.46 ± 0.20 0.006 

BMIb 0.46 ± 0.13 0.00001 

Triglyceride in fat tissue (g/g) 0.20 ± 0.11 0.006 

Glucose 0.19 ± 0.11 0.02 

LNADIPOc 0.15 ± 0.09 0.03 

a: Homestasis model assessment - insulin resistance. 

b: BMI: body mass index; c: Adiponectin log transformed 
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Table 5.4 Genetic and environmental correlations between insulin resistance- 
and adiposity- related traits in baboons 

HOMA IR with rG p-value* p-value** rE p-value***

C-peptide 0.88 ± 0.10 0.01 0.05 0.56 ± 0.19 0.1 

Weight 0.50 ± 0.20 0.03 0.01  -0.13 ± 0.41 0.7 

BMI 0.64 ± 0.22 0.02 0.03 0.01 ± 0.24 0.9 

TGa 0.86 ± 0.33 0.02 0.3  -0.24 ± 0.19 0.2 

HOMA IR: Homeostasis model assessment model - insulin resistance; BMI: body 
mass index. 

rG: genetic correlation coefficient; rE: environmental correlation coefficient 

* p-values for pleiotropy; ** p-values for complete pleiotropy; *** p-values for 
enviromental effect 
aTriglycerides in fat tissue (g/g) 
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Figure 5.1 The relationship between fasting plasma glucose and insulin 

levels in baboons. The side triangle represents males and the square, 

females. The Pearson correlation coefficient = 0.38, p<0.001, n =153. 
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Figure 5.2 The relationship between fasting plasma insulin and C-peptide 

levels in the baboons. The side triangle represents males and the square, 

females. The Pearson correlation coefficient = 0.70, p<0.001, n = 157. 
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Figure 5.3 The relationship between HOMA IR and fasting C-

peptide levels. The side triangle represents males and the squre, females. 

The Pearson correlation coefficient = 0.74, p<0.01, n = 165. 
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Chapter 6 

Summary and Future Work 
 
     The goal of this project was to study the genetic structure of the metabolic 

syndrome. The first objective was to locate chromosomal regions influencing 

insulin resistance in Mexican Americans of the San Antonio Family Heart Study 

(SAFHS). Two studies were performed to achieve this objective using a genome-

wide scan. In the first study, calculated insulin resistance indices from the first 

visit data of the SAFHS were utilized as phenotypes. We detected significant 

linkage evidence on chromosome 8p between marker D8S1130 and D8S1106 and 

on chromosome 13q between marker D13S787 and D13S252. The second study   

analyzed data from the second visit (recall data) of the SAFHS. Markers D1S1663 

on chromosome 1 and D2S436 on chromosome 2 were found to be linked to 

insulin sensitivity indices.  

     Surprisingly, the genetic locations identified in the two studies did not 

replicate each other. This discrepancy could be caused by several reasons. First, 

the family structures of the two studies differed from each other, as some of the 

family members were no longer available. For example, data of the insulin 

resistance phenotypes were available from 41 families in the first clinic visit, but 

only 28 families in the recall. If a single individual drops from a data set, several 

dozens or more relative pairs might disappear from the family structure 
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(depending on the location of that person in his/her family tree). This changes the 

covariance matrix accordingly. Generally, a larger sample size will provide 

greater power to detect any existing linkages. However, adding some specific 

individuals into a pedigree may distort both phenotypic and genotypic matrix 

structures, which may facilitate the identification of one QTL, but block that of 

another. The way to compensate for these difficulties is to utilize a more stringent 

LOD score, of at least a 3 (equals p- value of 0.0001) rather than a p-value of 

0.05. The greater LOD score will reduce the probability of a false positive.  

     A second reason for the disparity between the two studies may be the time 

difference of 4 to 5 years between the data collections. This may be particularly 

true of insulin resistance, which is an age-related trait; thus the liable genes could 

differ with advancing age. It would be interesting to compare the distributions of 

significant LOD scores over time if repeated measurements at more time points 

were available. However, in the Framingham Heart Study, six repeated 

measurements of BMI across 28 years did not show replication on the same 

genetic locations [6.1]; others have said that at least ten measurements are 

necessary for detection of age specific genes [6.2; 6.3]. Because this was not the 

focus of the current study, the question of age-related genetic effects on insulin 

resistance remains to be answered.  

     A third possible reason for the lack of concordance between the two studies 

may be that the insulin resistance indices introduced errors into the analysis since 
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their correlations with insulin resistance of the body were not perfect [6.4]. These 

errors might significantly prevent the detection of the correspondent QTLs. The 

euglycemic clamp is an optimal alternative phenotype for insulin resistance, but 

the cost was prohibitive and not within the scope of this study.  

          The final reason for the lack of replication is stochastic (probability) 

influences. Even an exact copy of the same study on a second data set from the 

same population might not show the same pattern of linkage peaks because the 

linkage analysis is a process for hypothesis generating, rather than for hypothesis 

testing [6.5]. A LOD score ≥ 3 provides sufficient confidence to propose that a 

QTL is related to the phenotype, and that this genetic region should be explored. 

However, a failure to show a linkage on a specific chromosomal region (small or 

zero LOD) cannot exclude that region from association.  

     Regardless of the disconcordance of study 1 and 2, the significant findings in 

both studies duplicate those of previous investigations. In study 1, the linkage 

signal on chromosome 8p was also reported to be linked to type 2 diabetes in 

indigenous Australians [6.6] and Japanese [6.7]; systolic blood pressure in 

Chinese [6.8]; diastolic blood pressure in the Dutch [6.9]; and high density 

lipoprotein-cholesterol (HDL-C) and triglycerides in Germans [6.10]. Further 

more, the BMI of Finnish diabetic patients [6.11] and HDL-C levels in familial 

type 2 diabetes [6.12] were mapped to the same region on chromosome 13 where 

our signal was found.  
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     In study 2, our linkage peak on chromosome 1q32 was observed to be 

associated with type 2 diabetes in Japanese [6.7] and Caucasians [6.13; 6.14]; 20 

years of mean fasting glucose, current fasting glucose, and HbA1c in the 

Framingham Offspring Study [6.15]; corrected insulin response at 2 hours [6.16]; 

and diabetes onset before 25 years of age and diabetes onset before 45 years of 

age in Pima Indians [6.17]. The second strongest result in study 2 on chromosome 

2p was previously revealed by genome-wide scans using phenotypes of type 2 

diabetes [6.18]; HDL-C levels [6.19]; ratio of triglycerides and HDL-C[6.20]; 

ratio of LDL and HDL-C[6.20]; and systolic [6.21] and diastolic blood pressures 

[6.22].  Collectively, these data strengthen the importance of these genetic 

regions in the development of insulin resistance syndrome. 

     The second objective of this project was to identify the genetic locations 

related to the quantitative traits that constitute the metabolic syndrome in the same 

population of Mexican Americans. Principal component factor analysis (PCFA) 

was conducted, and four orthogonal factors were obtained from 14 original 

measurements. The individual factor scores were used as traits in multipoint 

linkage analysis to detect chromosomal locations underlying the variances of 

these synthetic phenotypes. Significant and suggestive evidence for linkage of 

lipid (factor 4) and body size/adiposity (factor 1) were found on chromosome 4 

near marker D4S403, and chromosome 1 near marker D1S1597, respectively. The 

same genetic region near D4S403 was implied to be related to levels of plasma 
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free fatty acid [6.23], systolic blood pressure [6.23], HbA1c  [6.24] and body mass 

index [6.25; 6.26]. The area around marker D1S1597 was indicated previously to 

be linked to type 2 diabetes [6.7] and early-onset obesity and maturity onset 

diabetes of the young (MODY1) [6.27].   

     In our study, PCFA effectively extracted 73% of the total variance of the 

metabolic syndrome and generated four independent factor scores for subsequent 

genome-wide screenings to obtain correspondent distinct chromosomal regions. 

Our study is the second genome scan using factors from PCFA. We expanded the 

phenotypes that were analyzed in the first genome-wide screening of PCFA by 

Arya et al. [6.28] to include 2-hour glucose and insulin levels. More genetic 

inquiries in this field will be necessary to fully isolate major genes with 

pleiotropic effects (shared genetic effects of two or more traits).  

     The third objective of this project was to explore the genetic pleiotropy 

between insulin resistance and adiposity, especially visceral obesity. Because 

omental tissue biopsy of reasonable sample size is usually available only from 

animals, the baboon was used as an animal model. The results from the baboon 

study in this thesis, coupled with research in humans [6.29; 6.30], suggest that a 

common set of genes contribute to insulin resistance and obesity in both species. 

More importantly, the genes for insulin resistance appear to overlap those for 

visceral obesity and vice versa. It is also plausible that those two groups of genes 

completely overlap each other.  
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     The connection between visceral obesity and insulin resistance (and the 

metabolic syndrome) might be the concentration of free fatty acids in the 

circulation [6.31]. The idea that permanent elevation of plasma free fatty acids in 

obese patients induces insulin resistance in muscle and liver was first introduced 

by Randle et al. in 1963 [6.32]. Since then subsequent studies have confirmed and 

improved this concept [6.33; 6.34]. For example, visceral fat, as compared to 

subcutaneous fat, is more easily mobilized to secrete free fatty acids into the 

blood stream [6.35]. Thus, the ‘single gateway hypothesis’ was proposed that free 

fatty acid flux from visceral fat into the blood provides a single signal for insulin 

resistance in the liver [6.35]. The free fatty acid flux also causes the deposition of 

lipids in insulin sensitive tissues. The ‘lipotoxicity hypothesis’ implies that 

excessive fat deposition in tissues, other than adipocytes, impairs β cell function 

and insulin sensitivity [6.36; 6.37]. In addition, some molecules or hormones 

produced only by visceral fat tissue may make this tissue essential for the 

development of insulin resistance. The present study is the first to use omental 

tissue to investigate gene pleiotropy between visceral fat tissue and insulin 

resistance. In human populations, genome-wide scans have been conducted using 

only waist circumference [6.38], waist-hip ratio [6.39], or abdominal fat assessed 

by computed tomography [6.40]. The shortcoming of our study is that the small 

sample size (N= 401) did not allow us enough power to conduct a bivariate 

genome-wide screening of these insulin resistance and obesity traits.     
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Subsequent work on a larger sample size and other phenotypes (i.e. cell volume) 

of visceral fat tissue should be analyzed in conjunction with bivariate genome-

wide screening, in order to detect common sets of genetic regions for central 

obesity and insulin resistance.  

     It is believed that the metabolic syndrome might be the consequence 

of interactions of multiple genes and the environment. The identification of these 

genes may result in sub-categorizations of this disease with correspondent 

treatments. However, multiple gene-gene and gene-environment interactions will 

always exist and act as obstacles to completely understand the genetic structure of 

this condition. At present, the variance decomposition based, multipoint linkage 

analysis is a mathematical model that can provide useful information. Future 

finemapping and the positional candidate gene approach will be helpful to further 

our understanding of the genetic structure of this complex disease. 
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