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ABSTRACT 
Identification of the susceptibility genes will offer better understanding of molecular 
mechanisms underlying T2D pathogenesis, and subsequently may lead to development 
of novel therapeutic approaches. This thesis mainly concerns the genetic association 
studies of four candidate genes. They are selected from a region in chromosome 10q 
linked to T2D or based on involvement of the candidates in specific pathways related to 
T2D. 
 
IDE plays a principal role in the proteolysis of several peptides in addition to insulin. 
The gene resides in a region of chromosome 10q linked to T2D. Fourteen SNPs in the 
IDE and IDE-HHEX regions were genotyped in 321 IGT and 403 NGT subjects 
selected from SDPP. The analyses of diplotypes (haplotypic genotypes) containing 
three tag SNPs provided evidence of the association with fasting plasma insulin levels, 
2h plasma insulin levels, HOMA-IR and BMI in men, and suggested that the 
polymorphisms in/near the IDE gene contribute to variance in plasma insulin levels and 
correlated traits. The TCF7L2 gene is also located in the region of chromosome 10q. 
Five SNPs in the gene were genotyped in 243 T2D patients and 528 NGT subjects, and 
they were Swedish men. SNPs rs7901695, rs4506565, rs7903146 and rs12255372 are 
strongly associated with T2D. As to rs7903146, T2D patients carrying genotypes CT or 
TT had higher fasting plasma glucose levels, lower HOMA-β index and BMI compared 
to the patients carrying CC genotype. Furthermore, NGT subjects carrying the risk 
alleles of SNPs rs7901695 and rs4506565 demonstrated a more pronounced increase in 
fasting plasma glucose levels during the follow-up period. The study consistently 
indicated that TCF7L2 has a crucial contribution to impaired insulin secretion 
underlining the development of T2D. In order to evaluate whether Leu7Pro (T1128C) 
polymorphism in the NPY gene contributes to the development of T2D, genotyping of 
this SNP in 263 T2D patients, 309 IGT and 469 NGT subjects was performed. This 
SNP was significantly associated with IGT and T2D among Swedish men but not 
women. The carriers with TC and CC genotypes in male IGT subjects had significantly 
higher fasting plasma glucose in comparison with the TT carriers. A previous study 
using the Goto-Kakizaki rat implicated that AC3 may be a candidate for T2D. The 
variation screening in the putative promoter was performed and a novel variant -17A/T 
was identified. Genotyping of 14 SNPs covering the gene, including the novel variant, 
was performed in male subjects, including 243 T2D and 188 NGT. Interestingly, SNPs 
rs2033655 C/T and rs1968482 A/G were significantly associated with T2D patients 
with BMI ≥30 kg/m2. Further genotyping and analysis in 199 male obese subjects with 
NGT demonstrated that these two polymorphisms were strongly associated with 
obesity. The present study thus provides the first evidence that AC3 polymorphisms 
confer the risk susceptibility to obesity in Swedish men with and without T2D. 
 
In conclusion, this thesis has contributed with information on the role of the IDE, 
TCF7L2 and NPY genes in the development of T2D and/or control of insulin levels. 
AC3 may play a role in the development of obesity with and without T2D.  
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1 INTRODUCTION 
 
1.1 GENETIC INTRODUCTION 

In the recent years, genetic research has been substantially developed and molecular 
genome projects have revealed the full sequence of human genome. A map of genetic 
variation, containing ∼10 millions single nucleotide polymorphisms (SNPs), and a map of 
human haplotypes (HapMap) have been established. Genome wide association (GWA) 
study has recently become an important approach to identify the susceptibility genes in 
complex diseases(1). 
 
1.1.1 DNA and Chromosomes 

The structure of deoxyribonucleic acid (DNA) molecule was published by James 
Watson and Francis Crick in April 1953 and they shared Nobel prize in physiology or 
medicine with Maurice Wilkins in 1962. DNA is a double helical molecule carrying 
information of the genetic makeup in almost all living organisms. DNA sequences are 
composed with four bases: adenine (A), thymine (T), cytosine (C) and guanine (G). The 
double helix structure is built up by pairing of these bases, A with T and C with G. They 
pair up with two and three hydrogen bonds, respectively. Sets of three (triplets) base 
pairs code for an amino acid (AA). There are start and stop triplets. The size of human 
genome is ∼2.9x109 base pairs (bp). The majority of DNA is situated in the cell nucleus, 
comprising ∼25.000 genes. DNA is also found in the mitochondria. Mitochondrial DNA 
(mtDNA) is circular and consists of 37 genes. The mitochondrial DNA shows a 
maternal inheritance. The patients with type 2 diabetes (T2D) show a reduced 
mitochondrial capacity in skeletal muscle (2). There are genetic variations in 
mitochondrial DNA that are associated with T2D, deafness and/or other traits (3; 4).  
 
In the nucleus, DNA molecule is stored in chromosomes. Human cell nucleus carries a 
total of 44 autosomes and 2 sex chromosomes. A chromosome consists of a constriction 
point called the centromere, which divides the short arm labeled petit (p) and long arm 
queue (q). Each arm is divided into regions delimited by specific landmarks, which are 
consistent and distinct morphological features. Regions are in turn divided into bands and 
sub-bands. All bands always count outwards from the centromere. For example, 10q25.3 
means chromosome 10 q arm, region 2, band 5, and sub-band 3. The telomere is a 
structure in the ends of chromosomes. 
 

Figure 1. A typical gene structure 
 Start codon 

ATG
Stop codon Promoter

Exon Exon Exon
intron intron

GT AG GT AG

5’ UTR 3’ UTR

3’

Start codon 
ATG

Stop codon Promoter

Exon Exon Exon
intron intron

GT AG GT AG

5’ UTR 3’ UTR

 
 
 5’5’ 3’

 
 
 



 

  2 

A gene is the basic physical and functional unit of inheritance. A typical gene consists of 
promoter, exons, introns and 5’- or 3’-untranslated regions (UTRs) (Figure 1). Normally, 
the introns start with GT and end with AG.  
 
1.1.2 Genetic Variation 

Genetic variations comprise both chromosome aberrations (differences in number or 
structure) and differences in DNA sequences among individuals. Variations may confer 
the susceptibility to common diseases. There are different types of variations at genomic 
DNA level. Variable number tandem repeats (VNTR) mainly include satellites, 
minisatellites, microsatellites and telomeric sequences. If a variation is present with more 
than 1% in a population, it is defined as a polymorphism. SNPs are the most common 
variations in genome. 
 

SNPs are the substitutions of nucleotides in genomic DNA. In general, small 
insertions/deletions are also included. SNPs located in the coding region of the gene are 
called as cSNPs, which include non-synonymous SNPs with AA changes and 
synonymous SNPs without AA changes. SNPs are also located in the uncoding regions of 
the gene, including promoter, intron and UTRs. SNPs in the promoter region may alter 
transcription binding site and thereby affect the transcriptional activity of the gene. In 
addition, a number of SNPs are found in inter-genic sequences.  
 

Table 1. The codes of SNPs 

 

 Bi-allelic SNPs Tri-allelic SNPs 
Codes A/C A/G A/T C/G C/T G/T A/C/T A/C/G A/G/T C/G/T
SNPs M R W S Y K H V D B 

All these SNPs are recorded in the public databases, including dbSNP, HGVbase, CGAP 
etc. Up to date, ∼10 million SNPs are recorded in the databases. SNPs are commonly bi-
allelic but rarely have three or four alleles. Table 1 summarizes the codes of SNPs, which 
are designed by American Association of Biochemistry. Y=C/T is the most common SNP 
in the genome. 
 
A haplotype is a combination of alleles at multiple linked loci that are inherited together. 
Haplotype may refer to two or more loci. Information of haplotypes is useful for genetic 
association studies in complex diseases. The second generation of human haplotype map, 
including over 3.1 million SNPs (HapMap phase II)(5), has been developed by the 
international HapMap consortium (http://www.hapmap.org/). 
 
1.1.3 Monogenic or Polygenic Disease Inheritance 

An inherited disease is a condition that will pass on from parents to offspring, through the 
transmission of DNA. Inherited diseases are divided into monogenic and polygenic forms. 
Monogenic diseases result from modification(s) in a single gene, which are inherited 
according to Mendelian genetic law. Polygenic diseases are caused by variations in 
several genes and often influenced with environmental factors. Therefore, they are also 
referred as complex diseases.  
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1.1.4 Genetic Studies in Complex Diseases 

Different strategies have been used for identification of the susceptibility genes in 
complex diseases. The principal destination lies between candidate gene approaches, 
where biological information plays a role in selecting genes to study, and positional 
cloning, where the genes of interest are localized by studies of pattern of co-segregation 
of variants between families and populations. 
 
Genome wide scan (GWS) and linkage analyses have been used to reveal the 
susceptibility locus/loci in chromosomes for complex diseases such as T2D and obesity. 
In this approach, the aim is to find out location of the gene(s) relative to polymorphic 
genetic markers (often microsatellites) with known position and spaced along the entire 
genome. GWS requires family-based material, and this approach is time consuming. 
 
Genetic linkage occurs when genetic loci are inherited together. Loci that are physically 
close tend to segregate together more often than genetic loci situated far away from each 
other during meioses. The closer two loci are, the higher is the chance that the loci are 
linked, since crossing over reactions is less likely to occur between them. Disease genes 
are mapped by measuring recombination against a panel of different markers spread over 
the entire genome. In most cases, the recombination will occur frequently, indicating that 
the disease gene and marker are far apart. Some markers, however, due to their proximity, 
will tend not to recombine with the disease gene, and these are considered to be linked. 
Ideally, close markers are identified that flank the disease gene and one can define a 
candidate region of the genome. The gene(s) participating in the disease is located 
somewhere in this chromosomal region.  
 
Linkage analyses in humans can be performed by using the LOD (logarithm of odds) 
score method. This is a statistical test developed by Newton E. Morton. The method 
includes pedigree collection, estimates of recombination frequency and LOD score 
calculations for each estimate. The estimate with the highest LOD score will be 
considered to be the best estimate. The LOD score is calculated as follows: 

linkagenowithsequencebirthofyprobabilit
valuelinkagegivenawithsequencebirthofyprobabilitLOD log=

 
A LOD score greater than 3.0 is considered evidence for linkage, whereas, a LOD score 
less than -2.0 is considered evidence to exclude linkage. 
 
Genetic association studies are central for efforts to identify and characterize genomic 
variants underlying susceptibility to complex diseases. Genetic association studies may 
take one of two approaches depending on the material selection, either family-based, or 
population-based. The first approach uses the family materials for sib pair analysis or 
transmission disequilibrium test (TDT). The second is built on a case control approach.   
 
The candidate gene approach has been widely used to study the genetic basis of 
complex diseases. The aim in a case-control genetic association study is to determine 
whether genetic variants occur more or less commonly in cases compared to controls(6). 
This approach includes five challenges: collection of appropriate patient resources for 
study, selection of candidate genes for study, assembling and use of tools for 



 
identification of SNPs in the candidate genes, performing genotyping experiments with 
high-throughput SNP scorning techniques and data analyses.  
 
The Hardy-Weinberg equilibrium (HWE) explains the frequency of genotypes at a given 
locus in a population under certain conditions. HWE formula is developed by Godfrey 
Hardy (English mathematician) and Wilhelm Weinberg (German physician), and can be 
used to discover the probable genotype frequencies in a population. The HWE equation is  
 

1=+ qp  
 

( ) 121 222 =++⇒=+ qpqpqp  
 

 
 
 
 
 
 

Where  
p=frequency of the dominant allele 
q=frequency of the recessive allele 
p2=predicted frequency of homozygote dominant subjects
2pq=predicted frequency of heterozygous subjects 
q2= predicted frequency of homozygous recessive 
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This equation is valid for cases with two alleles. For a case controlled by a pair of alleles 
(A and a), p equals all of the alleles in individuals who are homozygous dominant (AA) 
and half of the individuals that are heterozygous (Aa) for this trait. In the same way q 
equals all of the alleles in individuals who are homozygous recessive (aa) and the other 
half of the individuals that are heterozygous (Aa). In mathematical terms this is: p= AA+ 
½ Aa and q=aa + ½ Aa. 
 
HWE equation is built on several assumptions, including diploid organism, sexual 
reproduction, equal allele frequencies in males and females, large population, random 
mating, no mutations, no migration, and no selection in order to be applicable on the 
sample sets. 
 

In genetic association studies, SNP frequencies differ significantly between cases and 
controls if the studied SNP is involved in the disease. An SNP associated with the disease 
may reside in linkage disequilibrium (LD) with other SNPs. In genome, alleles at different 
loci are sometimes found to be inherited together more or less. Therefore, LD analysis is 
of importance in genetic association studies (7; 8).  
 
There are several ways to measure LD values (9). The most common methods are r2 and 
D’, both of them are dependent on the measure of D. Most measures of LD quantify 
disequilibrium as the difference between the observed frequency of a two-locus haplotype 
and the expected frequency to show if the alleles are segregating at random. If assuming a 
two-locus, two-allele model, loci A and B with alleles A/a and B/b respectively in a gene 
on a specific chromosome, pA, pa, pB or pb represents the common allele and the rare 
allele frequency at locus respectively. Theoretically it is possible to make 4 different 
haplotypes from these alleles. These allele combinations can be denoted as AB, Ab, aB, 
ab and their corresponding frequencies are denoted as pAB, pAb, paB and pab. One of the 
earliest LD parameter was introduced by Robbins (1918) and named by Lewontin and 
Kojima (1960) and commonly denoted by a capital D. Following the model mentioned 
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above, assuming the independent assortment of alleles at two loci, the expected halotype 
frequency is calculated as the product of the allele frequency of each of the two alleles, or 
pA×pB. D is defined as D=pAB-pA×pB. Since D is dependent on the allele frequencies, no D 
is observed if any locus has an allele frequency 0 or 1. D′ is one of the most common 
measures for LD that attempts to avoid the allele frequency dependence by division of D 
with the maximum for the allele frequencies, which was first suggested by Lewontin 
(1964). D′=D/Dmax when D>0. D′=D/Dmin when D<0. Dmax is given by the smaller of 
pApb and papB. Dmin is given by the larger of -pApB and -papb. Because the sign is 
arbitrary, |D′| is often used. The case of D’=1 is known as complete LD. Values of D’<1 
indicate that the complete ancestral LD has been disrupted. Another commonly used LD 
measure is called the correlation coefficient denoted by r2 and is in some ways 
complementary to D’ since it is not adjusted to the loci having different allele frequencies. 
The correlation coefficient is defined as r2=D2/(pA×Pa×pBb). The values of r2 also ranges 
from 0 (no disequilibrium) to 1 (‘complete’disequilibrium).  
 
1.2 DIABETES  

Diabetes has been known since the antique time. The first known description of diabetes 
is from Egypt in 1500 BC. It was described as a rare disease that causes the patient to lose 
weight rapidly and urinate frequently. About 2000 years ago an ancient Greek doctor 
Aretaios first named the disease diabetes (passing through), as he described the body of a 
diabetic patient as a water-pipe – “the liquids do not stay in the body but just pass 
through”. The word “mellitus” means honey sweet. In 1869, Paul Langerhans described 
islets in the pancreas that later were shown to be involved in the metabolism. In the 
experiments when the pancreas had been removed in dogs, the dogs developed diabetes. 
Canadians Frederick Banting and Charles Best achieved success to extract a substrate 
from the pancreas (insulin) that when injected into diabetic dogs, lowered blood sugar and 
prevented death. In 1922, Banting and Best tried their extract on Leonard Thompson, a 
14-year old boy dying of diabetes, and saved his life. The insulin era had begun (10; 11). 
The division of diabetes into two categories "insulin sensitive" (today's Type I) and 
"insulin insensitive" (the modern Type 2) by Roger Himsworth was performed in 1935. 
Presently, diabetes mellitus, often referred to as diabetes, is recognized as a complex 
heterogeneous disorder characterized by hyperglycaemia. 
 
The glucose homeostasis depends on the balance between glucose production by the liver 
and glucose uptake in the periphery (brain, muscles, liver, adipose tissue etc). In healthy 
subjects, the blood glucose levels are tightly controlled. Insulin is a hormone that lowers 
blood glucose levels. The islets of Langerhans produce hormones that are secreted into 
the blood. The islets consist of at least four types of hormone producing cells. Most 
common are ß-cells that produce insulin, and α-cells release glucagon, while delta cells 
produce somatostatin and PP cells secrete pancreatic polypeptide. The regulation of 
glucose - dependent insulin secretion in pancreatic ß-cells is linked to the expression and 
function of the ATP-sensitive potassium channel (KATP). Upon glucose metabolism, KATP 
cannels are closed in response to an increase in the ATP/ADP ratio, resulting in 
membrane depolarisation, Ca2+ influx through voltage dependent L-type Ca2+ channels, 
and subsequent insulin secretion (Figure 2). 
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Figure 2. Insulin release from a ß-cell 
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The classification of diabetes is based on a World Health Organization WHO-report with 
principles of diabetes definition (12). Two most important subtypes of diabetes are type 1 
(T1D) and T2D. There are also other subtypes including maturity onset diabetes of the 
young (MODY) and latent autoimmune diabetes of the adults (LADA), gestational 
diabetes etc. 
 
T1D develops on the basis of autoimmune destruction of pancreatic ß cells, which results 
in insulin deficiency. It mostly affects young people (<20 yrs), but is also occurs in adults. 
Several studies have indicated that auto-antibodies against specific islet cell antigens 
(ICA, GAD, IA-2 and insulin) are present in the majority of patients at the onset of T1D. 
A patient with T1D must rely on insulin treatment throughout life. Around 10% of all 
diabetic patients suffer from T1D.  
 
T2D is the most common form of diabetes and it is increasing rapidly over the world. It 
accounts for approximately 90% of all diabetic patients. In T2D, hyperglycaemia results 
from a combination of impaired insulin secretion and insulin resistance (13). Insulin 
resistance decreases the ability of the body to respond to insulin. When the ß cells lose the 
ability to compensate for insulin resistance in skeletal muscle, liver and adipose tissue, 
hyperglycaemia becomes manifest. T2D develops slowly through stages of early 
disturbances of glucose metabolism, characterizing the prediabetic condition (14). The 
intermediate stages comprise impaired fasting glucose (IFG), impaired glucose tolerance 
(IGT) and a combination of both, i.e. combined glucose intolerance IFG+IGT. These are 
diagnosed on the basis of exaggerated increase in plasma glucose concentration after a 
standardized oral glucose tolerance test (OGTT), which was performed according to 
WHO. The onset of T2D unlike T1D mostly appears in elderly and middle-aged people, 
but is now also rapidly increasing in young people.  
 
The prevalence of T2D is increasing in epidemic pattern in many countries and by 2010 
the prevalence world-wide is expected to be 220 million and by the year 2025 will exceed 
300 million (15). Another report including all age groups worldwide has estimated the 
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prevalence to be 4.4% in 2030 (16). In Sweden, the prevalence of T2D is about 3-4%, 
which corresponds to about 300,000 people (17). The overall incidence of diabetes has 
been rather stable in Sweden, even if the prevalence has tended to increase. Many risk 
factors have been identified which influence the prevalence or incidence of T2D. Factors 
of particular importance are a family history of diabetes, age, overweight, increased 
abdominal fat, hypertension, lack of physical exercise, and ethnic background. 
 
It is estimated that globally diabetes is likely to be the fifth cause of death (18). Diabetes 
accounts for about 9-15% of total costs for healthcare system in the United States and 
other developed countries. This is mainly due to macrovascular and microvascular 
complications of diabetes. The chronic complications include injury at various organs e.g. 
retinopathy, neuropathy and nephropathy. Diabetes also increases the risk for 
cardiovascular disease (CVD) (myocardial infarction and stroke). About 75% of all 
diabetic patients die of CVD (19), and about, 40% of patients hospitalized for myocardial 
infarction have manifest T2D and 30% have IGT (20).  
 
T2D is a serious, genetically influenced disease. The current available treatment does not 
cure the disease only milder the symptom. It includes diet and exercise, glucose lowering 
agents and insulin. Therefore, it is important to identify the susceptibility genes for the 
disease. 
 
1.2.1 Genetics of T2D 

It is believed that polygenic T2D results from inheritance of a set of susceptibility genes 
and that each exerts only a partial effect on the development of the disease. Only when the 
effect of these genes is added together in particular combinations and in the presence of 
certain risk factors, such as obesity, the disease is manifested. The predisposition to the 
disease could be determined by many different combinations of genetic variants 
(genotypes) and environmental factors. There is evidence from twin studies indicating 
that genetic determinants contribute to the development of T2D (21). The higher 
concordance rates are found in monozygotic (MZ) twins than in dizygotic (DZ) twins 
(22). In a population based cohort of twins in Finland, the concordance rate in MZ twins 
was 34% whereas in DZ twins it was 16% (23). In a Japanese study, these figures were 
83% for MZ twins and 40% for DZ twins (24). The large variation in concordance rates 

between populations may be the result of bias or a different selection of the populations 
studied. It may also indicate differences in genetic susceptibility between these 
populations (25; 26).  
 
In search for a better understanding of the pathogenesis of T2D, a genetic approach will 
help focusing on the underlying causes of the disease, and may provide new information 

for diagnostics, treatment and prevention. The progress in identification of specific 
genetic variants predisposing to T2D has been previously limited (27) but recently 
speeded up by genetic analyses including GWA (28-34) 
 
The candidate gene studies are based on the selection of genes with the known or inferred 
biological functions which may predispose to disease or the observed phenotype. Studies 
examining specific candidates are mostly of the case-control association design. This is 
achieved by comparing a random sample of unrelated T2D patients with a matched 
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control group. So far, many candidate genes have been studied for their role in T2D (26). 
There are two major successes in genetic association studies in T2D. The common non-
synonymous coding variant P12A in the proxisome proliferator-activated receptor γ 
(PPARγ) (35) and the variant E23K and potassium inwardly-rectifying channel, 
subfamily J, member 11 (KCNJ11) (36; 37) genes, respectively, have shown consistent 
evidence for association with T2D.  
 
GWS and linkage analysis have been used for identification of chromosomal regions 
where the susceptibility loci for T2D reside. There are several chromosomal regions 
linked to T2D, for instance at 1q, 2q, 8p, 10q, 12q and 20q (38). Further investigation 
with positional cloning has indicated that the calpain 10 (CAPN10) genetic 
polymorphisms are associated with T2D (39). The CAPN10 gene is located on 
chromosome 2q37. In 2006, Grant et al. have found that the transcription factor 7-like 2 
(TCF7L2) gene, which is located on chromosome 10q25 (40), may explain the linkage 
with T2D.  
 
Until recently, linkage analysis has provided the only realistic means by which to 
undertake a comprehensive genetic survey of the entire genome. The availability of array-
based reagents that allow massively parallel genotyping, combined with the development 
of SNP map and HapMap, provide the possibility of GWA study in T2D and other 
complex diseases. Companies such as Affymetrix and Illumina have developed chips that 
can capture information from more than two-thirds of the common variation in the human 
genome. Approximately 300,000–500,000 SNPs can be analysed using these chips.  
 
The first GWA study in T2D has been published in Nature by Sladek et al. in 2007. This 
study in French population included a total of 1363 cases and controls, and demonstrated 
a strong associations with the TCF7L2 gene and the other four novel loci, including 
EXT2-ALX4 and LOC38776 on chromosome 11, HHEX-KIF11-IDE on chromosome 
10, and SLC30A8 on chromosome 8 in T2D (32). Several GWA studies in different 
European populations have identified and/or confirmed additional susceptibility genes in 
T2D, including Insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) on 
chromosome 3, CDK5 regulatory subunit associated protein 1-like 1 (CDKAL1) on 
chromosome 6, Cyclin-dependent kinase inhibitor 2A and 2B (CDKN2A/CDKN2B) on 
chromosome 9 (29-31; 33; 34). 
 
The fat mass and obesity associated (FTO) gene, exerts its effect on T2D risk through an 
effect on adiposity (41), was found to be associated with obesity as well (42). In 
summary, we are all witnesses to a period of astonishing progress in identification of the 
susceptibility genes in T2D (43). With GWA approach, several susceptibility genes in 
T2D have been identified (Figure 3). Four candidate genes studied by using candidate 
gene approach in this thesis are also indicated in this figure but with bold letters. This type 
of genetics analyses provides novel insights into the pathogenesis of complex diseases.  
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Figure 3. Localization of the susceptibility genes predicted by GWA, linkage analysis and 
candidate gene approaches including genes covered by this thesis (bold)  

 
 
1.2.2 Power of Genetic Association Study 
Power to detect an association is dependent on several factors: the frequency of the 
predisposing allele, genotype, or haplotype; the accepted false-positive or Type 1 error 
rate (α); and the odds ratio (OR) or effect size of samples. Rarer alleles, genotypes, or 
haplotypes with small effects require larger sample sizes to attain the same power to 
detect an association, as compared to more frequent alleles or alleles with larger effects. 
Genetic association studies in large case-control populations may ultimately have the 
greatest power to detect alleles of small but significant effects on the susceptibility to 
common diseases such as T2D.  
 
1.2.3 Diabetes and Environmental Factors 

In addition to the genes, the environment is also responsible for the epidemic increase in 
the incidence of T2D. The environmental factors that may have a role in the development 
of the disease are obesity, physical inactivity, diet, toxic agents, viral infection, stress, and 
smoking (tobacco use). Physical activity increases insulin sensitivity and improves 
glucose tolerance. Obesity is implicated as a risk factor for T2D. The extent of intra-
abdominal rather than subcutaneous fat is important in the development of T2D. The 
introduction of energy rich food contributes to the development of both obesity and T2D. 
The stress that is associated with today’s life style may also be associated with glucose 
intolerance, hence increased risk of diabetes. The ethnicity is also an important factor 
since the prevalence is much higher in certain countries. It is amply documented that the 
development of T2D may be postponed or prevented by influencing lifestyle and other 
environmental factors (44).  
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1.2.4 Diabetes and Obesity 

T2D is often associated with obesity. Thus, obesity is a major risk factor for T2D and 
cardiovascular disease (45). The prevalence of obesity diagnosed as BMI>30 has 
increased from 12% 1991 to 18% 1998 and was 20 % in 2000 (46). T2D and obesity are 
recognized as conditions of growing biomedical importance to societies worldwide. 
Overweight means increased weight and is a milder form of obesity. Obesity is 
commonly diagnosed by the body mass index (BMI) but other measures such as waist 
circumference, waist hip ratio (WHR) and body fat composition are also used. The 
current definitions of BMI commonly used are agreed in 1997 and published in 2000 
(Table 2). BMI is defined by Weight/height2 and expressed either in metric (kg/m2) or US 
customary lb * 703/in2. Waist measures (>102 cm in men and >88 cm in women) have 
become more important when considering different types of obesity, such as pear and 
apple types. 

Table 2. Obesity classifications according to BMI 

Classification Under- 
weight 

Normal-
weight 

Over-
weight Obese Severely 

obese 
BMI cut-of <18,5 18.5-24.9 25.0-29.9 30.0-39.9 >40 

 
Like T2D, obesity is partly determined by genetic factors, but an obesity-promoting 
environment is important for its phenotypic expression. The genetic factors 
predisposing obesity are poorly understood. On a population level, the thrifty gene 
hypothesis postulates that certain ethnic groups may be more prone to obesity than 
others. The ability to take advantage of rare periods of abundance to store energy 
efficiently may have been an evolutionary advantage in times when food was scarce 
(47). Individuals with greater adipose reserves were more likely to survive. This 
tendency to store fat is maladaptive in a society with stable food supplies.  
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2 THE PRESENT STUDY  
 
2.1 AIMS 
The overall aim of this thesis was to identify susceptibility genes in T2D.  
 
The specific aims in each study included in this thesis are:  
 
Paper I - IDE study 
To investigate whether SNPs in IDE gene have a genetic influence on insulin levels in 
Swedish NGT and IGT subjects. 
 
Paper II - TCF7L2 study 
To confirm the genetic association between TCF7L2 polymorphisms and T2D in Swedish 
men and in addition explore the correlation between genotypes and phenotypes. 
 
Paper III - NPY study 
To evaluate whether the NPY Leu7Pro polymorphism contributes to the development of 
T2D in Swedish Caucasians. 
 
Paper IV - AC3 study 
To investigate the susceptibility of AC3 genetic variations in T2D in Swedish men, and to 
further analyze the association between the AC3 genetic polymorphisms and obesity. 
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2.2 SELECTION OF CANDIDATE GENES 

The candidate genes were selected by using two approaches:  
First, from chromosomal regions linked to T2D. In recent years, several GWS reports 
have revealed a region in chromosome 10q, where the susceptibility genes for T2D may 
reside. From this chromosomal region, the candidate genes, including the insulin 
degrading enzyme (IDE) and transcription factor 7-like 2 (TCF7L2) genes were selected 
for our studies.  
 
Second, based on biological functions and/or involvement in specific pathways related to 
T2D. Our knowledge of pathophysiology of T2D has increased, and we can select 
candidate genes from specific pathways related to T2D. By using this approach, the 
neuropeptide Y (NPY) and adenylate cyclase 3 (AC3) genes were selected. 
 
2.2.1 Insulin Degrading Enzyme (IDE)  

IDE is also called insulysin and it is a zink metallo endopeptidase. The human IDE 
protein consists of two domains, IDE-N and IDE-C, which are approximately equal in 
size. IDE-N contains the catalytic domain and IDE-C facilitates the substrate recognition 
and plays a role in oligomerization (48). The active site of IDE consists of the HEXXE 
(His-Glu-AA-AA-His) AAs (48; 49). Six human IDE transcrips are identified (50).  
 
IDE is the major enzyme responsible for insulin proteolysis and shares structural and 
functional homology with bacterial protease III, which may function in the termination of 
the insulin response. IDE plays a principal role in the proteolysis of several peptides in 
addition to insulin, including amyloid ß, amylin glucagon, transforming growth factor α, 
ß-endorphin and atrial natriuretic protein. Kuo et al. have reported that over-expression of 
IDE in cell culture increases the rate of insulin degradation (51). A mouse model with 
homozygous deletion of the IDE gene (IDE-/-) shows impaired glucose tolerance and 
hyperinsulinemia (52). Studies on a transgenic mouse co-expressing human IDE show 
impaired glucose tolerance and lower serum insulin levels compared to wild type mouse 
(53). The transfer of an approximately 3.7 cM chromosomal region containing the IDE 
gene in Goto-Kakizaki (GK) rat to a normoglycemic rat recapitulated several features of 
the diabetic phenotype, including hyperinsulinemia and postprandial hyperglycemia. The 
IDE gene in GK rat was found to bear two AA change mutations (H18R and A890V). 
When they were transfected into COS-1 cells, it resulted in 31% less insulin degradation 
compared with cells transfected with wild type allele (54). IDE expression has been 
shown to be affected by aging, and IDE activity decreases significantly in liver and 
muscle of old animals compared to young (55). 
 
The gene encoding IDE is located on chromosome 10q23-q24. This 
gene consists of 24 exons. The enzyme is highly conserved between 
species. Groves et al. initially carried out a variation screening of the 
IDE gene and association analysis in T2D patients among a British 
population. Although a borderline significance of association 
between the IDE genetic polymorphisms and T2D was found, no 
compelling association evidence was concluded (56). Moreover, 
Karamohamed et al. performed a haplotype analysis and found an 
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association between IDE genetic polymorphisms and levels of fasting plasma glucose, 
HbA1c and T2D in American populations of European descent (57). In order to explore 
the association between IDE genetic variation and T2D and to understand whether 
polymorphisms in this gene have a measurable influence upon insulin levels, we have 
carried out a genetic association study of the IDE gene in a Swedish population.  
 
2.2.2 Transcription Factor 7-Like 2 (TCF7L2) 

The TCF7L2 gene is located on chromosome 10q25, the 
same region as the gene coding for IDE. Both genes reside 
in the chromosomal region linked to T2D. The mRNA 
sequence (NM_030756) of the TCF7L2 gene spans 2439 bp. 
TCF7L2 is a high mobility box-containing transcription 
factor, expressed in many human tissues, including heart, 
placenta, lung, brain, liver, kidney, pancreas, adipocytes and 
omental adipose tissue (58). TCF7L2 has moved rapidly 
from a novel positional candidate gene to a reference gene 
for T2D susceptibility. Grant et al. have first reported that a 
microsatellite marker, DG10S478, within intron 3 of the TCF7L2 gene was strongly 
associated with T2D in Icelandic (p=2.1*10-9), Danish (p=4.8*10-3) and US (P=3.3*10-9) 
cohorts. In the same study, five SNPs around the microsatellite marker were associated 
with T2D in the three studied cohorts (40). Since then, a number of genetic studies have 
provided evidence for the association between TCF7L2 genetic polymorphisms and T2D 
in different populations. In most ethnic groups (59; 60), except for Eastern Asians, the 
meta-analyses illustrate that the magnitude of the TCF7L2 effect is much higher than any 
other confirmed T2D candidate genes. The TCF7L2 gene expression was significantly 
increased in pancreatic islets from T2D patients with the CT/TT genotypes of SNP 
rs7903146. Furthermore, the incidence of hyperglycemia among carriers of the T allele of 
rs7903146 was increased in a French population (61). Over a three year period, subjects 
carrying two risk alleles of rs7901346 and rs12255372 were more likely to progress from 
IGT to T2D compared to subject not carrying the risk allele (62). TCF7L2 gene 
expression level in pancreatic islets of T2D patients, carrying the risk alleles of TCF7L2 
polymorphisms, is increased by about 5-fold compared to the control subjects. In SNP 
rs7903146, the carriers with TT genotype have the highest expression levels of TCF7L2 
mRNA in pancreatic islets (63). In the subcutaneous and omental fat from T2D patients 
with obesity, TCF7L2 expression is significantly decreased compared with obese 
normoglycemic individuals (58)  
 
TCF7L2 has also an essential role in the developmental and growth regulatory 
mechanisms of intestinal epithelial cells, which secrete the glucagon-like peptide-1 (GLP-
1), and TCF7L2-deficient mice lack an intestinal epithelial stem cell compartment. GLP-1 
exerts a critical effect on blood glucose homeostasis by stimulating early insulin 
production from the pancreatic ß-cells and by increasing insulin secretion. TCF7L2 
expression in the adipose tissue of T2D patients is decreased, which indicates that 
TCF7L2 plays a role in the regulation of adipogenesis by altering transcriptional 
regulation of the genes encoding CCAAT/enhancer-binding protein-α (CEBPA) and 
(PPARγ).  
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2.2.3 Neuropeptide Y (NPY)  

NPY is a neuropeptide detected in the mammalian brain and is 
found throughout the central and peripheral nervous systems. The 
protein consists of 36 AAs. The NPY gene is located in 
chromosome 7p15.1. NPY has multiple functions but mainly plays a 
role in the regulation of satiety, ingestive behaviors, energy balance 
and expenditure. NPY also stimulates lipoprotein lipase activity in 
the adipose tissue. (64). NPY is also expressed in pancreatic islets 
and is implicated in the islet function  NPY decreases glucose-
stimulated insulin secretion from the islets (65).  
 
Pancreatic islets from NPY-deficient mice have higher basal insulin secretion, glucose-
stimulated insulin secretion and islet mass in comparison with wild-type mouse. The 
expression of NPY mRNA levels was decreased by 70% in the islets from mice with 
high-fat diet, compared with controls. Moreover, non-obese pre-menopausal women had 
significantly higher NPY serum levels than obese pre-menopausal and obese post-
menopausal women (66). NPY has been also shown to be associated with insulin 
resistance.  
 
Leu7Pro (T1128C) is a non-synonymous SNP in exon 2 of the NPY gene (67). Several 
studies have demonstrated that Leu7Pro polymorphism is associated with increased levels 
of total cholesterol, LDL cholesterol and triglycerides in blood, accelerated development 
of atherosclerosis and alcohol dependence (68-71). Two genetic association studies have 
demonstrated that Leu7Pro polymorphism was linked to enhanced carotid atherosclerosis 
and retinopathy in patients with T2D (72; 73). Furthermore, Leu7Pro polymorphism was 
found to associate with increased BMI (74) and with an increased risk for T2D in middle 
aged subjects (75). 
 
2.2.4 Adenylyl Cyclase 3 (AC3) 

Mammalian adenylyl cyclases (ACs) are a family of diverse group of variously regulated 
signaling molecules. At least nine AC isoforms (AC 1-9) have been identified in 
mammals. AC isoforms can be classified into different families according to sequence 
homology and regulatory properties. One classification is based on the response of 
different AC isozymes to Ca2+ in vitro. The Ca2+- stimulated ACs 1, 3 and 8, the Ca2+-
inhibited ACs 5 and 6 and the Ca2+- unresponsive ACs 2, 4, 7 and 9. All family members 
are large polypeptides (1080–1248 amino acids). ACs is enzymes that catalyse the 
conversion of ATP to cAMP. The enzyme integrates signals that act through G protein-
coupled cell-surface receptors with other extra-cellular stimuli to finely regulate intra-
cellular levels of cAMP. The cAMP potentates glucose-stimulated insulin secretion 
through protein kinase A (PKA) activation. Mechanisms mediating cAMP action in cells 
include Ca2+ mobilization and Ca2+ influx.  
 
The ACs share the same structure conformation. They are trans-membrane-spanning 
protein helices. ACs consist of five domains, a cytoplasmic N-terminal region, a 
membrane anchoring hydrophobic domain (M1), a large cytoplasmic domain (C1), a 
second transmembrane helical cluster (M2) and a second cytoplasmic domain (C2) (76).  
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Figure 4. The structure of the mammalian AC isoforms 
 

 
All nine isoforms contain at least one site predicted to undergo N-linked glycosylation in 
M2. M1 and M2 comprise cassettes with six transmembrane spanning domains. The 
transmembrane domains are not highly conserved among adenylyl cyclases. However, 
sections of two of the cytoplasmic domains (termed C1a and C2a) are highly conserved, 
when expressed separately they can combine to display basic catalytic activity. On the 
other hand, the N terminus C1b and C2b regions are poorly conserved and are the regions 
where type-specific regulatory features are speculated to reside.  
 
ACs can couple with both stimulatory and inhibitory G-proteins. Interaction with Gs 
stimulates their activity and interaction with Gi inhibits its enzymatic activity. The G 
protein consists of three subunits, α, ß and γ. Ligand binding to the receptor changes the 
receptor conformation, allowing it to associate with a G-protein. This results in the 
activation of the specific G-protein via exchange of GTP for GDP bound to the α subunit 
of the G-protein. The G protein α-subunits bind GTP and adopt an active conformation of 
ACs. Subsequently, ACs are modulated until signalling terminated by the action of an 
intrinsic GTPase activity and reassociation with the G ß-γ complex.  
 

AC3 is one of ACs, and has been named differently, such as 
adenylate cyclase 3 and adenylyl cyclase 3. The gene is located on 
chromosome 2p23.3. Previous studies have indicated that glucose-
induced insulin release is markedly decreased in the GK rat 
pancreas. It has been shown that this defect is reversed by 
forskolin, which enhances cAMP generation in GK islets. These 
effects of forskolin were associated with an over-expression of 
AC3 mRNA in the ß-cells due to the presence of two functional 
point mutations in the promoter region of the AC 3 gene in GK 
rat(77). Using antibodies against ACs 1-8, the localisation of these 
AC isoforms in different endocrine cells types in both normal and 
diabetic GK rat pancreas demonstrated a clear immuno-reaction (IR) to AC1-4 and 6 in 
normal and GK islet ß-cells, while a smaller number of ACs were expressed in α- and 
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delta-cells. No AC-IR was observed in pancreatic polypeptide cells. Moreover, IR of Ca2+ 
stimulated AC l, AC 3 and AC 8 in diabetic ß- and α-cells was increased, compared with 
the corresponding IR in control pancreas (78). Additionally, liver adenylyl cyclase 
activity was increased in the membranes of male ob/ob mice in comparison to the lean 
control mice (79). These findings suggest a role for the AC3 gene in the pathogenesis of 
T2D and obesity. As for T2D patients and obesity subjects, however, there is no reported 
study of genetic association with the AC3 gene. In the present study, we investigated the 
association of AC3 genetic variation with T2D in Swedish men. We further analyze 
whether AC3 genetic variation is associated with obesity with NGT.  
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3 SUBJECTS 
 
The subjects included in the present study are divided into several groups i.e. NGT, IGT, 
T2D and obese with NGT. All subjects were diagnosed according to the World Health 
Organization criteria (WHO) in 1985 (80) or 1998 (12), which are described in Tables 3a 
and b. In 1998, WHO defined new venous plasma glucose cut-off values for diagnosis of 
diabetes, and two more groups for pre-diabetes were included, i.e. impaired fasting 
glucose (IFG), and a combined group with IGT+IFG. The cut-off values measured by 
Oral Glucose Tolerance Test (OGTT) are given in the table below. 

 
Table 3a. WHO (1985) venous plasma glucose cut-off values for diagnosis of T2D 

Glucose tolerance OGTT 0h  OGTT 2h 
NGT <7.8  <7.8 
IGT <7.8  7.8≤ glucose <11.1 
T2D ≥7.8 and/or ≥11.1 

 
Table 3b. WHO (1998) venous plasma glucose cut-off values for diagnosis of T2D 

Glucose tolerance OGTT 0h  OGTT 2h 
NGT <6.1  <7.8 
IFG 6.1≤ glucose <7.0  <7.8 
IGT <6.1  7.8≤ glucose <11.1 

IGT+IFG 6.1≤ glucose <7.0  7.8≤ glucose <11.1 
T2D ≥7.0 and/or ≥11.1 

 
3.1 STOCKHOLM DIABETES PREVENTION PROGRAM (SDPP)  

The subjects used in the studies are mainly recruited from the Stockholm diabetes 
prevention program (SDPP) (81-84). SDPP is a cohort study and comprises three stages: 
an initial baseline study in four municipalities: Värmdö, Upplands-Bro, Tyresö and 
Sigtuna situated in Stockholm suburbs, a 
10 year follow-up study of the initial 
cohort and also a population based 
intervention program. The program 
comprises both men and women. The 
study in men was conducted 1992-1994 
in totally 3128 participants. They were 
35-55 years of age at the time of the 
study. The study in women was 
performed two years later but included 
one more municipality i.e. Upplands 
Väsby. The participants were selected in 
two steps. A short questionnaire 
concerning health and family history of 
diabetes (FHD), was sent by post to all 
men (nearly 13000 subjects). They were 
identified by the population registry with 
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the county council. The inclusion criteria were that each individual had to live in one of 
the four municipalities and having the appropriate age. FHD was defined as having at 
least one first-degree relative (parent, brother or sister) or at least two second-degree 
relatives (mother´s or father´s parents or sisters/brothers). Based on the results of this 
questionnaire, with a response rate of 79%, subjects with already known diabetes (2.5%), 
insufficient FHD, foreign origin as well as those giving incomplete response to the 
questionnaire were excluded from further studies. From the remaining material, the 
subjects with FHD (n=2106) and a group without known FHD was selected to age match 
with the FHD group (n=2424) and invited to a health examination. 70% of the subjects 
(n=3162) agreed to participate. The individuals were characterized by an OGTT, 
measurements of blood pressure, body weight, height and waist-hip ratio. They responded 
to an extensive questionnaire regarding lifestyle (food, exercise, tobacco-and alcohol 
habits, education, psychosocial and socio-economical factors etc). An additional 1% of 
the individuals were excluded due to insufficient FHD.  
 
Finally, SDPP baseline study included 3128 male participants. The follow-up study was 
conducted ten years later (2002-2004). 87% (n=2383) subjects from 2746 invited (i.e. the 
subjects still living in the same area and that was not diagnosed with T2D at the baseline 
study) participated in the follow-up study. Development of T2D was assessed by an 
OGTT at baseline or at follow-up occasions or was self-reported by the patients 
diagnosed during the time period between baseline and follow-up (n=84). The OGTT 
demonstrated previously undiagnosed diabetes in 60 and 99 men at baseline and follow-
up study respectively (WHO 1998). T2D patients had no medication when the data was 
collected. The same selection procedure was performed for women during 1996-1998 and 
resulted in a total of 4821 subjects in the baseline study. Of them, 3329 were participated 
in the follow-up study 8-10 years later. Blood samples were collected from both the 
baseline and follow-up studies. All subjects were Swedes. Genomic DNA was extracted 
from peripheral blood. Informed consent was received from all subjects. The study was 
approved by the local ethic committee. 
 
3.2 KRONAN STUDY  

An additional group of T2D patients selected from Sundbyberg, a municipality in the 
Stockholm region, was included in the NPY gene study (III). The subjects were born 
1927-1957 and they were diagnosed with diabetes after 35 years of age. Patients with 
diabetes were acquired from three health care centers, Kronan, Hallonbergen and 
Rissne, within the municipality of Sundbyberg. 178 patients were included in the study 
and LADA patients were excluded. These T2D patients had anti-diabetic treatment, 24% 
were treated with diet alone, 46% with oral hypoglycaemic agents (OHA), 22% with 
insulin and 8% with a combination of insulin and OHA. The study was approved by the 
local ethic committee.  
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4 METHODS 
 
4.1 DNA EXTRACTION 

DNA extraction was performed from whole blood samples by using a Genomic DNA 
Purification Kit (Gentra). The kit relies on biological or environmental specimens as a 
source of genomic, mitochondrial or viral DNAs. The cells are lyzed to facilitate the 
separation from the white blood cells with an anionic detergent in the presence of a DNA 
stabiliser. Contaminating RNA is then removed by treatment with an RNA digesting 
enzyme. Genomic DNA is recovered by precipitation with alcohol and dissolved in a 
buffered solution containing DNA stabiliser. 
 
4.2 DIRECT SEQUENCING  

The sequencing analysis approach is based on the Sanger sequencing principle. With this 
dye terminator chemistry, each dideoxy nucleotide is labelled with a specific dye so that 
all four reactions can be performed in the same tube and run in one lane on the gel. The 
fluorescent-labelled sequencing products are detected using a laser beam. The laser beam 
stimulates fluorescence from each fragment with energy according to the terminator base 
added at the final position. The sequencing analysis protocol used in the present study is 
one line sequencing with four fluorescent dyes labelled ddNTPs, polymerase and buffer. 
The direct sequencing analysis using Big Dye terminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystem, ABI, model 377 genetic analyzer, Perkin-Elmer, Foster 
City, USA) was performed. A computer program called Sequencher, which has the ability 
to compare several sequences with each other, is used for the analysis of sequencing data. 
 
4.3 GENOTYPING METHODS 

There are several genotyping techniques, including PCR-restriction fragment length 
polymorphism (RFLP), Pyrosequencing, Dynamic allele specific hybridisation (DASH), 
Mini-sequencing, TaqMan allelic discrimination, single-base extension (SBE), Oligo 
nucleotide ligation assay (OLA) and Direct sequencing etc. (85; 86). In this thesis, three 
high throughput SNP scoring methods, including DASH, pyrosequencing and Taqman 
allelic discrimination, were used. DASH and TaqMan allelic discrimination were mainly 
used for genotyping experiments, while Pyrosequencing was used for confirmation 
experiments in the AC3 study. 
 
4.3.1 Dynamic Allele Specific Hybridisation (DASH) 

DASH is a high throughput genotyping method, which is based on hybridization of an 
oligonucleotide probe to single stranded PCR product. It is used for scoring SNPs and 
detecting small insertions and deletions.  
 
The procedure starts with assay design for primers used in PCR and probe. The amplicon 
is usually about 50 bp long and SNP of interest is located in or nearby the middle. One of 
the PCR primers is labeled with biotin. PCR product is then immobilized by transferring 
into a streptavidin-coated plate. The biotinylated primer will bind to Streptavidin on the 
well surface, whereas the non-biotinylated strand is removed by rinsing with a NaOH 
solution. The specific probe, complementary to one allele of SNP is added to the well 
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along with a hybridization buffer containing a fluorescent double-strand-specific dye, 
Sybr green. This dye will give a signal when it is bound to double strand DNA. The probe 
designed to match one allele, and thereby mis-match for other allele of interest will create 
a difference in the denaturating temperature during the detection with a DASH 
instrument. On the computer screen the loss of fluorescence is plotted as the negative 
derivative (slope of the fluorescence Vs temperature) the denaturation points are 
interpreted as peaks. The mismatch homozygous peak (pink) is observed at a relatively 
lower temperature and match homozygous peak at a higher temperature (blue). A 
heterozygous sample (containing both alleles) would undergo a two-phase denaturation 
and therefore produces two peaks in the negative first derivative (Figure 5) (87; 88).  
 

Figure 5. DASH instrument and genotyping of SNP 
 

 
 
 
 
 
 
 
 
 
The absolute Tm observed may vary depending on probe length and GC content, but the 
relative Tm difference between homozygous match and homozygous mismatch is 
normally 4-12°C.  Probe with specific dye (Rox) can be used in order to improve 
genotyping peaks.  

 
  

 
In a typical PCR-DASH assay design, there are two ~22 bp primers (one biotinylated) and 
one probe (~17 bp). To avoid the second structure of PCR probe for hybridization with 
the probe, it is recommended to use a folding analysis program named MFOLD 
(http://mfold2.wustl.edu/~mfold/dna/form1.cgi). The probe sequence is designed 
complementary to the biotinylated strand of PCR product.  

 
4.3.2 Pyrosequencing 

Pyrosequencing technology is based upon sequencing-by-synthesis, and uses an enzyme - 
based system to monitor DNA synthesis in real time. Essentially, the method allows 
sequencing of a single strand of DNA by synthesizing the complementary strand along it. 
It was developed by Mostafa Ronaghi and Pål Nyrén (89; 90). 
 
The pyrosequencing procedure starts when a sequencing primer is hybridized to the single 
stranded DNA used as template for the sequencing, and incubated with the enzymes DNA 
polymerase, ATP sulfurylase, luciferase and apyrase, and with the substrates adenosine 5´ 
phosphosulfate (APS) and luciferin. The templates for pyrosequencing can be made both 
by solid phase template preparation (Streptavidin coated magnetic beads) and enzymatic 
template preparation (Apyrase + Exonuclease). The 5’-nuclease activity of DNA 
polymerase catalyzes the incorporation of deoxynucleotide into the DNA strand, if it is 
complementary to the base in the template strand. This incorporation releases 
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pyrophosphate (PPi) stoichiometrically. ATP sulfurylase quantitatively converts PPi to 
ATP in the presence of adenosine 5´- phosphosulfate. The produced ATP drives the 
luciferase-mediated conversion of luciferin to oxyluciferin, which generates visible light 
in amounts that are proportional to the amount of ATP. The light produced in the 
luciferase-catalyzed reaction is detected by a charge-coupled device (CCD) camera and is 
expressed as a peak in a pyrogram. Since the added nucleotide is known, the sequence of 
the template can be determined. The result can be analyzed in a program. Each light 
signal is proportional to the number of nucleotides incorporated. Apyrase, a nucleotide 
degrading enzyme, which continuously degrades ATP and unincorporated dNTPs and the 
reaction can restart with another nucleotide. The process continues, the complementary 
DNA strand is built up and the nucleotide sequence is determined from the signal peaks in 
the Pyrogram. This technique can be used for both sequencing and SNP genotyping 
experiments (91; 92). 
 
4.3.3 TaqMan Allelic Discrimination  

TaqMan technique has been used for quantification of mRNAs and also for SNP 
genotyping. It allows detection and measurement of products generated during each cycle 
of the PCR process. The technique is built on the 5’-exonuclease activity of the enzyme, 
Taq DNA polymerase, and it monitors degradation of fluorescently labeled probes. In this 
thesis, the method has been used for allelic discrimination of SNPs.  
 
The procedure using the 5’-exonuclease activity of the enzyme Taq DNA polymerase is 
similar to conventional PCR, with the exception that a fluorescent probe is used and the 
result is detected in each cycle. In a TaqMan experiment, single stranded fluorogenic 
probe, complementary to the target sequence is added to the PCR reaction mixture. This 
probe is a dual labelled oligonucleotide with a reporter dye attached to the 5' end and a 
quencher dye attached to the 3' end. The probe is located between the two primers. 
Examples of reporter dyes are FAM, VIC and TET. The quencher dye is normally 
TAMRA. When the two fluorophours are attached to the probe proximity between them, 
only the length of the probe inhibits fluorescence from the fluorophore. This is called as 
fluorescent energy transfer (FRET). During PCR, the probe anneals specifically between 
the forward and reverse primer to an internal region of the PCR product. DNA 
polymerase then carries out the extension of the primer and replicates the template to 
which the primers and probes are bound. The 5'-exonuclease activity of the polymerase 
cleaves the probe, releasing the reporter molecule away from the close vicinity of the 
quencher. The fluorescence intensity of the reporter dye increases as a result. This process 
is repeated in every cycle and does not interfere with the accumulation of the PCR 
product. Hence, fluorescence detected in the real-time PCR thermal cycler is directly 
proportional to the fluorophore released and the amount of DNA template present in the 
PCR. To induce fluorescence during PCR, laser light is distributed to the sample wells via 
a multiplexed array of optical fibers. The resulting fluorescent emission returns via the 
fibers and is detected with a CCD camera (93; 94).  
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Figure 6. ABI 7300 instrument and TaqMan allelic discrimination 

 
In the case, when this method is used for allelic discrimination, a minor groove binder 
(MGB) molecule is incorporated on the 3’ end of the probes (95). The MGB binds to the 
minor groove of the DNA helix, improving hybridization by stabilizing the MGB-
probe/template complex, thereby permitting the use of probes for improved mismatch 
discrimination and greater flexibility when designing assays. TaqMan probes can be 
designed to detect SNPs and small insertion/deletions (indels).  
 
4.4 BIOINFORMATICS  

Bioinformatics is a tool in which the computer is used to find out information from public 
databases, such as GenBank, Map Viewer, Blast Search, dbSNP, PubMed etc. The dbSNP 
is has served as a central, public repository for genetic variation, including SNPs, 
microsatellite repeats and small insertion/deletion polymorphisms. This database is 
established by the national center for biotechnology information (NCBI), USA 
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp&cmd=search&term=). Several other 
SNP databases such as HGVbase, CGAP, GeneLynx etc. are also useful for searching 
information of gene sequences and genetic variations. The international HapMap project 
enables the study of LD in human populations online (http://www.hapmap.org). This has 
facilitated the selection of SNPs in genetic association studies.  
 
Selection of the SNPs for study are based upon their locations (intronic, exonic or 
promoter), function and information from previous reports. All selected SNPs are blasted 
against the human genome to check for specificity of the sequences 
(http://www.ncbi.nlm.nih.gov/blast). The upstream and downstream sequences of the 
SNPs are examined by repeat masker because repeated sequences and duplicons may be 
deleterious for the genotype determination (http://repeatmasker.genome.washington.edu/ 
cgi-bin/RepeatMasker). Tag SNPs are designated using an r2 cut off ~0.8 and checked 
from the data in European Caucasians (CEU) population recorded in HapMap (release 
No. 22).  
 
4.5 DATA ANALYSES 

Data analyses are performed in both single and multiple marker (Haplotype) perspective. 
In single marker association analysis, comparison of allele and genotype frequencies 
between the cases and controls are conducted. If the difference of allele and/or genotype 
frequencies is significant, the analyses for association with phenotypes are followed. 
Further analyses for multiple marker association, including LD, haplotype and/or 
diplotypes, are performed. Programs used for these analyses in this thesis are Statistica, 
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version 7.1 (StatSoft, Tulsa, OK, USA), Statistical analysis system (SAS), version 8.2 or 
9.1 (SAS Institute, Cary, NC, USA), StatView version 5.0 (Abacus Concepts, 
Piscataway, NJ, USA) and/or BMDP version1.1 (BMDP statistical software Inc, Los 
Angeles, CA, USA). P-values less than 0.05 are considered significant. 
  
4.5.1 Single Marker Association 

Using the χ2-statistic, HWE in each SNP is assessed, and allele and genotype frequencies 
of the SNP are compared between the case and controls. Phenotype comparisons between 
different genotypes within the study groups are performed by appropriate statistical 
methods, such as analysis of variance (ANOVA) or co-variance analysis (adjusting for 
different traits where appropriate) or non-parametric methods. Traits important or 
interesting for T2D have been included in the quantitative trait analyses, and also as co-
variates in several analyses. Non-normally distributed data are transformed by the natural 
logarithm before analyses to improve the normal distribution. Levene’s test is performed 
in order to test for homogeneity of variances. Homeostasis model of assessment were 
used to assess insulin resistance (HOMA-IR) and β-cell function (HOMA-β). HOMA-IR 
and HOMA-β were calculated as [(fasting plasma glucose, mmol/l * fasting plasma 
insulin, mU/µl) /22,5] and [(fasting plasma insulin, mU/µl * 20) / (fasting plasma glucose, 
mmol/l -3,5)], respectively (96). Logistic regression analyses considering different modes 
of inheritance with and without inclusion of potential confounding factors are performed 
to study genotype distribution differences between the cases and controls.  
 
4.5.2 Multiple Marker Association 

Both r2 and D’ measurements of LD values are used. LD values and haplotype 
frequencies are estimated using either Haplotyper program (EH-plus) (ftp://linkage. 
rockefeller.edu/software/eh) or Arleqiun program version 2.0 (http://lgb.unige.ch/ 
arlequin/). Haplotype frequencies between the cases and controls are calculated using 2x2 
contingency tables, and χ2 test. ANOVA and/or co-variance analysis is used to test for 
differences in quantitative traits among diplotypes. 
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5 RESULTS  
 
5.1 PAPER I – IDE STUDY 
5.1.1 Single Marker Association 

This study mainly addressed the fundamental question of whether the IDE genetic 
polymorphisms have measurable influence on insulin levels in Swedish population. A 
total of 403 (246 men/157 women) non-diabetic controls and 321 (165/156) IGT subjects 
were included in this study. All of them were Swedes and diagnosed according to the 
WHO 1985 criteria. Thirteen SNPs in the IDE gene and one SNP in the HHEX gene were 
genotyped. Genotype distribution of all studied SNPs were in accordance with HWE. In 
men but not in women, the common allele of SNP rs2251101 was associated with lower 
levels of fasting insulin, 2h insulin, HOMA-IS and BMI, while the rare allele of SNP 
rs2249960 was associated with lower BMI. The effect of SNP rs1887922 upon 2h insulin 
levels was however significant, albeit considerably attenuated in comparison with SNP 
rs2251101. 
 
5.1.2 Multiple Marker Association  

Three previously identified tag SNPs, i.e. rs2251101, rs832196 and rs1544210 were used 
for analyses of delineating common haplotypes in men. Six common haplotypes (>4.4%) 
were predicted using these markers, the sequences for which are shown in table 4.  
 

Table 4. Haplotypes inferring SNPs rs2251101, rs832196 and rs1544210 
Haplotype Frequency (%) Sequence 

H1 28.6 TCG 
H2 20.5 TCA 
H3 11.7 CCA 
H4 6.2 TTA 
H5 6.2 TTG 
H6 4.4 CCG 

 
Diplotypes were inferred haplotype-tagging markers and tested against the traits of 
fasting glucose, 2h glucose, fasting insulin, 2h insulin, HOMA-IR and BMI in men and 
women separately. For all analyses, IGT and NGT individuals were combined, and 
adjusted for phenotypic characteristics by including their group identity as a covariate in 
ANOVA models (Figure 7). The diplotype analyses including age and group as 
covariates revealed significant difference in the four traits between the diplotype groups 
in men.  
 
Since throughout this study tests were conducted on the combined IGT and normal 
samples, it was considered important to confirm that an effect exists in both populations. 
Using the above model and focusing on the rs2251101 marker and the 2-h insulin trait, 
significant effects were observed for both the IGT (p=0.0004) and normal (p=0.011) 
groups. 
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Figure 7. Diplotype association with quantitative traits in men 
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5.2 PAPER II – TCF7L2 STUDY 
5.2.1 Single Marker Association 

In the present study, we have conducted an association study in Swedish men selected 
from SDPP. We also took advantage of the 10-year duration of the program and 
investigated the differences of quantitative traits with polymorphisms in the TCF7L2 
gene. Five previously studied SNPs i.e. rs7901695, rs4506565, rs7903146, rs11196205 
and rs12255372 were genotyped in 243 T2D patients and 528 NGT subjects selected from 
SDPP. All SNPs were kept in HWE. Four SNPs rs7901695, rs4506565, rs7903146 and 
rs12255372 were significantly associated with T2D in Swedish men. In SNP rs1196205, 
however, association with T2D was of borderline significance (Table 5). 
 

Table 5. Allelic association and MAFof the TCF7L2 polymorphisms 
SNP NGT T2D p-value OR (95% CI) 

rs7901695 C: 0.235  C: 0.327 0.0001 1.585 (1.249 - 2.012) 
rs4506565 T: 0.263 T: 0.329  0.0001 1.588 (1.251 - 2.015) 
rs7903146 T: 0.217 T: 0.320 0.00001 1.700 (1.336 - 2.163) 
rs11196205 C: 0.407 C: 0.456 0.0730 1.220 (0.981 - 1.517) 
rs12255372 T: 0.223 T: 0.292  0.0036 1.437 (1.125 - 1.835) 

 
In multivariate logistic regression analysis applying the additive inheritance model and 
considering age, BMI and blood pressure as covariates, the association with T2D 
remained significant (p<0.0008) for these four SNPs rs7901695, rs4506565, rs7903146 
and rs12255372. 
 
Genotype-phenotype analyses demonstrated that HOMA-β index, BMI and 2h plasma 
insulin in T2D patients carrying the homozygous genotype of risk allele in SNPs 
rs7901695, rs4506565 and rs7903146 were significantly decreased. T2D patients carrying 
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genotypes CT or TT in SNP rs7903146 had a more pronounced increase in fasting plasma 
glucose levels (p=0.042) and lower HOMA-β index (p=0.015) as well as BMI (p=0.015). 
Similarly, T2D patients carrying the genotypes with risk allele in SNPs rs7901695 and 
rs4506565 had decreased HOMA-β index (p=0.026 and 0.028) and BMI (p=0.004 and 
0.011).  

 
Figure 8. Quantitative traits in T2D patients 
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C. rs7903146 
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Both NGT subjects and T2D patients comprised a wide range of BMI from 18.3 to 45.6 
kg/m2. Analyses for allelic association of these 4 SNPs except rs11196205 in NGT 
subjects and T2D patients with BMI <30 kg/m2 and >30 kg/m2 were performed, 
respectively. SNPs rs7903146, rs4506565, rs7901695 and rs12255372 showed significant 
association with T2D with BMI <30 kg/m2 but not with T2D with BMI >30 kg/m2 (Table 
6). 
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Table 6. Allelic association in T2D patients classified by BMI compared to lean NGT 
subjects 

SNP T2D with BMI<30 T2D with BMI>=30 
rs7901695 0.00012:1.784 (1.313-2.237) 0.51366:1.131 (0.782-1.635) 
rs4506565 0.00013:1.742 (1.308-2.319) 0.42964:1.159 (0.803-1.673) 
rs7903146 0.00002:1,862 (1,395-2,486) 0.26526:1,234 (0,852-1,787) 
rs11196205 0.2591:1.167 (0.892-1.527) 0.29568:1.190 (0.859-1.647) 
rs12255372 0.0248:1.101 (1.043-1.883) 0.48317:1.141 (0.789-1.605) 

 
 
 
 
 
 
 

Note: Data indicated p-value:OR (95% CI). 
 
A prospective analysis was also carried out in order to predict genetic influence of the 
TCF7L2 polymorphisms in the development of T2D. Figure 9 demonstrates that NGT 
subjects from the baseline to follow-up studies, who carry the risk alleles of SNPs 
rs7901695 and rs4506565, had a more pronounced increase in fasting plasma glucose 
levels (p=0.009 and 0.013).  
 
Figure 9. Fasting plasma glucose levels at baseline (white bars) and follow-up (dashed 
bars) among NGT subjects according to genotypes of rs7901695 and 450656 
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Note: Data presented in this figure were calculated by the follow-up:baseline ratio. 
 
5.2.2 Multiple Marker Association  

LD and haplotype analyses for all studied five SNPs were carried out. Strong LD values 
from SNP rs7903146 to either rs4506565 or rs12255372 were found. Five common 
haplotypes and their frequencies in the cases and controls were analyzed. Haplotype H5 
constructed with 5 risk alleles from all studied SNPs was strongly associated with T2D 
(p=0.002). 
 

5.3 PAPER III – NPY STUDY 
5.3.1 Single Marker Association  

Genotyping for Leu7Pro (T1128C) polymorphism in the NPY gene was performed by 
DASH. A total of 309 IGT subjects and 469 non-diabetic individuals from SDPP were 
included, while 263 T2D patients were selected from both SDPP and Kronan study. The 
distribution of this polymorphism was in HWE and frequencies of the allele C in IGT 
subjects and T2D patients in Swedish men were 13 % (p=0.002) and 10 % (p=0.007) 
respectively, which were significantly higher than the frequency in non-diabetic controls 
(6 %). Further analyses indicated that a strong association for Leu7Pro polymorphism 
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with IGT and T2D was observed (p=0.002 and p=0.007, respectively) in men, when 
systolic and diastolic blood pressures, WHR, BMI and age were included as potential 
confounding factors(Table 7). However, no significant association of this polymorphism 
in female IGT subjects and T2D patients was found.  

 
Table 7. Association of NPY with male IGT subjects and T2D patients 
Leu7Pro 

Genotypes 
IGT 

OR (95% CI) 
T2D 

OR (95% CI) 
TT Reference Reference 

TC+CC 3.70 (1.65-8.29) p=0.002 4.08 (1.47-11.33) p=0.007 

Note: Data were adjusted by age, BMI, WHR and blood pressures. 

In this non-synomous SNP, the allele C is a risk allele, which predicts the susceptibility in 
the development of T2D. Therefore, analyses of the quantitative traits were performed 
between the carriers with CC and CT genotypes and the subjects carrying TT genotype. In 
male IGT subjects, the carriers with CT and CC genotypes had significantly higher fasting 
plasma glucose levels in comparison with the carriers with TT genotype (5.6±0.7 mmol/l 
vs 5.2±0.7 mmol/l, p=0.021). In male patients with T2D, the carriers with CT and CC 
genotypes had slightly increased BMI, waist circumference, fasting plasma glucose and 
fasting plasma insulin. There was no significant association with the studied traits and 
genotypes among Swedish women. Thus, this study provides the evidence that Leu7Pro 
(T1128 C) polymorphism in the NPY gene is associated with IGT and T2D in Swedish 
men.  
 
5.4 PAPER IV – AC3 STUDY 
5.4.1 Variation Screening in the Putative Promoter 

It was previously found that the AC3 gene expression is increased in GK rats islets 
compared to Wistar rat due to two point mutations in the promoter (77). Variation 
screening of the putative promoter in human AC3 gene was then performed in a total of 
48 samples (40 T2D patients and 8 NGT subjects). The sequence of 2236 bp upstream 
from the start codon in the AC3 gene was screened by using a direct sequencing protocol. 
A novel variant at -17A/T was identified.  
 
5.4.2 Single Marker Association 

A total of 14 SNPs in the AC3 gene, including the novel variant in the putative promoter 
region, were genotyped in the material of 630 Swedish men, including 188 control 
subjects (NGT, BMI ≤26 kg/m2) and 243 T2D patients (BMI from 18.4 to 45.6 kg/m2). 
Two SNPs rs2033655 and rs191968482 were significantly associated with T2D. Because 
T2D patients had a wide range in BMI, we divided them into two groups with BMI <30 
kg/m2 and >30 kg/m2. Results demonstrated that SNPs rs2033655 C/T and rs1968482 
A/G were found to be significantly associated with obesity when T2D patients had BMI 
≥30 kg/m2 (p=0.003 and 0.005). The significance was borderline in T2D patients with 
BMI <30 kg/m2 (p=0.051 and 0.084) and disappeared in T2D patients with BMI ≤26 
kg/m2. This predicted that these two polymorphisms might be associated with obesity. 
Additional 199 obese subjects (BMI ≥30 kg/m2) with NGT were therefore added into this 
study. Further genotyping and analyses with SNPs rs2033655 and rs191968482 indicated 
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that these two polymorphisms were associated with obesity in Swedish men (p=0.028 and 
0.003) (Table 8).  
 
Table 8. Allele frequencies of SNPs rs2033655 and rs1968482 of T2D and/or obese 
subjects compared with NGT lean subjects  

Groups rs2033655 
p-value (OR, CI 95%) 

rs1968482 
p-value (OR, CI 95%) 

All T2D 
 

0.004 (1.509, 1.139-2.000) 0.008 (1.475, 1.106-1.965) 

T2D 
(BMI ≤26 kg/m2) 

0.817 0.325 

T2D 
(BMI <30 kg/m2) 

0.051 (1.370, 0.998-1.881) 0.084 

T2D 
(BMI ≥30 kg/m2) 

0.003 (1.775, 1.215-2.592) 
/0.202* 

0.005 (1.571, 1.186-2.585) 
/0.190* 

Obese 0.028 (1.384, 1.036-1.850) 
/0.195¤ 

0.003 (1.586, 1.175-2.141) 
/0.622¤ 

Note: *Comparison analysis for T2D (BMI ≥30 kg/m2) vs T2D (BMI <30 kg/m2). 
¤Comparison analysis for obese vs T2D (BMI ≥30 kg/m2).  
 
The logistic regression analyses considering recessive inheritance model indicated a 
significant association with genotype distribution of these two SNPs in obese subjects 
(p=0.014, OR=1.714, CI 95% 1.114–2.635 and p=0.002, OR=1.906, CI 95% 1.264–
2.876). The identified putative promoter variant had relatively low minor allele frequency 
and the association with T2D was not detected.  
 
5.4.3 Multiple Marker Association 

Four haplotypes constructed with SNPs rs2023655 and rs1968482 included H1:C-A, 
H2:T-A, H3:C-G, and H4:T-G. The frequency of H3 was low (1% or less) and it therefore 
was excluded from further analysis. Haplotype frequencies in NGT controls were 
significantly different from T2D patients and obese subjects. Diplotype (combined 
haplotypes) association analyses with quantitative traits were performed and data revealed 
a significant association with BMI (p=0.004) among obese subjects. The BMI was higher 
in the group of diplotype H2/H4 (Figure 10). 
 

Figure 10. Diplotype association with BMI in obese subjects 
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6 DISCUSSION 
 
SNP genotyping methods 
Three high throughput genotyping methods, including DASH, Pyrosequencing and 
TaqMan allelic discrimination, have been used in the present study. All three methods 
require a PCR step. DASH and TaqMan are based upon the hybridization with specific 
probe(s), while Pyrosequencing is based upon the enzymatic reactions. Each method has 
its advantage and disadvantage. DASH technique is relatively cheap. TaqMan allelic 
discrimination does not require post PCR handling of the samples, and the instrument can 
be used for not only allelic discrimination but also for real time PCR or RT-PCR 
experiments. Pyrosequencing can be used for analysis of short sequences as well.  
 
Genotyping quality  
For genotyping quality control, the subjects were distributed randomly across plates with 
the similar numbers of cases and controls per plate. Negative controls (water blanks) were 
included on each plate. Successful genotype calls were ≥95% and plates were randomly 
genotyped twice for duplication accuracy, which was calculated to be 98%. HWE test for 
genotype distributions and allele frequencies is also used for prediction of the possible 
genotyping error. When it is necessary, direct sequencing protocol can be used for 
sequencing analysis of the PCR fragment, which contains the specific SNP.  
 
Susceptibility of the IDE, TCF7L2, NPY and AC3 genes to T2D  
The genetic association studies have become useful tools in identification of the 
susceptibility genes in T2D and other complex diseases. In the present study, the 
candidate gene approach has been used, and four genes, including IDE, TCF7L2, NPY 
and AC3 have been studied. The IDE gene is located in the region of chromosome 10q 
linked to T2D. We have mainly focused on genetic association study of the IDE gene with 
T2D but a polymorphism in 3’-strand of the HHEX gene is also included in the study. 
Three tag SNPs i.e. rs2251101 and rs1832196 in the IDE gene and rs1544210 in the 
HHEX gene were identified. Interestingly, diplotypes constructed with these three tag 
SNPs were found to be significantly associated with fasting plasma insulin levels, 2h 
insulin levels, HOMA-IR and BMI in NGT and IGT subjects. However, no statistically 
significant association of the IDE genetic polymorphisms with T2D is detected in the 
present study and also reported by Groves et al. (56) and Florez et al. (97). Sladek et al. 
have recently conducted a GWA study in T2D and identified that a LD block, covering 
IDE-KIF11-HHEX genes, confer the susceptibility to T2D (32). Therefore, IDE may not 
have the major risk susceptibility to the development of T2D but it may interact with the 
genes nearby such as HHEX and KIF11 in term of the genetic influence in T2D.  
 
The TCF7L2 gene is also located in the same region of chromosome 10q as the IDE gene. 
In recent years, the TCF7L2 gene has been extensively studied and the polymorphisms in 
this gene are strongly associated with T2D in different populations. We have replicated 
the genetic association study of the TCF7L2 gene with T2D in Swedish Caucasians. Data 
indicate that the TCF7L2 polymorphisms are strongly associated with T2D in Swedish 
men. TCF7L2 may have crucial contribution to impaired insulin secretion underlining the 
development of T2D. However, there is no significant association between TCF7L2 
polymorphisms and insulin resistance. These findings, one or another, have been reported 
by the previous studies in other populations, including, Finish, Italian, British, 



 

  31 

Scandinavian, Polish and American. Hence so far obtained data are consistent with the 
hypothesis that TCF7L2 modulates glucose metabolism mainly by regulating insulin 
secretion. In the present study, the propensities of risk alleles in the TCF7L2 
polymorphisms are more pronounced in the subjects with lower BMI. Furthermore, 
Humphries et al. have studied SNPs rs7903146 and rs12255372 and demonstrated that the 
subjects with lower BMI had an increased risk for T2D, whereas the subjects with higher 
BMI (>30 kg/m2) did not show an increased risk for T2D (98). Additionally, several 
reports have indicated that the carriers with the genotypes of risk alleles for T2D among 
T2D patients and/or control subjects are associated with decreased BMI (99-102). 
Therefore, the TCF7L2 genetic polymorphisms associated with T2D unlikely contribute 
to the development of obesity, although T2D and obesity are known to be often associated 
with each other. Interestingly, we demonstrate that NGT subjects carrying the genotypes 
with the risk alleles of SNPs rs7903146 and rs12255372 had a more pronounced increase 
in fasting plasma glucose levels during a 10-year follow-up period in comparison with the 
subjects with the wild alleles. This is in agreement with the previous study in a French 
cohort revealing higher incidence of hyperglycemia in the subjects carrying risk allele of 
SNP rs7903146 (61). Similarly, Florez et al. have showed that IGT subjects, who carry 
the homozygous risk alleles of SNPs rs7903146 and rs12255372, have higher risk to 
develop T2D (62).  
 
Schäfer et al. have demonstrated that GLP-1 induced insulin secretion in the subjects with 
the risk alleles of SNPs rs7903146 and rs12255372 is reduced, whereas concentrations of 
GLP-1 during OGTT is not influenced by the polymorphisms (103). Moreover, plasma 
concentrations of GIP and glucagon are not influenced with the TCF7L2 polymorphisms 
(63). These findings indicate that GLP-1 induced insulin secretion is impaired due to 
functional defects in the GLP-1 signaling in β-cells rather than a reduction in GLP-1 
secretion.  
 
Previously, several chromosome regions including chromosome 10q have been found to 
link with T2D by GWS and linkage analyses. Recently, several GWA reports and present 
study have confirmed that the TCF7L2, IDE, KIF11 and HHEX genes, which are located 
in the region of chromosome 10q, are associated with T2D. This is the first example 
suggesting that there are at least two loci under a linkage peak linked to T2D. However, 
further investigation of the interaction between TCF7L2 and other susceptibility genes in 
this chromosomal region by using multiplex gene analyses will provide useful 
information for better understanding of the impact of the interplay of this group of genes 
in the development of T2D.  
 
NPY Leu7Pro polymorphism and its susceptibility to T2D 
We have found evidence that the NPY Leu7Pro polymorphism is associated with both 
IGT and T2D in Swedish men and that the allele C confers the risk susceptibility to the 
development of T2D. The previous studies have demonstrated that this allele shows a 
decreasing frequency with the geographical distribution from north to south gradient. The 
highest C allele frequency was found in Finnish population and the second high frequency 
in Swedish population (104). Therefore, the risk allele C might be a factor facilitating the 
development of T2D under certain environmental conditions.  
 
The hypothalamus consists of several nuclei involved in food intake, including the arcuate 
nucleus (ARC), the paraventricular nucleus (PVN), the lateral hypothalamic area (LHA), 
the ventromedial nucleus (VMH), and the dorsomedial nucleus (DMH). ARC neurons are 
located at the bottom of the hypothalamus around the third ventricle and are called ‘first 
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order neurons’ because of their ‘direct’ contact with peripheral satiety factors like leptin 
and insulin.  NPY has multiple functions, including regulation of satiety, energy balance 
and insulin release, while Pro-opiomelanocortin (POMC) works as a counterpart to NPY. 
NPY-producing neurons in the arcuate nucleus stimulate food intake, whereas arcuate 
nucleus neurons that release the POMC-derived peptide α-melanocyte-stimulating 
hormone (α-MSH) potently reduce food intake. Therefore, both NPY and POMC play a 
role in regulation of food intake and metabolism. It has been demonstrated that POMC 
neurons has a role in the overall physiological control of blood glucose (105). However, 
the interaction between NPY and POMC as well as their roles in the pathogenesis of 
obesity and T2D are still not fully understood.  
 
Association of the AC3 genetic polymorphisms with obesity 
We have conducted a genetic association study for the AC3 gene in T2D patients and 
obese subjects in Swedish men. The study revealed that two SNPs (rs2033655 and 
rs1968482) were associated with obese NGT subjects and obese T2D patients. Multiple 
marker association analyses of these SNPs predict a significant association with BMI in 
obese NGT subjects. There was no significant association of the SNPs with non-obese 
T2D patients, suggesting that this gene may play a role in the pathogenesis of obesity. 
However, we are unable to rule out the possibility that AC3 may have genetic influence in 
T2D because the number of non-obese T2D patients included in the present study is 
limited. Replication study with a large cohort of non-obese T2D is necessary to conclude 
whether AC3 genetic polymorphisms confer the susceptibility risk to the development of 
T2D. 
 
The AC3 gene is located on chromosome 2p, and the POMC gene resides in the same 
chromosomal region. Evidence has indicated that POMC plays a role in the regulation of 
satiety (106). POMC locus is linked to leptin levels, a predictor of obesity, in American 
Caucasians, Mexican-American, and African-American families (107). POMC neuron is 
one of the neurons in the brain that is excited by glucose. This process is driven by the 
closure of KATP channels. The glucose sensing POMC neurons is impaired in obesity 
(105). Interestingly, variations in the POMC gene are found to be associated with obesity 
(108). The interaction between AC3 and POMC and their effects in obesity is unknown.  
 
The human AC3 gene has ~94% sequence homology of the translated amino acids and 
~80% sequence homology of the promoter regions compared to the gene in rat. In the 
present study, we found a novel variant in the promoter region of the human AC3 gene. 
However, no evidence was found that the polymorphisms in the promoter region of the 
AC3 gene in man are significantly associated with T2D, which differs from the study of 
variation in the promoter of the AC3 gene in the GK rat (77). Comparative genomic 
analysis using animal models may provide useful information for identifying the genetic 
and environmental factors responsible for complex diseases (109; 110). However, 
physiological distinction and/or similarity between man and animal models may not be 
explained by simple comparison of genomic identity (111).   
 
In this thesis, we have studied the TCF7L2 and AC3 genes with male subjects while the 
IDE and NPY genes with both male and female subjects. The significant associations of 
the IDE and NPY genetic polymorphisms with insulin levels or T2D were found in male 
subjects only. In the recent years, several studies with SDPP have been carried out, and 
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the results may be interesting in this content (84). Kuhl et al. have found prevalence of 
early abnormalities of glucose metabolism was two to three times higher in male 
compared to female subjects (112). Thus, results from genetic association studies in this 
thesis are in agreement with the studies briefly described above in term of gender 
specificity. However, more evidence needs to be accumulated to conclude whether the 
gender specificity is related to the susceptibility of the genes in T2D. 
 

T2D is a complex disease influenced by both genetic and environmental factors. 
Environmental factors such as food habits and living a sedentary lifestyle also play a 
role in the development of the disease. In fact the enormous increase in T2D prevalence 
over the past decades is thought to depend to a big extent on different environmental 
factors, since the genetic make-up of mammals from an evolutionary point of view can 
not change this fast. Factors in today’s lifestyle are likely to pull the trigger for the 
development of the disease in people who have a certain genotypes in their genome. In 
this case the genes and genetic variants can be argued as a prerequisite for the 
environmental factors to cause the disease. Increased knowledge of the pathogenesis of 
the disease will increase our possibility of finding new therapeutic targets and thereby 
increase the life quality for T2D patients. Furthermore, identification of genetic variants 
associated with T2D or obesity open a possibility to identify peoples with a high-risk of 
developing the disease, and thereby an opportunity for them to change the lifestyle and 
likely postpone the breakthrough of the disease. Therefore, it is of great importance to 
find the susceptibility genes and environmental factors involved in the pathogenesis of 
the disease.  
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7 CONCLUSIONS 
 
Paper I – IDE study 
We provide evidence that sequence variation within or near the IDE gene contributes to 
variability in measures of insulin metabolism in Swedish men. 
 
Paper II – TCF7L2 study 
TCF7L2 polymorphisms are associated with T2D in Swedish men. TCF7L2 may have 
crucial contribution to impaired insulin secretion underlining the development of T2D. 
 
Paper III – NPY study 
Leu7Pro polymorphism in the NPY gene is associated with IGT and T2D in Swedish 
men. The allele C confers the risk susceptibility to the development of T2D.  
 
Paper IV – AC3 study 
The present study provides the first evidence that AC3 genetic polymorphisms are 
associated with obesity and obese T2D in Swedish men. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 



 

  35 

8 SAMMANFATTNING PÅ SVENSKA 
 
Typ 2 diabetes (T2D) är en komplex sjukdom som utvecklas på basen av  interaktionen 
mellan genetiska och miljömässiga faktorer. Denna avhandling omfattar 
associationsstudier av fyra kandidatgener för T2D. Dessa gener har valts ut från en region 
på kromosom 10q som är länkad till T2D, eller baserat på genens biologiska funktion 
och/eller medverkande i viktiga T2D-relaterade signalvägar. 

Insulin degrading enzyme (IDE) har en viktig roll vid nedbrytningen av insulin och vissa 
andra peptider. Genen som kodar för IDE hittas på kromosom 10q i en region som är 
länkad till T2D. För att finna associationen mellan genetiska variationer och T2D, samt 
för att undersöka om polymorfismer i IDE-genen uppvisar mätbar påverkan på 
insulinnivåer, genotypades 14 single nucleotide polymorphisms (SNPs) bland 321 
individer med nedsatt glukostolerans (IGT) och 403 individer med normal glukostolerans 
(NGT) utvalda från Stockholms Diabetespreventiva Program (SDPP). De studerade SNPs 
återfinns i ett område som sträcker sig över IDE- och IDE-HHEX-regionen. Analyser 
baserade på diplotyper (haplotypiska genotyper) konstruerade utifrån tre tag SNPs, visade 
association mellan denna kromosomregion och fasteinsulin (p=0.0009), 2h-plasmainsulin 
(p=0.0027), insulinresistens (mätt med HOMA-IR, p=0.0001) och BMI (p=0.0067). 
Resultaten fanns hos män men inte hos kvinnor. Således bidrar SNPs i eller nära IDE-
genen väsentligen till varians i plasmainsulinnivåer och andra T2D-relaterade variabler.  

Genen för transcription factor-7 like 2 (TCF7L2) återfinns också i den T2D-länkade 
regionen på kromosom 10q. Både en associations- och en 10 års prospektiv studie av 
genetiska variationer inom denna gen, utfördes bland manliga 243 T2D-patienter och 528 
män med NGT. Fem genotypades. SNPs rs7901695, rs4506565, rs7903146 och 
rs12255372 är starkt associerade med T2D (p<0.004) hos svenska män utvalda från 
SDPP. Patienter med T2D som bär på CT- eller TT-genotypen av rs7903146 uppvisar en 
högre fasteglukosnivå (p=0.042), lägre HOMA-β (p=0.015) och BMI (p=0.015) jämfört 
med patienter med CC- genotypen. Liknande resultat återfanns bland T2D-patienter med 
olika genotyper i rs7901695, rs4506565 och rs12255372. Friska personer som bar på 
riskallel genotypen för rs7901695 och rs4506565 uppvisade en mer uttryckt ökning i 
fasteplasmaglukosnivå under uppföljningsperioden (p=0.009 respektive p=0.013). 
TCF7L2 polymorfismer är starkt associerade med T2D bland svenska män och kan ha en 
viktig roll vid den nedsatta insulinfrisättningen vid T2D. 

  
Neuropeptide Y (NPY) reglerar mättnadskänsla, energibalans och insulinfrisättning. För 
att undersöka om Leu7Pro(1128C)-polymorfismen hos NPY-genen bidrar till 
utvecklingen av T2D, genotypades denna SNP bland 263 T2D-patienter, 309 personer 
med IGT och 469 med NGT. Resultaten visar att frekvensen av riskallelen C bland 
personer med IGT och T2D var 13% (p=0.002; OR=2.73; 95%CI 1.65-8.29) respektive 
10% (p=0.0070; OR=4.08, 95%CI 1.47-11.33) bland svenska män, vilket var signifikant 
högre än C-allelfrekvensen hos individer med NGT (6%). Personerna med IGT som bär 
på TC- och CC-genotypen av denna SNP, har en signifikant högre fasteglukosnivå 
jämfört med TT-bärare (5.6 ± 0.7 mmol/l vs 5.2 ± 0.7 mmol/l p=0.021). Sålunda ger 
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denna studie bevis på att NPY Leu7Pro polymorfismen är associerad med IGT och T2D 
hos svenska män. 
 
En tidigare studie utförd på Goto-Kakizakiråttor indikerade att adenylyl cyclase 3 
(AC3) är en möjlig kandidatgen för T2D. Målet med vår studie var att undersöka om 
genetiska variationer inom denna gen uttrycker association med T2D hos män. Vid 
sökning efter genetiska variationer i promotorn hos den humana AC3-sekvensen 
identifierades en ny variant, -17A/T. Totalt 14 SNPs (inkluderande den nya varianten) 
genotypades bland 243 T2D-patienter och 188 personer med NGT valda från SDPP. 
Resultaten visade att SNPs rs2033655 C/T och rs1968482 A/G var associerade med 
T2D (p=0.003 and 0.005) hos obesa (BMI?30 kg/m2 ) patienter. Genotypning av dessa 
två SNPs hos 199 obesa individer med NGT, visade starkta samband med fetma 
(p=0.028 respektive 0.003). Denna studie . tillhandahåller för första gången bevis på att 
genetiska variationer hos AC3-genen är associerade med obesitas hos svenska män med 
eller utan T2D 
  
Sammanfattningsvis har denna avhandling bidragit med information angående rollen av 
IDE-, TCF7L2- och NPY-generna i utvecklingen av T2D. Vidare visar vi att AC3-
genen kan ha en viktig roll för utvecklingen av fetma hos både personer med normal 
glukostolerans och T2D.  
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