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Summary 

The metabolic syndrome (MetS) is a cluster of cardiovascular risk factors, with controversial 

clinical relevance. MetS is closely connected to diabetes mellitus (DM), one of the most 

challenging diseases of the 21st century, which most common form, type 2 diabetes mellitus 

(T2DM), was another focus of this thesis. Due to the enormous increase of both diseases 

there is immediate need of action to develop new therapies and prediction methods for MetS 

and DM. Both diseases are influenced by a number of environmental factors, but influences 

of genetic components have also been demonstrated. This work addresses the genetic 

influences by investigating genetic variation in selected genes with a putative role in 

development of MetS or T2DM. In particular single nucleotide polymorphisms (SNPs) within 

these gene loci were analyzed for association with MetS, T2DM and related parameters. 

SNPs were genotyped using mainly Matrix-Assisted Laser Desorption/Ionization Time-Of-

Flight Mass Spectrometry (MALDI TOF MS) in different study populations depending on 

design of the specific analyis. The genes IL-6, APOA5, MCP-1 and RETN were selected as 

candidate genes for central analyis. Furthermore, projects that should replicate and enhance 

association results for TCF7L2, ACBP and PTGES2 were supported within this work.  

For the first time a variant in the APOA5 locus (c.56G>C) was associated with higher risk for 

MetS in Caucasians. However, this association might be driven by strong association with 

triglyceride and HDL cholesterol levels, two components of MetS. Evidence for associations 

with components of MetS was found for variants within MCP-1 an RETN as well. Minor 

alleles of IL-6 promoter polymorphism -174 G>C and variants in ACBP and PTGES2 were 

associated with lower risk for T2DM. Association of TCF7L2 variants with higher risk of 

T2DM could be confirmed. In addition trends for lower fasting insulin levels and basal insulin 

secretion were observed. Evidence for an influence on bone metabolism was found for two 

variants in IL-6 and MCP-1 in healthy men. Relevance of these findings in MetS development 

is yet unclear. 

Associations between gene variants and complex diseases are hardly detectable. This is 

accomplished by manifold genetic and environmental factors. Nevertheless, associations 

with MetS, T2DM or related features were shown for several variants within this work. Thus, 

this work provides a basis for further functional studies that are necessary for understanding 

of the underlying mechanisms, which are still speculative after association analyses.   
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Zusammenfassung 

Das Metabolische Syndrom (MetS) ist ein Cluster kardiovaskulärer Risikofaktoren, dessen 

klinische Relevanz umstritten ist. Das MetS ist eng verbunden mit Diabetes Mellitus (DM), 

einer der bedeutendsten Stoffwechselerkrankungen des 21. Jahrhunderts, deren häufigste 

Form Typ 2 Diabetes Mellitus (T2DM) darstellt. Beide Krankheiten nehmen in enormem Maß 

zu, so dass die Entwicklung neuer Therapie- und Prognosemethoden für das MetS und 

T2DM höchste Priorität hat. Bei beiden Krankheiten spielen verschiedene Umweltfaktoren, 

aber auch genetische Komponenten eine Rolle. Diese Arbeit befasst sich mit den 

genetischen Komponenten, indem die genetische Variation in Form einzelner 

Basenaustausche ausgewählter Gene, die an relevanten Prozessen, die zu MetS oder 

T2DM führen, beteiligt sind, auf Assoziationen mit MetS, T2DM und verwandter Parameter 

untersucht wurde. Die Genvarianten wurden hauptsächlich mittels MALDI TOF MS, je nach 

Design der spezifischen Analyse in verschiedenen Studienpopulationen genotypisiert. Als 

Kandidatengene für die Kernanalyse wurden IL-6, APOA5, MCP-1 und RETN ausgewählt. 

Weitere Projekte, die Assoziationsergebnisse in den Genen TCF7L2, ACBP und PTGES2 

replizieren und erweitern sollten, wurden im Rahmen dieser Arbeit unterstützt.  

Im APOA5 Gen konnte erstmals in Kaukasiern ein SNP (c.56G>C) mit MetS assoziiert 

werden, was vermutlich auf dessen starke Assoziation mit erhöhten Triglyzerid und HDL-

Cholesterolspiegeln, zweier MetS Komponenten, zurückzuführen ist. Hinweise auf 

Assoziationen mit MetS Komponenten waren auch für Genvarianten in MCP-1 und RETN zu 

finden. Für SNPs wie den IL-6 Promotor SNP -174 G>C und Genvarianten in ACBP und 

PTGES2 wurden Assoziationen mit verringertem T2DM Risiko gefunden. Für TCF7L2 konnte 

die starke Assoziation zweier Genvarianten mit erhöhtem T2DM Risiko bestätigt werden. 

Zusätzlich konnte ein Trend zu verringerten Nüchterninsulinspiegeln sowie verminderter 

basaler Insulin Sekretion bei Individuen, die das seltene Allel tragen, beobachtet werden. 

Zwei Genvarianten in den Genen IL-6 und MCP-1 zeigten in gesunden Männern Hinweise 

auf Einflüsse im Knochen Metabolismus. Ob diese Beobachtung ein Rolle bei MetS oder 

T2DM spielt, bleibt jedoch unklar. 

Assoziationen zwischen Genvarianten und komplexen Erkrankungen sind durch die Vielfalt 

genetischer Suszeptibilität und unterschiedlicher Umweltfaktoren schwer detektierbar. 

Trotzdem konnten in dieser Arbeit Assoziationen mit MetS, T2DM oder einzelnen 

Komponenten dieser Krankheiten gezeigt werden. Die zugrunde liegenden Mechanismen, 

über die anhand von Assoziationsanalysen nur spekuliert werden kann, müssen auf Basis 

der in dieser Arbeit gewonnenen Erkenntnisse in zukünftigen Studien näher untersucht 

werden.   
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1. Introduction 

Metabolic syndrome (MetS) is a cluster of cardiovascular risk factors characterized by visceral 

obesity, atherogenic dyslipidaemia, hyperglycaemia, hypertension, hyperuricaemia, a 

proinflammatory and a prothromobotic state (Eckel et al. 2005b). MetS is closely connected to 

diabetes mellitus (DM) one of the most challenging diseases of the 21st century (Zimmet 

2000). Type 2 diabetes mellitus (T2DM) is discussed as sequela or a component of MetS. 

While definition and clinical relevance of MetS are controversially discussed, the prevalence is 

alarmingly increasing. This applies as well for DM, which is known to be increasing frequent 

through all age groups worldwide. Increase of both disorders is according to rising epidemic of 

obesity, which has a central role in development of both disorders. Thus, there is immediate 

need of action to develop new therapies and prediction methods for MetS and DM.  

1.1 Metabolic syndrome 

The concept of metabolic syndrome has been evolving for years, whereas it was called 

syndrome X or reaven’s syndrome (Reaven 1997), insulin resistance syndrome (DeFronzo et 

al. 1991), deadly quartet (Kaplan 1989), or polymetabolic syndrome (Crepaldi et al. 1995). A 

survey of the major definitions is given in Table 1. Originally, MetS was proposed as a set of 

clinical risk factors explainable by a common pathophysiologic link, insulin resistance (Reaven 

1998). However, complex nature of insulin resistance resulted in controversy. Insulin 

resistance is defined as a decreased glucose lowering response to insulin and is usually 

associated with an abnormal insulin secretion pattern that results in increased plasma 

concentration of mature and immature forms of the hormone (Radziuk 2000). Multiple and 

diverse metabolic pathways regulated by insulin and selectivity of the defect to some tissues 

contribute to complexity. Insulin is the major determinant of protein and lipid synthesis in the 

liver and muscle. It is the main negative regulator of lipolysis in adipose tissue. In addition, it 

regulates synthesis of diverse compounds such as coagulation factors, sex hormones and 

apolipoproteins. Insulin coordinates global responses such as the lipoprotein sources during 

fasting or feeding, tissue growth or the endothelial function. In MetS, the severity of the defect 

varies between tissues and metabolic pathways. The liver, muscle, endothelial cells, and 

adipose tissue are the main affected organs (Legro et al. 2004). The most widely used criteria 

to identify these high risk individuals was defined by the National Cholesterol Education Panel 

(NCEP) in 2002 (NCEP 2002, Grundy et al. 2005). In summary, MetS can be named a 

multiplex MetS which is one of several patterns of risk for atherosclerotic cardiovascular 

disease (CVD). Despite the lack of a final definition there is agreement that two major 

disorders, obesity and T2DM, are relevant parts of MetS. Since the latest definition by the 

International Diabetes Federation (IDF) (Alberti et al. 2005) both disorders, which are closely 

related, are central constituents of MetS.  
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Table 1: Comparison of metabolic syndrome definitions 
Guideline Glucose/insulin abnormality Obesity/central adiposity Dyslipidaemia Hypertension Other Minimum criteria for 

diagnosis 
WHO  
(Alberti et al. 
1998)  

Type 2 diabetes, impaired fasting 
glucose (FBG ≥6.1 mmol/l), 
impaired glucose tolerance (2h 
PPG ≥7.8 mmol/l), or lowest 25% 
for hyperinsulinemic euglycemic 
clamp-glucose uptake 

Waist-to-hip ratio >0.9 (M) or 
>0.85 (F) and/or BMI >30 
kg/m² 

Triglycerides 
≥1.7mmol/l and/or 
HDL-C <0.9mmol/l 
(M) or <1.0mmol/l 
(F) 

BPR 
≥140/90mmHg 
(and/or 
medication) 

Microalbuminuria 
(≥20µg/min albumin 
excretion rate or 
albumin:creatinine ratio 
≥30mg/g) 

Glucose intolerance/insulin 
resistance, plus two other 
features 

EGIRa 

(Balkau et al. 
1999)  

Insulin resistance: 
hyperinsulinemia (nondiabetic 
fasting insulin in top 25%) and 
impaired fasting glucose (FBG 
≥6.1 mmol/l 

Waist circumference ≥94 cm 
(M) or ≥80 cm (F)  

Triglycerides 
>2mmol/l and/or 
HDL-C <1.0mmol/l 

BPR 
≥140/90mmHg 
(and/or 
medication) 

-- Insulin resistance, plus two 
other features 

NCEP  
(NCEP 2001)  

Impaired fasting glucose (FBG 
≥6.1 mmol/l) 

Waist circumference >102 cm 
(M) or  
>88 cm (F) 

Triglycerides 
≥1.69mmol/l,  
HDL-C 
<1.04mmol/l (M) or 
<1.29mmol/l (F) 

BPR 
≥130/85mmHg 
(and/or 
medication) 

-- Any three features 

NCEP med 
(Grundy et al. 
2005) 

Impaired fasting glucose (FBG 
≥6.1 mmol/l) and/or medication 

Waist circumference >102 cm 
(M) or  
>88 cm (F) 

Triglycerides 
≥1.69mmol/l,  
HDL-C 
<1.04mmol/l (M) or 
<1.29mmol/l (F); 
and/or medication 

BPR 
≥130/85mmHg 
and/or 
medication 

-- Any three features 

AACE 
(Einhorn et 
al. 2003)  

Glucose intolerance  (FBG ≥6.1 
mmol/l or 2h PPG ≥7.8 mmol/l) 

BMI ≥25 kg/m² Triglycerides  
≥1.69 mmol/l,  
HDL-C   
<1.04 mmol/l (M) or  
<1.29 mmol/l (F) 

BPR 
≥130/85mmHg 

Family history of or high-
risk ethnic group for type 2 
diabetes, hypertension or 
CVD; polycystic ovarian 
syndrome; sedentary 
lifestyle; advancing age 

Clinical judgment based on all 
features 

IDF  
(Alberti et al. 
2005) 

Glucose intolerance (FBG ≥5.6 
mmol/l) or pre-existing diabetes 

Waist circumference: 
European ≥94 cm (M) or ≥80 
cm (F); South Asian and 
Chinese ≥90 cm (M) or ≥80 
cm (F); Japanese ≥85 cm (M) 
or ≥90 cm (F) 

Triglycerides  
≥1.7 mmol/l,  
HDL-C  
<1.0 mmol/l (M) or 
<1.3 mmol/l (F) 

BPR 
≥130/85mmHg 
and/or 
medication 

-- Central adiposity, plus two other 
features 

a Individuals without diabetes only. b Without medication only. Abbreviations: AACE, the American College of Endocrinology; BPR, blood pressure, CVD, cardiovascular disease; EGIR, 
European Group for the Study of Insulin Resistance; F, female; FBG, fasting blood glucose; HDL-C, HDL cholesterol; IDF, international Diabetes Federation; M, male; NCEP ATPIII, National 
Cholesterol Education Program Adult Treatment Panel III; PPG, postprandial glucose 
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1.1.1 Pathophysiology of the metabolic syndrome 
Understanding of pathophysiology is fundament for an efficient definition for MetS. However, 

disunity dominates view of biological processes in MetS development, too. Several models 

were proposed for the pathophysiology of MetS. One model included saturation of adipose 

tissue and subsequent ectopic fat storage leading to lipotoxicity (Yki-Jarvinen 2002). Another 

model proposed unbalanced secretion of adipokines and other active substances by adipose 

tissue as mechanism for pathophysiology of MetS (Hutley et al. 2005, Ronti et al. 2006, 

Trayhurn 2005). Laclaustra et al. hypothesized that MetS is an organ failure of adipose tissue 

derived from loss of functional activities of this tissue (Laclaustra et al. 2007). Unger et al. 

suggested leptin resistance, which is associated with triglyceride (TG) accumulation in non 

adipose organs as concept for MetS (Unger 2003). While leptin reduces insulin production 

(Cases et al. 2001) absence of down regulation of sterol response element binding protein 1c 

(Kakuma et al. 2000) and inability in activating AMP-kinase in muscle (Minokoshi et al. 2003) 

could relate to pathophysiology. However, leading model, still under scrutiny, regards insulin 

resistance as underlying mechanism of MetS. Thus, this model, which was reported by Eckel 

et al. (Eckel et al. 2005b) is addressed in detail below. 

Insulin resistance is defined as a defect in insulin action resulting in fasting hyperinsulinemia to 

maintain euglycemia. Mainly derived from adipose tissue TG stores, but also from lipoprotein 

lipase mediated lipolysis of TG rich lipoproteins (Eckel 1989), free fatty acids substantially 

contribute to development of insulin resistance. As inhibition of lipolysis in adipose tissue is the 

most sensitive pathway of insulin action (Jensen et al. 1989), signaling abnormalities in 

adipocytes trigger lipolysis of TG stores and efflux of fatty acids into the bloodstream. 

Increasing fatty acids levels further inhibit antilipolytic effect of insulin. Furthermore, excessive 

free fatty acids create insulin resistance in other insulin sensitive tissues (Figure 1).  

As criteria for obesity several MetS definitions include waist circumference (NCEP 2001, 

Alberti et al. 1998, Balkau et al. 1999) ignoring constitution of adipose tissue responsible for 

increased waist circumference. While increased intra-abdominal or visceral adipose tissue 

increases flux of splanchnic circulating fatty acids directly effecting hepatic metabolism, 

increases in abdominal subcutaneous fat increase systemic circulation of lipolysis products 

avoiding more direct effects on the liver. Gender, ethnic and even person to person 

differences in body fat distribution and fat type ratio must be noted.  

Increased free fatty acid flux to the liver triggers increased production of apo B-containing TG-

rich very low-density lipoproteins (VLDL) resulting in hypertriglyceridemia (Lewis et al. 1995). 

The complex effects of insulin process are not fully cleared as it inhibits secretion of VLDL 

(Lewis et al. 1996) due to an effect on degradation of apo B (Taghibiglou et al. 2002) whereas 

it increases transcription and enzyme activity of many genes related to TG synthesis. 

Lipoprotein lipase concentration reduction in peripheral tissues (Eckel et al. 1995) according to 
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insulin resistance seems to be less contributory to hypertriglyceridemia. Importance of 

hypertriglyceridemia as diagnosis criteria is mainly due to reflection of insulin resistant 

condition. However, hypertriglyceridemia is not the only lipoprotein disturbance within MetS as 

high density lipoprotein (HDL) cholesterol is reduced in consequence of decreased cholesteryl 

ester content of the lipoprotein core influenced from cholesteryl ester transfer protein 

(Murakami et al. 1995) in presence of hypertriglyceridemia. Thus, HDL is also reduced in 

circulation (Brinton et al. 1991).  
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Figure 1: Pathophysiology of MetS. Adapted from Eckel et al. 2005 (Eckel et al. 2005b). 
Free fatty acids (FFA) are released in abundance from an expanded adipose tissue mass. This results 
in increased production of glucose, TGs and secretion of VLDL in the liver. At the same time HDL 
cholesterol is reduced and density of LDL is increased. In muscle FFA reduce insulin sensitivity by 
inhibiting insulin mediated glucose uptake resulting in increased lipid accumulation in TG and 
reduction in glucose partitioning to glycogen affecting amino acid metabolism. Higher levels of 
circulating glucose increase pancreatic insulin secretion resulting in hyperinsulinemia, which may 
result in enhanced sodium reabsorption, and increased sympathetic nervous system (SNS) activity, 
and contribute to the hypertension as might increased levels of circulating FFA. 
Paracrine and endocrine effects of the proinflammatory state contribute to insulin resistance produced 
by excessive FFA. Enhanced secretion of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFα) 
among others result in more insulin resistance, and lipolysis of adipose tissue TG stores to circulating 
FFA. Increased circulation of IL-6 and other cytokines may enhance hepatic glucose production, 
production of VLDL by the liver and insulin resistance in muscle. Fibrinogen and plasminogen activator 
inhibitor-1 (PAI-1) are overproduced resulting in a pro-thrombotic state. Reduction of the anti-
inflammatory and insulin sensitizing cytokine adiponectin may further contribute to the 
pathophysiology of the syndrome.  
 

Similar to HDL composition of low density lipoprotein (LDL) is also modified with a 

predominance of small dense LDL (de Graaf et al. 1993, Manzato et al. 1993) with either no 

change or an increase in LDL TG (Halle et al. 1999, Kwiterovich, Jr. 2002). However, 
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association with LDL composition changes is not independent from changes in other 

lipoproteins or other risk factors (Sacks et al. 2003). 

Glucose intolerance mainly arises from free fatty acid induced loss of ability of insulin to 

suppress glucose production by the liver from lactate, amino acids, glycerol, and pyruvate. 

Insulin loses also ability to mediate glucose metabolism in insulin sensitive tissue like muscle 

and adipose tissue. Due to reduced glucose uptake in skeletal muscle and resulting reduction 

in partitioning to glycogen, pyruvate source for amino acid production is reduced. Thus, 

alanine and branched-chain α-ketoacids used for hepatic gluconeogenesis decrease and the 

liver loses its role as main regulator of blood glucose concentration.  

In pancreatic islet beta cells fatty acids can interfere glucose-dependent insulin secretion by 

modifying signaling (Lee et al. 1994). Thus, insulin action defects can not be compensated.  

Hypertension, which is related to insulin resistance (Ferrannini et al. 1987), can emerge from 

different mechanisms. Fatty acids mediate vasoconstriction as vasodilatory effect of insulin is 

lost (Tooke et al. 2000). However, insulin increases activity of the sympathetic nervous system 

(Anderson et al. 1991) and has effects on sodium reabsorption, which were only observed in 

white people, preserved in insulin resistant states (Egan 2003, Kuroda et al. 1999).  

Proinflammatory state present in MetS is characterized by increases in proinflammatory 

cytokines reflecting enhanced adipose tissue mass overproduction (Trayhurn et al. 2004). 

Proinflammatory cytokines include interleukin-6 (IL-6), resistin, tumor necrosis factor alpha 

(TNFα) and C-reactive protein (Fernandez-Real et al. 2003) (Figure 1:). Source of these 

increases in local and systemic circulation could be monocyte-derived macrophages residing 

in adipose tissue (Weisberg et al. 2003, Xu et al. 2003). Abundance of proinflammatory 

cytokines seems to be directly involved in development of insulin resistance (Neuschwander-

Tetri et al. 2003). Anti-inflammatory cytokine adiponectin concentration is simultaneously 

reduced in MetS patients (Medina et al. 2004, Yamauchi et al. 2003a). Adiponectin, which is 

produced exclusively in adipocytes, is able to enhance insulin sensitivity and to inhibit several 

steps of inflammatory processes (Nawrocki et al. 2004). Furthermore, adiponectin can inhibit 

hepatic rate of endogenous glucose production and expression of gluconeogenic enzymes 

(Combs et al. 2001). 

1.2 Diabetes mellitus 

The term diabetes mellitus combines several interferences in carbohydrate metabolism, 

characterized by increased blood glucose levels. DM has two major types. Type 1 diabetes 

mellitus (T1DM) is an autoimmune disorder in childhood characterized by acute onset, 

ketoacidosis and insulin dependency. T2DM is a metabolic disorder of middle-life, slow in 

onset and non insulin dependent. T2DM is characterized by insulin resistance and/or 

abnormal insulin secretion. People with T2DM are not dependent on exogenous insulin, but 
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may require it if diet and oral hypoglycaemic agents insufficiently control blood glucose levels. 

T2DM is diagnosed when subjects show random blood glucose levels of more than 200mg/dl 

repeatedly or fasting blood glucose levels of more than 110 mg/dl or 2-h glucose levels of 

more than 200mg/dl after an oral glucose tolerance test (OGTT) without any symptomes. 

Despite the two major types existence of several rare types of DM was reported, yet only 

marginally important, but problematic in diagnosis and therapy (Alberti et al. 1998).  

In contrast to the applied definition T1DM is present in adulthood. In these patients onset is 

slow and many do not develop acidosis or require insulin for a long time (Molbak et al. 1994). 

For T2DM observations in teenagers exist (Rosenbloom et al. 1999) sometimes with keto-

acidosis (Aizawa et al. 1997). Insulin-dependency frequently ensues given time in those 

patients. Thus, from this point of view two types of diabetes seem to be distinguishable only by 

tempo, clinically. The ‘Accelerator Hypothesis’ addresses this issue by regarding T1DM and 

T2DM as one and the same differing only in their rate of beta cell loss and the responsible 

accelerators (Wilkin 2001). 

1.3 Inflammation in type 2 diabetes mellitus and metabolic syndrome 

Besides known involvement of inflammatory processes in pathogenesis of T1DM, increasing 

evidence suggests that individuals who progress to T2DM display features of inflammation 

years before onset of disease and low-grade inflammation has been proposed to be involved 

in the pathogenetic processes causing T2DM. Thus, during the past decade, it became clear 

that inflammation is a key feature of obesity and T2DM (Wellen et al. 2005).   

Presence of chronic low-grade inflammation in obese states (Yudkin et al. 2000, Bays et al. 

2004, Hak et al. 1999, Yudkin et al. 1999), in insulin resistance/T2DM (Pickup 2004, Festa et 

al. 2000, Hak et al. 1999, Hansson et al. 1989, Pickup et al. 1997, Yudkin et al. 1999), in the 

early stages of atherogenesis (Festa et al. 2000, Hak et al. 1999), and in MetS (Sutherland et 

al. 2004) support the notion that inflammation may be the putative link that connects adipose 

tissue dysfunction with metabolic and vascular pathologies (Schmidt et al. 2003, Duncan et al. 

2001). The architectural organization of adipose tissue and liver in which metabolic cells 

(adipocytes and hepatocytes) are in close proximity to immune cells (macrophages) and have 

immediate access at vast network of blood vessels. Due to this configuration, both tissues 

form a suitable environment for continuous and dynamic interactions between immune and 

metabolic responses and establish communications with other sites such as pancreatic islets 

and muscle (Hotamisligil 2006). This interface might contribute to the emerging importance of 

these two organs in the initiation and development of metabolic diseases, particularly in 

context of obesity and T2DM (Shoelson et al. 2006, Wellen et al. 2005). 
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1.4 Epidemiology of type 2 diabetes mellitus and metabolic syndrome 

1.4.1 Type 2 diabetes mellitus 
Type 2 diabetes as a common, growing, serious, costly and potentially preventable public 

health problem (Narayan et al. 2001) represents about 97% of diabetes cases. In 2000 

estimated number of adults ≥20 years with diabetes was ~171 million (Wild et al. 2004), 11% 

higher than estimates from 1998 (King et al. 1998). Estimates for 2030 predict a total number 

of 366 million diabetes cases (Wild et al. 2004). The IDF released estimates for 2003 of 194 

million to 334 million diabetes cases in 2025 (IDF 2003). Actually in 2007 about 264 million 

people have diabetes (IDF 2003). Thus, number of diabetes cases is anticipated to double 

until 2030 worldwide. Figure 2 displays diabetes situation in 2003 and estimated expansion up 

to 2025.  

1.4.2 Metabolic syndrome 
The striking increase of the worldwide number of people with MetS is associated with the 

global epidemic of obesity and diabetes (Zimmet et al. 2001). However, comparisons of 

published prevalences of different populations are not easy despite efforts to reach agreement 

in the definition of MetS (Cameron et al. 2004). Despite different study designs and other 

variables certain inferences can be made. There is wide variation in prevalence of both sexes 

but there is a consistent high age dependence. Prevalences in studies including people 20-25 

years and older defining MetS with NCEP:ATP-III criteria vary in urban populations from 8% 

(India) (Gupta et al. 2003) to 24% (USA) (Ford et al. 2002) in men, and from 7% (France) 

(Balkau et al. 2003) to 42% (Iran) (Azizi et al. 2003) in women. Until recently MetS as well as 

T2DM have been regarded as diseases of adults (Zimmet et al. 2001). Increasing rates of 

obesity in young people argue for a start of the disease even in early ages over all ethnic 

groups. Thus, T2DM and MetS can be evident in childhood (Sinha et al. 2002, Sung et al. 

2003, Wei et al. 2003, Weiss et al. 2004). However, prevalence of MetS in children and 

adolescents (3% to 4%) (Ornstein et al. 2006) is lower than that reported by several studies in 

adults (Ford et al. 2002, Isomaa et al. 2001, Laaksonen et al. 2002, Meigs et al. 2003). 
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Figure 2: Prevalence estimates of diabetes mellitus 2003 and 2025 adapted from IDF diabetes atlas 
(IDF 2003). 
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1.5 Genetic susceptibility in type 2 diabetes mellitus and metabolic syndrome 

1.5.1 Approaches for the identification of genetic susceptibilities 

1.5.1.1 Linkage 
Linkage mapping is a method of genetic localization whereby disease-causing variants are 

mapped to discrete chromosomal regions by using patterns of inheritance of genetic variants 

in pedigrees. Linkage analysis is less effective at identifying common variants with modest 

effects typical for complex traits, and has therefore proved to be largely unsuccessful. 

1.5.1.2 Candidate gene approach 
In candidate gene approach genes likely to be involved in MetS by their function or a role in an 

affected metabolic pathway are chosen for investigation of association, in terms of correlation, 

between genetic variation (single nucleotide polymorphisms) in these genes and a specified 

disease or quantitative trait. Single nucleotide polymorphisms (SNPs) are substitutions of 

single base pairs (bp), mostly biallelic, with, per definition, a minor allele frequency (MAF) 

grater than 1%. They are found approximately every 1,000 bp in the human genome (Kruglyak 

et al. 2001).  

1.5.1.3 Genome wide association analysis 
Recently developed genome-wide association studies are also SNP based but investigate a 

large number of SNPs over the whole genome without prior hypothesis of plausibility for a 

specific disease. 

1.5.2 Genetics of metabolic syndrome 

1.5.2.1 Heritability 
Environmental factors clearly play a role in development of MetS. However, gender and ethnic 

group differences in prevalence rates suggest involvement of a genetic component as well. 

Increased incidence of MetS in individuals with parental history of MetS (Chen et al. 1999, 

Ford et al. 2002, Liese et al. 1997) and general familial clustering of MetS and its components 

(Hong et al. 1998, Li et al. 2006, Meigs et al. 1997) supported by twin studies (Carmelli et al. 

1994, Edwards et al. 1997, Hong et al. 1997, Mayer et al. 1996) provide evidence for genetic 

influences. Resulting from a number of factor analysis using either NCEP definition of MetS or 

weighted components of MetS heritability of NCEP defined MetS has been estimated to be 

about 30% (Kraja et al. 2005a). In contrast single component heritability varies from 11% to 

37% for blood pressure, from 47% to 66% for obesity and insulin, and from 43% to 54% for 

lipid and insulin traits, as defined by principal component (PC) or principal factor (PF) analysis 

procedures (Kraja et al. 2005b).  
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1.5.2.2 Results from linkage studies 
Several genome-wide linkage scans for MetS have been reported performed on some of the 

MetS components or on linear combinations of phenotypes derived from PC or PF 

explorations (Arya et al. 2002, DeWan et al. 2001, Duggirala et al. 2001, Kissebah et al. 2000, 

Kraja et al. 2005b, Kraja et al. 2005a, Lehman et al. 2005, Loos et al. 2003, Ng et al. 2004). In 

total 38 QTLs with a LOD score equal to or higher than 2 were detected for at least one 

component of MetS (Teran-Garcia et al. 2007). Major findings were the region on 

chromosome 1q21-q25 linked to NCEP:ATPIII definition detected in the Hong Kong Family 

Diabetes Study (Ng et al. 2004) and the locus 3q27 strongly linked to six relevant traits in the 

TOPS cohort (Kissebah et al. 2000). A further key finding was the observation of ethnic-group-

specific linkages in US families (Loos et al. 2003).  

1.5.2.3 Results from candidate gene studies 
Up to now evidence from association studies is quite promising for a number of candidate 

genes for MetS. The most important candidate genes with known evidence for a role in MetS 

are summarised below. 

11-β-hydroxysteroid dehydrogenase (HSD11B1, HSD11B2) enzymes convert cortisol into 

inactive cortisone and vice versa. HSD11B1 should explain the MetS-related cluster although 

impact of increased HSD11B1 on obesity or other MetS related phenotypes is unclear. A 

mouse model characterized by increased visceral fat mass, glucose intolerance, insulin 

resistance, dyslipidemia and hypertension due to overexpressing HSD11B1 in adipose tissue 

became a model for MetS (Seckl et al. 2004) as well as knock-out and transgenic mice (Wake 

et al. 2006). Associations between genetic variability in the HSD11B1 gene and enzyme 

activity with obesity, glucose intolerance, T2DM, or hypertension has been reported by several 

studies (Draper et al. 2002, Franks et al. 2004, Lindsay et al. 2003, Nair et al. 2004). 

HSD11B2 gene may contribute to MetS development due to associations of polymorphism 

with essential hypertension (Odermatt et al. 2001, Poch et al. 2001, Sugiyama et al. 2001).  

Adiponectin (APM1) is a significant factor in energy homeostasis, food intake and energy 

metabolism (Hsueh et al. 2001). Although MetS is associated with lower adiponectin levels, 

SNPs in APM1 locus were associated with adiponectin concentrations but not with parameters 

of the MetS (Heid et al. 2006a). Adiponectin receptors 1 and 2 (ADIPOR1/2) mediate 

several adiponectin functions such as increase in AMP-activated protein kinase, PPARA 

ligand activities, and glucose uptake, and fatty acid oxidation. Adiponectin receptors are 

expressed in specific tissues where they show different affinity to globular or full length 

adiponectin (Yamauchi et al. 2003b). Expression was shown to be lower in obese (Kern et al. 

2003) and normal-glucose tolerant individuals with a family history of T2DM (Civitarese et al. 

2004). Several investigations of genetic variation in both ADIPOR genes suggest a role in 
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MetS development (Broedl et al. 2006, Vaxillaire et al. 2006, Kantartzis et al. 2006, Jang et al. 

2006, Damcott et al. 2005, Wang et al. 2004), supported by decreased adiponectin receptor 

expression together with reduced adiponectin levels prior to onset of hyperglycemia, which 

related to regulation of mitochondrial number and function in T2DM individuals (Civitarese et 

al. 2006). 

Adrenergic receptor ß-3 (ADRB3) is expressed in peripheral brown adipose tissue in infants 

and several tissues involved in lipid metabolism in adults suggesting a potential minor role in 

lipid metabolism and TG storage and mobilization in adipose tissues (Lafontan 1994, Krief et 

al. 1993). Associations between ADRB3 variants and MetS are population-specific maybe due 

to ethnic differences, sample sizes or variations in diet, exercise and other behaviors (Teran-

Garcia et al. 2007). Thus, SNP Trp64>Arg was found to be associated with insulin-resistance 

in Japanese-Americans (Kawamura et al. 1999) and with visceral obesity but lower TG levels 

in Japanese men (Kim-Motoyama et al. 1997), while no association was found with T2DM, 

hypertension or dyslipidemia in Chinese subjects (Thomas et al. 2000a). 

Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) inhibits insulin receptor 

(IR) tyrosine kinase activity (Maddux et al. 2000). As IR kinase is impaired in muscle, 

fibroblasts, and other tissues of T2DM patients, ENPP1, which identified a cluster of insulin 

resistance-related alterations when concentration is lower than 19 ng/ml (Frittitta et al. 1998, 

Frittitta et al. 1999), could be an explanation for IR kinase impairment. One ENPP1 SNP was 

associated with insulin resistance, higher fasting glucose and insulin levels and higher systolic 

blood pressure in diabetic and healthy subjects (Pizzuti et al. 1999). Thus, although 

mechanism of its effects are unclear ENPP1 was suggested to play a role in etiology of MetS 

(Duggirala et al. 2001). 

Leptin (LEP) participates in regulation of body mass by inhibiting food intake and stimulating 

energy expenditure (Frederich et al. 1995). It is also involved in regulation of hematopoesis, 

angiogenesis, wound healing, and immune and inflammatory processes (Fantuzzi et al. 2000). 

LEP acts through the leptin receptor (LEPR), which is found in many tissues in several 

alternative spliced forms. Although physiological data on LEP suggest a significant role in 

development of obesity or other components of MetS, there is only few data on genetic 

variation in LEP and LEPR genes. Some LEP SNPs have been associated with MetS related 

traits independently of obesity (Shintani et al. 2002), as well as with T2DM (Lakka et al. 2000). 

Seufert et al. suggest a mild dysfunction in LEP mediated signaling pathway resulting in 

impairment of peripheral LEP effects induced by genetic variation in LEP and LEPR (Seufert 

et al. 1999). 
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Glucocorticoid receptor (NR3C1) has functional properties given its hormone binding ability 

only in the NR3C1α isoform possibly functioning with the basal transcriptional machinery to 

enhance or repress transcription (Rosmond 2002). Several NR3C1 SNPs have been 

associated with MetS altered glucocorticoid sensitivity changes in body composition 

(Rosmond 2002, van Rossum et al. 2004), hyperactivity or abnormal regulation of 

hypothalamic-pituitary-adrenal axis (Bjorntorp et al. 2000, DeRijk et al. 2002). Thus, genetic 

variation in NR3C1 may also play a role in etiology of MetS. 

Peroxisome proliferative activated receptor gamma (PPARG) a member of the nuclear  

hormone receptor family of transcription factors produces two isoforms, PPARG1 and 

PPARG2, whereas the latter is considered more specific to adipose tissue and its 

differentiation. PPARG was considered as strong candidate gene for MetS due to its 

concomitant effects on adipocyte differentiation, obesity, dyslipidemia, and insulin resistance 

(Yen et al. 1997). Regulation of a variety of adipose tissue specific genes is the reason why 

PPARG and its agonists are subject of intense investigations as therapeutic agents for 

obesity, insulin resistance, and MetS (Olefsky et al. 2000). Most investigated SNP Pro12>Ala 

was associated with increased adiposity and insulin resistance (Gonzalez Sanchez et al. 

2002) but decreased risk of MetS (Frederiksen et al. 2002). However, a haplotype including 

the rare allele of Pro12>Ala was associated with 2.37 fold increased risk for MetS (Meirhaeghe 

et al. 2005).  

The proinflammatory cytokine tumor necrosis factor alpha (TNFα) has effects on lipid 

metabolism, coagulation, insulin resistance, and endothelial function. Diversity of TNFα 

including mediating expression of growth factors, cytokines, transcription factors, and receptor 

genes is similar to the cells producing TNFα (Carswell et al. 1975). Expression of TNFα in 

adipose tissue is proportional to the degree of adiposity. There are positive correlations 

between TNFα expression, BMI and LEP, and negative correlations between TNFα and LPL 

activity. Thus, TNFα could affect several metabolic functions but might need insulin resistance 

for its effects to become evident. Association studies on genetic variants and MetS were 

inconsistent. While several studies support contribution of two promoter variants to etiology of 

insulin resistance, obesity, or T2DM (Brand et al. 2001, Dalziel et al. 2002, Fernandez-Real et 

al. 1997, Herrmann et al. 1998, Hoffstedt et al. 2000, Nicaud et al. 2002, Padovani et al. 2000) 

a lot of studies reported negative findings (da Sliva et al. 2000, Day et al. 1998, Furuta et al. 

2002, Lee et al. 2000, Rasmussen et al. 2000, Romeo et al. 2001, Valenti et al. 2002). 

Nevertheless, genetic variants in TNFα might play a role in development of MetS. 
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1.5.3 Genetics of Type 2 diabetes 

1.5.3.1 Heritability 
Similar to MetS evidence for a genetic component of T2DM comes from ethnic group 

differences in prevalence rates. These differences in prevalence range from 1% in Mapuche 

Indian tribes or Chinese population living in rural areas in mainland China, to extremely high 

levels found in Nauru and Pima Indians in Arizona (King et al. 1993). Further support for 

genetic susceptibilities of T2DM is the fact that prevalence is higher in full-blooded Nauruan 

and Pima Indians than in those with admixture (Knowler et al. 1988, Serjeantson et al. 1983). 

Differences between ethnic groups were also observed when sharing the same environment. 

For example prevalence in the UK is about 2.4% but three to six fold higher in individuals of 

African-Caribbean and South Asian descent (Chaturvedi et al. 1993, Greenhalgh 1997, Mather 

et al. 1985, Simmons et al. 1991). Another source of evidence for genetic contribution in 

T2DM is familial aggregation. Lifetime risk of T2DM development is 40% in offspring of one 

diabetic parent and increases up to 70% if both parents have T2DM (Groop et al. 1997). In the 

Framingham Offspring Study T2DM risk increased in offspring with one diabetic parent to an 

OR of 3.4 to 3.5 and nearly doubled to 6.1 if both parents were affected (Meigs et al. 2000). In 

studies on monozygotic and dizygotic twins concordance rates of 0.20 to 0.91 and 0.10 to 0.43 

were observed, respectively (Barnett et al. 1981, Committee DT 1988, Kaprio et al. 1992, 

Matsuda et al. 1994, Medici et al. 1999, Newman et al. 1987, Poulsen et al. 1999). Regarding 

long follow-up ranges 76% of monozygotic twins initially selected as discordant became 

concordant (Medici et al. 1999). Thus, age-adjusted concordance rate was suggested as high 

as 70 to 80% for T2DM (Ghosh et al. 1996).  

1.5.3.2 Results from linkage studies 
Initial linkage studies confined to investigate markers around certain regions prior suggested 

to be associated with T2DM or including genes with plausible function in T2DM development 

(Elbein et al. 1995, Lesage et al. 1995, Mitchell et al. 1995, Prochazka et al. 1993, Stern et al. 

1996).  Up to now about 50 linkage studies, including some covering the whole genome, have 

been conducted with a number of regions suggesting evidence for linkage with T2DM (Morton 

et al. 1998). However, few regions have been replicated in multiple studies. The only T2DM 

gene identified by linkage was calpain 10 (CAPN10) (Horikawa et al. 2000) until recently. In 

contrast to the initial finding in Mexican-Americans (Serjeantson et al. 1983) attempts to 

replicate these findings in other populations revealed conflicting results (Baier et al. 2000, Cox 

2001, Daimon et al. 2002, Elbein et al. 2002, Evans et al. 2001, Garant et al. 2002, Hegele et 

al. 2001, Tsai et al. 2001) as well as meta-analyses (Song et al. 2004, Weedon et al. 2003). 

Regions with consistent linkage in multiple populations included chromosomes 1q25.3 (Elbein 

et al. 1999, Hanson et al. 1998, Vionnet et al. 2000, Wiltshire et al. 2001), 2q37.3 (Elbein et al. 
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1999, Hanis et al. 1996, Luo et al. 2001), 3p24.1 (Duggirala et al. 1999, Ehm et al. 2000, 

Hanis et al. 1996, Lindgren et al. 2002), 3q28 (Busfield et al. 2002, Mori et al. 2002, Vionnet et 

al. 2000, Wiltshire et al. 2001), 10q26.13 (Duggirala et al. 1999, Wiltshire et al. 2001), 

12q24.31 (Bowden et al. 1997, Mahtani et al. 1996, Parker et al. 2001, Shaw et al. 1998), and 

18p11.22 (Elbein et al. 1999, Parker et al. 2001). However, the most promising T2DM gene 

was identified in a region on chromosome 10q that gave only suggestive evidence for linkage  

(Reynisdottir et al. 2003), but was already observed in Mexican-Americans (Duggirala et al. 

1999). This gene - TCF7L2 - was further analyzed by microsatellite marker analysis indicating 

high risk alleles of one marker (DG10S478) that were in high LD with a specific SNP 

(rs12255372) (Grant et al. 2006). 

1.5.3.3 Results from candidate studies 
Beside TCF7L2 several other genes have been reproducibly associated with T2DM. The 

PPARG Pro12Ala polymorphism showed a small increase in T2DM risk for the common Pro12 

allele in a meta-analysis (OR = 1.25) (Altshuler et al. 2000).  

KCNJ11 encodes a subunit of an inwardly rectifying ATP-sensitive potassium channel 

I(KATP). I(KATP) channels are crucial for the regulation of glucose-induced insulin secretion in 

pancreatic beta cells. More recently, evidence has accumulated for the association of the 

E23K variant with T2DM (Barroso et al. 2003, Gloyn et al. 2001, Gloyn et al. 2003, Hani et al. 

1998, Love-Gregory et al. 2003, Nielsen et al. 2003).  

Evidence for a role of the HNF4A gene in T2DM predisposition is also mounting (Barroso et al. 

2003, Love-Gregory et al. 2004, Silander et al. 2004, Zhu et al. 2003). HNF4A regulates genes 

involved in glucose and fatty acid metabolism, as well as insulin secretion, and is therefore 

critical for maintaining lipid and glucose homeostasis (Wang et al. 2000). Several other genes 

with less well-established impact on T2DM risk, but where recent evidence has lent support for 

their involvement, are IRS1 (Jellema et al. 2003) substrate of the insulin receptor and 

SCL2A2, which encodes glucose transporter 2 (GLUT2) (Barroso et al. 2003). Furthermore, 

ABCC8 encoding the sulphonylurea receptor SUR1, which is beside KIR6.2 a part of a 

pancreatic beta-cell potassium channel (Inagaki et al. 1995) was suggested to be involved in 

T2DM (Barroso et al. 2003, Hansen et al. 2001). Suggested role of the insulin gene (INS) in 

T2DM yet less clearly defined (Bennett et al. 1996, McCarthy 1998, Ong et al. 1999), was 

recently tightened  (Barroso et al. 2003, Huxtable et al. 2000).  

1.5.3.4 Results from genome wide association studies 
Recently, genome wide association studies revealed new susceptibility loci for T2DM and 

validated some of the known candidates. Association with T2DM was confirmed for PPARG 

(The Welcome Trust Case Control Consortium 2007), KCNJ11 (The Welcome Trust Case 

Control Consortium 2007), and again with strong signals, TCF7L2 (The Welcome Trust Case 
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Control Consortium 2007, Sladek et al. 2007). Strong signals for T2DM were observed also for 

new genes, whereas one mapped to FTO, which is also highly associated with fat mass and 

obesity (Dina et al. 2007). The effect of FTO variants on T2DM risk has been replicated and 

seems to be mediated entirely by their marked effect on adiposity (Frayling et al. 2007). 

Another signal mapped to CDKAL1, a gene of unknown function. However, CDKAL1 shares 

homology at protein domain level with CDK5 regulatory subunit associated protein 1 

(CDK5RAP1), which is known to inhibit the activation of CDK5, a cyclin-dependent kinase 

which has been implicated in the maintenance of normal beta cell function (Ubeda et al. 2006). 

This finding was also replicated repeatedly (Saxena et al. 2007, Scott et al. 2007, 

Steinthorsdottir et al. 2007, Zeggini et al. 2007). Another signal mapped to SLC30A8 (Sladek 

et al. 2007) encoding a zinc transporter expressed solely in the secretory vesicles of beta cells 

and thus implicated in the final stages of insulin biosynthesis, which involve co-crystallization 

with zinc. Overexpression of SLC30A8 in insulinoma cells increases glucose-stimulated insulin 

secretion (Chimienti et al. 2006). A locus including the genes IDE, KIF11, HHEX (The 

Welcome Trust Case Control Consortium 2007, Sladek et al. 2007) mapped to an interval 

confirmed in more than one linkage study on chromosome 10 (Duggirala et al. 1999, Ghosh et 

al. 2000, Meigs et al. 2002, Wiltshire et al. 2001). HHEX encoding a homeodomain protein, 

which is essential for hepatic and pancreatic development (Bort et al. 2004, Bort et al. 2006). 

HHEX is a target of the Wnt signaling pathway (Foley et al. 2005), as is TCF7L2. HHEX 

regulates cell proliferation and tissue specification underlying vascular and hepatic 

differentiation (Bort et al. 2006, Hallaq et al. 2004). Reduction of IDE activity by a 

pharmacological inhibitor increases islet amyloid polypeptide (amylin) accumulation and 

amylin-mediated cytotoxicity in cultured β cells (Bennett et al. 2003), whereas IDE ablation 

causes glucose intolerance in knock-out mice (Farris et al. 2003). IDE showed weak T2DM 

association (Groves et al. 2003, Karamohamed et al. 2003), which was not confirmed in a third 

well-powered study (Florez et al. 2006b). Significance of the biological function of the third 

gene in this region, KIF11 is yet unknown. Signals for T2DM risk were also obtained in a 

region including exostosin 2 (EXT2) and ALX4, a homeodomain protein with possible 

involvement in the Wnt pathway (Boras-Granic et al. 2006). EXT 2 is implicated in bone cell 

proliferation (Stickens et al. 1996) It modulates hedgehog signaling pathway, which is involved 

in early pancreatic development (Apelqvist et al. 1997) and the regulation of insulin synthesis 

(Thomas et al. 2000b).  

Association of the hypothetical gene LOC387761 (Sladek et al. 2007) and EXT2 with T2DM 

could not be confirmed yet (The Welcome Trust Case Control Consortium 2007). For 

IGF2BP2 and CDKN2A/CDKN2B regions weak, but consistent signals were found (Saxena et 

al. 2007, Scott et al. 2007, Zeggini et al. 2007). Finally, genome-wide association studies 

found signals for association with T2DM in several loci that did not map to genes or regions 



1 Introduction   16 
 
 

 

previously implicated in T2DM pathogenesis (The Welcome Trust Case Control Consortium 

2007), which could not be replicated yet (Zeggini et al. 2007). 
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1.6 Aims 

MetS, which is closely connected to DM, is one of the most challenging diseases of the 21st 

century, with T2DM as most common form. Although definition of MetS is still discussed, both 

disorders increase enormously mainly driven by the world epidemic of obesity. Both disorders 

are influenced by overlapping genetic susceptibility besides environmental factors.  

This work addresses these genetic influences in a candidate gene approach by investigating 

genetic variation in selected genes with a putative role in development of MetS or T2DM. In 

particular SNPs were analyzed for association with MetS, T2DM or related traits.  

IL-6 was chosen as candidate gene for its role in inflammatory processes, which are involved 

in MetS development. APOA5, MCP-1 and Resistin were chosen because they all seem to 

play a role in development of at least one component of MetS.  

As replication studies of initially reported associations between genetic variants and complex 

diseases with polygenic etiology have often revealed false positive findings in the past, 

associations of TCF7L2 variants should replicated enhancing analysis to traits related to 

T2DM and MetS.  

Furthermore candidate genes investigated in extern cooprations should be validated in 

appropriate sub populations, which were assembled within this work. 

 



2 Methods   18 
 
 

 

2. Methods 

2.1 SNP selection 

There are two main approaches in selecting genetic markers in association studies of complex 

diseases. The first is a direct or functional approach. SNPs are proposed to influence complex 

diseases by a variety of mechanisms. They may lead to an amino acid exchange in the 

corresponding protein, where functions like DNA binding or catalytic activity are altered or 

abolished. Additionally, SNPs may interrupt the initiation, the termination codon or introduce 

errors in the reading frame shift, all with consequences for insufficient or prematurely 

truncated peptides (Wjst 2004). Polymorphisms may also affect transcription, RNA processing, 

stability, and translation. SNPs in known promoter motifs can lead to changes in mRNA levels. 

mRNA splicing mutants are most commonly found at the beginning and end of the donor and 

acceptor consensus splice sequence and cause either exon skipping or utilization of cryptic 

splice sites resulting in the absence of normally spliced mRNA (Wjst 2004). Finally, RNA 

cleavage-polyadenylation mutants can occur in the AAUAAA sequence upstream of the 

polyadenylation sites (Wjst 2004). The 5' untranslated regions (UTRs) are proposed to play a 

role in controlling mRNA translation while sequence variants in the 3' UTR control RNA 

cleavage, stability, export, and intracellular localization (Wjst 2004).  

The second approach is an indirect or positional one, in which markers in a particular region or 

the whole genome are systematically screened, on the basis of linkage disequilibrium (LD) 

structure of the gene region (Sham et al. 2007). For the second approach, efficiency of the 

selection can be improved by recognizing the redundancy between near-by markers through 

the presence of LD. A subset of SNPs, called tag SNPs, can be selected for genotyping and 

analysis with minimal loss of information (Halldorsson et al. 2004, Johnson et al. 2001).  

A third possibility is to combine both srategies. This was used in this work. SNPs were chosen 

on the basis of positional and functional aspects to enhance the chance of detecting 

associations. Following the functional approach, SNPs were chosen on the basis of 

occurrence in or near exons and hypothetical promoter regions, hypothetical transcription 

factor-binding sites (TFBS), human–mouse conserved sequences (HMCS) and 5' and 3'-

UTRs. SNPs were also chosen on the basis of density (if possible, distance <5 kb), frequency 

and level of validation. In addition, DNA variants previously showing an association with MetS, 

T2DM or related features were selected for analysis dependent on gene locus. For SNP 

selection, the National Center for Biotechnology (NCBI) SNP database dbSNP, the Innate 

Immunity Program for Genomic Applications (IIPGA) database and the Seattle SNPs Program 

for Genomic Applications were used.  
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2.2 DNA extraction 

The method used for DNA extraction within this thesis was a slightly modified one based on 

Miller (Miller et al. 1988) and involves salting out of the cellular proteins by dehydration and 

precipitation with a saturated NaCl solution.  

Genomic DNA was extracted from 9 ml frozen EDTA anticoagulated blood or 1 ml buffy coats 

depending on availability. DNA obtained from this technique yielded average quantities from 

300-600 µg of genomic DNA for 9 ml EDTA blood and 150-400 µg of genomic DNA for the 1 

ml buffy coat samples. DNA samples were stored at temperatures from 4 °C down to -80 °C.                         

2.2.1 DNA extraction from 9 ml EDTA blood 
The 9 ml frozen EDTA samples were resuspended in 50 ml polypropylene tubes with 30 ml 

RBC lysis buffer to separate the erythrocytes from the rest of the cells with intact nuclei. After 

centrifugation at 2,500 rpm the supernatant was discarded. The cell lysates were mixed with 

25 µl protease K solution, 5 ml SE buffer and 250 µl of 20% SDS and digested overnight at 55 

°C, the optimum temperature for the enzyme. After digestion was complete, 3 ml of saturated 

NaCl together with 5 ml SDS buffer was added to each tube and shaken vigorously, followed 

by centrifugation at 3,500 rpm for 15 minutes. The precipitated protein pellet was left at the 

bottom of the tube and the supernatant containing the DNA was transferred to another tube. 

13 ml of absolute isopropanol was added and the tubes were inverted several times until the 

DNA precipitated. After that the DNA was washed using 10 ml 70% ethyl alcohol and then 

dried at room temperature. The DNA was dissolved in 1.2 ml TE buffer. 

2.2.2 DNA extraction from 1 ml buffy coats 
Buffy coats of nucleated cells obtained from anticoagulated blood were resuspended in 15 ml 

polypropylene tubes with 4 ml RBC lysis buffer for erylysis followed by centrifugation at 2,500 

rpm. The cell lysates were mixed with 6.5 µl protease K solution, 1.3 ml SE buffer and 63 µl of 

20% SDS and digested overnight at 55 °C. The remaining proteins were removed by salt 

precipitation, adding 0.75 ml of saturated NaCl together with 1.25 ml SDS buffer and 

centrifugation at 3,500 rpm. The pellet was solved in the supernatant and precipitated by 

addition of 3.4 ml 100% isopropanol. The DNA pellet was washed with 2.5 ml 70% ethyl 

alcohol and the dried pellet was dissolved in 0.6 ml TE buffer.  

2.3 DNA quantification 

2.3.1 Spectrophotometry 
Spectrophotometry is the quantitative measurement of the reflection or transmission properties 

of a material as a function of wavelength. DNA absorbs UV light very efficiently. The 

nitrogenous bases in nucleotides have an absorption maximum at 260 nm. Using a 1 cm light 

path, the extinction coefficient for nucleotides at this wavelength is 20. Based on this extinction 

coefficient, the absorbance at 260 nm in a 1 cm quartz cuvette of a 50µg/ml solution of double 
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stranded DNA is equal to one. A solution of a 50µg/ml double strand DNA has thus an optical 

density (OD) of one at a wave length of 260 nm. The sample concentrations are automatically 

calculated as follows: 

DNA concentration (µg/ml) = (OD 260) x (dilution factor) x (50 µg DNA/ml)/(1 OD260 unit) 

In contrast to nucleic acids, proteins have a UV absorption maximum of 280 nm, due mostly to 

the tryptophan residues. The absorbance of a DNA sample at 280 nm gives an estimate of the 

protein contamination of the sample based on the fact, that the OD 260 is twice as high as that 

at 280 nm, if the solution contains pure DNA. The ratio of absorbance (260 nm/ absorbance at 

280 nm) is a measure of the purity of a DNA sample. It should be between 1.70 and 2.00. 

Concentration and quality of the DNA samples were measured with the photometer GeniOS 

(Tecan, Crailsheim, Germany) following the manufacturers’ protocol and using standard 

settings. 5 µl DNA were diluted within 95 µl TE buffer. TE buffer was also used as the 

reference. The OD 260 / OD 280 ratios measured were consistently 1.7 to 2.0, demonstrating 

good deproteinization during DNA extraction. 

2.3.2 Nanodrop 
The NanoDrop® ND-1000 is a full-spectrum (220-750 nm) spectrophotometer that measures 1 

µl samples with high accuracy and reproducibility. It utilizes a patented sample retention 

technology that uses surface tension alone to hold the sample in place. This eliminates the 

need for cumbersome cuvettes and other sample containment devices and allows for clean up 

in seconds. In addition, the ND-1000 has the capability to measure highly concentrated 

samples without dilution. 

2.4 Agarose gel electrophoresis 

Agarose gel electrophoresis is used to separate DNA fragments by size. The size of the 

fragments can be estimated by comparison with commercially available known fragments 

(DNA ladders). Nucleic acids migrate to the anode in electric fields due to the natural negative 

charge carried on their phosphodiester backbone. The smaller the DNA fragment, the farther it 

will move. Depending on the size of the analyzed DNA fragments, gels containing 0.8 to 3% 

agarose were made, dissolving agarose in TBE buffer by heating in the microwave. Loading 

buffers are added with the DNA in order to visualize and sediment it in the gel well. After the 

separation is completed, the fractions of DNA fragments of different length are visualized 

using ethidium bromide, an intercalating agent that fluoresces at 266 nm. 

2.5 Polymerase Chain Reaction (PCR)  

Within this work PCR (Saiki et al. 1988), a standard method for amplification of a specific DNA 

regions, was used to amplify an approximately 200 bp sequence around the SNP of interest. A 

PCR reaction starts with a denaturing step where samples are heated to 95°C. Prior to the first 

cycle, an additional denaturation step of several minutes is used to disentangle the complex 
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structure of the template DNA. For annealing, the temperature is lowered. This allows the 

excess of primers to anneal to their complementary sequences. The primers are usually only 

18 to 25 bp long and designed to bracket the DNA region to be amplified. The annealing 

temperature of this stage depends on the primers and is usually 5°C below their melting 

temperature. During the following elongation step, the temperature is raised to 72°C, the 

optimum temperature of the Taq polymerase. The Taq polymerase attaches at each priming 

site and uses the 3’OH ends of the primers and the provided deoxynucleotides (dNTPs) to 

catalyze the synthesis of the new DNA strands. A final elongation step is frequently used after 

the last cycle to ensure that any remaining single stranded DNA is completely copied. The 

amplification consists of 30 to 45 cycles denaturation, annealing and elongation. 

2.6 SNP detection via MALDI-TOF mass spectrometry  

The introduction of the Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight Mass 

Spectrometry (MALDI-TOF MS) by Karas and Hillenkamp (Karas et al. 1988) has offered a 

solution for fast and accurate genotyping of SNPs in a high-throughput manner. During 

MALDI-TOF MS the sample is staggered with a 100 to 1,000 fold excess of matrix, co-

crystallized on a sample plate and irradiated with an intensive laser pulse for a few 

nanoseconds in the high vacuum chamber of the mass spectrometer (Karas et al. 1988, 

Kirpekar et al. 1998). With the development of this method, the molecular weight of DNA 

fragments in a mass range of 1,000 to 9,000 Dalton can be determined with an accuracy of 

0.1 to 0.01%, making it valuable for SNP analysis (Griffin et al. 2000, Leushner 2001, Pusch et 

al. 2002, Storm et al. 2003). A widely-used and well developed method for high-throughput 

genotyping of SNPs is the homogeneous MassExtendTM (hME) Assay (Leushner 2001). In this 

method, allele-specific extension products are generated by primer extension and can be 

distinguished by their molecular weight using MS. Advancements of this technology are the 

iPLEX and iPLEX Gold assays. Due to slight configuration of chemical processes these 

assays provide possibility to detect up to 28 and 40 SNPs respectively in one approach. 

2.6.1 Homogeneous MassExtendTM Assay 
The hME assay is based upon the annealing of an oligonucleotide primer (extension primer) 

adjacent to the polymorphic site of interest. The addition of a DNA polymerase 

(Thermosequenase), plus a mixture of nucleotides and terminators, allows the extension of the 

primer through the polymorphic site. The resultant mass of the primer extension product is 

then analyzed and used to determine the sequence of the nucleotides at the polymorphic site. 

To analyze a SNP by MALDI-TOF MS, the genomic sequence around the SNP has to be 

amplified, generating PCR products of approximately 100 bp which are afterwards used as a 

template for primer extension. 
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2.6.2 iPLEX and iPLEX Gold Assay 
iPLEX and iPLEX Gold are enhanced forms of hME with slight difference in extension reaction 

resulting in extreme increase of plexing possibilities. In extension of iPLEX and iPLEX Gold 

assays all four mass-modified nucleotides are present. During iPLEX reaction, the primer is 

extended by one of the nucleotides, which terminates the extension of the primer. Through 

mass-modified nucleotides difference in mass of allele specific extension products is much 

smaller. Thus, number of detectable extension products could be increased and an additional 

expansion of mass interval further enhances plexing levels.   

2.6.3 PCR amplification in scope of hME and iPLEX 
The PCR was carried out in a 384-well plate format with 5 µl genomic DNA (1ng/µl) that was 

dried overnight. The reaction volume of 6 µl (hME) or 5 µl (iPLEX and iPLEX gold) was 

pipetted by means of the pipette station Genesis RSP 150 workstation (Tecan, Crailsheim, 

Germany). Depending on plexing level the PCR mix was adapted in hME, iPLEX and iPLEX 

gold, respectively Table 2.  

Table 2: PCR master mix per reaction 

Reagent Volume hME [µl] Volume iPLEX Gold [µl] 

PCR-Buffer with MgCl2 (10x) 0.600 / 0.750a 0.625 

MgCl2 (25 mM) 0.240 / 0.390a 0.325 

dNTPs (2 mM) 0.600 / 1.500a 0.100 

Forward PCR primer (100 mM) 0.010b 0.005c 

Reverse PCR primer (100 mM) 0.010b 0.005c 

HotStar Taq®  (5 U/µl) 0.020-0.060b 0.100 / 0.200d 

Nanopure water Fill up to 6 µl Fill up to 5 µl 
a)Up to 6 primer pairs / higher than 6 primer pairs, b) Primer concentration 100 mM,c) Primer concentration 100 µM, d) Taq 
addition ≤ 27-plex 0.1 µl, ≥ 28-plex 0.2 µl, 0.2 for iPLEX 
 

PCR primers and extension primers were designed using Assay Design software Version 2.0 

to 3.1 (Sequenom, Hamburg, Germany), minimizing chances for overlapping peaks in spectra. 

The software also considers potential unwanted intra- and inter-primer interactions in order to 

avoid non-template extensions. Additionally to the primer sequence, each PCR primer 

consists of a 10-mer tag (5`-ACGTTGGATG-3`), on its 5`end. The tag increases the masses 

of unused PCR primers so they fall outside the mass range of analytical peaks. PCR primers 

with the same masses as the extension products would interfere with the following MALDI-

TOF analysis as they are not removed from the reaction. The tags are also useful in balancing 

amplification. Thermal cycling was performed on PCR DNA Engine Tetrad (MJ Research, 

South San Francisco, USA) following the conditions shown in Table 3. 

 
 



2 Methods   23 
 
 

 

Table 3: Temperature conditions for a 384-well plate format PCR 

Step Temperature [°C] Time Number of cycles 

Denaturation 94 15 ' 1x 

Denaturation 94 20 '' 

Annealing 56 30 '' 

Elongation 72 60 '' 

45x 

Final elongation 72 10 ' 1x 
 
2.6.4 Shrimp alkaline phosphatase (SAP) reaction 
After the PCR reaction remaining dNTPs have to be deactivated with the shrimp alkaline 

phosphatase (SAP). This step is necessary to avoid the incorporation of the remaining dNTPs 

during the primer extension reaction, leading to other than the specified extension products 

and thus problems with the correct detection of the alleles. The enzyme deactivates dNTPs by 

splitting off the phosphate group. The master mix for the SAP reaction is shown in Table 4. 

The SAP master mix was dispensed using the 

pipetting robot Multimek 96 (Beckmann/Sagian, 

Unterschleißheim, Germany).  The reaction was 

performed in two steps on PCR DNA Engine 

Tetrad. In the first step, the reaction mix was 

incubated 20 minutes at 37 °C, the optimum 

temperature for the enzyme. After that, the enzyme has to be denatured at 85 °C for 10 

minutes (or 5 minutes for iPLEX) to avoid disturbances in primer extension amplification 

reaction. 

2.6.5 Primer adjustment  

2.6.5.1 hME Assay 
The extension primers may not have comparable heights in the mass spectrum. Variations in 

peak height may stem from inconsistent oligonucleotide quality or concentration and different 

desorption/ionization behavior in MALDI-TOF MS. Thus they have to be adjusted prior to the 

primer extension reaction to even out peak heights (intensities) in the mass spectrum. An 

assay with a very low primer peak will systematically fail when applied to samples as part of a 

multiplex. For primer adjustment a mix of all required primers in one assay is prepared with a 

final concentration of 9 µM of each primer in the mix. 1 µl of the primer mix is then pipetted into 

a well of a microplate and 24 µl nanopure water is added to obtain a 360 nM dilution of the 

primer mix. 3 mg ion exchanger (SpectroCleanTM, Sequenom, Hamburg, Germany) is added 

to remove ions and the sample was dispensed to a silicon chip with Spectro Point Nanoliter 

Pipetting Systems™ (Sequenom, Hamburg, Germany). Spectra are analyzed and peaks with 

Table 4: SAP reaction master mix 

Reagent Volume [µl] 

SAP buffer (10x) 0.170 

Nanopure water 1.530 

SAP enzyme (1U/µl ) 0.300 
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less than 50% of the height of the highest peak are adjusted using MassARRAY Typer 

software 3.0.1. (Sequenom, Hamburg, Germany). Primer adjustment was performed for all 

assays with a plexing level above six. 

2.6.5.2 iPLEX Assay 
Applying high multiplex levels primer adjustment becomes even more important. There is an 

inverse correlation between primer mass and peak intensity assessed by MALDI-TOF. Thus, 

as the extension primer with the highest mass has 25% less intensity as the average of the 

low mass primers, primers were adjusted by concentration dependent on their mass. Three 

different methods could be used for adjustment, dividing primers into two or four groups or 

adjusting each primer separately. While lower plexes (up to 19-plex) were processed adjusting 

each primer separately, higher plexes were adjusted in four groups. However, extension 

primers were ordered in constant concentrations of 300 µM. Thus, added volumes of the 

primers were adapted according to the adjustment result from the plate editor tool included in 

the Spectro Typer software.   

2.6.6 Primer extension reaction  
To initiate the primer extension reaction, the extension primers, Thermosequenase and the 

extend mixture of dNTPs and dideoxynucleotide (ddNTPs) and buffer are added to the hME 

reaction. The extension primer is hybridized directly to the polymorphic site of interest. 

Nucleotide mixes of one single ddNTP and three dNTPs are selected to maximize mass 

differences for all potential extension products. Appropriate dNTPs are incorporated through 

the polymorphic site of interest until a single ddNTP is incorporated and the reaction 

terminates. Since the termination point and the number of nucleotides is allele specific, the 

mass difference of the extension products generated can be detected via MALDI-TOF MS. 

The reaction volume of 2 µl was pipetted by means of the pipetting robot Multimek 96 

(Beckmann/Sagian, Unterschleißheim, Germany). Similarly like for the PCR reaction, two 

types of primer extension mixes were used since the concentrations in the mixes had to be 

adapted to the multiplex level (Table 5).  
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Table 5: Primer extension mixes 

hME Reagent Volume [µl] ≤6 -plex Volume [µl] >6-plex 

 Nanopure H2O 1.728 0.760 

 hME Extend mix (buffer and d/ddNTPs) 0.200 0.200 

 Extension primers 0.054 1.000 

 Thermosequenase 0.018 0.040 

iPLEX Reagent Volume [µl]  

 Nanopure H2O 0.755  

 iPLEX buffer (10x) / iPLEX Gold buffer (10x) 0.200  

 iPLEX termination mix 0.100 / 0.200a  

 Primer mix (7 µM: 14 µM) 0.804  

 iPLEX enzyme 0.0205 / 0.0410a  
a) ≤ 18-plex / ≥ 19-plex 

 
Thermal cycling was performed on PCR DNA Engine Tetrad following the conditions 

presented in Table 6. 

Table 6: Temperature conditions for primer extension in hME and iPLEX 

 hME iPLEX / iPLEX Gold 

Step Temperature [°C] Time Cycles Temperature [°C] Time Cycles 

Denaturation 94 2 ' 1x 94 30 '' 1x  

Denaturation 94 5 '' 94 5 '' 1x 

Annealing 52 5 '' 52 5 '' 

Elongation 72 10 '' 

75x 

80 5 '' 
5x 

40x 

    72 3 ' 1x  
 

After extension reaction, samples were purified with ion exchanger (Spectro Clean, 

Sequenom, Hamburg, Germany) to remove extraneous salts that interfere with MALDI-TOF 

MS (3 mg hME, 6 mg iPLEX, and iPLEX Gold). 
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2.6.7 MALDI-TOF MS 
 
Following the primer extension 

reaction, 1 to 2nl from the ion 

removed sample are transferred 

to a silicon chip with Spectro 

Point Nanoliter Pipetting 

Systems™ (Sequenom 

Hamburg, Germany). The chip 

matrix consists of 3-

hydroxypicolinic acid, which is 

especially well applicable for 

DNA analysis (Gut 2001, Little et 

al. 1997a, Little et al. 1997b). 

Functions of the matrix include 

absorbing the applied laser 

energy and supporting, 

respectively inducing, the 

ionization of the analyte 

molecule. Additionally the matrix should prevent a photolytic damage of the analyte and avoid 

interaction of analyte molecules with each other or with the sample carrier (Hillenkamp et al. 

1991).  

The silicon chip contains 384 matrix spots consisting of 3-hydroxypicolinic acid for the samples 

and ten matrix spots for the calibrant. The calibrant, a mix of three oligonucleotides with known 

masses is also applied onto the chip for calibrating the analysis system. After loading the chip 

was transferred to a metallic sample carrier and put in the vacuum lock of the MassARRAY™ 

mass spectrometer. Measurement of the samples and calibration of the system was done 

automatically with standard setting.  

The transfer of laser energy to sample molecules in the matrix generates mainly single 

charged molecule ions that trespass into the gas phase (Hillenkamp et al. 1991). Under high 

vacuum conditions, the matrix crystals were irradiated with nanosecond duration laser pulses, 

leading to formation of a plume of volatilized matrix and analyte as well as charge transfer 

from matrix ions to analyte molecules. After electric field-induced acceleration in the mass 

spectrometer source region, the gas phase ions travel through a field-free region at a velocity 

inversely proportional to their mass-to-charge ratios (m/z), until they hit the detector (Buetow 

et al. 2001, Griffin et al. 2000). Ions with low m/z values are faster than ions with higher m/z 

values and reach the detector earlier. The TOF-analyzer measures exactly the time until the 

Laser

Fucussing
fields

Detector (SEV)

Flight tube

Sample carrier

U

Analyte

 
Figure 3: Principle of MALDI-TOF.  
ΔU: accelerating voltage; SEV: secondary electron multiplier
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ions hit the detector (Griffin et al. 2000). The resulting time-resolved spectrum is translated 

into a mass spectrum upon calibration. These mass spectra were further processed and 

analyzed by the software Spectrotyper (Sequenom, Hamburg, Germany) for baseline 

correction and peak identification. Due to multiplexing this method allows genotyping of up to 

40 SNPs at once in up to 384 samples at a time.  

2.7 Allelic discrimination with TaqMan 

Genotyping with TaqMan SNP Assays is based on annealing of to allele specific primers 

labeled with different fluorescent markers. The SNP Assay contains two primers for 

amplification of the sequence of interest and the two allele specific primers labeled with the 

reporter dyes VIC and 6-FAM at the 5’ end. Furthermore, a minor groove binder and a non 

fluorescent quencher are bound to the 3’ end of allele specific primers. Minor groove binder 

increases melting temperature (Tm). Thus, shorter primers are possible resulting in greater 

differences between Tm of matched and mismatched probes. The quencher allows more 

accurate measurement of reporter dye contribution by suppressing fluorescents of the reporter 

dye when the probe is intact. In case of a perfect match the allele specific primers hybridize to 

target locus. AmpliTaq Gold® DNA polymerase cleaves the bond allele specific primers during 

amplification and thus releases the reporter dye resulting in detectable fluorescence. This 

fluorescence identifies corresponding alleles. Figure 4 displays the principle of TaqMan SNP 

Assays. Equal to MALDI TOF MS 384 samples can be processed at once. However, 

multiplexing is limited with TaqMan SNP Assays due to limited variaty of fluorescent reporter 

dyes.  
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Figure 4: Principle of TaqMan allelic discrimination according to manufacturers guide 

2.7.1 PCR Reaction and allelic discrimination 

5 µl genomic DNA of working concentration were pipetted into each well of an ABI PRISM™ 

384-Well Clear Optical Reaction Plate and dried over night. Subsequently 5 µl per well PCR 
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reaction mix, which is presented in Table 7, were added. After PCR amplification, an endpoint 

plate read was performed using SDS software, which calculates the fluorescence 

measurements made during the plate read and plots Rn values based on the signals from 

each well. Thus, alleles can be determined. 

Table 7: PCR mix and conditions 

Reagent Volume [µl] Step Temp. [°C] Time Cycles

TaqMan Universal PCR Master Mix 2.50 Denaturationa 95 10 ' 1x 

SNP Assay Mix 0.25 Denaturation 95 15 '' 

DNase-free water 2.25 Annealing 60 1 '' 
40x 

a) AmpliTaq Gold Enzyme Activation 

2.8 Quality assurance during genotyping 

To avoid sample mix-up and contamination errors, eight asymmetric negative (0.1 TE) as well 

as eight positive (defined DNA) controls were included on each 384-well plate. A minimum of 

10% of the samples were double genotyped. Furthermore, sex determination was performed 

with validated genotyping assays. These assays detected DNA variants within AMELX 

(Amelogenin) and GYG2 (Glycogenin) on chromosome X and their homologous pseudogenes 

on chromosome Y. Samples with discordant sex determination results were excluded from 

analysis.  

2.9 Statistical methods 

All analyses unless otherwise noted were performed using the statistical package SAS 

Version 9.1 (SAS Institute Inc., Cary, USA). 

2.9.1 Hardy-Weinberg-Equilibrium 

Hardy and Weinberg independently discovered that frequency of alleles and genotypes in a 

population will remain constant from generation to generation if the population is stable and in 

genetic equilibrium (Hardy 2003, Weinberg 1908). Riquired are a sufficient large population, 

panmixie, no new mutations, no selection and no migration. The Hardy-Weinberg equilibrium 

(HWE) is calculated by p2+2pq+q2= (p+q)2 = 1, whereas p represents the frequency of one 

allele and q the frequency of the other allele at a single locus. Each SNP was tested for 

departures from HWE by means of a chi-square test, Fisher’s exact test or Pearson’s test 

depending on allele frequency and number of analyzed subjects. SNPs showing deviations 

from HWE were checked for indication of genotyping errors. Thus, SNPs with p<0.05 in 

Fisher’s exact test or Pearson’s test were handled with care in statistical analysis. In few 

cases deviation from HWE could imply evidence for genetic effects arguing against exclusion 

of such SNPs . 
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2.9.2 Linkage disequilibrium 

The LD analysis (Weir et al. 1986) reveals a possible co-segregation and the non-random 

association of alleles across two ore more linked polymorphic loci due to lacking 

recombination events. As measures for pair wise LD between each pair of SNP loci, 

Lewontin´s disequilibrium coefficient D´ and the squared correlation coefficient r2 were 

estimated using the JLIN V 1.0 software (http://www.genepi.com.au/jlin).  

Three estimators of LD were computed:  

1) D explains the raw difference in frequency between the observed number of AB pairs and 

the expected number: D = p(AB) - p(A)*p(B)  

2) D' is a scaled D spanning the range [-1,1]: D' = D / Dmax, where, if D > 0: Dmax = min 

(p(A)p(b), p(a)p(B)) or if D < 0: Dmax = max (-p(A)p(B), -p(a)p(b))  

3) r is the correlation coefficient between the markers: r = -D / sqrt(p(A) * p(a) * p(B) * p(b)) 

where p(A) is defined as the observed probability of allele 'A' for marker 1, p(a) = 1-p(a) is 

defined as the observed probability of allele 'a' for marker 1, p(B) is defined as the observed 

probability of allele 'B' for marker 2, and p(b) = 1- p(b) is defined as the observed probability of 

allele 'b' for marker 2, and p(AB) is defined as the probability of the marker allele pair 'AB'.  

2.9.3 Descriptive statistics and association analysis 

Quantitative variables selected for association analysis were tested for normal distribution. If 

median/mean ratio was in range between 0.9 and 1.1, and three fold standard deviation was 

below mean the trait was regarded as normally distributed. In case of violation of one of these 

criteria variable was logarithmized and tested under same conditions. Traits that did not 

accomplish normal distribution in logarithmic scale, were analyzed by Kruskal-Wallis test. In 

the three genotype groups the values of each parameter were ranked between the groups. For 

each group a sum of squares was estimated and calculated. The difference between 

calculated and estimated sum of squares indicates changes in values due to specific 

genotypes. 

Traits accomplishing normal distribution in normal or logarithmic scale were generally 

analyzed by model free linear regression comparing subjects with heterozygous genotype or 

subjects homozygous for the minor allele with the major allele homozygous reference group. 

In analysis of APOA5, MCP-1, and RETN p-value from F-test was used as criteria for further 

modeling. Thus, SNPs with significant differences between the genotype groups, were further 

investigated using dominant, recessive or additive models, respectively. Quantitative analysis 

was mainly restricted to fasting subjects or normoglycemic subjects.  

Linear regression was adjusted for potential confounders, generally for age and gender, and 

BMI if relevant. P-values were considered statistically significant, if p-values were lower than 

0.05 divided by number of effective loci, which was calculated by spectral decomposition of 
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the correlation matrix of all variants analyzed (Nyholt 2004), multiplied with the number of 

analyzed independent traits. The one exception was IL-6 analysis were significance level was 

defined as p<0.01.  Participants taking lipid-lowering drugs were excluded from analysis of 

lipid traits (TG levels, HDL-, LDL-, and total cholesterol levels). Subjects with antidiabetic 

medication were excluded from the analysis of fasting glucose, 2-h glucose (from oral glucose 

tolerance test (OGTT)), and fasting insulin. For analysis of blood pressure, subjects using 

antihypertensive medication were excluded. 

Analysis of association between SNPs and categorical outcomes like T2DM or MetS, was 

performed by logistic regression. Just like in linear regression models named above were also 

applied in logistic regression. 

2.9.4 Haplotype analysis 
Haplotype reconstruction was performed within blocks of high D’ using expectation-

maximization (EM) algorithm haplo.em (Schaid et al. 2002), which is included in the haplo.glm 

procedure as it is available within the R software library haplo.stats. This procedure performs 

an iterative two-step EM, with the posterior probabilities of pairs of haplotypes per subject 

used as weights to update the regression coefficients, and the regression coefficients used to 

update the posterior probabilities. To avoid large reconstruction errors resulting from missing 

data, haplotype estimation is based only on patients from whom all genotypes were available. 

The number of copies of best-guess haplotypes per subjects (i.e., the haplotype pair with the 

highest probability) was calculated for each haplotype variable and haplotype frequencies 

were evaluated. Haplotypes with frequencies <5% were collected into a separate group of rare 

haplotypes (“haplo rare”). Haplotypes were included in the haplo.glm regression model 

simultaneously, except for the most common haplotype. Using the expected number of copies 

of haplotype implies an additive model for each haplotype. 
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3. Material 

3.1 Devices 

 
Centrifuges Sigma 4K15C 

 
(Sigma laboratory centrifuges, Osterode, 

Germany) 

 Rotanta 46 RS 

 (Hettich, Tuttlingen, Germany) 

 Mikrozentrifuge 

 (NeoLab, Heidelberg, Germany) 

 Centrifuge 5417R 

 (Eppendorf AG, Hamburg, Germany) 

Gel electrophoresis documentation system UVT-40 M Transilluminator 

 (Herolab, Wiesloch, Germany) 

 E.A.S.Y. 429 K Camera 

 (Herolab, Wiesloch, Germany) 

Gel electrophoresis gadget Bio-Rad Power Pac 300/3000 

 (BIO-RAD Laboratories, Munich, Germany) 

Gel tray Sub-Cell GT Systems 

 (BIO-RAD Laboratories, Munich, Germany) 

Ice machine AF30 

 (Scotsman, Milano, Italy) 

Mass spectrometer Bruker™ Autoflex 

 (Sequenom, Hamburg, Germany) 

 BIFLEX II-TOF 

 (Bruker Franzen Analytik, Bremen, Germany) 

TaqMan ABI PRISM® 7900HT Sequence Detection 

System, (Applied Biosystems, Germany)  

Microwave Micromaxx 

 (Medion AG, Essen, Germany) 

Nanodispenser Mass Array™ Nanodispenser 

 (Sequenom, Hamburg, Germany) 

 Spectro Point™ Nanoliter Pipetting Systems 

 (Sequenom, Hamburg, Germany) 
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PCR cycler DNA Engine DYAD™ 

 (MJ Research, South San Francisco, USA) 

 DNA Engine Tetrad 

 (MJ Research, South San Francisco, USA) 

Photometer Genios® Flourescence Plate Reader 

 (Tecan AG, Crailsheim, Germany) 

Pipetting robots Multimek 96 Automated 96-Channel Pipettor 

 (Beckman Coulter, Fullerton, USA) 

 Temo (Tecan AG, Crailsheim, Germany) 

 Genesis RSP 150 Work Station 

 (Tecan AG, Crailsheim, Germany) 

 Aquarius (Tecan AG, Crailsheim, Germany) 

Scale 572 precision balance 

 (Schott Duran, Mainz, Germany) 

Shaker Roto-Shake Genie 

 (Scientific Industries, NewYork, USA) 

Thermal mixer Thermomixer Comfort 

 (Eppendorf AG, Hamburg, Germany) 

Ultrapure water purification system Milli-Q 

 (Millipore GmbH, Schwalbach, Germany) 

Vortex MS2 Minishaker 

 (IKA-Labortechnik, Staufen, Germany) 
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3.2 Software 

3.2.1 Software for pipetting robots 
Gemini 3.2 (Visual Basic Programme) 

Normalisation WorklistMaker  

(Visual Basic Programme) 

Xflour4 

Tecan, Crailsheim, Germany 

 
3.2.2 Software for MALDI-TOF mass spectrometry 
Genotype Analyser  

Nanodispenser software 

Spectro READER 

Spectro Typer RT  

Sequenom, Hamburg, Germany 

 
Software for Allelic discrimination (TaqMan) 
SDS Applied Biosystems, Germany 

 
3.2.3 Software for assay design and sequence analysis 
Spectro DESIGNER  Sequenom, Hamburg, Germany 

Vector NTI Suite 8/9 www.informaxinc.com 

 
3.2.4 Statistical software 
JLIN www.genepi.com.au/jlin 

Haploview www.broad.mit.edu/mpg/haploview 

R 2.2.3 www.r-project.org 

SAS 9.1 SAS Institute Inc., Cary, USA 

 
3.2.5 Online databases and programs for SNP selection and sequence analysis 
Ensemble www.ensembl.org 

Innate Immunity Program for Genomic  

Applications (IIPGA) 
http://innateimmunity.net 

International HapMap Project www.hapmap.org 

MatInspector www.genomatix.de/products/ 

MatInspector 

National Center for Biotechnology 

Information 
www.ncbi.nlm.nih.gov 

PromoterInspector www.genomatix.de/products/ 

PromoterInspector 
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Seattle SNPs Program for Genomic 

Applications  
http://pga.gs.washington.edu 

UCSC Genome Browser  http://genome.ucsc.edu/cgi-bin/ 

hgGateway 

UTRScan www.ba.itb.cnr.it/BIG/UTRScan 

 
3.2.6 Datamanagement 
Ingres II Ingres Corporation, Redwood City, CA, USA 

Ingres VDBA Ingres Corporation,  

Redwood City, CA, USA 

SNP-AT Genotype data processing tool programmed 

by Guido Fischer, GSF 

 

3.3 Buffer, solutions and reagents 

3.3.1 Solutions for DNA extraction 
RBC lysis buffer (pH 7.4) NH4Cl (155 mM) 

 KHCO3 (20 mM) 

 Na2EDTA (0.1 mM) 

SE buffer (pH 8.0) NaCl (75 mM) 

 Na2EDTA (25 mM) 

NaCl solution (saturated) NaCl (~6 M) 

TE buffer (pH 8.0) Tris/HCl (10 mM) 

 EDTA (1 mM) 

SDS solution SDS (20%) 

 
3.3.2 Buffers, solutions and reagents for agarose gel electrophoresis 
6x Loading Dye Solution MBI Fermentas, St. Leon-Rot, Germany 

Agarose ultra pure GibcoBRL, Eggenstein, Germany 

DNA agarose Biozym, Oldendorf, Germany 

Ethidium bromide Biomol, Hamburg, Germany 

Gene Ruler 100 bp DNA-Ladder Plus MBI Fermentas, St. Leon-Rot, Germany 

Tris-Borate-EDTA buffer (TBE) Sigma-Aldrich, Osterode, Germany 
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3.3.3 Buffers and reagents for PCR 
dNTP mix (25 mM) MBI Fermentas, St. Leon-Rot, Germany 

MgCl2 (25 mM ) 

PCR-Buffer with MgCl2 (10x) 
Quiagen GmbH, Hilden, Germany 

 
3.3.4 Buffers and reagents for SNP detection 
3-point calibrant 

hME MassEXTENT Nucleotide Tri-Mix Pack

hME buffer 

Spectro CLEAN 

iPLEX  

iPLEX gold buffer  

Sequenom, Hamburg, Germany 

3.4 Enzymes 

HotStar Taq DNA polymerase Quiagen, Hilden, Germany 

Proteinase K Merck, Darmstadt, Germany 

Shrimp Alkaline Phosphatatse (SAP) Amersham, Freiburg, Germany 

Thermosequenase  Amersham, Freiburg, Germany 

3.5 Primer 

All primers were ordered by Metabion (Martinsried, Germany). Extension primers were purified 

by high performance liquid chromatography. Used primers are listed in Appendix 1. 

3.6 Reagents for TaqMan 

TaqMan® Universal PCR Master Mix 

SNP Assay 
Applied Biosystems, Germany 
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4. Study populations 

The fundament of this work were the populations available in house or from cooperations, 

which were sufficiently large and well phenotyped for detection of associations with MetS, 

T2DM or related parameters.  All populations used in this work are described in detail below. 

4.1 Describtion of study populations 

4.1.1 MONICA (KORA S1-S3) 
The population based monitoring trends and determinants on cardiovascular diseases 

(MONICA) Augsburg (Southern Germany) studies conducted between 1984 and 1995 were 

part of the multinational WHO MONICA project (Bothig 1989, Keil et al. 1998). Three 

independent cross-sectional surveys were carried out in the city of Augsburg and the counties 

Augsburg and Aichach–Friedberg (Figure 5) in 1984/85 (S1), 1989/90 (S2) and 1994/95 (S3) 

to estimate the prevalence and distribution of cardiovascular risk factors among men and 

women. Altogether 13,427 persons (6,725 men, 6,702 women, response 77%) aged 25 to 74 

years participated in at least one of the three cross-sectional studies. All persons who took part 

in more than one survey were included once only with data collected at the first visit. All 

subjects were prospectively followed within the framework of the Cooperative Health Research 

in the Region of Augsburg (KORA). Methods of data collection and clinical measurements 

were discribed in detail elsewhere (Keil et al. 1998). 

4.1.2 KORA S4 
 The KORA S4 is a population-based study 

of adults performed in Southern Germany  

(Wichmann et al. 2005). This survey was 

conducted under the same conditions as the 

previous three surveys within the WHO 

MONICA Augsburg project (Holle et al. 

2005). 

Basis population for the major projects of 

this work was a sub sample of the KORA 

S4. This sub sample comprised all 

participants in the age range from 55 to 74 

years, 1,653 subjects in total including 842 

men and 811 women. In candidate gene 

analysis further restricted sub samples were 

used according to specific questions. 

Standardized personal interviews were performed with all study participants. Known diabetes 

was found out by self-reported physician diagnosis or the use of antidiabetic agents. 

 

Figure 5: Region of ascertainment within the 
MONICA/KORA surveys 
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Anthropometric measurements were carried out by trained investigators. Body weight was 

measured in light clothing to the nearest of 0.1 kg. Height had to be measured to the nearest 

of 0.5 cm. Waist circumference was measured at the minimum abdominal girth and hip 

circumference was assessed at the maximum protrusion of the hips at the level of the 

symphysis pubis to the nearest 0.1 cm. BMI > 30 kg/m2 and waist circumference above 109 

cm in men and 100 cm in women were marker for obesity. Body fat mass was measured by 

biological impedance analysis with BIA 2000-S analyser (Data Input, Frankfurt, Germany). 

Venous blood samples were drawn and prepared according to the recommendations of the 

International Committee for Standardization in Hematology (International Committee for 

Standardization in Hematology 1994). Blood samples were used for determination of 

biochemical parameters like serum glucose with hexokinase method (Roche Diagnostics, 

Mannheim, Germany), HBA1c with turbidimetric immunologic method (Roche Diagnostics, 

Mannheim, Germany) and serum MCP-1 with a sandwich ELISA (R&D Systems, Minneapolis, 

MN, USA). Serum cholesterol was measured with enzymatic methods (CHOD-PAP, Roche 

Diagnostics), HDL cholesterol with phosphotungstic acid method (Boehringer Mannheim), LDL 

cholesterol with precipitation with dextran sulphate (Quantolip LDL, Immuno AG, Vienna, 

Austria). The Boehringer GPO-PAP was used for measuring triglycerides and serum uric acid 

was assessed with the uricase method (Roche Diagnostics). 

An Oral glucose tolerance test (OGTT) was only carried out in subjects with unknown diabetes 

history. The protocol was standardized with a fasting period of ten hours overnight, execution 

of the test before 11:00 am, avoiding heavy physical activity the day before examination and 

refrain smoking. Fasting glucose was measured before donation of 75 g anhydrous glucose 

and 2-hour plasma glucose after a period of 120 ± 6 min.  Newly diagnosed T2DM was 

defined as > 7.0 mmol/l fasting or > 11.1 mmol/l 2-hour plasma glucose. Impaired glucose 

tolerance (IGT) was defined as 2-h plasma glucose between 7.8 and 11.1 mmol/l and impaired 

fasting glucose (IFG) was defined as fasting plasma glucose between 6.1 and 7.0 mmol/l. 

HOMA-IR was calculated as fasting glucose multiplied with fasting insulin divided by 22.5 

(Rathmann et al. 2003). 

4.1.3 SAPHIR 
The Salzburg Atherosclerosis Prevention program in subjects at High Individual Risk 

(SAPHIR) was an observational study conducted in Austria from 1999 to 2002 involving 1,770 

unrelated fasting subjects, including 663 women aged 50 to 70 years and 1,107 men aged 40 

to 60 years (Esterbauer et al. 2001, Heid et al. 2006b). The differential age range between the 

sexes was chosen in order to match cardiovascular risk, which is about the same if women are 

ten years older then men. Study participants were recruited by health screening programs in 

large companies in and around the city of Salzburg. 
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4.2 Characteristics of study populations 

This chapter embraces characteristics of all analyzed phenotypes in the appropriate 

populations and sub samples used in this work.  

4.2.1 KORA S4 
Table 8 displays characteristics of the basis sub sample of the KORA S4 population including 

all participants aged 55 to 74 years, which were known diabetic patients or had a status 

determined by OGTT. Thus, maximum dataset from KORA S4 elderly subjects included 254 

diabetic individuals. 23 of these subjects were identified as non-T2DM subjects in validation. 

MetS was identified in 816 subjects using IDF and in 687 subjects using NCEP definition. 

Table 8: Characteristics of KORA S4 subjects (55 to 74 years) 
 n (m/f) total male female 
Age [years] 1485(770/715) 64.1 ± 5.4 64.2 ± 5.5 64.0 ± 5.3 
BMI [kg/m²] 1477(764/713) 28.68 ± 4.38 28.38 ± 3.77 29.01 ± 4.93 
Triglycerides [mmol/l]  1445(750/695) 1.36(0.98/1.91) 1.45(1.02/2.10) 1.26 (0.96/1.77)
HDL cholesterol [mmol/l]  1457(757/700) 1.49 ± 0.42 1.35 ± 0.35 1.63 ± 0.44 
LDL cholesterol [mmol/l] 1455(756/699) 3.95 ±1.02 3.90 ± 1.03 4.01 ± 1.03 
Total cholesterol [mmol/l] 1458 (758/700) 6.27 ± 1.09 6.13 ± 1.09 6.41 ± 1.07 
Waist circumference [cm] 1460 (756/704) 96.26 ± 11.62 100.88 ± 9.72 91.30 ± 11.46 
Uric acid [mg/dl] 1459 (758/701) 5.68 ± 1.42 6.30 ± 1.36 5.02 ± 1.17 
Fasting plasma glucose [mg/dl] 1458 (757/701) 108.35 ± 32.84 111.23 ± 32.37 105.24 ± 33.09 
2-h plasma glucose [mg/dl] 1347 (694/653) 125.61 ± 50.00 127.43 ± 52.83 123.68 ± 46.75 
Systolic BPR [mmHg] 1457 (755/702) 136.25 ± 20.32 140.44 ± 19.97 131.75 ± 19.73 
Diastolic BPR [mmHg] 1457 (755/702) 80.36 ± 10.49 82.41 ± 10.53 78.15 ± 9.98 
Fasting insulin [mU/l] 1448 (754/694) 10.5(7.2/15.9) 10.5(7.2/16.1) 10.4 (7.2/15.8) 

a) sex difference, significantly higher value p<0.05. Data are presented as means ± standard deviations or medians 
(25th/75th percentiles) for traits that were not normally distributed (insulin, triglycerides). 
 
Restriction to fasting subjects is assembled in Table 9. Despite exclusion of non-fasting 

subjects with known diabetes there were 123 diabetic patients included, all detected by OGTT. 

In the fasting sample there were 699 IDF defined and 569 NCEP defined MetS subjects. 

Table 9: Characteristics of fasting KORA S4 subjects (55 to 74 years) 
 n (m/f) total male female 
Age [years] 1354(697/657) 64.0 ± 5.5 64.1 ± 5.6 63.9 ± 5.3 
BMI [kg/m²] 1348(693/655) 28.4 ± 4.2 28.2 ± 3.6 28.6 ± 4.7 
Triglycerides [mmol/l]  1187(602/585) 1.28(0.94/1.77) 1.39(0.98/1.92) 1.20(0.91/1.62)
HDL cholesterol [mmol/l]  1195(606/589) 1.51 ± 0.43 1.36 ± 0.36 1.67 ± 0.43 a 
LDL cholesterol [mmol/l] 1194(605/589) 4.00 ± 1.01 3.97 ± 1.00 4.04 ± 1.03 
Total cholesterol [mmol/l] 1196(607/589) 6.31 ± 1.07 6.18 ± 1.07 6.44 ± 1.06 
Waist circumference [cm] 1353(696/657) 95.6 ± 11.4 100.4 ± 9.5 a 90.4 ± 11.0 
Uric acid [mg/dl] 1354(697/657) 5.7 ± 1.4 6.3 ± 1.3 a 4.9 ± 1.1 
Fasting plasma glucose [mg/dl] 1351(695/656) 102.2 ± 16.9 105.0 ± 17.9 99.2 ± 15.2 
2-h plasma glucose [mg/dl] 1350(695/655) 125.9 ± 50.0 127.6 ± 52.8 124.0 ± 46.7 
Systolic BPR [mmHg] 881(455/426) 133.2 ± 19.4 137.9 ± 18.6a 128.0 ± 19.1 
Diastolic BPR [mmHg] 881(455/426) 79.3 ± 9.8 81.2 ± 9.8a 77.2 ± 9.4 
Fasting insulin [mU/l] 1342(692/650) 10.1(7.1/14.6) 10.2(6.9/14.8) 9.9(7.2/14.4) 

a) sex difference, significantly higher value p<0.05. Data are presented as means ± standard deviations or medians 
(25th/75th percentiles) for traits that were not normally distributed (insulin, triglycerides). 
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The most limited sub sample included normoglycemic subjects only (Table 10). This sample 

included 334 IDF defined MetS subjects. 

 
Table 10: Characteristics of normoglycemic subjects from KORA S4 (55-74 years) 

 n (m/f) male female 
Age [years] (417/460) 63.6 ± 5.6 63.4 ± 5.4 
Body mass index [kg/m2] (414/460) 27.4 ± 3.3 27.9 ± 4.6 
Height [cm]a (416/461) 172.3 ± 6.3 159.3 ± 6.1 
Weight [kg] a (414/461) 81.4 ± 10.9  70.8 ± 12.1 
Body fat [%]a (412/457) 32.18 ± 4.09  39.67 ± 5.06 
WHR a (416/460) 0.95 ± 0.05 0.83 ± 0.06 
Waist circumference [cm] a (416/460) 98.6 ± 8.9 88.3 ± 10.8 
Hip circumference [cm] a (416/460) 103.7 ± 6.2 106.6 ± 9.4 
Serum uric acid [mg/dl] a  (417/460) 6.13 ± 1.26 4.78 ± 1.07 
HDL cholesterol [mmol/l] a (416/459) 1.40 ± 0.34 1.71 ± 0.44 
LDL cholesterol [mmol/l] (415/460) 3.97 ± 0.10 4.02 ± 1.07 
Fasting plasma glucose [mg/dl] a (417/460) 97.1 ± 6.8 94.2 ± 7.0 
2-h plasma glucose [mg/dl] (417/460) 100.4 ± 21.3 103.3 ± 20.6 
Systolic BPR [mmHg] a (290/337) 134.3 ± 17.6 125.9 ± 18.1 
Diastolic BPR [mmHg] a (290/337) 80.1 ± 9.6 76.7 ± 9.4 
Leukocytes [x10-3/µl] (417/460) 6.07 ± 1.56 5.79 ± 1.31 
HbA1c [%]a (417/460) 5.52 ± 0.33 5.60 ± 0.33 
HOMA-IR (416/460) 2.06(1.49/2.98) 2.05(1.48/3.01) 
Fasting insulin [mU/l] (416/460) 8.70(6.15/12.15) 8.70(6.60/12.90) 
Triglycerides [mg/dl] a (412/456) 113.0(79.5/155.5) 101.0(78.0/137.0) 
Interleukin-6 [pg/ml] (413/460) 1.88(0.95/3.24) 1.62(0.94/2.61) 

a) p<0.01 for sex differences. Data are presented as means ± standard deviations or medians (25th/75th percentiles) 
for traits that were not normally distributed (insulin, HOMA-IR, triglycerides, IL-6). 
 

Generally in the KORA S4 elderly samples significant sex differences were observed for waist 

circumference, waist-to-hip ratio (WHR), height, weight, fasting plasma glucose, triglycerides, 

uric acid and blood pressure, which were all higher in men, and for hip circumference, percent 

body fat, HDL cholesterol levels and HbA1c, which were higher in women (p < 0.01). 

4.2.2 KORA case-control study  
The KORA case-control study includes all diabetic subjects form the three MONICA surveys 

and the KORA S4. In total there were 729 subjects with T2DM in the MONICA/KORA surveys. 

Controls were matched in 2:1 ratio for age and sex to all known patients with T2DM. However, 

DNA was not available for all T2DM subjects. Hence, the final case-control study included 630 

subjects with T2DM, only. Together with the 1,458 control subjects the sample includes 2,088 

subjects in total. Characteristics of the KORA case-control sample are presented in Table 11. 

 

 

 



4 Study populations   40 
 
 

 

Table 11: Characteristics of KORA case-control study 
 n(m/f) total male female 
Age [years] 2088(1157/931) 60.8 ± 9.2 60.5 ± 9.0 61.2 ± 9.3 
BMI [kg/m²] 2075(1148/927) 28.6 ± 4.6 28.5 ± 4.0 28.8 ± 5.1 
Triglycerides [mmol/l]  1010 (564/446) 1.30(0.95/1.79) 1.38(0.97/1.95)a 1.21(0.94/1.66) 
HDL cholesterol [mmol/l]  2079(1153/926) 1.42 ± 0.44 1.29 ± 0.37 1.58 ± 0.46 
LDL cholesterol [mmol/l] 2015(1116/899) 3.91 ± 1.08 3.88 ± 1.04 3.94 ± 1.11 
Total cholesterol [mmol/l] 2063(1143/920) 6.24 ± 1.17 6.14 ± 1.14 6.38 ± 1.18 
Waist circumference [cm] 2018(1117/901) 96.1 ± 12.4 100.7 ± 10.4 a 90.4 ± 12.2 
Hip circumference [cm] 2017(1116/901) 106.3 ± 9.2 105.3 ± 7.5 107.6 ± 10.8 a 
Uric acid 2063(1142/921) 5.50 ± 1.46 6.04 ± 1.40 4.84 ± 1.25 
Systolic BPR [mmHg] 2062(1142/920) 137.3 ± 20.3 140.1 ± 19.4 a 133.8 ± 20.8 
Diastolic BPR [mmHg] 2062(1142/920) 81.0 ± 11.1 82.7 ± 11.1 a 78.9 ± 10.7 
Leukocytes [x10-3/µl] 1805(997/808) 6.5 ± 1.8 6.5 ± 1.8 6.5 ± 1.8 
HbA1c [%]a 1804(996/808) 5.9 ± 1.1 5.9 ± 1.2 6.0 ± 1.1 

a) sex difference, significantly higher value p<0.05. Data are presented as means ± standard deviations or medians 

(25th/75th percentiles) for traits that were not normally distributed (insulin, triglycerides). 

4.2.3 SAPHIR 
Characteristics of the SAPHIR study are presented in Table 12. The SAPHIR study was used 

as replication sample for KORA S4 in the analysis of APOA5. In comparison to the elderly 

KORA S4 sample SAPHIR participants were younger. BMI was higher in KORA S4 in all 

groups. 

Table 12: Characteristics of SAPHIR subjects 
 n(m/f) total male female 
Age [years] 1770(1107/663) 51.8 ± 6.1 49.2 ± 5.5 56.2 ± 4.3 
BMI [kg/m²] 1770(1107/663) 26.8 ± 4.1 26.9 ± 3.7 26.6 ± 4.7 
Triglycerides [mmol/l]  1681(1073/608) 1.15(0.82/1.69) 1.21(0.85/1.92) a 1.06(0.79/1.45) 
HDL cholesterol [mmol/l]  1681(1073/608) 1.54 ± 0.41 1.43 ± 0.35 1.75 ± 0.42 a 
LDL cholesterol [mmol/l] 1681(1073/608) 3.78 ± 0.95 3.79 ± 0.93 3.77 ± 0.98 
Total cholesterol [mmol/l] 1681(1073/608) 5.93 ± 1.04 5.85 ± 1.03 6.07 ± 1.05 
Waist circumference [cm] 1728(1081/647) 94.6 ± 12.6 98.0 ± 10.5 a 88.9 ± 13.6 
Uric acid [mg/dl] 1764(1105/659) 5.9 ± 1.4 6.4 ± 1.3 a 4.9 ± 1.1 
Fasting plasma glucose 
[mg/dl] 1736(1036/650) 92.5 ± 14.1 93.4 ± 15.2 a 90.9 ± 11.8 

2-hour plasma glucose 
[mg/dl] 654(495/159) 102.2 ± 36.8 99.5 ± 37.9 110.7 ± 31.7 

Systolic BPR [mmHg] 1388(919/469) 132.8 ± 12.8 134.6 ± 12.4 129.3 ± 12.9 
Diastolic BPR [mmHg] 1388(919/469) 81.4 ± 7.7 82.1 ± 7.8 80.1 ± 7.4 
Fasting insulin [mU/l] 1726(1081/645) 6.0(4.2/8.9) 6.0(4.0/8.9) 6.0(4.3/8.8) 

a) sex difference, significantly higher value p<0.05. Data are presented as means ± standard deviations or medians 
(25th/75th percentiles) for traits that were not normally distributed (insulin, triglycerides). 
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5. Results 

5.1 Candidate gene selection and strategies 

The genes, which were investigated in the central analysis of this work were chosen from 

different pathways involved in MetS or T2DM development. Depending on the specific 

candidate gene, the strategy of the genetic analysis differs in study design, gene coverage 

due to prior association information and statistical analysis. 

IL-6 was chosen as elevated circulating levels of IL-6 contribute to development of insulin 

resistant states and T2DM. Thus, for this analysis two SNPs were selected that were 

proposed to influence IL-6 expression. As the IL-6 SNPs -174 G>C and -573 G>C have 

previously been investigated in several studies, the study population was limited to 

normoglycemic subjects to investigate influences on MetS and T2DM related parameters, 

before outbreak of T2DM. 

The analysis strategie for APOA5, which was chosen for its promising role in lipid metabolism, 

was different. A recent finding in Japanese, where the minor allele of APOA5 SNP -1131T>C 

was associated with higher risk of MetS, supported the choice for APOA5. To get all genetic 

information the APOA5 locus was systematically analysed by a selection of SNPs covering the 

whole gene and potential promoter region, enhancing selection of previous studies but also 

trying to replicate the Japanese finding in a Caucasian population. Statistical analysis was 

performed in fasting subjects only, especially concerning variability of lipid measurements 

depending on food intake. 

MCP-1 was chosen as second inflammatory candidate, as higher MCP-1 levels were 

associated to insulin resistance and T2DM. Another aspect was the interaction between 

MCP-1 and IL-6 concerning expression. Similar to APOA5, SNPs were selected to cover most 

of the genetic information of the MCP-1 locus. SNPs in the MCP-1 locus were investigated for 

association with outcome MetS and T2DM in a case control design as well as parameters 

related to both diseases in fasting subjects. 

The analysis strategie for RETN was similar to that of MCP-1. This locus was chosen as there 

were a lot of association studies of single SNPs linking RETN to insulin resistance, obesity 

and T2DM. Therfore, SNPs were selected by prior information from the literature and 

additionally by tagging information from the HapMap catalouge. In contrast to previous 

studies, statistical analysis was enhanced to parameters of MetS and T2DM but investigated 

also association with both diseases themselves.  
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5.2 Genotyping 

Genotyping success rates were >93% for all SNPs. One of the SNPs in RETN locus violated 

HWE (p<0.05) and was not further investigated. Table 13 displays genotype frequencies, 

success rates, and further genotyping information for all statistically analyzed SNPs.   

Table 13: Genotype Information for all SNPs included in statistical analysis 

 Variant Aliasa Position on 
Chrb 

Gene 
locus n GSR 

[%] 
Base 

change 
AA 

change MAF HWEc 

rs1800795 -174G>C 7:22733170 IL-6 1598 98.0 G→C  0.43 0.08 

rs1800796 -573G>C 7:22732771 IL-6 1603 98.3 G→C  0.05 0.57 

rs2542061 -9655A>G 11:116177441 APOA5 1581 97.0 A→G  0.50 0.82 

rs633867 -4904C>T 11:116172690 APOA5 1559 95.6 C→T  0.02 0.74 

rs662799 -1131T>C, SNP3 11:116168917 APOA5 1607 98.6 T→C  0.08 0.18 

rs1729411 -1099G>A 11:116168885 APOA5 1589 97.5 G→A  0.13 0.18 

rs651821 -3A>G 11:116167789 APOA5 1596 97.9 T→C  0.07 0.17 

rs3135506 S19W, c.56C>G 11:116167617 APOA5 1533 94.1 G→C S→W 0.06 0.22 

rs2072560 476G>A, SNP2 11:116167036 APOA5 1603 98.3 G→A  0.07 0.25 

rs3135507 c.457G>A, Val 153Met 11:116166698 APOA5 1595 97.9 C→T V→M 0.03 0.70 

rs619054 1764C>T 11:116166023 APOA5 1608 98.7 G→A  0.26 0.80 

Elderly 
KORA 

S4 

rs2266788 1259T>C, SNP1 11:116165896 APOA5 1597 98.0 T→C  0.08 0.05 

rs662799 -1131T>C, SNP3 11:116168917 APOA5 1702 96.2 T→C  0.07 0.57 

rs3135506 S19W, c56C>G 11:116167617 APOA5 1722 97.3 G→C S→W 0.07 0.06 SAPHIR 

rs2266788 1259T>C, SNP1 11:116165896 APOA5 1694 95.7 T→C  0.07 0.42 

rs1860188 c.-3813C>T 17:29602669 MCP-1 1569 95.8 C→T  0.15 0.56 

rs1024611 c.-2138A>T 17:29603901 MCP-1 1620 98.9 A→T  0.20 0.73 

rs1024610 c.-928G>C 17:29604344 MCP-1 1617 98.7 G→C  0.22 0.36 

rs3760396 c.77-109C>G 17:29605554 MCP-1 1616 98.7 C→G  0.20 0.74 

rs2857657 c.105T>C 17:29607245 MCP-1 1559 95.2 T→C  0.38 0.68 

rs4586 c.*65C>T 17:29607382 MCP-1 1604 97.9 C→T  0.28 0.68 

rs13900 c.*3879C>T 17:29608024 MCP-1 1620 98.9 C→T  0.28 0.86 

rs4804762  19:7635195 RETN 1517 93.9 C→T  0.17 0.06 

rs3760678 A-1093G, A-852G 19:7639120 RETN 1593 98.6 A→G  0.14 0.94 

rs1862513 C-420G, C-394G, C-
180G, C-179G 19:7639793 RETN 1587 98.2 C→G  0.29 0.28 

rs3219177 C156T, C157T, C39T, 
IVS2+39C>T 19:7640369 RETN 1586 98.1 C→T  0.21 1.00 

rs3745367 G299A, G298A, 
G181A, IVS2+181G>A 19:7640511 RETN 1574 97.4 A→G  0.23 0.76 

rs3219178 C167G, IVS3+167C>G 19:7640951 RETN 1576 97.6 C→G  0.46 0.14 

Elderly 
KORA 

S4 

rs3745369  19:7641475 RETN 1593 98.7 G→C  0.48 0.76 

rs12255372  10:114798892 TCF7L2 2325 98.3 G→T  0.29 0.16 KORA 
CC 

S1-S4 rs7903146  10:114748339 TCF7L2 2292 97.3 C→T  0.30 0.40 

rs2084202  2:119841499 ACBP 1583 97.1 A→G  0.16 0.11 

rs8192506  2:119846311 ACBP 1585 97.2 A→G  0.04 0.54 KORA 
S4 rs13283456 Arg298His 9:129924574 PTGES2 1617 99.2 C→T R→H 0.17 0.79 

a Synonymous names used in the literature b Positions according to Ensemble database, c p-values of Pearson’s Test for HWE; AA= 
amino acid; CC= Case Control; GSR = Genotyping success rate; MAF = Minor allele frequency 
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5.3 Candidate gene analysis 

5.3.1 Interleukin-6  

5.3.1.1 IL-6 KORA S4 (Grallert et al. 2006)  
Two promoter polymorphisms potentially affecting IL-6 expression were investigated in the 

IL-6 locus (Figure 6) in KORA S4 normoglycemic subjects aged 55-74 years. The used 

sample was limited to the specified subjects to investigate influence of the selected genetic 

variants before outbreak of T2DM. Comparing the 332 subjects with IDF-defined MetS (37.8 % 

of the sample) with healthy normoglycemic subjects no genetic association with MetS could be 

found for the IL-6 -174 G>C or -573 G>C polymorphism. Association results with MetS related 

parameters are presented for the -174 G>C polymorphism in Table 14 and for the -573 G>C 

polymorphism in Table 15. 

In men lower waist (βCCvs.GG= -1.91 cm, p= 0.002) and hip (βCCvs.GG= -1.39 cm, p= 0.01) 

circumferences as well as higher BMI values (βCCvs.GG= -0.65 cm, p= 0.004) were associated with 

the -174 C allele. These associations were only observable with additional adjustment for BMI 

or waist and hip circumference, respectively. Analyzing the single components of BMI a 

negative association of the -174 C allele with height in men was observed (βCCvs.GG= -2.23 cm, 

p= 0.01), while weight was not significantly different in C allele carriers. For the -573 G>C 

polymorphism there was a tendency for the C allele to be associated with lower age 

(βCC/GCvs.GG= -1.37 years, p= 0.03). Another tendency for an association of the -573 C allele was 

found  with higher diastolic blood pressure (βCC/GCvs.GG= 3.00 mmHg, p= 0.03). No genetic 

association with weight, percent body fat, WHR ratio, uric acid, HDL and LDL cholesterol 

levels, fasting plasma glucose, 2h glucose, leukocyte count, HbA1C, HOMA-IR, fasting insulin, 

triglycerides, or IL-6 levels could be found in this sub sample for any of the two 

polymorphisms. 
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Figure 6: Genetic structure of the IL-6 locus (chr: 7p21; length: 4796; aa: 212) 

5.3.1.2 IL-6 joint analysis of 21 studies (Huth et al. 2006, Huth et al. 2007) 
Among 21 studies from eight different countries the results of the IL-6 joint analyses included 

genotyping data from KORA S4 produced within this work. Thus, results are briefly 
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summarized below. Including 18 studies (including KORA S4 data) fulfilling analysis criteria 

pooled OR for 4,746 T2DM cases and 16,230 control subjects for an association between  

Table 14: Estimated associations in the nominal linear regression model and scores of the 
Kruskal-Wallis test for the IL-6 -174 G>C polymorphism on quantitative traits related to the 
metabolic syndrome. 

 
1) Linear regression GC versus GG  CC versus GG 

 total men women  total men women 
Age  [years] 
n=857(408/449) 0.03 (0.94) 0.08 (0.90) -0.16 (0.98)  0.09 (0.88) 0.50 (0.55) -0.30 (0.70) 

BMI  [kg/m2]   
n=857(406/451) 0.39 (0.22) 0.64 (0.08) 0.16 (0.74)  -0.06 (0.89) -0.03 (0.95) -0.10 (0.88) 

BMI [kg/m2]a 
n=857(406/451) 0.33 (0.01) 0.41 (0.02) 0.26 (0.17)  0.26 (0.13) 0.65 (0.004) -0.14 (0.56) 

Waist circumference [cm]b 
n=857(406/451) 0.41 (0.59) 0.76 (0.44) 0.10 (0.93)  -0.77 (0.44) -2.02 (0.11) 0.33 (0.83) 

Waist circumference [cm] 
n=857(406/451) -0.40 (0.30) -0.74 (0.14) -0.22 (0.70)  -0.61 (0.22) -1.91 (0.002) 0.56 (0.45) 

Hip  circumference [cm]b 
n=857(406/450) -0.23 (0.73) 0.28 (0.68) -0.70 (0.53)  -0.87 (0.31) -1.46 (0.10) -0.38 (0.79) 

Hip  circumference [cm] 
n=857(406/450) -0.70 (0.02) -0.68 (0.11) -1.03 (0.04)  -0.55 (0.16) -1.39 (0.01) -0.19 (0.77) 

Height [cm] 
n=859(408/451) -0.74 (0.11) -1.33 (0.05) -0.19 (0.76)  -0.75 (0.21) -2.23 (0.01) 0.58 (0.48) 

Weight [kg] 
n=857(406/451) 0.48 (0.59) 0.71 (0.56) 0.27 (0.84)  -0.75 (0.52) -2.10 (0.19) 0.42 (0.84) 

Percent body fat [%] 
n=851(404/447) 0.07 (0.83) 0.41 (0.31) -0.25 (0.65)  -0.33 (0.47) -0.11 (0.83) -0.59 (0.40) 

WHR 
 n=857(406/451) 0.0034 (0.36) -0.001 (0.83) 0.006 (0.30)  0.0006 (0.89) -0.006 (0.30) 0.007 (0.34) 

Serum uric acid [mg/dl]   
n=857(406/451) -0.09 (0.29) -0.11 (0.43) -0.08 (0.45)  -0.13 (0.26) -0.18 (0.33) -0.07 (0.63) 

HDL cholesterol [mmol/l] 
n=855(405/450) 0.019 (0.51) 0.035 (0.36) 0.002 (0.97)  -0.012 (0.76) -0.005 (0.92) -0.020 (0.72)

LDL cholesterol [mmol/l] 
n=854(404/450) -0.10 (0.22) -0.19 (0.09) -0.01 (0.93)  -0.04 (0.73) -0.18 (0.22) 0.11 (0.46) 

Triglycerides (log) 
n=849(401/448) -0.016 (0.65) -0.016 (0.78) -0.018 (0.68)  0.002 (0.96) -0.034 (0.64) 0.048 (0.40) 

Fasting glucose [mg/dl]   
n=857(406/451) 0.82 (0.12) 0.88 (0.25) 0.74 (0.32)  1.11 (0.11) 1.07 (0.28) 1.20 (0.22) 

2 h glucose [mg/dl]    
n=857(406/451) 0.83 (0.60) 2.60 (0.28) -0.83 (0.70)  0.92 (0.66) 2.80 (0.37) -0.71 (0.80) 

Systolic BPR [mmHg]  
n=611(283/328) 3.04 (0.06) 1.15 (0.62) 4.25 (0.06)  3.22 (0.13) 3.95 (0.19) 2.28 (0.44) 

Diastolic BPR [mmHg]    
n=611(283/328) -0.08 (0.92) -1.27 (0.41) 0.91 (0.45)  -0.29 (0.80) -0.46 (0.79) -0.13 (0.75) 

Leukocytes [x10-3/µl]   
n=857(406/451) -0.02 (0.88) -0.25 (0.17) 0.19 (0.18)  -0.12 (0.40) -0.11 (0.63) -0.14 (0.44) 

HbA1c [%]  
n=857(406/451) 0.005 (0.85) 0.05 (0.16) -0.04 (0.28)  -0.003 (0.93) 0.03 (0.56) -0.03 (0.50) 

2) Kruskal-Wallis test total men women 

n=858(408/450)  median p-value median p-value median p-value 

IL6 levels 
GG 
GC 
CC 

1.67 (0.91/2.52) 
1.74 (1.02/3.07) 
1.68 (0.89/3.02) 

0.20 
1.73 (0.89/2.55) 
2.02 (1.20/3.55) 
1.78 (0.81/3.42) 

0.07 
1.66 (0.91/2.49) 
1.60 (0.95/2.72) 
1.64 (0.89/2.72) 

0.95 

        

HOMA-IR 
GG 
GC 
CC 

2.04 (1.47/2.92) 
2.05 (1.50/3.04) 
2.13 (1.47/3.00) 

0.81 
2.02 (1.44/2.90) 
2.05 (1.51/3.08) 
2.22 (1.47/2.97) 

0.76 
2.09 (1.48/2.93) 
2.04 (1.47/3.02) 
2.08 (1.47/3.02) 

0.95 

        

Fasting insulin 
GG 
GC 
CC 

8.70 (6.30/12.60) 
8.70 (6.60/12.45) 
9.15 (6.30/12.60) 

0.90 
8.70 (6.00/12.00) 
8.70 (6.30/12.30) 
9.30 (6.15/11.70) 

0.87 
8.70 (6.53/12.90) 
8.70 (6.60/12.53) 
9.08 (6.60/13.50) 

0.96 

        

1) Linear regression: ß-values (p-values) are given after adjustment for BMI and age. The traits BMI, height, weight and 
percentbody fat were only adjusted for age. The trait age was only adjusted for gender in the whole group; a) additionally adjusted 
for waist and hip circumference. b) Adjustment without BMI. All analyses for the total group were additionally adjusted for sex. p-
value < 0.01 was regarded as significant. 
2) Kruskal-Wallis test: medians (25th/75th percentiles).  
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-174 C allele T2DM was 0.91 ([95%CI]= [0.83-0.99], p= 0.037). For the -573 G>C 

polymorphism pooled OR for 2,392 T2DM case and 9,265 control subjects from 8 studies 

(including KORA S4 data) was 1.05 ([95%CI]= [0.86-1.27], p= 0.65).  

Analysis of quantitative traits and IL-6 polymorphisms revealed a significant decrease of 

fasting glucose (β= -0.09 mmol/L [95%CI]= [0.16,0.02]) for the -174 C allele carriers when 

summarizing estimate, while the seven individual studies did not reach significance. 

Stratification by T2DM status revealed a substantial and statistically significant fasting glucose 

reduction of -0.32 mmol/L [95%CI]= [-0.58,0.05] among diabetic subjects comparing the CC- 

or GC-genotypes with the GG-genotype. For 2 h glucose analyzed in six studies no 

statistically significant association was found, although estimates pointed at the same direction 

(β= -0.08 mmol/L, [95%CI]= [0.20,0.05]).  

Table 15: Estimated effects of the IL-6 -573 G>C polymorphism on quantitative traits related 
to the metabolic syndrome - comparing genotype effects of the minor allele in a dominant 
model (CC/GC versus GG) 
 N (m/w) all men women 

Age [years] 858 (411/447) -1.37 (0.03) -1.27 (0.15) -1.47 (0.12) 

BMI [kg/m2]   858 (411/447) -0.21 (0.65) -0.08 (0.87) -0.37 (0.65) 

Height [cm] 860 (413/447) 1.43 (0.04) 1.75 (0.07) 1.05 (0.30) 

Weight [kg] 858 (411/447) 0.78 (0.57) 1.35 (0.43) 0.09 (0.96) 

Body Fat [%] 853 (409/444) 0.30 (0.56) 0.27 (0.64) 0.34 (0.69) 

WHR   858 (411/447) 0.004 (0.45) 0.004 (0.54) 0.004 (0.62) 

Waist circumference [cm] 858 (411/447) 0.70 (0.23) 0.92 (0.18) 0.41 (0.66) 

Hip circumference [cm] 857 (411/446) 0.25 (0.58) 0.53 (0.36) -0.09 (0.89) 

Serum uric acid [mg/dl] 858 (411/447) 0.18 (0.16) 0.22 (0.26) 0.14 (0.41) 

HDL cholesterol [mmol/l] 856 (410/446) -0.017 (0.70) -0.053 (0.31) 0.026 (0.71) 

LDL cholesterol [mmol/l] 855 (409/446) 0.01 (0.90) -0.06 (0.70) 0.10 (0.57) 

Triglycerides (log)  848 (406/442) 0.014 (0.79) 0.028 (0.72) -0.005 (0.94) 

Fasting glucose [mg/dl] 858 (411/447) -0.183 (0.82) -0.210 (0.84) -0.160 (0.89) 

2h glucose [mg/dl] 858 (411/447) -0.74 (0.76) -1.48 (0.66) 0.13 (0.97) 

Systolic blood pressure [mmHg] 609 (285/324) 1.91 (0.45) 5.46 (0.09) -2.21 (0.57) 

Diastolic blood pressure [mmHg] 609 (285/324) 3.00 (0.026) 4.19 (0.022) 1.49 (0.46) 

Leukocytes [x10-3/µl] 858 (411/447) -0.12 (0.49) -0.04 (0.86) -0.20 (0.38) 

HbA1c [%] 858 (411/447) -0.011 (0.77) 0,047 (0.37) -0,082 (0.16) 

ß-values (p-values) are given after adjustment for BMI and age. The traits BMI, height, weight and body fat were only adjusted 
for age. The trait age was only adjusted for gender in the whole group; a) additionally adjusted for waist and hip circumference. 
b) Adjustment without BMI. All analyses for the total group were additionally adjusted for sex. p-value < 0.01 was regarded as 
significant. 

 

Analysis of BMI was performed in 15 studies including 19,007 non-diabetic and 5,026 subjects 

with T2DM. Although most studies showed increased BMI none except one showed 

significantly association between the -174 C allele and BMI. Stratified analysis for T2DM 

status did not reveal a significant p-value either. However, non-diabetic men (n= 11,457) with 
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a -174 C allele were significantly associated with higher BMI (C dominant: β= 0.185, p= 0.01). 

There was no evidence for an association between -174 C allele and IL-6 levels analyzing 

5,659 subjects of seven studies. Only among 966 subjects with T2DM from four studies -174 

CC-genotype was associated with higher IL-6 levels (βCCvsGG= 0.16, [95%CI]= [0.004, 0.31], 

adjusted for age, sex, and BMI), whereas there was no evidence for an association of 

heterozygous individuals with T2DM (βGCvsGG= 0.004, [95%CI]= [0.10,0.11]). Sex-specific 

association estimates were similar, although they were non significant due to reduced sample 

size. 

5.3.2 Apolipoprotein A5 (APOA5) (Grallert et al. 2007) 
Covering the APOA5 locus, ten polymorphisms were investigated for association with lipid 

parameters and quantitative traits related to NCEP-defined MetS in KORA S4 fasting subjects 

aged 55-74 years. An overview of the polymorphism locations within APOA5 locus and 

localization within the APOA1/C3/A4 cluster is given in Figure 7 A. An LD plot of the ten 

polymorphisms analyzed in KORA S4 is presented in Figure 7 B.  

Primary analysis of lipids 

Triglyceride levels were significantly different between the three genotype groups of variants 

1259T>C, -3A>G, -1131T>C, and 476G>A (p≤ 0.001), and borderline significantly different for 

c.56C>G. Table 16 presents the results for -1131T>C and c.56C>G. Variant -1131T>C is 

reported as representative as it was highly correlated with -3A>G (r2= 0.98), 476G>A (r2= 0.95) 

and 1259T>C (r2= 0.84) (Figure 7 B). In the additive model, variant -1131T>C showed a 

statistically significant association with 13.30% (p= 5.0×10-4) higher TG levels per copy of the 

minor allele for -1131T>C. Variant c.56C>G showed a borderline significant difference for TG 

levels between genotype groups (p= 0.009, f-test). β-estimates were in the same range as for 

the variants described above, but were insignificant after correction for multiple testing  

(additive model: % change of geometric mean (PCGM)= 12.3%, p= 0.005). No associations 

were observed with total, LDL and HDL cholesterol. 

Variants -1131T>C, 1259T>C (data not shown) and c.56C>G were selected for replication. 

The observed associations of these variants with lipid levels were clearly replicated in the 

SAPHIR sample (Table 16B). The minor allele of variant c.56C>G was significantly associated 

with higher TG levels in the dominant model (PCGM= 22.08%, p= 6.7×10-7). Minor alleles of 

both variants were significantly associated with further lipid parameters (Table 16B).  

Haplotype analysis 

Haplotype analysis performed in the KORA study revealed six haplotypes with frequencies of 

>5% (Table 17). The major haplotype was used as reference. Haplotype APOA5_3, containing 

the minor alleles of variants -3A>G, -1131T>C, 476G>A, and 1259T>C, was significantly 

associated with higher TG levels (p= 0.002). Haplotype APOA5_5, tagged by variant c.56C>G, 
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was also significantly associated with higher TG levels (PCGM= 15.2%, p= 0.003). This 

association was stronger in women (PCGM= 22.5%, p= 0.002) than in men.  
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Figure 7: (A) Genomic structure and variant location within the APOA5 gene. (B) LD plot of 
the analyzed variants in the KORA S4 sample. The upper triangle depicts the recombination 
(D’) and the lower triangle the correlation coefficient (r2) between the variants. (chr: 11q23; 
length: 2,499 bp; aa: 366) 
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Table 16: Primary analysis in KORA S4 (A) and SAPHIR (B). Estimated associations in linear regression models between the APOA5 

polymorphisms and lipid parameters.   

     aa vs. AAc  Aa vs. AAc  additive  dominant 

A) KORA S4 n pb  β 95 % CI p  β 95 % CI p  β 95 % CI p  β 95 % CI p 

Triglycerides [%] a 1163 8.3×10-4 54.23 [16.02, 105.04] 0,003 10.29 [1.9, 19.36] 0.015 13.30 [5.62, 21.54] 5.0×10-4 12.66 [4.31, 21.67] 0.002 

HDL cholesterol [mmol/l]  1171 0.486 -0.02 [-0.26, 0.21] 0.847 -0.04 [-0.11, 0.03] 0.233 -0.03 [-0.09, 0.02] 0.259 -0.04 [-0.1, 0.02] 0.232 

LDL cholesterol [mmol/l] 1170 0.051 0.60 [-0.07, 1.26] 0.079 0.16 [-0.02, 0.33] 0.081 0.18 [0.03, 0.34] 0.021 0.18 [0.01, 0.35] 0.038 

-1
13

1T
>C

 

Total cholesterol [mmol/l] 1172 0.008 0.85 [0.19, 1.51] 0.012 0.18 [0, 0.36] 0.054 0.23 [0.07, 0.4] 0.005 0.22 [0.04, 0.4] 0.015 

                    

Triglycerides [%] a 1108 0.009 -0.71 [-33.69, 48.69] 0.973 14.72 [5.15, 25.15] 0.002 12.31 [3.61, 21.75] 0.005 14.07 [4.72, 24.25] 0.003 

HDL cholesterol [mmol/l]  1116 0.424 0.03 [-0.3, 0.37] 0.844 -0.05 [-0.12, 0.02] 0.197 -0.04 [-0.1, 0.03] 0.268 -0.04 [-0.11, 0.03] 0.221 

LDL cholesterol [mmol/l] 1115 0.230 0.05 [-0.84, 0.94] 0.916 0.17 [-0.02, 0.36] 0.087 0.15 [-0.03, 0.32] 0.107 0.16 [-0.03, 0.35] 0.090 

c.
56

C
>G

 

Total cholesterol [mmol/l] 1116 0.048 0.09 [-0.85, 1.02] 0.856 0.25 [0.05, 0.45] 0.014 0.22 [0.03, 0.41] 0.020 0.25 [0.05, 0.44] 0.015 

B) SAPHIR                   

Triglycerides [%] a 1596 1.0×10-6 4.17 [-33.61, 63.46] 0.859 22.68 [13.7, 32.37] 1.5×10-7 20.51 [12.09, 29.57] 5.1×10-7 22.19 [13.34, 31.73] 2.0×10-7 
HDL cholesterol [mmol/l]  1596 0.001 -0.31 [-0.62, -0.01] 0.046 -0.08 [-0.13, -0.03] 0.002 -0.09 [-0.14, -0.04] 3.8×10-4 -0.09 [-0.14, -0.04] 7.6×10-4 
LDL cholesterol [mmol/l] 1596 0.040 0.01 [-0.82, 0.84] 0.984 0.18 [0.04, 0.32] 0.011 0.16 [0.03, 0.3] 0.016 0.18 [0.04, 0.32] 0.012 

-1
13

1T
>C

 

Total cholesterol [mmol/l] 1596 0.011 -0.25 [-1.16, 0.65] 0.581 0.23 [0.08, 0.38] 0.003 0.20 [0.05, 0.34] 0.009 0.22 [0.07, 0.37] 0.005 
                    

Triglycerides [%] a 1630 3.0×10-6 3.94 [-42.05, 86.41] 0.897 21.25 [12.53, 30.64] 4.6×10-7 20.05 [11.64, 29.08] 8.9×10-7 22.08 [12.88, 32.03] 6.7×10-7 

HDL cholesterol [mmol/l]  1630 0.057 0.06 [-0.33, 0.46] 0.756 -0.06 [-0.11, -0.01] 0.018 -0.06 [-0.11, -0.01] 0.026 -0.06 [-0.11, -0.01] 0.021 

LDL cholesterol [mmol/l] 1630 0.042 1.11 [0.04, 2.18] 0.043 0.11 [-0.03, 0.24] 0.124 0.13 [0, 0.27] 0.050 0.12 [-0.01, 0.26] 0.080 

c.
56

C
>G

 

Total cholesterol [mmol/l] 1630 0.010 1.26 [0.1, 2.42] 0.034 0.17 [0.02, 0.32] 0.027 0.19 [0.05, 0.34] 0.009 0.18 [0.03, 0.33] 0.016 
a β-values of logarithmized variables (TG levels and fasting insulin) are given as geometric mean change estimated by (EXP(log(variable))-1)*100; b p-value from f-test c -1131T>C: AA=AA, Aa=GA, aa=GG, 

number of minor allele homozygote in KORA n=13, in SAPHIR n=6; c.56C>G AA=GG, Aa=GC, aa=CC, number of minor allele homozygote in KORA n=16, in SAPHIR n=3; significant p-values are printed in 

bold; corrected significance level: KORA (p< 0.0017), SAPHIR (p< 0.0125)  



 
 

 

5 R
esults  

 
 

 
 

 
 

 
 

 
 

        49 

 

Table 17: Haplotype analysis for triglyceride levels in KORA S4.  

  total  men  women 

Haplotypes -9
65

5A
>G

 

-4
90

4C
>T

 

-1
13

1T
>C

 

-1
09

9G
>A

 

-3
A

>G
 

c.
56

C
>G

 

47
6G

>A
 

c.
45

7G
>A

  

17
64

C
>T

 

12
59

T>
C

 

 
freq PCGM [%] 95 % CI [%] p  freq PCGM [%] 95 % CI [%] p  freq PCGM [%] 95 % CI [%] p 

APOA5_01 2 1 1 1 1 1 1 1 2 1  0.26 1.91 [-3.68, 7.83] 0.511  0.26 -2.69 [-10.79, 6.14] 0.538  0.26 6.11 [-1.17, 13.93] 0.103 

APOA5_02 2 1 1 1 1 1 1 1 1 1  0.15 -2.66 [-8.93, 4.05] 0.429  0.15 -7.37 [-16.33, 2.54] 0.141  0.14 0.98 [-7.24, 9.93] 0.822 

APOA5_03 2 1 2 1 2 1 2 1 1 2  0.06 14.96 [5.4, 25.38] 0.002  0.06 15.89 [1.68, 32.09] 0.028  0.06 15.00 [2.78, 28.68] 0.015 

APOA5_04 1 1 1 2 1 1 1 1 1 1  0.13 6.60 [-0.6, 14.32] 0.074  0.13 9.94 [-1.27, 22.43] 0.085  0.13 1.98 [-6.65, 11.41] 0.665 

APOA5_05 1 1 1 1 1 2 1 1 1 1  0.06 15.24 [4.91, 26.59] 0.003  0.06 10.49 [-3.47, 26.46] 0.148  0.05 22.54 [7.85, 39.24] 0.002 

Rare * * * * * * * * * *  0.05 9.62 [-2.08, 22.73] 0.111  0.05 6.74 [-10.23, 26.92] 0.461  0.04 12.34 [-1.92, 28.67] 0.094 

Reference 1 1 1 1 1 1 1 1 1 1   0.30        0.28        0.31       

Triglyceride levels are given as geometric mean change, estimated by (EXP(log(variable))-1)*100. Highly correlated variants are highlighted in grey. Significance level for haplotype analysis corrected for 

multiple testing was p=0.0125. Haplotype tagging variants and statistically significant values are shown in bold. freq= frequency; PCGM = percent change of geometric mean 
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Secondary analysis – MetS and its features 

Results of the secondary analysis are presented in Table 18. In both samples, no significant 

associations of gene variants with waist circumference, fasting plasma glucose, 2 h plasma 

glucose, systolic or diastolic blood pressure, and fasting insulin were found (p> 0.05). In the 

SAPHIR sample uric acid was different between the genotype groups of variant -1131T>C (p= 

0.015). The CC genotype was associated with lower uric acid levels (β= -1.31 mg/dl, p= 

0.006). After correction for multiple testing, this observation was no longer significant 

(correction for 10 of traits and 2 effective loci in SAPHIR p= 0.05/10*2= 0.0025). 

348 KORA S4 subjects (26%) and 502 SAPHIR subjects (28%) fulfilled the NCEP criteria for 

MetS. Comparing these individuals with MetS-free subjects, variant c.56C>G showed 

increased OR estimated for MetS for the minor allele in the additive model (KORA S4 OR 

[95% CI]= 1.43 [1.04, 1.99] p=0.03; SAPHIR OR [95% CI]= 1.48 [1.10, 1.99] p=0.009). 

According to corrected significance levels association with MetS loses significance in KORA 

but remains significant in SAPHIR. For minor alleles of variants -4904C>T, and c.457G>A, 

which were not in LD with any other variant, ORs indicated a tendency for increased MetS risk 

(-4904C>T OR [95% CI]= 1.48 [0.87, 2.54] p=0.12; c.457G>A 1.33 [0.85, 2.08] p=0.21). 

Variant -1131T>C indicated a tendency for higher MetS risk in SAPHIR only (KORA S4 OR 

[95% CI]= 1.00 [0.75, 1.34] p= 0.99; SAPHIR OR [95% CI]= 1.24 [0.92, 1.68] p= 0.16). No 

tendency was observable for any other variant. Combining samples variant  -1131T>C had an 

OR [95% CI] of 1.03 [0.84, 1.27] (p= 0.77) and variant c.56C>G an OR [95% CI] of 1.28 [1.03, 

1.58] (p= 0.026). Subjects heterozygous in both variants showed insignificant OR of 2.11 

[1.00,4.49] p=0.05. 
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Table 18: Secondary analysis in KORA (A) and SAPHIR (B). Estimated associations in linear regression models between the APOA5 

polymorphisms and quantitative traits related to the MetS. 

     aa vs. AAc Aa vs. AAc additive dominant 
A) KORA S4 n pb β 95 % CI p β 95 % CI p β 95 % CI p β 95 % CI p 

 Waist circumference [cm] 1328 0.818 -0.21 [-2.99, 2.58] 0.884 -0.25 [-1.03, 0.53] 0.534 -0.21 [-0.91, 0.48] 0.544 -0.25 [-1.00, 0.51] 0.527 

 Uric acid [mg/dl] 1328 0.197 0.62 [-0.05, 1.29] 0.072 0.00 [-0.18, 0.19] 0.962 0.07 [-0.09, 0.24] 0.380 0.04 [-0.14, 0.23] 0.638 

 Fasting plasma glucose [mg/dl] 1325 0.366 -4.76 [-13.9, 4.39] 0.308 1.24 [-1.33, 3.81] 0.344 0.40 [-1.88, 2.68] 0.734 0.84 [-1.66, 3.35] 0.508 

 2 h plasma glucose [mg/dl] 1324 0.624 -12.50 [-39.62, 14.63] 0.366 1.24 [-6.38, 8.87] 0.749 -0.56 [-7.31, 6.20] 0.871 0.28 [-7.13, 7.69] 0.941 

 Systolic BPR [mmHg] 859 0.570 0.45 [-12.24, 13.15] 0.944 2.06 [-1.76, 5.88] 0.290 1.59 [-1.73, 4.91] 0.348 1.94 [-1.75, 5.63] 0.302 

 Diastolic BPR [mmHg] 859 0.555 -2.70 [-9.25, 3.86] 0.420 0.70 [-1.27, 2.67] 0.488 0.17 [-1.55, 1.89] 0.846 0.45 [-1.46, 2.35] 0.647 

-1
13

1T
>C

  

 Fasting insulin [%] a 1319 0.177 -19.68 [-41.6, 10.48] 0.178 5.82 [-3.27, 15.78] 0.217 1.79 [-6.01, 10.23] 0.664 3.90 [-4.80, 13.41] 0.391 

 Waist circumference [cm] 1273 0.893 0.35 [-7.11, 7.82] 0.926 -0.42 [-2.18, 1.34] 0.643 -0.17 [-0.95, 0.60] 0.661 -0.38 [-2.10, 1.34] 0.665 

 Uric acid [mg/dl] 1268 0.283 -0.59 [-1.47, 0.30] 0.193 0.09 [-0.12, 0.30] 0.382 0.03 [-0.17, 0.22] 0.794 0.06 [-0.14, 0.26] 0.558 

 Fasting plasma glucose [mg/dl] 1266 0.530 4.87 [-7.21, 16.95] 0.429 -1.13 [-3.98, 1.71] 0.435 -0.51 [-3.11, 2.09] 0.701 -0.85 [-3.64, 1.94] 0.549 

 2 h plasma glucose [mg/dl] 1265 0.907 -6.59 [-42.15, 28.97] 0.716 -1.12 [-9.50, 7.26] 0.793 -1.50 [-9.16, 6.16] 0.701 -1.38 [-9.58, 6.82] 0.742 

 Systolic BPR [mmHg] 821 0.853 -4.64 [-22.46, 13.17] 0.609 0.44 [-3.42, 4.30] 0.823 0.02 [-3.55, 3.60] 0.990 0.24 [-3.55, 4.03] 0.902 

 Diastolic BPR [mmHg] 821 0.643 -0.34 [-9.59, 8.91] 0.943 -0.96 [-2.96, 1.05] 0.348 -0.84 [-2.7, 1.02] 0.375 -0.93 [-2.90, 1.04] 0.352 

c.
56

C
>G

 

  Fasting insulin [%] a 1260 0.402  -1.15 [-34.95, 50.21] 0.957  7.02 [-3.04, 18.11] 0.178  5.64 [-3.46, 15.61] 0.232  6.62 [-3.19, 17.43] 0.194 

B) SAPHIR               
 Waist circumference [cm] 1637 0.566 0.49 [-4.6, 5.58] 0.850 -0.50 [-1.43, 0.44] 0.296 -0.41 [-1.30, 0.47] 0.359 -0.47 [-1.39, 0.45] 0.318 
 Uric acid [mg/dl] 1673 0.015 -1.31 [-2.24, -0.37] 0.006 0.08 [-0.09, 0.25] 0.378 0.00 [-0.16, 0.16] 0.956 0.04 [-0.13, 0.20] 0.663 
 Fasting plasma glucose [mg/dl] 1646 0.876 -1.95 [-12.43, 8.53] 0.715 0.35 [-1.57, 2.26] 0.723 0.20 [-1.61, 2.01] 0.830 0.28 [-1.61, 2.17] 0.771 
 2 h plasma glucose [mg/dl] 621 0.236 -33.91 [-73.23, 5.41] 0.091 0.42 [-7.54, 8.38] 0.917 -1.90 [-9.36, 5.56] 0.617 -0.75 [-8.60, 7.10] 0.851 
 Systolic BPR [mmHg] 1318 0.511 3.66 [-5.73, 13.06] 0.445 -0.82 [-2.72, 1.07] 0.394 -0.47 [-2.25, 1.31] 0.605 -0.67 [-2.54, 1.20] 0.483 
 Diastolic BPR [mmHg] 1318 0.461 2.34 [-3.61, 8.30] 0.440 -0.59 [-1.79, 0.62] 0.340 -0.35 [-1.48, 0.77] 0.542 -0.48 [-1.67, 0.70] 0.423 

-1
13

1T
>C

  

 Fasting insulin [%] a 1642 0.433 -5.71 [-34.97, 36.72] 0.757 4.42 [-2.43, 11.76] 0.212 3.57 [-2.87, 10.44] 0.284 4.12 [-2.63,11.34] 0.238 

 Waist circumference [cm] 1674 0.397 7.25 [-5.90, 20.39] 0.280 0.70 [-0.93, 2.34] 0.399 0.86 [-0.73, 2.46] 0.288 0.79 [-0.84, 2.42] 0.341 
 Uric acid [mg/dl] 1710 0.250 1.01 [-0.31, 2.33] 0.134 0.06 [-0.10, 0.23] 0.452 0.09 [-0.07, 0.25] 0.286 0.08 [-0.09, 0.24] 0.365 
 Fasting plasma glucose [mg/dl] 1683 0.499 3.04 [-11.08, 17.17] 0.673 -0.99 [-2.75, 0.78] 0.274 -0.85 [-2.57, 0.88] 0.335 -0.93 [-2.69, 0.83] 0.299 
 2 h plasma glucose [mg/dl] 646 0.916 -12.91 [-81.99, 56.16] 0.714 0.80 [-7.19, 8.80] 0.844 0.46 [-7.36, 8.27] 0.908 0.65 [-7.31, 8.60] 0.873 
 Systolic BPR [mmHg] 1346 0.809 5.23 [-17.66, 28.11] 0.654 -0.44 [-2.29, 1.41] 0.640 -0.37 [-2.20, 1.46] 0.693 -0.41 [-2.26, 1.44] 0.664 
 Diastolic BPR [mmHg] 1346 0.875 0.55 [-14.01, 15.11] 0.941 -0.31 [-1.48, 0.87] 0.609 -0.29 [-1.46, 0.87] 0.621 -0.30 [-1.48, 0.87] 0.614 

c.
56

C
>G

 

  Fasting insulin [%] a 1675 0.527  31.15 [-22.88, 123.06] 0.317  1.88 [-4.68, 8.88] 0.585  2.53 [-3.90, 9.39] 0.448  2.21 [-4.33, 9.20] 0.515 
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Description Table 18: a β-values of logarithmized variables (TG levels and fasting insulin) are given as geometric mean change 
estimated by (EXP(log(variable))-1)*100; b p-value from f-test c -1131T>C: AA=AA, Aa=GA, aa=GG, number of minor allele 
homocygotes in KORA n=13, in SAPHIR n=6; c.56C>G AA=CC, Aa=CG, aa=GG, number of minor allele homocygotes in KORA 
n=16, in SAPHIR n=11; significant p-values are presented in bold; significance level if corrected for multiple testing: KORA 
(p<0.0007), SAPHIR (p<0.005).  
 
5.3.3 MCP-1 (Sedlmeier, Grallert et al. 2007) 

Eight polymorphic SNPs covering the MCP-1 locus (Figure 8) were investigated for 

association with IDF-defined MetS, T2DM in all or with related quantitative traits in fasting 

KORA S4 subjects aged 55-74 years. Several trends were observed for different SNPs (Table 

19). SNP c.-3813C>T showed difference in the genotype groups for TG levels (p= 0.0084), 2-h 

glucose (p= 0.014), and uric acid (p= 0.027). Differences between genotype groups were 

further observed for c.-928G>C and fasting glucose (p= 0.033), c.2138A>T and IL-6 levels (p= 

0.044), c.105T>C and leukocyte count (p= 0.047), c.*65C>T, c.*3879C>T and MCP-1 levels 

(p= 0.012 each). Analyzing single components of BMI distribution of height was different 

between genotype groups of c.-3813C>T and c.-928G>C. Stratification for sex revealed a 

significant association between c.-928 C allele and increased height (p= 0.0004). Haplotype 

analysis estimated five major haplotypes whereas MCP1*1 containing the c.-928 C allele was 

significantly associated with increased height in men (β= 1.30 cm, p= 0.0002). 

MCP-1

Start
codon

Stop
codon5’ UTR 3’UTR

rs
1

8
6

0
1

8
8

rs
1

0
2

4
6

1
0

rs
2

8
5

7
6

5
7

rs
4

5
8

6

rs
1

0
2

4
6

1
1

rs
3

7
6

0
3

9
6

rs
1

3
9

0
0

Figure 8: Genetic structure of MCP-1 locus (chr: 17q11.2; length: 1927 bp; aa: 99) 
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Table 19: Global P values for all single nucleotide polymorphisms and parameters from nominal analysis 

 c.-3813C>T  c.2138A>T c.-928G>C c.77-109C>G  c.105T>C c.*65C>T c.*3879C>T 

Parameter n p   n p  n p  n p   n p  n p  n p 
MetS† 841/665  0.12  874/683 0.59 872/682 0.97 872/683 0.46  833/667 0.44 866/677 0.71 873/687 0.64 
Waist circumference 1167 0.59  1211 0.79 1210 0.97 1209 0.76  1166 0.35 1198 0.7 1214 0.75 
Triglyceridesa 1153 0.0084  1196 0.41 1195 0.34 1194 0.43  1151 0.052 1183 0.34 1199 0.41 
HDL cholesterola 1163 0.44  1206 0.2 1205 0.79 1204 0.19  1161 0.069 1193 0.59 1209 0.71 
Sys. BPRa 770 0.27  791 0.34 790 0.2 790 0.34  764 0.8 782 0.079 794 0.068 
Dia. BPRa 770 0.27  791 0.7 790 0.64 790 0.62  764 0.29 782 0.11 794 0.1 
T2DM† 222/1163  0.23  227/1207 0.46 225/1206 0.089 227/1205 0.46  214/1163 0.83 226/1194  0.93 227/1210 0.67 
Fasting glucosea 1165 0.088  1208 0.27 1207 0.033 1206 0.19  1163 0.3 1195 0.94 1211 0.91 
Parameters related to the metabolic syndrome                          
BMI 1165 0.68  1208 0.51 1207 0.88 1206 0.45  1163 0.26 1195 0.83 1211 0.86 
Weight 1165 0.96  1208 0.59 1207 0.57 1206 0.53  1163 0.35 1195 0.39 1211 0.37 
Height 1167 0.14  1211 0.075 1210 0.0024 1209 0.087  1166 0.0095 1198 0.098 1214 0.063 
WHR 1167 0.087  1211 0.65 1210 0.37 1209 0.68  1166 0.63 1198 0.28 1214 0.34 
Hip circumference 1166 0.75  1210 0.73 1209 0.67 1208 0.67  1165 0.065 1197 0.53 1213 0.52 
Percent body fat 1157 0.49  1200 0.87 1199 0.63 1198 0.75  1156 0.064 1187 0.87 1203 0.8 
Adiponectina 1154 0.14  1197 0.78 1196 0.14 1195 0.75  1153 0.1 1184 0.73 1200 0.84 
LDL cholesterola 1162 0.96  1205 0.82 1204 0.25 1203 0.81  1160 0.77 1192 0.83 1208 0.69 
Total cholesterola 1164 0.92  1207 0.61 1206 0.63 1205 0.6  1162 0.84 1194 0.58 1210 0.56 
2 h glucosea 1165 0.014  1208 0.56 1207 0.46 1206 0.56  1163 0.68 1195 0.47 1211 0.47 
HbA1ca 1164 0.38  1207 0.97 1206 0.71 1205 0.96  1162 0.88 1194 0.67 1210 0.82 
Insulina 1161 0.93  1204 0.74 1203 0.26 1202 0.79  1159 0.82 1191 0.73 1207 0.81 
HOMA-IR* 1164 0.99  1208 0.98 1207 0.44 1206 0.98  1163 0.78 1195 0.91 1211 0.88 
Leucocyte counta 1165 0.71  1208 0.37 1207 0.97 1206 0.36  1163 0.047 1195 0.47 1211 0.53 
MCP-1a 454 0.78  479 0.38 478 0.32 477 0.39  453 0.93 476 0.012 480 0.012 
IL-6* 1161 0.19  1205 0.044 1204 0.47 1203 0.08  1160 0.77 1192 0.82 1208 0.84 
Uric acida 1165 0.027   1208 0.43  1207 0.086  1206 0.44   1163 0.34  1195 0.18  1211 0.29 
P = global p value calculated in the model free model;  sys, systolic; dia, diastolic; all variables are adjusted for sex and age, aBMI; *p values from Kruskal Wallis test; †numbers are given for 
cases/controls, p values originate from logistic regression; p values below 0.05 are grey shaded 
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5.3.4 RETN (Sedlmeier, Grallert et al. submitted) 

Covering the RETN locus nine SNPs were investigated (Figure 9) comparing MetS or T2DM 

affected subjects with healthy subjects in the whole sample or parameters related to MetS or 

T2DM in fasting KORA S4 subjects aged 55-74 years. SNP rs3219176, which was 

monomorphic, and rs1423096 which violated HWE were excluded from statistical analysis. TG 

were statistically significantly different between the three genotype groups of rs3760678 

(p=0.0003) in the entire group (Table 20). The rs3760678 genotypes or alleles in any genetic 

model did not differ statistically significantly according to a significance level of 0.00055. TG 

levels differed up to 19% with p values ranging from 0.0009 to 0.1 for nominal, dominant, 

recessive, and additive models. No statistically significant results were observed for TG levels 

or any other parameters analyzed in men and women separately. None of the other analyzed 

parameters exhibited significant differences between genotype groups in model-free analysis 

of the entire population (p>0.010). 
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Figure 9: Genetic structure of the RETN locus (chr: 19p13.3; length: 1369; aa: 108) 
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Table 20: Global p values for all RETN SNPs and parameters from model free analysis 
 rs4804762   rs3760678  rs1862513  rs3219177  rs3745367  rs3219178  rs3745369 

  n p   n p  n p  n p  n p  n p  n p 

MetS‡ 731/611 0.63  779/638 0.36  777/635 0.49  772/637 0.62  766/634 0.34  768/635 0.26  782/632 0.076 

T2DM‡ 204/1145 0.011  226/1198 0.77  225/1194 0.052  225/1191 0.064  219/1188 0.017  224/1186 0.33  226/1195 0.63 

Waist circumference* 1247 0.78  1315 0.21  1309 0.62  1307 0.41  1301 0.65  1302 0.78  1313 0.13 

Triglyceridesa† 1090 0.6  1147 0.0003  1143 0.078  1143 0.01  1136 0.077  1139 0.41  1146 0.62 

HDL cholesterola 1098 0.28  1155 0.073  1151 0.53  1151 0.38  1144 0.77  1147 0.91  1153 0.57 

Pulse pressurec 811 0.66  848 0.75  844 0.77  847 0.42  841 0.12  841 0.7  844 0.6 

Fasting glucoseb 1240 0.45  1307 0.79  1301 0.31  1299 0.84  1294 0.53  1294 0.14  1305 0.2 

BMI* 1243 0.64  1310 0.18  1304 0.78  1302 0.58  1297 0.95  1297 0.92  1308 0.12 

WHR* 1247 0.82  1315 0.53  1309 0.43  1307 0.1  1301 0.15  1302 0.24  1313 0.33 

Percent Body fat* 1233 0.93  1299 0.037  1293 0.56  1291 0.12  1286 0.39  1286 0.82  1297 0.033 

LDL cholesterol 1097 0.94  1154 0.84  1150 0.47  1150 0.019  1143 0.062  1146 0.4  1152 0.53 

Total cholesterol 1099 0.7  1156 0.68  1152 0.43  1152 0.012  1145 0.016  1148 0.55  1154 0.6 

2-hour glucose 1240 0.41  1307 0.66  1301 0.55  1299 0.68  1294 0.44  1294 0.78  1305 0.2 

HbA1c 1239 0.43  1306 0.3  1300 0.19  1298 0.22  1293 0.36  1293 0.21  1304 0.48 

Fasting insulin† 1235 0.17  1302 0.95  1296 0.49  1294 0.36  1290 0.12  1289 0.62  1300 0.65 

Leukocytes 1243 0.6  1310 0.61  1304 0.66  1302 0.49  1297 0.38  1297 0.16  1308 0.18 

MCP-1† 530 0.92  589 0.059  583 0.055  579 0.13  579 0.053  578 0.89  588 0.97 

Uric acid 1243 0.62   1310 0.39  1304 0.84  1302 0.31  1297 0.64  1297 0.71  1308 0.99 
p = global p values calculated in a model free analysis; all variables are adjusted for sex, age and BMI, *) only adjusted for sex and age; †) p values calculated by Kruskal Wallis test, ‡) numbers 
are given for case/controls, p values calculated by logistic regression; subjects with a) lipid lowering drugs, b) antidiabetic drugs and c) antihypertensive drugs are excluded; p values below 
0.00055 are grey shaded  
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5.3.5 TCF7L2 (Marzi, Huth, Kolz, Grallert et al. 2007) 

In the TCF7L2 locus two SNPs in high LD (D’ = 0.88, r2 = 0.86) were analyzed in one case-

control sample including 2,369 participants from KORA S1-S4, and one population-based 

sample of 1,404 elderly KORA S4 participants. The analysis was designed to replicate the 

priviously reported association with T2DM in the German population and to enhance analysis 

to related parameters of T2DM and MetS. Frequencies of the minor alleles were similar to 

those previously reported with 0.27 for rs12255372 and 0.28 for rs7903146, with difference in 

T2DM cases in the case-control sample (0.33 for rs12255372 and 0.34 for rs7903146). 

Multiple analyses in the case-control sample identified the T alleles at both SNPs as risk 

variants for T2DM, with significant associations for model-free estimates and the multiplicative 

genotype model. The results demonstrated a copy-number effect and provided good fit for the 

multiplicative genotype model, the OR for T2DM being higher for homozygous than for 

heterozygous T allele carriers at rs7903146 (model-free estimates: ORTTvs.CC [95 % CI]= 1.92 

[1.38, 2.67], p= 0.0001; ORCTvs.CC [95 % CI]= 1.33 [1.09, 1.62], p= 0.006; multiplicative model: 

ORTvs.C [95 % CI]= 1.36 [1.18, 1.58], p= 0.00003). Similar results were observed for 

rs12255372 (model-free estimates: OR TTvs.GG [95 % CI]= 2.00 [1.43, 2.80], p= 0.00005; OR 

GTvs.GG [95 % CI]= 1.16 [0.95, 1.41], p = 0.14; multiplicative model: ORTvsG [95 % CI]= 1.31 

[1.13,1.51], p= 0.0003). Analyses were adjusted for sex, age, and BMI. No major differences 

between adjusted and unadjusted results as well as no associations for interactions between 

these covariates and the analyzed genotypes were detected. 

Regarding association of TCF7L2 variants and MetS analyses were performed within the 

population-based sample. Neither of the two SNPs was statistically significantly associated 

with MetS according to the multiplicative genotype model. Analyses on associations between 

the SNPs and quantitative parameters related to MetS revealed an inverse association 

rs7903146 T allele with log-transformed HOMA- % B (β= -0.07, p= 0.005) as a measure of 

basal insulin secretion, and log-transformed fasting insulin (β= -0.06, p= 0.02). 

5.3.6 Genes from extern cooperation 
Following genes were selected in the group of Frank Döring, University of Kiel, Germany. All 

genes were selected from fat assimilation pathways and were resequenced to detect new 

SNPs. SNPs that were significantly associated with T2DM or related parameters in the EPIC-

Potsdam study were replicated in the elderly KORA S4 participants within this work. Thus, 

results of analyses of these genes shall be briefly summarized below (5.2.6.1 and 5.2.6.2). 

5.3.6.1 ACBP (Fischer et al. 2007) 
Resequencing of the ACBP locus in 47 unrelated subjects confirmed eight known common 

SNPs, but did not detect any new SNPs. Four of these SNPs and additionally four validated 

SNPs from NCBI dbSNP database were considered for genotyping in 192 incident T2DM 
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patients and 384 controls of the EPIC-Potsdam cohort. SNP rs2084202 was significantly 

associated with decreased risk of T2DM OR [95%CI]= 0.63 [0.41, 0.96] in the dominant 

inheritance model calculated. For rs8192506, the heterozygote genotype was significantly 

associated with increased risk of T2DM in an unadjusted model OR [95%CI]= 1.89 [1.03, 

3.47]. No association was found with BMI, WHR, waist circumference, percent body fat, and 

HbA1c for rs2084202 and rs8192506. Both SNPs were replicated in the elderly KORA S4 

comparing 226 T2DM cases with 863 normoglycemic subjects. SNP rs2084202 showed a 

borderline association with decreased risk of T2DM (OR [95%CI]= 0.72 [0.51, 1.01]). 

5.3.6.2 PTGES2 (Nitz et al. 2007) 
The PTGES2 locus was sequenced in 94 unrelated subjects. One coding SNP (rs13283456, 

C>T) and a previously unknown SNP g.-417G>T in the promoter region were identified. SNP 

rs13283456 results in an arginine (Arg) to histidine (His) change at position 298 (NP_079348) 

of PTGES2. These SNPs and additionally three SNPs from CEPH HapMap database were 

genotyped in 192 incident T2DM patients and 384 controls of the EPIC-Potsdam study. The 

His allele at position 298 showed significantly lower risk of T2DM (OR [95%CI]= 0.63 [0.41, 

0.97], p= 0.04) in the adjusted model. Polymorphisms rs4837240, g,-417G>T, and rs10987883 

were not associated with the disease (data not shown). 

SNP rs13283456 was investigated for verification in KORA S4 comparing 239 subjects with 

IGT and 226 subjects with T2DM with 863 normoglycemic controls. Individuals with the minor 

allele, had decreased risk for developing IGT and T2DM (OR [95%CI]= 0.68 [0.50, 0.93], p= 

0.007 and OR [95%CI]= 0.61 [0.43, 0.86], p= 0.004). Investigation of phenotypes related to 

T2DM revealed lower HOMA-%B (p= 0.036) as a measure of basal insulin secretion in minor 

allele carriers of rs13283456, but for control subjects only. These subjects showed 

insignificant lower HOMA-IR (0.086), too. 
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6. Discussion 

MetS and T2DM are closely related complex diseases. Despite environmental influences 

genetic components are involved in both. Due to the close coherences genetic susceptibilities 

are overlapping. However, genetic influences can be hardly detected in complex diseases and 

candidate gene approach provides possibilities to cover only a small part of the manifold 

genetic susceptibilities. Thus, analysis was focused on several genes from different pathways 

involved in development of MetS or T2DM. 

6.1 Association Analysis  

6.1.1 Genotyping 
For genotyping of SNPs several methods are available. GSF developed an enormous device 

pool within the Genome Analysis Center (GAC) providing possibility of high throughput 

genotyping analyzing 300,000 genotypes per day with MALDI-TOF MS by Sequenom. During 

this work Sequenom advanced cost/performance ratio by increased plexing possibilities. While 

initial genotyping was limited to 13 SNPs per probe later trails could access assays with up to 

28 and 40 SNPs per probe. In the analysis of IL-6 genotypes were additionally quality checked 

by the TaqMan method. This test revealed no relevant discordant rate between the two 

genotyping methods. Thus, further genotyping analysis was based on MALDI-TOF MS only. 

With a discordance rate of <0.5% within routine duplicates MALDI-TOF MS personates a 

reliable genotyping method. 

6.1.2 IL-6 
IL-6 is a multifunctional cytokine which is produced not only in monocytes and macrophages 

but in several cell types including most cells of the immune system, chondrocytes, osteoblasts, 

skeletal and smooth muscle cells, hepatocytes, islet beta cells and adipocytes (Kamimura et 

al. 2003). This variety of cell types secreting IL-6 indicates the complexity of IL-6 function and 

regulation. IL-6 plays a central role in host defense as it functions as a main regulator of the 

acute phase response (Fey et al. 1990). Besides further functions in the immune, nervous and 

endocrine systems, IL-6 is involved in bone metabolism, hematopoiesis and cancer 

(Kamimura et al. 2003). As the receptor subunit gp130 is widely expressed, deregulated high-

level production of IL-6 combined with its agonistic soluble receptor sIL-6R may induce an 

undesired inflammatory state in many organs and could thus cause various diseases. 

Two promoter polymorphisms (-174 G>C and -573 G>C) in the IL-6 locus were investigated 

for association with quantitative traits related to the IDF-defined metabolic syndrome in 

normoglycemic subjects and with T2DM and related traits in joint analysis of 21 study 

samples. There was no association found between any IL-6 polymorphism and IDF-defined 

MetS. Data suggest a negative association of the -174 C allele with height in men. Moreover, 
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for men lower waist and hip circumferences as well as higher BMI were associated with the 

-174 C allele. Association of the -174 C allele with higher BMI was confirmed in joint analysis 

for non-diabetic men. Joint analysis data suggest reduced risk for T2DM for the -174 C allele, 

implicated with decreased fasting glucose. For the -573 C allele there was only a tendency to 

be associated with higher diastolic blood pressure in normoglycemic subjects. There was no 

evidence for an association between IL-6 -573 G>C and T2DM in joint analysis. 

Low-grade inflammation has been postulated as the link between insulin resistance, obesity 

and diabetes (Dandona et al. 2004). As IL-6 is one of the major cytokines in low-grade 

inflammation, the physiological and pathophysiological effects of IL-6 have been examined 

extensively. Elevated circulating levels of IL-6 have been suggested to cause insulin 

resistance and T2DM (Herder et al. 2005, Hu et al. 2004, Pickup et al. 2000, Pradhan et al. 

2001, Spranger et al. 2003). In vitro there is evidence for a role of IL-6 in causing impaired 

insulin signaling in adipocytes (Kristiansen et al. 2005). High IL-6 levels have been one of the 

most powerful predictors of morbidity and mortality in the elderly (Ferrucci et al. 1999, Harris et 

al. 1999). However, IL-6 has also been proposed to have an enhancing effect on glucose and 

lipid metabolism (Steensberg et al. 2000, van Hall et al. 2003, Wallenius et al. 2003). In 

skeletal muscle IL-6 increased glucose transport, incorporation into glycogen as well as 

oxidation (Glund et al. 2007).  

Although an impact of IL-6 promoter variants on IL-6 levels has been proposed (Fernandez-

Real et al. 2000) especially in inflammatory situations (Brull et al. 2001, Jones et al. 2001), 

there was no evidence of an association with IL-6 levels for any variant in non-diabetic 

subjects. This is consistent with the five largest hitherto published epidemiological studies on 

healthy or population-based subjects, including 641 to 1,526 Caucasian subjects each, which 

did not show statistically significant associations of IL-6 -174 G>C polymorphism with IL-6 

levels (Herbert et al. 2006, Qi et al. 2006, van Oijen et al. 2006, Sie et al. 2006, Bennet et al. 

2003). However, experimental data (Fishman et al. 1998, Rivera-Chavez et al. 2003, Terry et 

al. 2000) demonstrate unequivocally that the IL-6 -174 G>C allele affects promoter activity. IL-

6 transcription and the effect of promoter polymorphism -174 G>C might depend on metabolic 

state and thus differ between non-diabetic and subjects with T2DM. This hypothesis is 

supported by the observation that direction of statistically significant associations between the 

IL-6 -174 C allele and IL-6 levels also differs between studies conducted in patients with 

different diseases (Jones et al. 2001). Furthermore, Terry et al. showed that regulation of IL-6 

expression is cell-type specific (Terry et al. 2000), which is of relevance as different cell types 

play a role in different disease processes. Prediabetic subjects and subjects with T2DM are 

characterized by a subclinical inflammatory state, and inflammatory stimuli were reported to 

influence the association between IL-6 -174 G>C and IL-6 levels in vivo (Brull et al. 2001, 
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Bennermo et al. 2004, Gaudino et al. 2003). Thus, joint analyses detected an association of -

174 CC genotype with higher IL-6 levels in subjects with T2DM only. Two other studies 

showed no (Testa et al. 2005) or an opposite (Libra et al. 2006) association, respectively. The 

IL-6 level regulation is extremely complex (Terry et al. 2000) and non-diabetic subjects who 

generally have lower IL-6 levels might be better capable to counterregulate the higher IL-6 

expression induced by the IL6 -174 C allele and to maintain physiologically normal IL-6 levels. 

In contrast to small but chronically elevated IL-6 levels in T2DM patients, which were proposed 

to contribute to the pathogenesis of T2DM (Dovio et al. 2001), -174 C allele was associated 

with 9% lower risk for T2DM accompanied by 0.09 mmol/L lower fasting glucose levels. Thus, 

the common -174 G allele seems to be the risk allele for T2DM as reported before (Stephens 

et al. 2004, Vozarova et al. 2003).  

In normoglycemic subjects, the -174 C allele was associated with reduced waist circumference 

in men. The fact that this association only occurred when BMI was included in adjustment is a 

consequence of the opposite estimated BMI effect. The BMI adjusted association of the -174 

C allele with hip circumference and with waist circumference was in the same direction in men. 

Estimated effects of waist and hip circumferences, independent of BMI, in the same direction 

are unexpected, because larger waist circumference indicates increased cardiovascular risk 

whereas a larger hip circumference has a protective influence. However, risk estimates of 

waist and hip circumferences have been proposed to be independent of each other and of BMI 

(Lissner et al. 2001). The associations with waist and hip circumference and BMI seem to be 

due to lower height, which is associated with the C allele in men, and suggest an association 

with a particular stature (Figure 10). Thus, men carrying a -174 C allele may be smaller but not 

lighter than men carrying no C allele, as weight and body fat mass do not differ significantly 

between these genotype groups. Hence, the distribution of fat mass over the body might differ. 

IL-6 and related cytokines have profound effects on bone metabolism by regulating osteoclast 

and osteoblast development and function (Manolagas 1998). Men who carry a C allele might 

have impaired regulation of bone metabolism, inhibiting growth. An explanation of the gender-

specific association might be hormonal protection from bone mineral loss by estrogens in 

women. As estrogens could inhibit IL-6 expression (Bruunsgaard et al. 1999) men could also 

be more affected by deregulated IL-6 expression. In this context, several other variants 

showed gender-specific associations with height. Polymorphisms in the parathyroid hormone 

type 1 receptor (PTHR1) (Scillitani et al. 2006), the vitamin D receptor (d'Alesio et al. 2005), 

and the estrogen receptor alpha (ESR1) gene were associated with height in women (Schuit 

et al. 2004) as well as variants in the renin–angiotensin system (Chaves et al. 2004). For men 

a polymorphic CA repeat in the insulin-like growth factor I (IGF-I) (Rietveld et al. 2004) was 

associated with height. Furthermore, variants in the aromatase gene (CYP19) were associated 
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with height, which is even sustained 

considering interactions with variants 

in a locus on the Y chromosome (Ellis 

et al. 2001). If height was reduced 

more considerably than weight, BMI  

would increase. This phenomenon 

would explain the higher BMI in 

normoglycemic subjects, which is 

significantly associated with the C 

allele when adjustment is made for the 

controversially estimated effects of 

waist and hip circumference. Several 

lines of evidence suggest that the 

cytokine IL-6 plays a role in regulation 

of body composition, probably by 

acting catabolic (Lyngso et al. 2002, 

van Hall et al. 2003, Wallenius et al. 

2002). Association between IL-6 -174 

G>C and obesity has been 

investigated by several, mainly small 

studies, with inconsistent results (Barbieri et al. 2005, Georges et al. 2001, Klipstein-Grobusch 

et al. 2006, Berthier et al. 2003). In a previous study, the -174 CC genotype was associated 

with higher BMI in subjects with T2DM but not in healthy subjects, indicating a higher risk of 

developing T2DM (Stephens et al. 2004). Controversially, Hamid et al. have reported an 

association of the G allele carriers with higher BMI in a large study of glucose-tolerant subjects 

(Hamid et al. 2005). In contrast to these two studies but confirm with normoglycemic subjects -

174 C allele was associated with higher BMI in non-diabetic men in joint analysis including all 

three samples among others. However, -174 C allele was associated with higher IL-6 levels in 

T2DM subjects only. Thus, observed findings in non-diabetic men could not be explained by 

higher IL-6 levels provoked by -174 G>C polymorphism. 

There is increasing evidence for an age-related effect of the -174 G>C polymorphism (Bonafe 

et al. 2001, Fishman et al. 1998, Olivieri et al. 2003). Men with -174 GG genotype were 

proposed to be disadvantaged for longevity (Bonafe et al. 2001, Ross et al. 2003). This was 

proposed to be due to higher IL-6 expression (Olivieri et al. 2003) but another study observed 

lower IL-6 expression in this context (Rea et al. 2003). According to its influence on diseases 

of aging, IL-6 was proposed to be ‘‘a cytokine for gerontologists’’ (Ershler 1993). In contrast, 
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Figure 10: Hypothetical model for the association of the 
-174 C allele with height in men. C allele carriers might 
develop enhanced IL-6 expression levels. These would 
induce inflammatory processes which may inhibit bone 
metabolism. Thus, men with a -174 C allele would show 
impaired growth. Lower height may negatively influence 
waist and hip circumference. As weight of C allele carriers 
did not differ from the GG homozygotes, the C allele 
carriers have increased BMI. 
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some studies propose no influence of the IL-6 variant in aging (Wang et al. 2001). Likewise, 

the analysis of normoglycemic subjects reveals no significant impact of the -174 IL-6 promoter 

polymorphism on age. However, the scope of this analysis for investigating associations on 

longevity was limited as the highest investigated age of 74 years was rather moderate. The 

data for the -573 G>C variant which was not investigated for longevity in previous studies point 

to the direction that the C allele carriers might be disadvantaged in this context. This effect 

might correspond to the previously reported association with higher IL-6 levels in elderly 

people for the -573 C allele (Brull et al. 2001).  

In 2003 Sesso et al. found hypertension to be associated with low-grade inflammation (Sesso 

et al. 2003). In normoglycemic subjects, a trend was observed towards higher diastolic blood 

pressure for the -573 C allele carriers, especially in men. Blood pressure might be influenced 

by IL-6 expression but no other study has yet observed an association of this polymorphism 

with hypertension. Thus, the observed trend could represent a chance finding. Many of the 

controversies that were found for the -174 G>C polymorphism might be due to insufficient 

statistical power or lack of correction for multiple testing. Ethnic and gender differences and 

genetic heterogeneity might bias association studies as well. For analysis of the elderly 

normoglycemic KORA S4 subjects, the significance level was lowered to 0.01. As traits and 

SNPs are correlated no consistent Bonferroni correction was performed. Furthermore, Barbieri 

et al. suggested additive effects of IL-6 and PPARγ variants. Thus, interactions with the effects 

of other variants should be investigated in further studies (Barbieri et al. 2005).  

In conclusion, SNPs in the promoter region of IL-6 were associated with components of MetS 

in German Caucasians. The data from joint analysis supported association of -174 G>C 

polymorphism with T2DM. Higher IL-6 level were found for patients with T2DM with -174 CC 

genotype only. In normoglycemic men, the -174 CC genotype seems to be associated with 

lower height, waist and hip circumference and higher BMI. As height seems to be the central 

factor causing these associations, a role of the -174 G>C polymorphism in bone metabolism is 

indicated. Association of -174 C allele with higher BMI in non-diabetic men indicates 

assignment of the scenario, observed in normoglycemic subjects, to non-diabetic subjects.   

6.1.3 APOA5 
The APOA5 gene was discovered independently by two groups in 2001 (Pennacchio et al. 

2001, van der Vliet et al. 2001). Despite sequence homology (20 to 28%) to other 

apolipoproteins, a family of surface-active lipid binding proteins, of this cluster (van der Vliet et 

al. 2001), APOA5 differs significantly from other apolipoproteins. The APOA5 is exclusively 

expressed in the liver and is secreted into the plasma, where it is mainly present in HDL 

particles (van Dijk et al. 2004). For the function of APOA5 which is still not clarified in detail 

two mechanisms were proposed. One is that APOA5 may inhibit hepatic VLDL production, the 



6 Discussion 63 
 
 

 

other that APOA5 is an activator of intravascular TG hydrolysis by LPL (Merkel et al. 2005). 

APOA5 seems to be the counterpart of APOC3 which acts in an opposite mode of action (van 

Dijk et al. 2004). With plasma concentrations of 0.15 μg/ml APOA5 circulates at rather low 

levels compared to other apolipoproteins (O'Brien et al. 2005). APOA5 is considered as an 

important modifying gene for familial combined hyperlipidemia (FCHL), a disorder 

characterized by higher plasma TG levels and lower HDL levels (Naukkarinen et al. 2006, 

Shoulders et al. 2004). As these parameters are two components of MetS (Eckel et al. 2005b), 

APOA5 may also have a role in this complex disorder. 

Ten polymorphisms, covering the APOA5 locus, were investigated for association with lipid 

parameters to NCEP-defined MetS and its features in KORA S4. Minor alleles of highly 

correlated variants -3A>G, -1131T>C, 476G>A, 1259T>C, and variant c.56C>G were 

associated with higher TG levels as reported before (Chaaba et al. 2005, Pennacchio et al. 

2001, van der Vliet et al. 2001, Jakel et al. 2006). The associations of the minor alleles of 

variant -1131T>C and variant c.56C>G, which was associated with TG levels borderline 

significantly in KORA S4, were replicated in a second population (SAPHIR). Furthermore, 

associations with lower HDL levels and higher LDL and total cholesterol levels were found for -

1131T>C and c.56C>G in the SAPHIR population, but not in KORA S4. Variant c.56C>G was 

associated with higher risk of MetS in the SAPHIR study with similar ORs in the KORA study 

or in combined analysis. Especially findings with MetS deserve some attention due to the 

recent description of an association of -1131T>C, the one APOA5 polymorphism analyzed in 

this study, with MetS in a Japanese population investigating a large number of polymorphisms 

in 133 candidate genes (24). However, this association could not be confirmed. 

While association of APOA5 variants with TG levels could be replicated in different ethnicities, 

complexity of polygenic susceptibilities of MetS might be an explanation for the lack of 

association of -1131T>C with MetS in Caucasians. Comparability of the Japanese case-

control study with the population-based study samples could be biased by different study 

designs. Furthermore, definition of MetS is controversially discussed, especially concerning 

different ethnicities (Kahn et al. 2005).  

Although no association was reported with features of MetS besides TG and HDL levels 

(Martin et al. 2003) or T2DM (Dorfmeister et al. 2007), an association of the functionally 

relevant polymorphism (c.56C>G) with MetS could be found. This could be due to the fact that 

MetS is a strongly lipid-driven or lipid-influenced syndrome involving three of five components. 

Two of these components are clear lipid-components not only correlated with each other but 

also with further components of MetS. Therefore it is possible that an association found 

between a genetic variant and TG and HDL levels extends to an association with MetS only 

marginally triggered by the other components. This interpretation is also supported by an 
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association of c.56C>G and FCHL which might share aetiological overlap with MetS (Ayyobi et 

al. 2003, Lewis 2002).  

In most (Eichenbaum-Voline et al. 2004, Ribalta et al. 2002, Mar et al. 2004) but not all studies 

(van der Vleuten et al. 2007) investigating Caucasian FCHL subjects variant  1131T>C was 

associated with FCHL. More consistent results were reported for c.56C>G so far, showing 

increased transmission of the G allele in FCHL subjects (Eichenbaum-Voline et al. 2004, Mar 

et al. 2004). However, major impact on serum triglyceride levels by homozygote c.56C>G 

found by several studies (Eichenbaum-Voline et al. 2004, Pennacchio et al. 2002, Talmud et 

al. 2002, Vrablik et al. 2003) could only be confirmed in SAPHIR. It is interesting to note that 

APOC3 variants that were reported to be in LD with APOA5 variants (Olivier et al. 2004, 

Talmud et al. 2002) were also found to be associated with MetS (Miller et al. 2007). 

Haplotype analysis supported the findings of the single variant analysis. Estimated haplotypes 

were in line with the haplotypes reported by Pennachio et al. (Pennacchio et al. 2002) and the 

additional variants included did not appear to provide further information.  

In conclusion investigations on the association between APOA5 variants and features of MetS 

in one of the largest Caucasian study samples to date provide strong support for an 

association with TG and HDL levels. The association of variant c.56C>G with MetS might 

mainly be driven by association with TG and HDL levels.  

6.1.4 MCP-1 
MCP-1 is a member of the CC chemokine family (Baggiolini 2001). The corresponding gene 

(MCP-1 or CCL2) is mainly expressed by adipocytes, endothelial cells, macrophages and 

osteocytes (Gerhardt et al. 2001, Rahimi et al. 1995, Nelken et al. 1991). MCP-1 expression is 

stimulated among others by TNFα, IL-6 and IL-1ß and is suppressed by IL-10 (Bruun et al. 

2005, Gerhardt et al. 2001). MCP-1 itself influences the expression of IL-6, β1-integrins and 

lipoprotein lipase (Ashida et al. 2001, Sartipy et al. 2003, Viedt et al. 2002). MCP-1 actions are 

mediated by chemokine (C–C motif) receptor 2 (CCR2) (Ashida et al. 2001). MCP-1 seems to 

play an important role in several of the clustering risk factors of MetS as well as in the 

pathogenesis of MetS itself (Kanda et al. 2006). MCP-1 has typical proinflammatory 

properties, like promoting the arrest and transmigration of monocytes (Gerszten et al. 1999, 

Randolph et al. 1995). Additionally, MCP-1 is involved in adipocyte metabolism (Gerhardt et 

al. 2001, Sartipy et al. 2003). The association of high MCP-1 levels with obesity is clear in 

mice, but uncertain in humans (Christiansen et al. 2005, Herder et al. 2006a, Sartipy et al. 

2003, Zietz et al. 2005). It was further shown that increased MCP-1 levels are related to insulin 

resistance and T2DM (Herder et al. 2006a, Kanda et al. 2006). In addition, MCP-1 is involved 

in foam cell differentiation and progression of atherosclerosis (Gosling et al. 1999, McDermott 

et al. 2005). 
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Among seven SNPs analyzed in the MCP-1 locus, which were investigated for association 

with IDF-defined MetS and its features in KORA S4, trends for association were observed for 

TG levels, fasting, and 2 h glucose, and uric acid. There were also trends for leukocyte count 

and height. SNP c.-928G>C was significantly associated with height in men only.  

Until now, studies assessing MetS and MCP-1 levels have been rare, yielded controversial 

results and have only been conducted on rather small populations (<350 individuals each) 

(Lee et al. 2006, Liu et al. 2005a, Marso et al. 2005). The association between MCP-1 SNPs 

and MetS has not yet been investigated, but Kanda et al. recently suggested that MCP-1 may 

play an important role in the pathogenesis of MetS (Kanda et al. 2006). However, there was 

no association between any of the analyzed SNPs and MetS suggesting an indirect influence 

in MetS development. Data indicated an influence on TG levels for MCP-1. In healthy 

populations higher MCP-1 levels were associated with higher TG (Deo et al. 2004, Herder et 

al. 2006a, Joven et al. 2006, McDermott et al. 2005). In small studies with <160 participants 

suffering from peripheral arterial disease and systemic lupus erythematosus, this association 

was also observed, although elevated MCP-1 levels may have been correlated with lipid 

abnormalities (Asanuma et al. 2006, Kowalski et al. 2001, Petrkova et al. 2004). Herder et al. 

found a significant positive association between systemic MCP-1 and elevated TG levels in 

722 subjects of KORA S4, a subgroup of the basis population in this work (Herder et al. 

2006b). Other cytokines, like TNFa and IL-1, have been previously shown to be involved in the 

regulation of serum TG levels (Argiles et al. 1989, Grunfeld et al. 1990).  

Inconsistency prevails epidemiologic studies on association between MCP-1 levels with 

T2DM, too (Cermakova et al. 2005, Herder et al. 2006a, McDermott et al. 2005, Simeoni et al. 

2004, Zietz et al. 2005). Confounding effect of cardiovascular and cerebrovascular conditions 

could be an explanation. Considering this fact, Herder et al. reported that MCP-1 levels were 

associated with risk for incident T2DM (Herder et al. 2006a). Zietz et al. showed that subjects 

with T2DM had significantly higher MCP-1 levels, but association with the SNP –2578A>G 

could not be detected. This might be due to co-medication with angiotensin converting enzyme 

inhibitors and lipid-lowering drugs, which can influence MCP-1 levels (Zietz et al. 2005). In this 

work, no association was observed for any analyzed SNP in the MCP-1 gene with T2DM, 

even when subjects taking lipid-lowering drugs were excluded from the analysis. This lack of 

association might be a power problem, as the analysed sample included 254 T2DM cases 

only. Larger association studies or a meta-analysis may be needed to exclude an influence of 

MCP-1 SNPs on T2DM.  

Association of MCP-1 SNPs with fasting glucose has also not been previously reported. 

Epidemiological studies revealed controversial results for a correlation of fasting glucose and 

MCP-1 levels in diabetic patients. This controversy might be due to the influence of blood 
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glucose on MCP-1 production in several cell types and differential glycaemic control in diabetic 

patients (Kim et al. 2005, Mine et al. 2006). The trend for differences in fasting glucose found 

between genotype groups of c.-928G>C, is supported by the observation that MCP-1 

interferes with insulin signaling, which leads to a reduction in glucose uptake by adipocytes 

(Sartipy et al. 2003).  

Association of MCP-1 levels with 2 h glucose was not found whether in a population-based 

approach nor in patients with massive weight loss by bariatric surgery (Herder et al. 2006b, 

Schernthaner et al. 2006). Similar to fasting glucose, no study has investigated the influence 

of MCP-1 SNPs on 2 h glucose. For c.-3813C>T, a trend for higher 2 h glucose was observed 

between the genotype groups. This trend is also supported by the observation that MCP-1 

reduces insulin-stimulated glucose uptake in adipocytes (Sartipy et al. 2003). 

As analysis of IL-6 revealed an association with height suggesting that IL-6 and other related 

cytokines exert an influence on osteoclast and osteoblast development and function, height 

was included in this analysis as a component of the BMI obesity parameter, too. This 

hypothesis was supported by Rahimi et al. who reported that the MCP-1 protein is involved in 

osteoclast recruitment and development in mice (Rahimi et al. 1995). Until now, no study has 

investigated an association of MCP-1 levels or MCP-1 SNPs with height. Due to trends 

observed for c.-928G>C, c.105T>C and MCP-1*4 with height and significant gender 

differences in height, it was further analyzed separately for men and women. A significant 

association was observed in men, which implicated that the trend in the entire group was 

caused by men. Furthermore, haplotype analysis showed a statistically significant increase in 

height for carriers of MCP-1*1, which includes minor alleles of the two SNPs showing trends, 

and c*3879C>T. 

Accumulating evidence suggests that the receptor activator NFkB ligand (RANKL), among 

others, induces the MCP-1 protein production, leading to differentiation and higher activity of 

osteoclasts, which could lead to increased bone resorption (Kim et al. 2005, Rahimi et al. 

1995). Furthermore, Evans et al. showed that osteoclast activity exerts an influence on long 

bone length (Evans et al. 2003).  

SNP -2578A>G, which was analyzed for associations with leukocytes in two studies of 550 or 

150 participants respectively, was not associated with leukocyte counts (Franco-Lopez et al. 

2005, Kozma et al. 2002). This is in line with the KORA S4 results for two SNPs in strong LD 

with -2578A>G, which did not show a trend for differences in leukocytes between the genotype 

groups. However, c.105T>C genotypes exhibited differences in leukocytes. As there is no 

literature concerning an association of this SNP with serum leukocytes, this finding needs to 

be replicated.  
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The SNPs c.*65C>T and c.*3879C>T which were in strong LD with –2578A>G exhibited 

trends for different MCP-1 levels between the genotype groups. Several studies investigated 

association between SNP –2578A>G and MCP-1 serum levels (Cermakova et al. 2005, 

McDermott et al. 2005, Simeoni et al. 2004, Tabara et al. 2003, Zietz et al. 2005). Although 

functionality of this SNP has been previously demonstrated, the results of the association 

studies remain contradictory (Rovin et al. 1999). Thus, c.*65C>T and c.*3879C>T may 

indicate association of –2578A>G, although MCP-1 levels were only measured in subjects 

with IGT and matched controls within each group comprising about 240 subjects. Glucose 

tolerance status did not correlate with MCP-1 levels (Herder et al. 2006b). 

SNP -2578A>G was also investigated for association with IL-6 levels. Zietz et al. detected a 

negative correlation (p< 0.025) (Herder et al. 2006b). This was not observed for c.*65C>T and 

c.*3879C>T. The SNP c.-2138A>T exhibited a trend for differences between the genotype 

groups, although the strongly correlated c.77-109C>G did not. Since MCP-1 is involved in IL-6 

expression, an association seems conceivable (Viedt et al. 2002), but further replication is 

necessary. 

Nakagawa et al. suggested uric acid to be related to MetS by inhibiting endothelial dysfunction 

(Nakagawa et al. 2006) in KORA S4. SNP c.-3813C>T showed a trend for differences in 

serum uric acid between the genotype groups. There were no previous studies on MCP-1 or 

MCP-1 SNPs and uric acid. Thus, replication is recommended. 

In conclusion, analyzed SNPs of the MCP-1 locus revealed trends for differences between the 

genotype groups for several parameters of MetS. Potential association of MCP-1 SNPs with 

triglyceride levels and fasting glucose, two components of the IDF MetS definition are 

suggested. Although these new findings have to be replicated first, MCP-1 may be an 

interesting gene for further investigation in MetS research. 

6.1.5 Resistin 
Resistin is suggested to play a role in lipid metabolism (Rae et al. 2006, Palanivel et al. 2005, 

Ort et al. 2005). Futhermore, proinflammatory and atherogenic properties were reported 

(Nagaev et al. 2006, Reilly et al. 2005, Verma et al. 2003). However, circulating resistin levels 

do not appear to represent the expected link between adipose tissue and insulin resistance 

(Arner 2005), but may still play a role locally (e.g. within macrophage-infiltrated adipose tissue) 

(Utzschneider et al. 2005). Obesity and related conditions such as insulin resistance, T2DM, 

hyperlipidaemia, and hypertension are possibly influenced by resistin expression and 

secretion (Koebnick et al. 2006, Kunnari et al. 2005, Kusminski et al. 2005, Menzaghi et al. 

2006). As MetS represents a cluster of these parameters and is highly heritable (Eckel et al. 

2005a, Liu et al. 2005b, Menzaghi et al. 2006), RETN is still a potential candidate gene for 

MetS. However, a clear role of resistin in MetS is not supported within this work. 
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For the RETN locus tagging SNPs from Hap Map and SNPs from literature were chosen as 

RETN is located in a recombination hotspot, according to Hap Map. Recombination hotspots 

are small regions where crossover occurs more frequently than in surrounding sequences 

(Lichten et al. 1995). Tagging SNPs available from Hap Map should contain the complete 

information of the gene. None of the RETN SNPs was associated with MetS, its components, 

or related parameters. However, the applied significance level was conservatively corrected 

for multiple testing by the Bonferroni correction (p=0.00055). For RETN gene variant 

rs3760678 significant difference between the genotype groups were found for triglyceride 

levels. As this SNP was not among the tagging SNPs systematic screen was very valuable in 

this case. However, no statistically significant associations in the analysis of further models for 

triglyceride levels and rs3760678 were detected.  

Several studies suggested RETN as a candidate gene for MetS or T2DM (Osawa et al. 2004, 

Smith et al. 2003, Verma et al. 2003). Correlation studies of the resistin protein with MetS and 

T2DM are contradictory (Haluzik et al. 2006, Kusminski et al. 2005, Menzaghi et al. 2006, 

Utzschneider et al. 2005). Until now, there was no association analysis for RETN SNPs and 

MetS. In a meta-analysis, a significant increase in the risk for T2DM was observed for the GG 

genotype of rs862513 (Osawa et al. 2004). None of the analyzed SNPs were associated with 

T2DM, which might be a power problem.    

Promoter SNP rs3760678, which does not seem to have influence on serum resistin levels 

(Azuma et al. 2004), was analyzed for an association with TG for the first time. However, 

association between rs3760678 and TG levels was not present in the nominal model, which 

showed insignificant opposite directions for TG estimates in AG and GG carriers compared to 

the AA reference group. As GG carrier group was very small (33 subjects), indicating a chance 

finding, dominant model was considered as best fitting model showing 8.5% increased TG 

levels. This finding is biological plausible, as murine, rat, and human models showed an 

involvement of resistin in lipid metabolism. From these studies it might be proposed that 

resistin stimulates hormone sensitive lipase in adipocytes via the extracellular signal-regulated 

kinase (ERK) pathway, which leads to increased lipolysis. This in turn increases non-esterified 

fatty acids in the blood. Therefore, more fatty acids are incorporated into TG in the liver and 

released in more VLDL, which increases serum TG levels (Greenberg et al. 2001, Julius 2003, 

Ort et al. 2005, Pravenec et al. 2006, Sato et al. 2005, Venkatesan et al. 1993). Although Ort 

et al. showed that human and mouse resistin do not have the same effects on the same cell 

population, TG lipolysis was also observed in human adipocytes stimulated with human 

resistin protein (Ort et al. 2005). Thus, resistin might play a role in human lipid metabolism, 

which is supported by another in vitro human study and correlation studies  (Koebnick et al. 

2006, Lu et al. 2006, Rae et al. 2006). Rae et al. reported that human resistin caused glucose-
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dependent triglyceride accumulation and an increase in total cholesterol mass in macrophages 

(Rae et al. 2006). Lu et al. reported a correlation between resistin protein and triglyceride 

levels, but not with non-esterified fatty acids in 60 Chinese patients with T2DM and 28 healthy 

control subjects (Lu et al. 2006). Koebnick et al. additionally found a correlation of resistin with 

plasma non-esterified fatty acids, but not with triglycerides in 20 healthy, lean and 43 

overweight Germans (Koebnick et al. 2006). Three studies, all analyzing the same 41 healthy 

Caucasian men with a wide range in BMI, did not detect a correlation between resistin protein 

and TG levels (Chan et al. 2005, Farvid et al. 2005, Ng et al. 2005).  

In conclusion systematic analysis of the RETN gene locus did not reveal any association 

between the RETN SNPs and MetS or T2DM. Association of rs3760678 with TG supports, if 

replicable, the hypothesis that resistin is involved in lipid metabolism. Thus, RETN could still 

be involved in MetS development if direct association is not detectable due to complexity.  

6.1.6 TCF7L2 
Only a few genetic variants have been identified as susceptibility genes for T2DM so far 

(O'Rahilly et al. 2006), altering the T2DM risk by approximately 15 to 20 % (Polonsky 2006). 

However, risk modifications of newly identified genetic variants in the TCF7L2 gene seem to 

be substantially greater (Florez et al. 2006a, Grant et al. 2006). As most early association 

studies overestimate genetic effects (Ioannidis et al. 2001), validation not only of reported 

genetic associations, but also of their effect sizes is essential. 

Reported associations of the TCF7L2 SNPs rs12255372 and rs7903146 with T2DM could be 

replicated in KORA samples reflecting the Southern German population (Holle et al. 2005). 

Replication results strongly confirmed the T alleles at both SNPs as risk variants for T2DM. 

However, allele frequencies were slightly lower in diabetic cases as previously reported (Grant 

et al. 2006). Good fit for the multiplicative genotype models, especially for SNP rs7903146 

was also confirmed. In combination with eight other studies conducted independently at the 

same time providing similar results on TCF7L2 gene variants and T2DM (Cauchi et al. 2006, 

Damcott et al. 2006, Groves et al. 2006, Humphries et al. 2006, Saxena et al. 2006, Scott et 

al. 2006, Vliet-Ostaptchouk et al. 2007, Zhang et al. 2006) data provide strong evidence that 

TCF7L2 is a true diabetes susceptibility gene (Table 21). As individuals with MetS are at 

significantly increased risk of T2DM (Hanley et al. 2005) and pathophysiological mechanism of 

TCF7L2 variants is still unclear, analyses were extended to MetS and related components. 

Among quantitative traits analyzed BMI, fasting insulin, HOMA-IR and HOMA-% B, are highly 

relevant for the development of T2DM. Although the elderly KORA population had a high 

prevalence of MetS, neither of the two SNPs was statistically significantly associated with 

MetS. One explanation might be that not all subjects with MetS will eventually develop T2DM. 

In the Insulin Resistance Atherosclerosis Study (IRAS), a prospective multi-ethnic 
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epidemiologic study in the U.S., the population attributable-risk of incident diabetes was 49% 

for the IDF and 46% for the NCEP definition of MetS, respectively (Hanley et al. 2005). Thus, 

less than 50% of the risk of T2DM were attributable to the presence of MetS. This might be 

due to substantial heterogeneity of MetS allowing for many combinations of metabolic 

disturbances with different implications for diabetes risk, but resulting in the same diagnosis. 

Second, it is possible that there are distinct polygenic determinants of the MetS with small 

effect sizes, which could not be observed in this analysis and would require an even larger 

sample. Thus, it is conceivable that a significant association of TCF7L2 variants could be 

found with T2DM, but not with MetS. Among analyzed traits strongest association was found 

for decreased basal insulin secretion, assessed by HOMA-% B, and the T2DM risk-conferring 

T allele at rs7903146. This finding is plausible and in line with a previous report based on the 

T2DM high-risk population of the Diabetes Prevention Program (DPP), demonstrating that 

persons who are homozygous for the risk allele at rs7903146 have lower first phase insulin 

secretion in response to an OGTT than homozygous non-carriers of the risk allele (Florez et 

al. 2006a). In non-diabetic Amish subjects (n= 698), no association of OGTT-derived insulin 

resistance (HOMA-IR) and insulin secretion measurements with the TCF7L2 gene variants 

was observed (Damcott et al. 2006). In addition, intravenous glucose tolerance tests were 

carried out in a small sample of 48 non-diabetic non-Amish subjects, which indicated that 

rs7901695 and rs79003146 were significantly associated with both a reduction in insulin 

sensitivity and a defect in insulin secretion (Damcott et al. 2006). Results of this study were 

confirm with KORA S4 indicating no association between TCF7L2 polymorphisms and insulin 

sensitivity, assessed by HOMA-IR. Thus, higher risk of diabetes in carriers of the T allele might 

primarily be conferred by an impaired insulin secretion. TCF7L2 gene product is a high-

mobility-group box containing transcription factor that suppresses rather than activates gene 

expression (Hurlstone et al. 2002, Kikuchi et al. 2006, Nelson et al. 2004). It has been 

suggested, that the association with T2DM may result from impaired regulation of gene 

expression of the insulinotropic proglucagon in enteroendocrine cells via the Wnt signaling 

pathway (Grant et al. 2006, Yi et al. 2005), but the precise mechanisms underlying the 

reduced insulin secretion require further investigation. 

Taken together, a significant association of TCF7L2 gene variants and T2DM in a large 

sample from the Southern German KORA study was found, thus confirming previous findings. 

While no significant association of these SNPs with insulin resistance (HOMA-IR), MetS or any 

of its components was found, there was a significant trend towards lower levels of fasting 

insulin and reduced basal insulin secretion (HOMA- % B) in the individuals who were 

homozygous for the T2DM risk allele of rs7903146. This finding supports the hypothesis that 

TCF7L2 variants may primarily affect pancreatic beta cell function, leading to impaired insulin 

secretion and eventually to T2DM. 
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Table 21: Recent studies on TCF7L2 variants rs7903146 and rs12255372 in combined or single analysis.  
Reference Study information Ethnicity Patients Controls Variation CT vs. CCa TT vs.CCa Additive modela pb 

rs7903146   1.49 [1.35, 1.65] 3.9 × 10-15 

rs12255372   1.52 [1.38, 1.68] 2.5 × 10-16 (Grant et al. 2006) CC 
Caucasians 

(Iceland, 
Denmark, USA) 

1185/228/361 931/539/530 

combined 1.45 [1.26, 1.67] 2.41 [1.94, 3.00] 1.56 [1.41, 1.73] 4.7 × 10-18 

158 2518 combined 1.65 [1.13, 2.41] 1.87 [0.99, 3.53]  <0.01 
NPHSII Caucasians 

(Europe) 1459 2518 combined 1.43 [1.24, 1.65] 2.11 [1.69, 2.63]  <0.0001 

 Asians (India) 919 919 combined 1.50 [1.14, 1.99] 1.64 [1.03, 2.63]  0.003 
(Humphries et al. 2006) 

 Afro-
Caribbean 385 385 combined 1.25 [0.90, 1.75] 1.32 [0.74, 2.33]  0.17 

(Vliet-Ostaptchouk et al. 
2007) CC Caucasians 

(Netherlands) 502 920 combined  1.38   

rs7903146  1.69 [1.55, 1.83]  6.0 × 10-35 
(Cauchi et al. 2006) CC Caucasians 

(France) 2367 2499 
rs12255372  1.60 [1.47, 1.74]  7.6 × 10-28 

CC 

Caucasians 
(Scaninavia, 

Sweden, Poland, 
US, Botnia, 
Finnland) 

3563 3563 rs7903146 1.40 [1.27, 1.55] 1.86 [1.55, 2.23] 1.39 [1.29, 1.50] 1.55 × 10-17 

(Saxena et al. 2006) 

different family 
samples 

Caucasians 
(Scandinavia, 

Finnland, Botnia) 
569 615 rs7903146   1.48 [1.17, 1.87] 4.69 × 10-4 

rs7903146  1.57  0.008 
(Damcott et al. 2006) CC Caucasians 

(Amish) 
137(+139 

IGT) 342 
rs12255372  1.40  0.04 

rs7903146   1.33 [1.14, 1.56] 0.00042 
(Scott et al. 2006) CC Caucasians 

(Finnland) 1151 953 
rs12255372   1.36 [1.15, 1.61] 0.00026 

Nurses health study 
(CC) only women 687 1051 rs12255372 1.25 [1.01, 1.55] 1.86 [1.30, 2.67] 1.32 [1.13, 1.54] 0.0002 

Health professional 
Follow-up Study (CC) 

only men 
886 896 rs12255372 1.63 [1.32, 2.02] 2.15 [1.48, 3.13] 1.53 [1.31, 1.80] <0.0001 

nested CC 1573 1947 rs12255372 1.43 [1.23, 1.66] 1.99 [1.54, 2.59] 1.42 [1.27, 1.59] <0.0001 

(Zhang et al. 2006) 

meta analysis 

Caucasians 
(USA) 

3347 3947 rs12255372   1.48 [1.37, 1.60] 1 × 10-16 

rs7903146 1.35 [1.19, 1.53] 1.90 [1.54, 2.33] 1.36 [1.24, 1.48] 1.3 × 10-11 
(Groves et al. 2006) parent offspring trios 

(388) 
Caucasians 

(UK) 2158 2574 
rs12255372 1.30 [1.15, 1.47] 1.66 [1.35, 2.05] 1.29 [1.18, 1.41] 2.2 × 10-8 

(Cauchi et al. 2007) Meta analysis  17,202 29,195 rs7903146   1.46 [1.42-1.51] 5.4 x 10-140 
a) estimated OR are given with 95% convidence interval b) p-values for additive models or combined analysis; CC=Case/Control
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6.1.7 Fat assimilation 

6.1.7.1 ACBP 
The human acyl-CoA-binding protein (ACBP) is a highly conserved polypeptide with multiple 

physiological functions (Kragelund et al. 1999). It has been described as a regulator of insulin 

release from pancreatic cells (Borboni et al. 1991, Chen et al. 1988). ACBP is a prominent 

candidate for T2DM because of its central role in determining free intracellular acyl-CoA 

concentrations that have been reported to inversely correlate with insulin sensitivity in muscle 

(Ellis et al. 2000, Oakes et al. 1997). According to the assumption that the alteration of acyl- 

CoA-binding properties, or expression levels of ACBP might be involved in etiology of T2DM, 

association of common and putative functional variants of the gene with T2DM risk was 

examined. A moderate but consistent association between one ACBP SNP (rs2084202) and 

T2DM was found in two independent German study populations (EPIC-Potsdam and KORA). 

In both studies, carriers of the minor allele (A) showed lower risk of T2DM compared to 

homozygote carriers of the major allele (GG). The obtained OR in the range of 0.5 to 0.7 and 

borderline significances are explained by limited statistical power on the one hand, but on the 

other hand, might demonstrate the additional involvement of other (genetic or environmental) 

factors influencing gene-disease association. Since results were replicated in an independent 

study, a false-positive finding seems to be unlikely. However, replication studies in larger 

populations are desirable in the future. Associations between rs2084202 and related traits of 

the disease (i. e., BMI, percent body fat) were not found. Thus, effect of rs2084202 on T2DM 

might not be related to body weight or fat mass. In fact, a direct function of the polymorphism 

on insulin resistance could be expected. SNP rs2084202 is located in the promoter region of 

splice variant ACBP-1c (Nitz et al. 2005), 466 bp upstream from the translation start. Thus, 

A>G substitution of this promoter SNP may increase the transcriptional activity of this PPARc 

dependent variant which is highly expressed in adipocytes. This could lead to decreased free 

acyl-CoA concentrations in insulin sensitive cells such as hepatocytes or adipocytes and 

thereby reduce the risk to develop insulin resistance. Of course, this hypothesis has to be 

tested in future studies.  

In conclusion, first evidence that the minor allele of ACBP rs2084202 might be associated with 

reduced risk of T2DM is obtained from two Caucasian study populations. The functional 

significance of this finding has to be unraveled in future studies. 

6.1.7.2 PTGES2 

PTGES2 is important for synthesis of the antilipolytic-hypertrophic (Vassaux et al. 1992) 

metabolite prostaglandin E2 (PGE2). The synthesis of PGE2 from arachidonic acid is 

mediated by phospholipase A2, cyclooxygenase (PTGS2) and prostaglandin E synthase 

(PTGES). Terminal PTGESs, which catalyze the conversion of PGH2 to PGE2, exist in three 
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forms (Murakami et al. 2004): microsomal PTGES (PTGES1), cytosolic PTGES (cPTGES) and 

the membrane-bound PTGES2. Whereas the physiological role of cPTGES is uncertain 

(Murakami et al. 2004), PTGES1 seems to be mainly involved in inflammation (Gudis et al. 

2005, Jakobsson et al. 1999, Murakami et al. 2000). In contrast, PTGES2 is not induced by 

inflammatory stimuli and is expressed constitutively in various cells and tissues in which 

PTGES1 expression is relatively low (Murakami et al. 2003, Tanikawa et al. 2002). These 

findings argue for a general role of PTGES2 in the production of PGE2 crucial for tissue 

homeostasis. As PTGES2 gene maps to a chromosomal locus linked to obesity (Wilson et al. 

1991), PTGES2 polymorphisms were tested for association with T2DM and related traits in 

two German study populations with KORA S4 as replication sample. 

Sequencing (Fisher et al. 2007) of all seven exons of PTGES2 revealed only one non-

synonymous SNP in codon 298 (Arg→His), which had not been genotyped in a large 

population before. The minor allele (His298) frequencies observed were 12.0% in the 

screening group comprising 47 individuals, 16.5% in EPIC and 18.6% in KORA. T2DM was 

only identified by self-report and confirmed by the patient primary care physician. The key 

finding in the present study was the consistent association between the minor allele of the 

PTGES2 Arg298His SNP (rs13283456) and decreased risk of T2DM in both study 

populations. This finding was confirmed in a subgroup of KORA consisting of 239 subjects 

with impaired glucose tolerance. In addition, a pooled analysis of data from both study 

populations revealed a p-value of 0.0005 for association between PTGES2 Arg298His SNP 

and T2DM. Among htSNPs selected from a 20kb gene region of PTGES2 and a novel 

promoter SNP (g.-417G>T) detected in sequencing approach genotyped in EPIC none was 

significantly associated with T2DM. A common haplotype including minor allele of Arg298His 

SNP showed evidence for association with T2DM similar to single SNP Arg298His. Thus, 

evidence that the Arg298His SNP within the PTGES2 gene might be important for the 

association with T2DM is substantiated. Interestingly, a significant association between the 

PTGES2 Arg298His and HOMA-%B as an indicator of basal insulin secretion was found in 

KORA. HOMA-IR values were also insignificantly lower in His-carriers. As both observations 

were made in controls only putative functionality of the polymorphism could be apparent under 

physiological conditions. A functional link between PGE2 and beta cell dysfunction or impaired 

insulin secretion via the Akt (protein kinase B) pathway has been provided by cell culture 

experiments in-vitro and ex-vivo as well in animal studies and transgenic approaches (Meng et 

al. 2006, Oshima et al. 2006, Tran et al. 1999). As shown in cell culture experiments (Sandra 

et al. 1986) and in human studies, increasing concentrations of PGE2 caused peripheral 

insulin resistance. A molecular mechanism for this effect has not been elucidated so far, but 

an alteration of insulin-stimulated phosphoinositide turnover by PGE2 had been discussed 
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earlier by Sandra et al. (Sandra et al. 1986). Beside the investigated PTGES2 transcript, three 

other transcripts are described in public databases (NCBI). NM_025072 encodes the 377 

amino acids comprising membrane-associated PTGES2 (NP_079348) which was the focus of 

this investigation. 

Amongst others in this isoform rs13283456 causes the described amino acid exchange 

Arg→His which is located in the Glutathion-S-transferase domain. The change of a basic 

amino acid residue (Arg) with a pKa-value of 12.5 to a basic residue with a value of 6.0 (His) 

may cause a partial functional perturbation of the PTGES2 His298 variant. This would result in 

lower PGE2 production, which could influence beta cell function and/or insulin sensitivity. 

In summary, first evidence from two independent German study populations that the His-

variant of the PTGES2 Arg298His polymorphism is associated with reduced risk of T2DM is 

provided including explanation hypothesis. 

6.2 MetS definitions 

Within this work two definitions were used for analysis of genetic associations with MetS. 

NCEP definition (NCEP 2002), which is the most widely used criteria to identify MetS 

individuals, and the IDF definition for MetS (Alberti et al. 2005). All independent study 

populations used in this work showed higher prevalence of IDF defined MetS. Frequencies of 

the NCEP and IDF definition were in line through all samples. For KORA S4 Rathmann et al. 

compared MetS definitions additionally regarding the WHO definition (Rathmann et al. 2006). 

Possibly the IDF definition overestimates number of MetS cases due to lower cutoffs and 

accentuated importance of abdominal obesity. Thus, IDF defined MetS analysis must be 

validated with care. However, effect sizes of genetic variants with MetS did not significantly 

differ between the definitions. 

6.3 Strength and limitations 

Study design 

The MONICA/KORA surveys and KORA S4, being representative for the general population of 

Augsburg, Germany, benefit from the high-quality phenotyping of the internationally approved 

MONICA/KORA surveys. In particular, the analyzed subgroup included fasting values of 

parameters relevant to MetS and OGTT data. However, OGTT was not performed in subjects 

with known T2DM to avoid any threat. Thus, these subjects were unfortunately mostly non-

fasting.  

The SAPHIR study is representative of the working population of Salzburg, Austria, providing 

fasting measurements as well. However, OGTT data were available for a fraction of the 

subjects. 
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One limitation for investigation of associations between gene variants and MetS are the study 

designs. The KORA S4 sub sample is a population-based sample with limited age range. 

Same holds true for the SAPHIR study with further limitation to healthy working population. 

The KORA sample including subjects with T2DM from S1-S4 and controls of S4 was 

construed to investigate associations with T2DM. Thus, controls were matched for included 

subjects with T2DM. Thus, none of the available study samples provides a definite case-

control design for MetS. 

Multiple testing 

Multiple testing is a major problem in association studies, bearing mischief of false positive 

associations by chance when performing a large amount of tests. While significance level in 

analysis of IL-6 was only slightly corrected (p<0.01), significance levels were strictly corrected 

applying Bonferroni correction in analysis of APOA5, MCP-1 and RETN. However, strictly 

corrected significance levels could also lead to false negative associations. Significance levels 

were notably low in RETN analyis. Thus, observed trends should not be ignored. 

SNP coverage for APOA5, MCP-1, and RETN was suitable, in contrast to IL-6 analysis, which 

investigated two promoter polymorphisms only. However, functional relevance was uprated for 

these IL-6 promoter polymorphisms.  
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6.4 Coherences of analyzed genes  

Within this work a small part of yet unforeseen multifarious genetic susceptibilities for MetS 

and T2DM could be illuminated. Equally multifarious are environmental influences that were 

marginally incorporated in the present study design. An illustration of these complex 

coherences is provided in Figure 11, instancing MetS as complex disease. Another 

inconvenience is mostly small effect of the single gene variants emerging from interaction with 

other gene variants or environmental influences. Thus, association with a complex disease is 

hardly detectable. There are only few variants showing consistent associations like TCF7L2 

with T2DM. Moreover, this association is one of few with such a strong effect in a complex 

disease. In addition, several products of susceptibility genes have complex actions by 

themselves. A case in point is IL-6, which is not only a major player in inflammatory 

processes, but is suggested to be involved in several processes of T2DM or MetS 

development (Kristiansen et al. 2005). However, despite its complex actions, which are 

obvious due to the manifold tissues secreting IL-6, association with T2DM and BMI seem to be 

consistent albeit effects are weak. Relevance of the hypothesized explanation for an influence 

on body composition in men or observed association trends with MetS related parameters 

have to be further validated regarding MetS development. Figure 12 presents a simple 

scheme summarizing coherences of the genes analyzed within this work regarding MetS and 

T2DM. The only analyzed gene showing a direct association with MetS was APOA5. However, 

as already mentioned, this association might mainly be driven by strong association with two 

lipid parameters (TG and HDL cholesterol levels). A role in lipid metabolism was suggested for 

RETN as well, which is supported by association of RETN SNPs with higher TG levels. Thus, 
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Figure 11: Role of genetic (G) and environmental (E) factors on putative causes of MetS and related 
traits. Genetic and environmental effects have impact on lipid and adipose tissue related traits that in 
turn influence individual risk factors and the cluster of MetS. In addition, all individual components of 
MetS are regulated by both genetic and environmental factors (Teran-Garcia et al. 2007).  



6 Discussion 77 
 
 

 

RETN could contribute to lipid abnormalities in MetS. Involvement of resistin in insulin 

resistance (Steppan et al. 2002, Kim et al. 2001) was suggested to be mediated by oxidative 

stress (Smith et al. 2003), which was shown to impair insulin action in adipocytes in vivo 

(Tirosh et al. 2001, Rudich et al. 1999, Rudich et al. 1997). MCP-1, which interacts with IL-6, 

has typical proinflammatory properties. It seems to play an important role in several features of 

MetS. Only potential association of MCP-1 variation with two features of MetS, TG levels and 

fasting glucose, was observed. Thus, suggested manifold influences of MCP-1 in features of 

MetS could not fully be supported by effects of genetic variation. Similar to IL-6, MCP-1 seems 

to be involved in growth regulation in men. However, relevance for MetS or T2DM 

development is not distinguishable. 

 

TCF7L2 is the most promising T2DM gene yet discovered. While replication of the association 

with T2DM was successful none of the variants was associated with MetS or related features. 

Defective function of TCF7L2 was proposed to lead to decreased transactivation of the 

proglucagon gene, reduced GLP-1 levels and decreased insulin secretion in response to 
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Figure 12: Hypothetical model of coherences in MetS development regarding all genes analyzed within this 
work (blue) or in related projects. 
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enteral glucose challenge (Florez 2007). This is in line with the observed significant trend 

towards lower levels of fasting insulin and reduced basal insulin secretion. Resulting 

abnormalities in nutrient absorption and metabolic regulation also suggest a role of TCF7L2 in 

MetS.  

The genes ACBP and PTGES2 are both involved in fat assimilation processes. Both gene 

products influence insulin regulation. ACBP a regulator of insulin release from pancreatic cells 

has T2DM risk reducing effects when expression is increased amongst others due to the 

analyzed promoter variant. PTGES2 acts inderectly through regulation of PGE2 production. 

Thus, PTGES2 impairement by an amino acid exchange results in lower PGE2 influencing 

beta cell function and/or insulin sensitivity, finally resulting in reduced risk for T2DM. 

In conclusion all analyzed genes have a role in MetS or T2DM development due to their 

function. Partly genetic variation could be shown to relate to ones genes contribution to 

features of MetS or T2DM. Association with these complex diseases was replicated for 

TCF7L2 variants with T2DM and for the first time for an APOA5 variant with MetS. However, 

underlying mechanisms are still speculative and must be further assessed by functional 

studies. In case of APOA5 association might be detected due to strong association with two 

MetS components.  
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6.5 Future perspectives 

There is a major problem in investigation of genetic susceptibilities for diseases like MetS and 

T2DM – complexity. Candidate genes are manifold. Thus, association studies on genetic 

variations within a certain gene locus deliver insight in a small part of genetic susceptibilities 

only. New technologies, which provide possibility to investigate most of the genetic variation 

information over the whole genome will enhance insight. The leading companies in this field 

Affymetrix and Illumina will soon provide possibilities to genotype up to one million SNPs per 

subject at once. SNP selection strategies are slightly different for these approaches. While 

Affymetrix chips include SNPs in 5kb distance over the whole genome, Illumina arrays focus 

on known coding regions. Hence, both technologies may currently miss some important 

genetic information. However, this effect might become unessential the higher the provided 

SNP coverage will be. Sooner or later technologies sequencing the whole genome will be 

developed closing these gaps completely. In addition larger study samples are needed to 

detect small effects of gene variation in complex diseases. A approach to account for this 

need are meta-analyses combining several samples increasing power for association analyis. 

As association studies can only be the first step on a long way to understand mechanisms, 

which are behind detected associations between gene variants and disease related 

parameters, association studies provide mainly hints were functional studies have to head for. 

Furthermore, analysis should not only be focused on single gene loci. Gene-gene interactions 

may play a major role and additive or modulating effects of genetic variants in different genes 

has already been shown. A yet mostly unregarded topic is the information that is hidden in 

DNA methylations. Thus, there will be a lot of action in the field of epi genetics in the near 

future. In combination with conventional genotyping new insights will be gained. 
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Appendix 1 
 
Appendix 1a: PCR Primer used for genotyping with hME or i-Plex method. 
    
Gene SNP ID Primer 1 Primer 2 
IL-6 rs1800796 ACGTTGGATGACGCCTTGAAGTAACTGCAC ACGTTGGATGTCTTCTGTGTTCTGGCTCTC 
 rs1800795 ACGTTGGATGGATTGTGCAATGTGACGTCC ACGTTGGATGAGCCTCAATGACGACCTAAG 
APOA5 rs3135506 ACGTTGGATGCTGGTCTGGCTGAAGTAGTC ACGTTGGATGTGATTACCTAGTCCCTCTCC 
 rs3135507 ACGTTGGATGAACTGGGCCTTGGTGTCTTC ACGTTGGATGACACGATGGATCTGATGGAG 
 rs2075291 ACGTTGGATGATGGGTGGAAGAGCTCTTTG ACGTTGGATGACGAGGCTTGGGCTTTGCTG 
 rs2266788 ACGTTGGATGGGTGAATGTAATGCATCCAG ACGTTGGATGAGGACAGGGAGGCCACCAAA 
 rs2072560 ACGTTGGATGATCAGTGCGCGATGACTTGG ACGTTGGATGACAGATATCCAGGCCGTCAG 
 rs2542061 ACGTTGGATGACCTCCATTAAGGTCTGGTG ACGTTGGATGTGGACTCCATCTCAGAACGC 
 rs633867 ACGTTGGATGGCACAAGTTTTTGTGCAGATG ACGTTGGATGTGGAGGAGTTCTCCTATGAC 
 rs662799 ACGTTGGATGTTTGGGCTTGCTCTCCTCAG ACGTTGGATGACTCTGAGCCCCAGGAACTG 
 rs1729411 ACGTTGGATGAATCCTGGAACAAGCAAGGG ACGTTGGATGACTTTCGCTCCAGTTCCTG 
 rs651821 ACGTTGGATGCTCCTTCTTCCCCTAACCAG ACGTTGGATGTGAAAGAAGAGCCAGAGCCC 
 rs619054 ACGTTGGATGACCCCTGAGGATCTACCTGC ACGTTGGATGAGGACTGAACCATGCTAGAG 
MCP-1 rs1860188 ACGTTGGATGATGCTCAGGAGTATTCTTGG ACGTTGGATGCCAAGCTTCCAGCATCTAAG 
 rs1024610 ACGTTGGATGGAAGTTTTCCTCATATCAGGG ACGTTGGATGATTGAATGCGGTCCACCAAG 
 rs3760396 ACGTTGGATGTGCCCATTTGGAAGATGCT ACGTTGGATGGAAACGTGTACAAGTCCTCC 
 rs13306748 ACGTTGGATGGTGAATGAAGCACAGACCAG ACGTTGGATGCAGGGTAATCAAAGAGAGGG 
 rs2857657 ACGTTGGATGTGAGGTATAGGCAGAAGCAC ACGTTGGATGAGCAGAAAAGAGTCATGAGG 
 rs4586 ACGTTGGATGATGCAATCAATGCCCCAGTC ACGTTGGATGTCTTCTATAGCTCGCGAGCC 
 rs3917888 ACGTTGGATGAGGTTTATGAGGCTTGTCCC ACGTTGGATGTGATGTGAGTTCAGCACACC 
 rs13900 ACGTTGGATGGGCATAATGTTTCACATCAAC ACGTTGGATGATTTTCCCCTAGCTTTCCCC 
 rs3917900 ACGTTGGATGCTGGCTACAAGGATGTGAGC ACGTTGGATGTGTAAATCTTCACCTGGCTC 
 rs991804 ACGTTGGATGAGGCTAGGTCAGAACAAAGG ACGTTGGATGTTCAGGTCATTGGAGCCAAC 
Resistin rs4804762 ACGTTGGATGTTGCGGTGAGCCAAGGTCGT ACGTTGGATGCAGTTTGCTACCCCCTTTTT 
 rs3760678 ACGTTGGATGTGTTGCAGGTGATGCCATTG ACGTTGGATGTCCTGGATGACTAGCTTGGG 
 rs1862513 ACGTTGGATGACCACAGCCCCTGGCATTAT ACGTTGGATGAGCCTTCCCACTTCCAACAG 
 rs3219176 ACGTTGGATGAGGGTAAGTGACAGCTGCTC ACGTTGGATGGATGGAGGCTCAGCCTTGAC 
 rs3219177 ACGTTGGATGTCTGTGCCAGGGATCAGTGAG ACGTTGGATGATGAGAGGATCCAGGAGGTC 
 rs3745367 ACGTTGGATGGAAGGTTTGGAGTGAGAGCG ACGTTGGATGATTCAACCCCAACTCCACTC 
 rs3219178 ACGTTGGATGTCCAACCACTGAATGGGCAC ACGTTGGATGCTAGGATCTTGGTCCTGACT 
 rs12981326 ACGTTGGATGGAGGCTGAGGGTGGGAGCG ACGTTGGATGCATTCAGTGGTTGGAGCCTC 
 rs3745369 ACGTTGGATGTTCAGGCCCTATTTTCGGAG ACGTTGGATGGACACCGCGACTTTCTACTG 
 rs1423096 ACGTTGGATGCGTCCCTTTCATAGGGTAAC ACGTTGGATGGTCCACTGTAAACCAATCCC 
TCF7L2 rs12255372 ACGTTGGATGGCCTCAAAACCTAGCACAGC ACGTTGGATGTGCAAATCCAGCAGGTTAGC 
 rs7903146 ACGTTGGATGCAGAGGCCTGAGTAATTATC ACGTTGGATGAACTAAGGGTGCCTCATACG 
ACBP rs2084202 ACGTTGGATGAGTGGGGAAGCGAGGAGTC ACGTTGGATGATTCTCCTCGTCCCGCACTC 
 rs8192506 ACGTTGGATGTCCTTACAGGGACTTCCAAG ACGTTGGATGCAAATCCAGTCTCTCATATCC 
PTGES2 rs13283456 ACGTTGGATGCTGAGGGGCTTTTCCCTTCC ACGTTGGATGACTTGTCAGCAGCCTCATAG 
 rs13283456 ACGTTGGATGCTGAGGGGCTTTTCCCTTCC ACGTTGGATGACTTGTCAGCAGCCTCATAG 
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Appendix 1b:Extension Primers used for genotyping with hME or i-Plex method. 
    
Gene SNP ID Extension Primer method 
IL-6 rs1800796 GCAGTTCTACAACAGCC hME 
 rs1800795 AATGTGACGTCCTTTAGCAT hME 
APOA5 rs3135506 CTTTCCGTGCCTGGGTGGCC hME 
 rs3135507 GGTGTCTTCCCCCACCA hME 
 rs2075291 GAGCTCTTTGAAGCGGC hME 
 rs2266788 GTCGCAGGAGGCTGGAT hME 
 rs2072560 GGACAAAGGAGATGATGG hME 
 rs2542061 TAGCCACTCTACATTGTTTCT i-Plex 
 rs633867 CCTATGACTCAGCAATTCTA i-Plex 
 rs662799 GCGGAACTGGAGCGAAAGT i-Plex 
 rs1729411 GGTTCCTGGGGCTCAGAGTC i-Plex 
 rs651821 GCCATGCTTGCCATTA i-Plex 
 rs619054 AAAGGCTCCCCAGACAAG i-Plex 
MCP-1 rs1860188 ATTGGATCTGCCCCAG i-Plex 
 rs1024610 GGTAAAGGATGCACTAAC i-Plex 
 rs3760396 AGTCCTCCAACTAGTTGC i-Plex 
 rs13306748 TTAGGCTGTTTCCAGACACG i-Plex 
 rs2857657 CAAACGGCAGGCAGGAGAAGA i-Plex 
 rs4586 TTAGATCTTCCTATTGGTGAAGTTATA i-Plex 
 rs3917888 AGCACACCAACCTTCC i-Plex 
 rs13900 TAGCTTTCCCCAGACACC i-Plex 
 rs3917900 TGATTGTCCCAGTAGTG i-Plex 
 rs991804 CAGCCAGTCCTGGTAA i-Plex 
Resistin rs4804762 CAGGTTGCTACCCCCTTTTTTTTGAGA i-Plex 
 rs3760678 CACCATAGCAAGACTCCA i-Plex 
 rs1862513 TTCCCACTTCCAACAGGGCCTCC i-Plex 
 rs3219176 AAGCCTTGACCCCAGCCTCCCC i-Plex 
 rs3219177 CCCCAAGCTCCCCAAGGGTCT i-Plex 
 rs3745367 CTCCGACTGTCCCCACCTTATCCAC i-Plex 
 rs3219178 GGGTGTCCACCCTCACT i-Plex 
 rs12981326 CCCGTCCCCACCCCCG i-Plex 
 rs3745369 TTTCTACTGCCCCATC i-Plex 
 rs1423096 GGGCGCTTATGGTTTGCTGGA i-Plex 
TCF7L2 rs12255372 GGAATATCCAGGCAAGAAT i-Plex 
 rs7903146 TCCTCATACGGCAATTAAATTATATA i-Plex 
ACBP rs2084202 AAGCGAGGAGTCCGTGGCCG hME 
 rs8192506 GGACTTCCAAGGAAGATGCC hME 
PTGES2 rs13283456 TCCCCGCCCAGGCACC i-Plex 
 rs13283456 TTCCCCGCCCAGGCACC hME 
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