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Chapter 1 

Introduction 
To date, the leading causes of disease burden in moderate and high income 
countries (based on the disability-adjusted-life-year metric 1) are complex 
diseases, with cardiovascular disease being the number one contributor 
followed by mental disorders, in particular depression. Complex diseases often 
cluster in families yet they show no clear pattern of inheritance and are thought 
to result from the interplay of environmental influences and genetic 
susceptibility acting on multiple biological pathways. The underlying disease 
mechanisms of such traits may be best understood if they are approached from 
a variety of different angles. In this thesis, multiple approaches are applied to 
study the etiology of human complex traits, with an emphasis on metabolic 
syndrome traits and inflammation.  
 The metabolic syndrome is a condition that involves various metabolic 
disturbances that are risk factors for cardiovascular disease (CVD) and type 2 
diabetes (T2D), including central obesity, insulin resistance, dyslipidemia, and 
hypertension 2-4. It is well established that the metabolic syndrome is 
associated with a state of chronic, low-grade inflammation that is thought to 
contribute to the pathogenesis of the disease and to the risk for CVD and T2D, 
although inflammation itself is generally not included in diagnostic guidelines 5, 

6. The most prevalent common mental disorder is major depressive disorder. 
Cardiovascular disease and depressive disorders at least to some extent touch 
upon common biological pathways as evidenced by the fact that biological risk 
factors for cardiovascular disease are also connected to depression, including 
BMI (either high or low), abdominal obesity, and dysregulated levels of lipids 
and inflammation biomarkers in blood (including pro-inflammatory cytokines, 
cytokine receptors and acute phase reactive proteins ) 7-9. Therefore, a better 
understanding of the biological mechanisms that contribute to individual 
differences in the level of metabolic and inflammation biomarkers in blood1, and 
in particular the role of genomic variation, could ultimately be of benefit to both 
physical and mental health. 

Known risk factors for the metabolic syndrome (e.g. physical inactivity, 
smoking and obesity) clearly emphasize the role of lifestyle factors in the 
etiology 10-13. In fact, it is thought that interventions targeted at these risk factors 
are largely responsible for a decline in the prevalence of cardiovascular events 
that has been observed in several countries in the past decades, although 
improved treatment may also have contributed 14-16. The high prevalence of 

                                                            
1In this thesis, I will use the term metabolic biomarkers to refer to the concentration of 
lipids, glucose and insulin in blood. The term inflammation biomarkers is used to refer to 
inflammation components measured in blood (e.g. blood level of cytokines and cytokine 
receptors). 

 



major depressive disorder in wealthy societies is less well understood, and 
depression has been estimated to become the world leading cause of disease 
burden in 203017.  

The research described in this thesis is characterized by two major 
themes: the first relates to the question to which extent differences between 
individuals in inflammation biomarkers and metabolic syndrome traits are 
caused by the impacts of genetic and environmental differences between 
people. The second important focus of this thesis is on examining the genetic 
and non-genetic sources of variation underlying individual differences in DNA 
methylation; an epigenetic mechanism that receives increasing attention as it 
may provide novel insights into human disease. These research themes are the 
subject of a series of chapters in which I analyze phenotypic, genetic and 
epigenetic information that was collected in twin families who participate in 
longitudinal research of the Netherlands Twin Register. The etiology of 
individual differences is examined with approaches from genetic epidemiology, 
including the classical twin design and the extended twin-family design, and by 
approaches that make use of measured genetic variants. Chapter 3 of this 
thesis illustrates how these different approaches can be combined to unravel 
the contribution of known genetic (or candidate) variants versus unidentified 
genetic variants to a complex trait (soluble interleukin-6 receptor levels in 
blood). In this introduction, I present an outline of the topics covered in this 
thesis. I shortly introduce the current knowledge regarding metabolic syndrome 
traits and inflammation biomarkers  and especially focus on epigenetics. It is 
relatively recent that large scale epigenetic studies (genome-wide) have 
become feasible and have been applied to twins. In this chapter I therefore pay 
detailed attention to epigenetic mechanisms and their potential involvement in 
human complex disease.  

 
The metabolic syndrome 
A diagnosis of the metabolic syndrome is often given to a person if at least 
three of the following traits exceed a certain clinical threshold: waist 
circumference, body mass index, waist-to-hip-ratio, fasting plasma glucose, 
fasting insulin level, systolic blood pressure (SBP), diastolic blood pressure 
(DBP), HDL cholesterol, and/or triglycerides. There are multiple diagnostic 
guidelines for the metabolic syndrome that include slightly different 
combinations of traits. These guidelines were established with the primary aim 
to identify people at high risk of developing CVD and T2D. The metabolic 
syndrome is associated with a doubled risk of developing CVD and a more than 
5-fold increased risk of T2D, but also with increased risk for many other 
diseases, including nonalcoholic fatty liver disease, reproductive disorders, 
depression and sleeping disorders18, 19. The pathophysiological mechanisms 
that characterize the metabolic syndrome and are thought to contribute to the 
comorbid conditions include excess adipose tissue mass, ectopic fat 
deposition, excessive flux of fatty acids, and inflammation 3, 18, 20. Although 



there is ongoing debate about the constituents and primary causal mechanism 
underlying the metabolic syndrome, it is generally acknowledged that obesity 
(particularly in the abdominal area) and insulin resistance are the major 
underlying risk factors for the metabolic syndrome. Insulin resistance is often 
secondary to obesity but may also present in individuals with a normal weight 
21.  
   Overall, as much as 14% of individuals who live in the Netherlands 22 
and 37% of individuals in the United States 23 are affected by the metabolic 
syndrome, but the prevalence varies greatly with sex and age and depends on 
the guideline used to characterize the metabolic syndrome 3. In the 
Netherlands, the metabolic syndrome was reported to be more prevalent in 
males according to most but not all guidelines 24, and to be more prevalent in 
older people 22, 25. Of Dutch individuals of 65 years or older 37% of individuals 
meet the metabolic syndrome criteria 25. Although traditionally viewed as an 
age-related disease, the metabolic syndrome is becoming increasingly 
prevalent in all age groups and can even be present in childhood 26-28. The 
rising prevalence of the metabolic syndrome is thought to be the  
consequence of the rising prevalence of obesity29. 
 
Global obesity trends and changes in lifestyle 
In the period between 1980 and 2008, the worldwide prevalence of obesity 
almost doubled; from 6.4% to 12% 30, although there is considerable variation 
between countries31. In the Netherlands, the prevalence of overweight and 
obesity was 47.8% and 16.2% in adults aged 20+, respectively, in 200831. 
There is no doubt that the outbreak of overweight- and obesity-related disease 
is related to modern day lifestyle. Worldwide, the average caloric intake per 
person increased with 450 kcal per day between 1960 and the late 1990s 32, 
and 31.1% of adult individuals (age 15+) worldwide were “physically inactive” 
according to a publication from 2012 33. It has been suggested that obesity-
related disease and a lot of other modern day complex diseases as well are 
relate to a mismatch between our current lifestyle in comparison with our 
evolutionary history, a topic I will we discuss in more detail in chapter 8. Yet, 
while we are all surrounded by weight-promoting influences in wealthy 
countries nowadays (e.g. environments and jobs that limit the need to be 
physically active and high calorie food available to everyone), not all individuals 
develop obesity and not every obese individual develops obesity-related 
diseases. It has been reported that 65% of obese males and 56% of obese 
females meet the criteria for the metabolic syndrome 34, while the rest has been 
characterized as displaying “metabolically healthy obesity” 35. By contrast, 
“metabolically unhealthy non-obese” individuals also exist 21, 36. In the United 
States 23.% of  individuals (age 20+) with a normal BMI show two or more 
metabolic abnormalities (e.g. insulin resistance,  dyslipidemia, hypertension) 37. 
Thus, individuals differ in their vulnerability to develop overweight, obesity and 
metabolic disease. 



 
Relevant metabolic and inflammation biomarkers in the population 
Of note, the metabolic syndrome characterizes individuals at the extreme end 
of the distribution of variation in metabolic traits. In the following chapters of my 
thesis, I study variation in individual metabolic syndrome traits in a population-
based sample of individuals, who were unselected with respect to disease 
status or health. The aim was to characterize the causes of individual 
differences underlying population variation in metabolic syndrome traits. Of 
note, several other tools exist to assess the risk of developing coronary heart 
disease or cardiovascular disease within the ‘normal population’. The most 
widely applied Framingham score for coronary heart disease is based on traits 
that are commonly referred to as “traditional risk factors”: sex, age, total 
cholesterol or LDL cholesterol, systolic blood pressure, smoking and self-
reported diabetes 38, 39. In addition to the ‘classical lipids’ (i.e. total cholesterol, 
HDL, LDL, triglycerides), many other types of circulating lipid particles as well 
as other molecules (e.g. amino acids) may be informative to metabolic health: 
such markers may be studied through metabolomics technology40.   
 Although metabolic syndrome criteria and other risk scores do not 
commonly include inflammation biomarkers, growing evidence suggests that a 
key mechanism behind the pathogenesis of the consequences of obesity and 
associated conditions (e.g. type II diabetes and cardiovascular disease) 
involves chronic over-activation of cellular stress signalling and inflammatory 
pathways in metabolic cells in response to excessive energy intake41, 42. In 
obese individuals, adipose tissue secretes a range of a pro-inflammatory 
cytokines such as TNF-alpha and IL-6 43, 44. Pro-inflammatory cytokines 
stimulate the release of so-called acute phase reactants (for example 
fibrinogen and CRP) 45. Other molecules in the inflammation cascade that are 
elevated in obese individuals include so-called sensors of the innate immune 
system including the inflammosome and Toll-like receptors 46, 47. It is now well-
known that in addition to adipose tissue, the liver, pancreas and brain also 
respond to obesity or excess energy intake by increased levels of inflammation, 
and this inflammation is highly important in the development of obesity-related 
disease48-50. Systemic low-grade inflammation is also known as the pro-
inflammatory state.  
 In the Netherlands Twin Register, the levels of inflammation 
biomarkers in blood and traits included in metabolic syndrome criteria have 
been assessed in a representative population-based sample. This study 
sample allowed us to study the entire distribution of these traits to examine the 
causes of individual differences in these traits at the population level.  In this 
thesis, I study the following inflammation biomarkers: tumor necrosis factor-
alpha (TNF-α), C-reactive protein (CRP), fibrinogen, interleukin-6 (IL-6), and 
the soluble IL-6 receptor (sIL-6R). Metabolic syndrome traits included systolic 
and diastolic blood pressure, blood levels of glucose, insulin and lipids, and the 



anthropometric traits weight, BMI, waist circumference and waist-to-hip ratio 
(WHR). 
 
Genetics of BMI and biomarkers  
Feeding experiments conducted on initially lean male prisoners in the 1960s 
illustrated the existence of individual differences in the effects of over-eating 
(~10,000 kcal per day)51. While most of the 20 men who managed to complete 
this feeding regime for a period of 200 days quickly lost the weight they gained 
as soon as the feeding regime turned back to normal, two men had great 
difficulties losing the weight 52. These men were initially the fastest to gain 
weight and had a family history of obesity, although they had not previously 
been overweight themselves.   

In societies in which the majority of the population has access to 
sufficient calories, individual differences in BMI are to a large extent explained 
by genetic factors. Adoption studies show that the BMIs of adopted individuals 
at middle age are more similar to their biological parents’ BMI than to their 
adoptive parents’ 53. Monozygotic (MZ) twins usually have very similar BMIs, 
irrespective of whether the twins grow up together or are adopted by different 
families 54. A number of twin and family studies have estimated the proportion 
of variation in BMI between individuals that can be attributed to genetic effects 
(the heritability); these estimates vary between approximately 24% and 90% 55. 
Similar results hold for inflammation biomarkers and for metabolic biomarkers 
including blood lipid levels, fasting insulin and glucose and blood pressure. A 
large body of research shows that variation in these phenotypes is also largely 
influenced by genes 56. In the past decade or so, a number of variants in the 
DNA sequence (risk alleles) have been identified that contribute to individual 
differences in these traits in humans 57, many of which are located in regulatory 
regions of the genome 58. For example, the Genetic Investigation 
of ANthropometric Traits (GIANT) consortium has reported 32 independent 
genetic variants for BMI 59 and the Gobal Lipids Genetics Consortium has 
published 157 loci for blood lipid levels (including LDL cholesterol, HDL 
cholesterol, triglycerides and total cholesterol )60. Sixteen loci that are involved 
in fasting glucose homeostasis have been identified by the meta-analyses 
conducted by the meta-analyses of Glucose and Insulin-related traits 
Consortium (MAGIC)61.  

Beyond investigations into the DNA sequence itself, large cohort 
studies are now also starting to address at a genome-wide resolution other 
types of molecular variation by which variation in human complex traits is 
created. Thus, recent studies have reported associations of BMI 62, T2D 63, 64 
and vascular disease 65 with epigenetic variation, that is, variation in molecular 
mechanisms that regulate to which extent genes need to be expressed 
depending on the internal (such as the degree of adiposity) and external 
environment of the person. 
Epigenetic mechanisms  



Nearly every human cell contains the same DNA sequence (genome) inherited 
from the parents, although there is increasing recognition that mosaicism may 
occur (meaning that an individual has cell populations with distinct genotypes, 
due to a postzygotic mutation that arose in one cell lineage)66. Yet many 
different cell types and organs are formed with the same sequence information, 
requiring different genes to be activated or inactivated (switched on and off) in 
each cell at the right time. This regulation of gene activity is coordinated in each 
cell by numerous molecular mechanisms that collectively control chromatin 
structure; including chemical tags attached to the DNA molecule itself and to 
the histone proteins it is wrapped around (i.e. DNA methylation and histone 
modifications), and molecules interacting with the DNA or RNA transcripts (e.g. 
non-coding RNAs, transcription factors, and methyl-CpG-binding proteins) 67. 
While the field of genetics is traditionally concerned with the study of the DNA 
sequence, epigenetics refers to the study of those molecular mechanisms that 
influence gene expression without changing the DNA sequence and that are 
transmitted from one cell generation to the next through cell division (mitosis 
and possibly meiosis) 68. In practice, the term epigenetic regulation is often 
applied more broadly, to refer to DNA methylation plus all histone 
modifications, although it is expected that histone modifications are not fully 
transmitted during cell division 69.  

Whereas a person’s DNA sequence remains the same during the 
entire lifetime (except for occasionally occurring de novo mutations), DNA 
methylation and other epigenetic marks are dynamic; they may change during 
the lifetime as part of developmentally regulated process (related to e.g. tissue 
differentiation) 70 and aging 71, and may change in response to specific 
environmental exposures 72. For example, multiple studies have reported 
altered methylation levels of the AHRR gene and several other genes in blood 
cells of smokers (see for example 73), and in babies of mothers who smoked 
during pregnancy 74. A study of middle-aged individuals who were in the womb 
when their mother experienced severe famine during the Dutch Hunger Winter 
demonstrated that this exposure had left persistent changes in the methylation 
patterns at a diversity of genes, illustrating that environmental exposures can 
have long-term effects on DNA methylation 75. Because DNA methylation may 
change over the life time and can respond to environmental exposures, 
studying this molecular layer of information may shed light on disease 
mechanisms that would remain hidden when focusing on the DNA sequence 
only. This mechanism also may shed light on the frequent discordance of 
monozygotic twin pairs for many complex traits and disorders.  

 
Chromatin 
If the DNA molecule would not be condensed it would not fit into the cell 
nucleus. Chromatin refers to the complex of the chromosomal DNA molecule 
and all attached histone proteins that facilitate to package the entire human 
genome (approximately 2 meters of DNA) into the cell nucleus (which has an 



average diameter of 6 micrometers 76). When viewed under an electron 
microscope, the 3D structure of chromatin in regions where DNA transcription 
occurs resembles “a string of beads”: a DNA string with so-called nucleosomes 
(‘beads’), which are units of about 146 base pairs of DNA that are wrapped 
1.65 times around a complex of histone proteins 77-79. Between each 
nucleosome are little pieces of DNA (stretching on average 20 base pairs) 
called linker DNA. Because the histone proteins are positively charged while 
the DNA molecule is negatively charged, histones help to fold the DNA into a 
smaller volume through electrostatic interactions. At genomic regions that are 
not transcribed, chromatin is further compacted into a highly condensed 
conformation through higher order structuring of the nucleosomes. The exact 
structure of chromatin, also called ‘chromatin state’ is fundamental to the 
expression potential of a region and is intimately linked to covalent post-
translational modifications of the histone proteins. 
 
Histone modifications 
The histone protein complex within nucleosomes, also called “histone octamer”, 
consists of eight histone proteins: two copies of each of the histone types H2A, 
H2B, H3 and H4. A fifth type of histone (H1) can bind to the linker DNA 
between nucleosomes. Each histone protein is subject to numerous 
modifications at specific amino acids, including methylation, acetylation, 
phosphorylation and ubiquitination and many more. Most of these histone 
modifications occur at the “tails” (amino termini) of histones that stick out from 
the nucleosome complex. In total, there are more than 100 different histone 
modifications 80, most not well understood, which together control chromatin 
structure. For example, acetylation of the amino acid lysine is universally seen 
in transcriptionally active, accessible chromatin. Other modifications are 
associated with specific DNA elements. For example, histone H3 lysine 4 
trimethylation (H3K4me3) is associated with promoters of actively transcribed 
genes 81. It has been hypothesized that the exact chromatin state of a region 
lies written in the specific combination of histone modifications within that 
region (“the histone code”)82 . 

 Histone modifications may exert their influence on chromatin structure 
by changing the electric charge of the histone (thereby modifying the strength 
of the interaction between the histone protein and the DNA molecule), and by 
recruiting other molecules to the DNA. Histone modifications and chromatin 
structure are mediated by a number of proteins that fall in one or more of the 
following categories: writers (responsible for depositing histone modifications, 
for example histone acetyl transferases; HATs 83), erasers (which can remove 
modifications, for example histone deacetylases; HDACs), and readers 
(proteins that ‘interpret’ the histone code by recruiting additional molecules that 
can stabilize or remodel specific chromatin states, upon recognition of specific 
histone modifications).  
 



Chromatin states: Insight into the genome-wide expression landscape 
Transcription of DNA requires that transcription factors can bind to specific 
target sequences in the DNA (i.e. promoters). Whether a transcription factor 
can bind to its target depends on whether interaction partners such as co-
activators and repressors are present, and on whether the local chromatin 
structure permits such interactions to take place, in other words, whether the 
DNA molecule is accessible 84. In each cell, the structure of chromatin varies 
along the genome. In genomic regions with ‘inactive chromatin’ or 
‘heterochromatin’, the chromatin is highly condensed (nucleosomes are tightly 
packaged) and transcription is silenced due to DNA and histone methylation, 
while other regions are characterized by an open chromatin state (‘active 
chromatin’ or ‘euchromatin’), where the distance between nucleosomes is 
larger, thereby permitting transcription to occur 80. It is thought that, in addition 
to active and inactive chromatin, chromatin comes in a number of intermediate 
states. For example, in permissive or repressed states, DNA is accessible to 
become de-repressed or activated through interaction with for example 
transcription factors. A recent study described fifteen distinct chromatin states 
that were observed in nine human cell types 85.  

In addition to the study of histone modifications, important insight into 
gene regulation has come from mapping DNAse hypersensitive sites (DHSs) in 
the genome; DNA that is sensitive for being cut by DNAse enzymes. DNAse 
enzymes can only cut DNA in accessible chromatin, i.e. DNA that is situated 
between nucleosomes (“linker DNA”). DNAse experiments have revealed that 
this nucleosome-free DNA contains regulatory elements including promoters, 
enhancers, silencer, insulators and locus control regions. Importantly, only ~5% 
of accessible chromatin occurs within 2.5kb of transcriptional start sites, 
whereas ~95% of accessible chromatin is located in distal intronic and 
intergenic regions in human cells86.  

 
DNA methylation 
DNA methylation, the covalent attachment of a methyl-group (CH3) to the DNA 
molecule, is one of the best studied epigenetic mechanisms in humans, and is 
currently the only epigenetic mark that is suited for measuring in large-scale 
human epidemiological studies. In vertebrates, DNA methylation occurs mostly 
at cytosines located next to guanines (CpG sites). Non-CpG methylation is 
quite prevalent in human embryonic stem cells, but is very rare or absent in 
differentiated somatic cells 87-89. DNA methylation is established and 
maintained by enzymes from the methyltransferase family, including DNMT1, 
DNMT3a and DNMT3a 90. Some studies have suggested that de novo DNA 
methylation represents a passive process that targets regulatory sequences in 
the DNA that are not occupied by transcription factors 86, 91. In total, an 
estimated 70-80% of CpG sites in the genome are methylated in mammalian 
cells 92. Many CpGs occur in clusters called CpG islands (CGIs). The 
promoters of approximately 70% of human genes overlap with a CpG island. 



The classic view is that methylation of CpGs in the promoter area of genes is 
associated with repression of gene expression. It has now become clear that 
the effect of methylation on expression may vary depending on the exact 
location that is methylated 93 and there are indications that methylation at 
enhancers is more strongly related to the expression level of genes than 
methylation at promoters 94.  

It has been postulated that methylation may impact on regulation of 
transcription through two main mechanisms. Firstly, methylation of specific 
sequences may prevent the binding of regulator proteins to the DNA (e.g. 
transcription factors 95 and insulators 96). Secondly, methylated CpGs may 
attract methyl-CpG-binding domain proteins, which are regulatory proteins that 
recruit chromatin regulators such as histone deacetylases and chromatin 
remodeling complexes to the site 97, 98. Thus, rather than acting as independent 
mechanisms, it is thought that the different layers of epigenetic information (e.g. 
DNA methylation, histone modifications) generally work together to regulate 
transcription. Although the presence of DNA methylation correlates with the 
presence of repressive histone marks 99,  there are exceptions. For example, 
most CpGs within promoter CGIs are unmethylated, but genes can be 
repressed through repressive histone marks even if their CGIs are 
unmethylated. Methylation of promoter CGIs is thought to contribute to long-
term repression, for example at inactive X-chromosome genes in females 100 
and imprinted genes 101. In comparison with other epigenetic marks, it has been 
suggested that DNA methylation may be best described as a “memory signal 
for the long-term maintenance of gene silencing”102. Thus, it has been shown in 
colon cancer cells that while drugs that target histone modifications(histone 
deacetylase inhibitors (HDACi)) can lead to transient re-activation of loci 
silenced by DNA methylation, permanent re-activation can only be induced by 
DNA-demethylating drugs 102.  

Although multiple techniques exist to measure DNA methylation, the 
Infinium humanMethylation 450 array (Illumina 450k) has become a popular 
platform in recent years for assessing DNA methylation at a genome-wide 
scale in human cohorts 103, 104. This array assesses methylation level at 
~485,000 CpG sites across a variety of regions in the human genome, 
including regulatory with genes and in intergenic regions. 

 
Epigenetic gene regulation: link between environmental exposures and 
disease? 
The question is to what extent epigenetic variation, by itself or in interaction 
with genetic variation, influences the metabolic and inflammatory biomarkers 
mentioned above and thereby the risk of metabolic diseases. Convincing 
evidence that epigenetic dysregulation can cause obesity in humans comes 
from rare neurodevelopmental disorders that are associated with obesity and 
result from imprinting defects, including Prader Willi syndrome 105 and 
Beckwith-Wiedemann Syndrome 106. Importantly, epigenetic changes that arise 



as a result of obesity may be involved in the development of obesity-related 
disease. A recent study examined the relationship between BMI and a group of 
CpGs where DNA methylation is strongly related to age 71 (also known as “the 
epigenetic clock”) in multiple tissues, and found that people with a higher BMI 
show accelerated ‘epigenetic aging’ of liver tissue and ‘epigenetically older 
livers’ showed differential expression of a number of genes 107. The findings 
suggest that epigenetic dysregulation in the liver may connect obesity to the 
development of age- and liver-related disease such as insulin resistance, 
although this hypothesis remains to be examined. Many studies have indicated 
the importance of epigenetic regulation within relevant disease tissues for 
metabolic syndrome traits and inflammation 63, 64, 108. For example, cholesterol 
homeostasis was shown to be epigenetically regulated by a microRNA (miR-
33) that controls the expression of genes involved in cholesterol transport 
including ABCA1 109. The expression of the TNF-alpha locus is regulated 
through development and in response to e.g. lipopolysaccharide stimulation 
(LPS) by various epigenetic marks including DNA methylation and histone 
modifications 110. To identify novel loci where epigenetic variation is related to 
disease risk, a lot of researchers at the moment are working on Epigenome-
Wide Association Studies (EWAS) that test a large number of epigenetic marks 
along the genome for association with a (disease-) phenotype. 
 Epigenetic regulation of gene expression thus is as an important 
candidate mechanism that may mediate the effects of external influences (e.g. 
environmental exposures) on disease development. However, the other way 
other around, DNA methylation may also be influenced by the DNA sequence 
itself 111, and this heritable epigenetic variation between individuals may 
represent another pathway contributing to human disease susceptibility. In 
addition to EWAS, important understanding of how the epigenome may 
mediate variation in disease susceptibility may come from studies that are able 
to delineate the extent to which epigenetic variation between individuals in 
accessible tissues such as blood and buccal cells can be attributed to heritable 
mechanisms versus environmental exposures and stochastic effects.  
 
Outline of this thesis 
In the first part of this thesis, I study the genetics of inflammation biomarkers 
circulating in blood. Chapter 2 describes a study of the heritability of various 
components of the pro-inflammatory state based on an extended twin-family 
design. Chapter 3 focuses on variation in soluble IL-6 receptor levels. This 
chapter investigates the total heritability, the heritability explained by measured 
DNA sequence variants (SNPs), and characterizes the relationship between 
such SNPs and gene expression as a possible mode of action of the genetic 
variants.  

In the second part of this thesis, the importance of genetic and 
environmental influences on BMI and other metabolic syndrome traits is 
examined. In chapter 4, the extended twin-family design is applied to estimate 



the heritability of metabolic syndrome traits. In chapter 5, I examine the 
prevalence and development of BMI discordance over time in MZ twins, and 
examine whether discordance for body composition (BMI) in genetically 
identical subjects is associated with differences in metabolic and inflammation 
biomarkers and gene expression. 

 The third part of this thesis is devoted to studies that look beyond the 
information that lies within the primary DNA sequence, by exploring variation in 
DNA methylation. In chapter 6, I examine the etiology of individual differences 
in DNA methylation in peripheral blood, based on data from MZ and dizygotic 
(DZ) twins and their parents. In chapter 7, I examine variation in DNA 
methylation in buccal cells from MZ twins. 

The fourth part of this thesis consists of two reviews covering 
theoretical background and future directions for studies on human complex 
traits. Chapter 8 introduces a topic that is crucial for understanding the origin of 
common human disease; the topic of evolution. In this chapter, I review 
evolutionary perspectives of schizophrenia, a common mental disorder. This 
chapter explains the links between the evolutionary history of traits and their 
genetic architecture, and the implications thereof for gene finding studies. 
Chapter 9 explains the value of twins for studying the sources of variation in 
human traits and discusses the role that twin studies may play in future . Two 
designs based on data from twins that are used in this thesis; the estimation of 
heritability and the discordant MZ twin design, and their application in the 
context of ‘omic’ data, including studies of biomarkers, gene expression and 
epigenetics are reviewed in chapter 9. 

In chapter 10, I summarize the most important results from all chapters 
and discusses these findings in the broader context of the current state and 
future directions of research on complex trait genetics. 
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