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Chapter 10 

Summary and discussion 
The research described in this thesis was characterized by two major themes: 
the first was related to the question to which extent variation between 
individuals in inflammation biomarkers and metabolic syndrome traits are 
caused by the impact of genetic and environmental differences between 
people. The second important focus of this thesis went beyond the influence of 
the DNA sequence and examined epigenetic variation. I addressed the 
question how important genetic and non-genetic sources of variation are for 
individual differences in DNA methylation. DNA methylation is an epigenetic 
mechanism that receives increasing attention as it may provide novel insights 
into human disease and represents an extra layer causing differences between 
people. In this chapter, I summarize the most important results and discuss 
these findings in the broader context of the current state and future directions of 
research on complex trait genetics. 
 
Part 1: Characterizing the genetic architecture of inflammation 
biomarkers 
In the first part of this thesis (chapters 2 and 3), I examined the importance of 
genetic and environmental influences for individual differences in inflammation 
biomarkers, including pro-inflammatory cytokines (IL-6 and TNF-α), a soluble 
cytokine receptor (sIL-6R) and acute-phase proteins fibrinogen and CRP. 
Extended twin-family models showed that variation in all of these biomarkers of 
inflammation is to an important extent explained by genetic variation (figure 1). 
Moderate heritabilities were found for the concentrations of IL-6 (H2=21%), 
TNF- α (H2=39%), CRP (H2=45%), and fibrinogen (H2=46%). The levels of 
soluble IL-6 receptor levels in blood were highly heritable (H2=72%). The 
heritability reflects the overall proportion of variation of a trait in the population 
that can be attributed to genetic variation, but the value of this statistic does not 
give insight in the number of genes involved, or in the molecular pathways that 
give rise to the inheritance of traits.  
 
The importance of currently identified genetic variants 
The contribution of particular genetic variants to the heritability of a trait can be 
examined if classical estimation of heritability is combined with the analysis of 
measured DNA-sequence variants. In chapter 3, I applied this combination of 
methods to the concentration of sIL-6R in blood. The variance of sIL-6R was 
largely explained by a single SNP in the IL6R gene that influences the 
production of sIL-6R (rs2228145, total variance explained=51%; 71% of the 
total heritability). Through linkage analysis, we found evidence that the 
remaining heritability is mostly attributable to other genetic variants within the  
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Figure 1: Heritability of inflammation biomarkers and metabolic syndrome 
traits.  

 
Heritability=Broad-sense heritability, WHR=Waist-to-hip-ratio, TC=Total cholesterol, 
TG=Triglycerides, SBP=Systolic blood pressure, DBP=diastolic blood pressure. 

 
IL6R gene region on chromosome 1 and detected novel SNPs at the 3’end that 
were associated with IL6R gene expression. Of the inflammation biomarkers 
examined in chapter 2, GWA studies have thus far been published for CRP, 
fibrinogen and IL-6. A genetic risk score based on 18 genome-wide significant 
SNPs for CRP explained 5% of the variance in CRP levels1. For fibrinogen, four 
genome-wide significant loci have been reported to date that together explain < 
2% of the variance in fibrinogen levels 2. For IL-6, two loci (ABO and IL6R) 
have thus far been reported. The top SNPs in these loci together explain 2.2% 
of the variance of IL-6 levels 3. The findings illustrate the difference in the 
genetic architecture of sIL-6R (for which a single common SNP explains > 50% 
of the total variance) versus the other inflammation biomarkers. In fact, the 
variance of sIL-6R levels that can be explained by rs2228145 is very large 
compared to single SNP effect sizes observed for quantitative traits in general.  

 The difference between the population explained variance by common 
SNPs for sIL-6R  and IL-6 could be related to the biological consequences of a 
certain degree of change in concentration of these molecules. Importantly, it is 
thought that the level of IL-6, and not sIL-6R determines the degree of IL-6 
signalling under ‘normal conditions’. There is typically a buffer of sIL-6R and 
soluble gp130 in blood that block the activity of IL-6: the concentrations of sIL-
6R and sgp130 (which acts as an antagonist of the active membrane-bound 
transducer protein gp130) are generally 1000 times higher than the 
concentration of IL-6 4. Importantly, the dynamic range of sIL-6R concentration 
is more restricted compared to IL-6: during inflammation, sIL-6R levels may rise 
in the range of 2-3 fold5. By contrast, the levels of IL-6 can rise as much as 1 
million-fold (under severe conditions)6. It may be hypothesized that a genetic 
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variant with an effect so large that it would explain 50% of the variance of IL-6 
levels would have much more serious health consequences compared to the 
effect of SNP rs2228145, because it would cause serious chronic inflammation 
in part of the population. Of note, the top SNP for IL-6 may be just as important 
for disease outcomes as the top SNP of sIL-6R. These inflammation 
biomarkers exemplify the differences in genetic architecture that may exist 
between different complex traits (or between different biological pathways that 
together lead to a disease) and how these differences affect the effort to 
identify the underlying genes. Even though SNPs identified through GWAS of 
complex diseases typically explain only a small proportion of the variance, they 
may point at biological pathways that provide novel insight into disease 
mechanisms. For example, based on the finding that the IL6R SNP is 
associated with coronary heart disease, it was suggested that tocilizumab, a 
monoclonal antibody against IL-6R that was already used for treatment of 
rheumatoid arthritis, should be tested in randomised trials for prevention of 
coronary heart disease 7. SNPs in IL6R are also associated with asthma risk, 
and trials investigating tocilizumab for treatment of asthma are currently 
underway in Australia8, 9. It is expected that GWAS findings will lead to novel 
drug targets for other complex diseases as well.  

 
Part 2 Genetic and environmental influences on BMI and other metabolic 
syndrome traits 
Heritability 
In the second part of this thesis, the extended twin-family design was applied to 
examine the heritability of height and individual metabolic syndrome traits 
including BMI, waist circumference, waist-to-hip-ratio, metabolic biomarkers 
and blood pressure (chapter 4, figure 1). This study showed that  height, BMI 
and waist circumference were the most heritable traits (H2=0.90, H2=0.78, and 
H2=0.76, respectively). Lipids and blood pressure were also highly heritable 
(H2=0.59- H2=0.69), and WHR, insulin and glucose levels were moderately 
heritable (H2=0.49, H2= 0.47, H2= 0.53, respectively). 

An important finding of chapter 4 was that all metabolic syndrome traits 
were influenced by non-additive genetic effects. For example, the total (broad) 
heritability of BMI was 78%, with 41% of the variance explained by additive 
genetic effects and 37% of the variance explained by non-additive genetic 
effects. Possible explanations for the observed non-additive genetic effects 
may include the effects of dominant alleles, epistasis, or any other type of 
genetic effect not acting in an additive manner, causing lower phenotypic 
similarity between parents and offspring compared to the similarity of DZ twins 
and siblings. We examined qualitative age differences as a possible alternative 
explanation for the observed non-additive genetic variance, however, we found 
no significant qualitative genetic differences  between age groups (i.e. different 
genes contributing to a trait at different ages) for any trait. We did find that the 
total heritability was slightly lower in older subjects for several traits and this 
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was mainly related to an increase in unique environmental variance at higher 
ages. The non-additive genetic effects in our study could also potentially 
involve genetic effects that depend on environmental influences that are shared 
to a greater extent between siblings and twins than between children and their 
parents (gene X (sibling-shared) environment interaction). For example, 
lifestyle conditions have changed between the time when the parents in our 
study grew up and the time when their offspring grew up10. If the impact of 
genetic influences on metabolic syndrome traits depends on environmental 
exposures (e.g. caloric intake) that have changed between generations, such 
effects may be to a greater extent shared between twins and sibs than between 
parents and offspring. A final possible explanation is that parents and offspring 
have been equally exposed to relevant environmental influences during their 
lives, but that the impact of these exposures depends on genotype plus 
developmental stage, age, or length of the exposure (the latter three are similar 
among siblings but differ between parents and children). 

 In chapter 5, the influence of genes and environment on BMI was 
studied from a different angle by examining longitudinal BMI discordance in MZ 
pairs who participated in NTR studies between 1991 and 2011. The most 
important finding was that large BMI discordance (within-pair BMI difference > 
3 kg/m2), especially long-term discordance, in MZ twin pairs is rare, although 
discordance became more frequent at later NTR surveys - as the mean BMI 
and age of twin pairs increased (mean age at survey 1=17.2, SD=2.4, mean 
age at survey 8=34.6, SD=15.0). We observed that of the MZ twins who 
became discordant at some point in their lives, most converged to the same 
weight quickly. These findings illustrated that the heritability of BMI, at least in 
part, reflects that people tend to have a certain set-point of BMI that is strongly 
genetically determined, and that this set-point may diffuse after substantial 
weight gain. Another important finding of this study was that BMI discordant 
twins show clinically relevant differences in metabolic and inflammation 
biomarkers. These differences were not present in MZ twins who developed 
BMI discordance later in their life, illustrating that the level of these biomarkers 
cannot predict whether a person will develop a high BMI but rather the levels of 
these biomarkers are changed in response to changes in BMI. The discordant 
MZ twin design will continue to provide insight into the causes of obesity-
associated disease in the future. The EUroDiscoTwin consortium plans to 
characterize obesity- concordant  twins with differences in metabolic 
biomarkers, including Dutch twins from the NTR, to gain insight into the causes 
of ‘metabolically healthy’ versus ‘unhealthy obesity’. 

 
Current state and future directions of genetic research on complex 
(metabolic) traits 
Large genome-wide association meta-analyses for the traits studied in chapters 
6 and 7 have identified a large number of loci to date 11-14. For example, 32 loci 
have been published for BMI to date, which explain 1.45% of the variance of 
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BMI 13, and 164 loci have been identified in the largest to date meta-analysis of 
BMI based on 320,485 individuals (manuscript submitted15). Importantly, as I 
explained earlier in this chapter, a small proportion of variance explained by a 
variant in the population certainly does not mean that the pathway affected by 
this variant is not that important for the phenotype or disease, although 
extremely large samples may be required to identify all common genetic 
variation through GWAS 13. Of note, for adult height, as much as 697 common 
variants in 423 loci have been identified with genome-wide significance to 
date16, explaining one-fifth of the heritability of height (16% of the total 
variance). The height paper illustrates that larger samples continue to provide 
novel biological insights for the trait by pointing at novel relevant genes, and 
that phenotypic variation is related to multiple variants in the same gene or 
pathway, each with small individual effects16. 

While genome-wide significant SNPs from GWAS point at locations in 
the genome where something is happening, the molecular action of these 
SNPs is often not understood. The majority of currently identified SNPS 
associated with complex diseases are located outside gene-coding regions17, 
and the pathways through which the risk allele influences disease risk is often 
unknown. This issue is exemplified by the FTO locus, which harbours the 
strongest genetic associations with BMI and obesity 13, 18. The SNPs are 
located in intron 1 and 2 of the FTO gene. The biological relationship between 
this SNP and BMI was thought for years to be related to the expression of FTO, 
but a recent study demonstrated that the obesity-associated SNPs are 
associated with the expression of the homeobox gene IRX3, not FTO in human 
brain tissue19. Thus, the obesity-associated region within FTO contains 
enhancers that form long-range interactions with the promoter of IRX3. It has 
become clear that studies that provide insight into how DNA sequence and 
gene regulation are connected may be crucial to our understanding of complex 
diseases. The ENCODE project has greatly enhanced our knowledge of the 
regulatory regions encoded in the human genome by large-scale mapping of 
functional elements such as promoters, enhancers and open chromatin 
regions20. Further insight may come from studies that map genetic variants that 
impact on epigenetic regulation. For example, methylation QTL analysis aims 
to identify DNA sequence variants associated with variation in DNA 
methylation, and is expected to provide insight into the mechanisms affected by 
complex disease-associated SNPS that are identified through GWAS 21, 22. The 
results of our study from chapter 6 in part 3 of my thesis give insight in the 
extent to which DNA methylation targeted by the now widely used Illumina 450k 
array shows variation due to common genotyped SNPs.  

 
Part 3 Beyond DNA sequence: Epigenetic variation 
A growing body of evidence highlights the importance of epigenetic regulation 
for the phenotypes examined in part 1 and 2 of my thesis (see for example 23-

29). DNA methylation is one of such epigenetic mechanisms, which may 
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mediate DNA sequence effects on complex traits as well as the effects of 
environmental exposures. In part 3 of this thesis, I examined the causes of 
variation between people in DNA methylation across the genome. In chapter 6, 
I describe that methylation at many CpG sites in blood is heritable and sites 
where a large proportion of variance is due to non-genetic influences (including 
environment, stochastic variation and measurement error) are also abundant. 
Of note, the average genome-wide variance of DNA methylation across 
individuals is low, because at a large number of CpGs, most individuals have 
very similar methylation levels. I also extended current knowledge on the 
heritability of DNA methylation with estimates of the variance explained by 
common genome-wide SNPs. These estimates of ‘SNP heritability’ suggested 
that DNA methylation level at a large number of CpGs measured by the 450k 
array displays genetic variation that is tagged by common genotyped SNPs, 
which provides guidance for mQTL studies and suggests that the 450k array 
will provide insight into disease-associated SNPs that act through methylation. 
In addition, I identified a large number of CpGs where the heritability of DNA 
methylation decreased with age, a small subset where the heritability increased 
with age, and a number of CpGs where the heritability of DNA methylation 
differed between males and females. The overall (twin-based) heritability and 
‘SNP’ heritability of DNA methylation were on average 22 % and  7%, 
respectively, across genome-wide CpGs. 

In chapter 7, I examined MZ twin correlations for DNA methylation 
measured using the 450k array in buccal samples. In many studies, for 
example those that focus on development and childhood traits and disorders, 
buccal is an attractive biological sample to study. I found that the MZ twin 
correlation is high at a number of CpGs sites in the genome (average 
correlation=0.31 across all CpGs, and average correlation=0.54 at sites where 
methylation showed the largest variance across subjects). In comparison, the 
average MZ twin correlation for DNA methylation level in blood was 0.20 across 
all genome-wide sites, and 0.57 for sites with the largest between-individual 
variance in blood. These findings illustrate that DNA methylation variation in 
buccal cells, similar to our finding in blood, is likely to be influenced by genetic 
variation. Of note, in chapter 7 I also found that the MZ twin correlation for DNA 
methylation level shows variation between genomic regions: Regions with low 
CpG density showed lower MZ twin correlations, suggesting that the variation 
in DNA methylation in these regions to a larger extent reflects non-genetic 
sources including environmental and stochastic influences. Although most 
studies of DNA methylation are currently performed using blood samples, our 
results from chapter 7 suggest that buccal samples are also suitable for 
obtaining genome-wide DNA methylation data. 
 
Epigenetic studies and tissue 
Large-scale epigenetic studies in living humans are only possible if DNA is 
obtained from easily accessible tissues. In chapter 6, I examined DNA 
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methylation in blood samples and in chapter 7  I studied DNA methylation 
levels based on DNA extracted from buccal swabs. Buccal samples are easier 
to collect than blood samples, particularly in (young) children. It has also been 
suggested that buccal-derived DNA may be better suited compared to blood-
derived DNA for studying epigenetics in connection to behavioural/psychiatric 
traits 30. A recent study that compared methylation measured with the 450k 
array based on DNA from human post-mortem brain tissues from four different 
regions, blood and saliva samples found that saliva samples, in particular those 
containing the largest proportion of buccal epithelial cells showed an overall 
genome-wide methylation pattern that was closest to the brain tissues 31. This 
greater similarity may relate to the fact that buccal cells and brain cells are both 
derived from the ectodermal layer, whereas blood cells are derived from the 
mesodermal layer. Nevertheless, there are also indications that DNA 
methylation levels at relevant candidate genes in blood may respond in a 
similar way to relevant exposures compared to methylation in the relevant 
disease tissue: Allele-specific methylation of the FKBP5 gene (which has been 
implicated as a mediator of the effects of childhood traumatic life events on 
stress-related psychiatric disorders in adulthood) responds similarly in blood 
and brain cells to stimulation by glucocorticoids 32. Although well-suited for DNA 
methylation studies, a potential drawback of buccal samples is that, because 
they contain a relatively small number of cells and thus a small amount of 
proteins, they are currently not suited for studies of other epigenetic marks 
such as histone modifications. In conclusion, it is expected that both blood and 
buccal will contribute to insights in the role of DNA methylation in human 
complex traits. In the nearby future, DNA methylation will be measured in 
buccal samples from twins who participate in the NTR as part of an FP7 EU-
funded ACTION project on aggression in children. 
 
Part 4: Twin studies and complex traits: Future and further 
considerations 
While GWASs for complex diseases and traits such as type II diabetes, insulin 
response and triglyceride levels were an instant success (see for example 33-

35), early GWASs for common mental disorders were initially less successful, 
however, these studies were conducted in much smaller cohorts. For example, 
early GWASs of schizophrenia did not find genome-wide significant SNPs 36-38. 
The finding that SNPs identified through GWAS explained only a small 
proportion of the total variance fuelled the discussion about the “missing 
heritability”39, which was at the time an important inspiration for chapter 8, in 
which I reviewed evolutionary perspectives on schizophrenia. It had been 
postulated that the difficulty to find genetic variants that explain a substantial 
part of the risk for psychiatric disorders may be related to the evolutionary 
history of these disorders 40. In chapter 8, I reviewed evolutionary perspectives 
that have been proposed to explain why schizophrenia, one of the most 
detrimental common mental disorders, persists in the population despite 



224 

conferring a significant reproductive disadvantage to patients. Proposed 
evolutionary explanations include balancing selection, fitness trade-offs, 
fluctuating environments, sexual selection, mutation-selection balance and 
genomic conflicts. The evolutionary perspectives of schizophrenia may to some 
extent also apply to other common (psychiatric) disorders. In July 2014, a 
paper came out that reported 108 loci for schizophrenia, which were identified 
based on 36,989 cases and 113,075 controls and more loci will undoubtedly be 
found in even larger samples 41. Yet, the principles discussed in chapter 8 are 
still relevant as the 108 identified loci explain just 3.4% of the variation of 
disease liability, and all common SNPs together have been estimated to 
account for 23% of the variation in liability to schizophrenia, while the total 
heritability of this disease is ~70%.  

For decades, the classical twin study has provided insight into the 
importance of genes and environment to individual differences in human 
complex traits. In chapter 9, I described the types of questions that can be 
examined with twin studies and review studies that applied either the classical 
twin study or the discordant MZ twin design to complex molecular traits such as 
metabolomics data, gene expression, the microbiome and epigenetics. The 
chapter illustrates that twin studies will continue to be highly valuable in the 
future. In chapters 6 and 7, I studied the importance of genes and environment 
to the variance of methylation at individual CpG sites in the genome. In chapter 
9, I mentioned other interesting questions that may be examined in future 
studies with multivariate twin designs, for example: to what extent is epigenetic 
regulation and gene expression across genomic regions influenced by shared 
genetic or environmental factors? And to what degree do common genetic and 
environmental mechanisms underlie biological variation across different cells 
and tissues? MZ twins, who are often discordant for complex diseases, are 
expected to provide novel insights into epigenetic mechanisms involved in 
complex disease in the future. 

 
On the interpretation of the heritability of DNA methylation  
In chapter 9, I highlighted several assumptions of the twin design that are 
important to (re) evaluate if this design is applied to molecular data, including 
the assumption that MZ twins share 100% of their genetic material and the 
assumption that MZ twins share environmental influences to the same extent 
as DZ twins. Two other important issues for the interpretation of heritability in 
the light of epigenetic studies are parental effects and the potential existence of 
trans-generational epigenetic inheritance. The question whether trans-
generational epigenetic inheritance exists in humans is perhaps one of the 
hottest topics these days in human epigenetic research. Although the answer to 
this question is currently unknown, a non-trivial question is how parental and 
trans-generational effects would influence the interpretation of the research 
described in this thesis, including the heritability of DNA methylation (part 3) 
and the heritability of phenotypes such as BMI (part 1 and 2).  
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 Parental effects on epigenetic regulation imply that an exposure of the 
parent causes an epigenetic change in the germ line that is transmitted to the 
offspring or that maternal exposure during pregnancy causes an epigenetic 
change in the embryo. These epigenetic changes in turn may cause phenotypic 
changes in the offspring. There is increasing evidence for the existence of such 
effects in mammals. For example, several studies have demonstrated that in-
utero exposure of rodents to either maternal low protein diet or maternal high-
fat diet causes an increased risk of obesity and metabolic syndrome in the 
offspring through changes in epigenetic regulation 42-46, and effects of maternal 
under-nutrition on epigenetic regulation in offspring have also been 
demonstrated in humans 47. In rodents, similar effects have been demonstrated 
for paternal exposures 48, 49. Although there is no doubt that these effects exist, 
an important question that remains to be unravelled is how much they 
contribute to variation in human phenotypes at the population level. Trans-
generational epigenetic inheritance implies that epigenetic marks are 
transmitted through the germ line from parents to children, from these children 
to the grand children etc. (also in the absence of in-utero or germ line 
exposures in each generation, and independently of the DNA sequence). 
Rodent studies have shown that the phenotypic effects of in-utero exposure to 
maternal diet may be transmitted at least up to the third generation, depending 
on the sex of the offspring and the parent-of-origin 50. Although the 
mechanisms behind the transmission of these effects are not well understood, 
a recent study of paternal prediabetes in rats that was transmitted to offspring 
revealed alterations in the fathers sperm methylome 51 and transmission of 
traits to offspring after paternal exposure have also been linked to microRNAs 
in sperm 52. Parental and grandparental effects have also been observed in 
human epidemiological data. For example, effects of exposure to famine of 
paternal grandfathers is still evident in the grand-children, who have an 
increased risk of diabetes, cardiovascular disease and mortality 53, 54. Yet, 
whether trans-generational inheritance of acquired epigenetic marks occurs in 
humans remains currently unknown.  

If the classical twin model is applied to estimate the sources of variation 
underlying DNA methylation level, the effects of parental exposures on DNA 
methylation level that act independently of genotype are expected to end up in 
the component referred to as “the common environment”, because such effects 
are equally shared between members of both types of twins. However, if  the 
effect of parental exposures (or other shared environmental influences) on DNA 
methylation  depends on genotype of the offspring, then these effects will 
manifest as part of the genetic variance. Also, if the if the parental exposure 
affects DNA methylation in an allele-specific manner and this allele-specific 
methylation pattern is maintained in the offspring, methylation variation will be 
statistically correlated with genetic variation (even though genetic variation in 
this case is not the primary cause of the variation in methylation); such effects 
will be included in the heritability of DNA methylation. Examples of allele-



226 

specific exposure effects, where a certain exposure alters only the methylation 
level of a particular genetic allele, have been published (see for example 32), 
but it is unknown how often these effects occur. Allele-specific methylation 
implies that individuals have intermediate methylation levels and the fact that 
not that many CpGs show intermediate methylation levels suggests that allele-
specific exposure effects do not have a great impact on DNA methylation at the 
genome-wide level, although it may affect a proportion of CpGs in the genome. 
A special but abundant type of allele-specific methylation occurs when the CpG 
site itself is a genetic variant (e.g. the C or G may ‘contain’ a SNP; only the “CG 
allele” has the potential to become methylated) 55. These CpG-SNPs also have 
implications for GWA studies of complex traits: if disease risk depends on the 
methylation status of the “CG” allele, associations of such SNPs with complex 
phenotypes are statistically weak if methylation status is not taken into account. 
Such mechanisms may be identified by integrated analysis of DNA sequence 
variants and epigenetic variation 56, 57. 
 If DNA methylation is indeed influenced by trans-generational 
inheritance of epigenetic mechanisms, variation in DNA methylation attributable 
to this mechanism of inheritance is only included in the heritability of DNA 
methylation if transmitted in an allele-specific fashion. The existence of allele-
specific trans-generational inheritance of DNA methylation is well-established in 
plants. For example, fruit-ripening in tomato plants is affected by an “epi-allele” 
involving methylation of a locus that shows a Mendelian inheritance pattern 
despite not being related to a nucleotide sequence difference 58. Similar to 
human MZ twins, isogenic Arabidopsis lines can show substantial variation in 
DNA methylation 59. Some differentially methylated regions that reside in 
isogenic lines (called epigenetic quantitative trait loci) account for substantial 
parts (60% to 90%) of the heritability of the complex traits flowering time and 
primary root length 59. Although these findings by no means imply that similar 
mechanisms occur in humans (because in humans, DNA methylation is largely 
erased in the germ line and in the early embryo, whereas DNA methylation is 
not erased between generations in plants), the findings from plants illustrate the 
implications for the heritability of complex traits if trans-generational epigenetic 
inheritance (independent of the DNA sequence) would exist in humans.  
 
Partitioning complex trait variation into genetic and epigenetic effects 
It is clear that individual differences in complex traits are related to genetic 
variation and epigenetic variation, and that these components are connected to 
each other in complex ways. While it was already possible to estimate the 
proportion of variation in complex traits due to measured genetic variation (as 
illustrated in chapter 3), it is currently unknown how much of the variation in 
complex traits is related to epigenetic variation. To explore this question, my 
colleague Michel Nivard and I applied a novel method based on genome-wide 
SNP data and genome-wide blood methylation data, to simultaneously estimate 
the proportion of variation in BMI explained by SNPs and the proportion of 
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variation explained by DNA methylation in blood, while accounting for the 
correlation between the two. Preliminary results of this analysis indicated that 
42% of the variation in BMI is explained by common genotyped SNPs, 39% is 
explained by DNA methylation variation in blood and the correlation between 
the effect of genome-wide SNPs on BMI and methylation variation associated 
with BMI was 0.36. Importantly, while the association between SNPs and the 
trait is inherently causal (the level of a trait cannot affect the genotype), the 
association between DNA methylation and the trait is more complex: this 
variance component may include effects of DNA methylation on the trait, 
effects of the trait on DNA methylation, and effects of a common underlying 
mechanisms on the trait and DNA methylation (with the exception of shared 
effects of common genotyped SNPs as these are included in the correlation of 
0.36). Longitudinal phenotypic and epigenetic data will be highly valuable to 
distinguish between epigenetic variation that is induced by the 
phenotype/disease state and epigenetic variation that is causally related to the 
trait. In the future, the novel method may be applied to other complex traits to 
gain insight into the degree to which variation is related to DNA methylation 
variation in a target tissue, and into the extent to which genetic and epigenetic 
effects related to the trait of interest are correlated.   
 
Conclusions  
In conclusion, I found that inflammation biomarkers and metabolic syndrome 
traits are characterized by significant heritability. These findings illustrate that 
individual differences in the vulnerability to develop metabolic disease are to a 
large extent explained by differences in genetic susceptibility. Many loci have 
been identified where genetic or epigenetic variation is connected to these 
traits. I found that DNA methylation is itself to an important extent heritable, but 
environmental influences also account for a large part of the variation. 
Interestingly, I  found that at a substantial number of CpGs in the genome the 
variation in DNA methylation due to environmental or stochastic influences 
increases with age. I also found that a substantial part of the heritability of DNA 
methylation can be explained by common SNPs, and that that blood and buccal 
samples are both informative to inter-individual differences in methylation due 
to genetic and environmental influences, although they may not hold the same 
information with respect to epigenetic variation involved in complex traits. The 
extent to which the phenotypes examined in this thesis (i.e. inflammation 
biomarkers and metabolic syndrome traits) are influenced by epigenetic 
variation, possibly in interaction with the DNA sequence and environment, 
awaits further examination. Future studies including Epigenome-Wide 
Association Studies (EWAS), and studies that integrate epigenetic and genetic 
information will provide further insight into the epigenetic mechanisms involved 
in complex traits and into the interplay of genetic and epigenetic variation within 
and across generations. 
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