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Chapter 1

GENERAL INTRODUCTION

The term “cardiometabolic disease” is firstly mentioned by Pescatello to describe a
cluster of subclinical disorders that are shared by cardiovascular diseases and type 2
diabetes, including abdominal adiposity, hypertension, dyslipidaemia, hyperinsulinaemia
and glucose intolerance (1). More recently, increasing evidence shed light on the link
between cardiovascular diseases and type 2 diabetes, with substantial overlaps of risk
factors leading to the diseases. Cardiometabolic diseases are multifactorial disorders
involving both genetic and environmental factors, which substantially increases the
complexity of understanding the physiological mechanisms of diseases and developing
effective disease prognosis and diagnosis regimens. Recently, with the booming of
high-throughput technology, multi-OMICS (i.e., integrating genetics, epigenetics,
transcriptomes, metabolomics, proteomics with disease outcomes) approaches have
been widely adopted in the clinical research to further investigate on the causes and
prevention of cardiometabolic diseases.

In this thesis, the overall aims were to examine whether 1) postprandial
metabolomics measures after a mixed meal are reliable and clinically informative, and
to compare these measures to the most commonly used clinical fasting measures;
2) genetic analyses of postprandial (metabolomics) measures through genome-wide
association studies (GWAS) provide insight in novel biological pathways; and 3) fasting
glucose and cholesteryl ester transfer protein (CETP) concentrations are risks factors
for a first event of venous thrombosis (VT) and to assess causality using Mendelian
randomization analyses.

PART | The application of postprandial measures in epidemiological studies
Postprandial glucose and lipid metabolism

Cardiometabolic risk factors, including obesity, dyslipidaemia, insulin resistance,
hypertension and low grade inflammation, are strongly associated with type 2
diabetes (T2D) and premature cardiovascular disease (2). Diabetes is a chronic disease
that occurs when the pancreas does not produce enough insulin to regulate blood
sugar levels. Continuous hyperglycaemia may damage nerves and blood vessels,
ultimately leading to blindness, kidney failure, and cardiovascular diseases (CVDs) (3).
Cardiovascular diseases are still ranking as the top cause of global mortality, accounting
for more than one-third of the total deaths in 2016 (4). CVDs cover a broad range
of disorders of the heart and blood vessels, ranging from coronary artery disease
(CAD) to venous thrombosis (VT). Coronary artery disease manifests as a failure of
blood vessels to supply the heart muscle with sufficient oxygen and nutrients. Venous
thrombosis is caused by blood clots in veins, e.g., the deep veins of the legs. These
clots can dislodge and travel through the heart into the arteries of the lungs leading
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to pulmonary embolism (PE). In clinical practice, cardiometabolic risk factors, which
can be determined in the blood, are commonly measured after an overnight fast for
standardization purposes.

In modern society, it is common for most people to consume three meals during
their waking hours, with a time interval of 4-5 hours between the meals, and to regularly
eat smaller food items ('snack’) between meals. Circulating lipids are elevated 5-8 hours
in response to a fat-containing meal, meaning that our bodies reside in a postprandial
state most of the time during a day (5). Since the postprandial response also increases
exposure of our body to hyperlipidemia and hyperglycemia, the response measures
have been the focus of a substantial interest (6). Associations between postprandial
dyslipidaemia and hyperglycaemia and increased risk for cardiometabolic diseases have
been established from both mechanistic experiments and population-based studies
(7-13).

Insulin is a hormone which plays an essential role in maintaining glucose
homeostasis after a meal. Insulin is secreted by the beta cells of the pancreas, and
reduces the postprandial glucose levels mainly via the promotion of glucose uptake
by peripheral tissues and the reduction of glucose production by the liver (14). The
insulin response to an intravenous glucose stimulus exhibits a biphasic pattern: a
burst of insulin secretion in the first a couple of minutes is followed by a second wave
of secretion based on the glucose load of the stimulus (15; 16). Early phase insulin
secretion is important for postprandial glucose homeostasis and impaired early phase
insulin secretion has been associated with the risk of type 2 diabetes (17). Clinically, the
oral glucose tolerance test (OGTT) has been applied in the diagnosis of diabetes for
decades, and the plasma glucose clearance rate after an OGTT is a reflection of beta
cell function and insulin sensitivity. Another marker of glucose regulation is glycated
haemoglobin or haemoglobin Alc (HbAT1c), which is considered a representative marker
for the average plasma glucose concentration over the preceding 8-12 weeks. In T2D
prevention and management, targeting postprandial, has been shown to be more
effective to achieve a specific HbA1c level as a goal to control hyperglycaemia rather
than fasting glucose levels (12; 18).

Although it has long been recognized that both fasting and non-fasting lipid levels
are associated with cardiovascular mortality, recently the risk associated with non-
fasting lipid levels has been re-evaluated. This has led to the recommendation that non-
fasting lipid measures are suitable for cardiovascular risk assessment and treatment
decisions (5; 6; 11; 19; 20). The non-fasting state is a dynamic condition that is affected
by many factors, including diet (e.g., composition, quantity), lifestyle (e.g., tobacco use,
physical exercise), physiological factors (e.g., age, sex), pathological conditions (e.g.,
disease history), and genetics (21). Thus far, the genes and genetic loci that affect

11



Chapter 1

postprandial glucose and lipid metabolism have not been fully understood. This is
at least partly due to the complexity of performing and standardizing postprandial
measurements in large scale epidemiological studies.

In the past decade there have been at least two population-based genome-wide
studies on insulin response and 2-hour glucose excursion after an oral glucose tolerance
test (22; 23). However, for these studies, it is important to note that a glucose bolus is
different from any meal we eat, which is a combination of macro- and micro-nutrients
rather than sugar alone. Postprandial glucose levels after a mixed meal are correlated
with the glucose levels after the oral glucose tolerance test. However, the absolute
levels and time response of glycaemia differ markedly between the two conditions
(24). Regarding the genetic background of postprandial lipoprotein metabolism, no
comprehensive genome-wide association study has been performed yet and most
evidence to date came from candidate pathway/gene studies (25-29). We aim to fill in
the void of depicting a genetic landscape of postprandial glucose and lipid metabolism.

Metabolomics in epidemiological studies

The suffix -OMICS indicates the comprehensive analyses of “all” molecules involved
in a certain biological process, e.g., genomics for genes, proteomics for proteins, and
metabolomics for metabolites. Metabolomics aims to measure “all” small molecules,
i.e., metabolites, in the living system. To achieve this, both targeted and non-targeted
metabolomics platforms have been developed. Targeted platforms identify a “known”
set of metabolites, whereas non-targeted metabolomics platforms identify as many
metabolites as possible, including “unknowns”. Based on the nature of the metabolites,
different analytical platforms can be considered, most importantly mass spectrometry
(MS) coupled with chromatography (either gas or liquid) and nuclear magnetic resonance
(NMR) spectroscopy based platforms (30). Both MS and NMR based platforms have
their strengths and limitations. In this thesis, we will focus on two commercially
available targeted platforms, the Biocrates AbsolutelDQ™ p150 assay, a MS-based
metabolomics platform and Nightingale, a NMR-based metabolomics platform. The
p150 assay includes 163 metabolites from five substance classes: acylcarnitines (n = 41),
sphingolipids (n = 15), glycerophosphocholines (n = 92), amino acids (n = 14) and hexoses
(31). The Nightingale metabolomics platform provides 148 metabolites from eleven
classes, mainly lipoprotein subclasses (n=98) (32).

Recently, researchers have started to implement multi-OMICS approaches, a
transformation from a reductionist approach to a more holistic method, i.e., studying
hundreds and thousands of biomarkers across different biological layers simultaneously
(33). In contrast to conventional epidemiological studies addressing one hypothesis in a
study, a large number of tests are performed at the same time in a multi-OMICS study,
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with plentiful new hypotheses being generated. We aim to explore novel physiological
pathways and risk factors of cardiometabolic diseases by applying the multi-OMICS
approach in epidemiological studies.

From genome-wide association studies to causal inference

Genome-wide association studies (GWAS) have been, and still are, extensively applied
to investigate the genetics of a wide variety of traits. GWAS exploit single nucleotide
polymorphisms (SNPs), variations of a single nucleotide at a specific position in the
genome, in a population. The principle of GWAS is based on linkage disequilibrium
(LD) in the genome. LD is the non-random association of (SNP) alleles at separated
chromosomal loci in a population. Thus, GWAS test the hypothesis that a particular
SNP either is the causative mutation itself or in the close vicinity (in LD) of the causative
mutation that is associated with the trait. The large majority of currently genotyped
SNPs are located in the intronic and intergenic regions of the genome, which are
generally assumed to be non-coding regions. To increase the chance of finding causal
genetic variants that are in protein coding regions, exome chips were developed that
are enriched with genetic variants located in the exonic regions of the genome (34).

As of September 2018, the NHGRI-EBI GWAS Catalogue archived 5687 GWAS related
to 71,673 variant-trait associations (35). This number is expected to increase with several
orders of magnitude in the next a couple of years, with the contributions from GWAS
on additional high-throughput OMICS measures, thereby broadening the phenotypic
spectrum. However, a critical and challenging task remains, i.e., to disentangle the
functions of identified variants and their translational potential for disease diagnosis,
prognosis, and prevention as well as drug development. As over 80% of the tag SNPs
genotyped on the arrays are thought to influence gene expression instead of being in
a protein coding region, the identification of causal variants by fine mapping and other
functional analysis methods has become especially important in the post-GWAS era
(36).

GWAS have provided novel insight in the molecular mechanisms underlying many
traits (37). In addition, GWAS have given us tools to study causal inference by means of
Mendelian randomization (MR) studies (38). MR studies utilize genetic variants to mimic
a randomized controlled trial (RCT) with randomly selected treated and untreated arms.
The genetic variants are presumably randomly allocated from parents to offspring
at conception, and are exploited as instrumental variables to determine whether an
exposure is causally associated with an outcome. One of the well-known applications of
MR studies in causal inference is analyses of the causal role of HDL-cholesterol in CVD.
Cholesteryl ester transfer protein (CETP) decreases HDL-cholesterol and was therefore
adopted by many pharmaceutical companies as a new candidate drug target. CETP
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inhibitors were developed and tested at great effort and expense, but nearly all the
clinical trials on CETP inhibitors did not show substantial benefits on reducing the risk
of cardiovascular diseases. After the fact, these negative findings were corroborated by
evidence from MR studies between HDL-cholesterol levels and the risk of cardiovascular
diseases, i.e., HDL-cholesterol is not likely to be causal and thus not a drug target for
cardiovascular diseases (39-42). We aim to identify novel genetic variants through GWAS
on underexplored measurements (e.g., non-fasting measures) and apply these variants
to infer the causal relationships to diseases risks by MR approach.

PART Il Cardiometabolic risk factors for venous thrombosis

Venous thrombosis is characterized by the formation of blood clots, mostly in the
deep veins of the leg. These clots can travel in the circulation to the lungs, leading
to pulmonary embolism, which causes substantial morbidity and mortality. Venous
thrombosis and atherosclerotic cardiovascular disease are traditionally regarded as
two separate diseases, with their own pathophysiology, epidemiology, and treatment
(43). However, in recent years, several studies reported that patients with VT were
at increased risk of subsequent arterial disease (44; 45). Results of these studies
indicated that VT and CVD might share common risk factors, including some known
cardiovascular risk factors such as hypertension, obesity, diabetes mellitus hallmarked
by hyperglycaemia, and dyslipidaemia (43; 46). However, it is still unclear whether
hyperglycaemia and dyslipidaemia are risk factors for venous thrombosis since
epidemiological studies reported inconsistent findings. Diverse study designs and
limited adjustment for confounding could explain the conflicting data in the literature.
Therefore, further large population-based studies are warranted, in order to estimate
the presence and the strength of the association, and in addition to adjust for all
potential confounders. A recently performed MR study demonstrating the causal
association between obesity and the risk of VT (47) showed that using a strong genetic
instrument and a well-powered sample size may be a useful approach to conclusively
answer the question whether hyperglycemia and dyslipidemia are causally associated
with VT. We aim to further understand the role of hyperglycaemia and dyslipidaemia
in the risk of VT by both observational and MR studies.

Study population

To address the main research questions of this thesis, two population-based
epidemiological studies were used for the analyses: the Netherlands Epidemiology of
Obesity (NEO) study and the Multiple Environmental and Genetic Assessment of risk
factors for VT (MEGA) study.
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The NEO study

The NEO study was used in Chapters 2, 3, 4, 5, 6, and 8. The NEO study is a population-
based prospective cohort study. Initiated in 2008, the NEO study was designed to study
pathways that lead to obesity-related diseases (48). Briefly, men and women aged
between 45 and 65 years with a self-reported body mass index (BMI) of 27 kg/m? or
higher living in the greater area of Leiden (in the west of the Netherlands) were eligible to
participate in the NEO study. In addition, all inhabitants aged between 45 and 65 years
from one municipality (Leiderdorp) were invited irrespective of their BMI. Participants
were invited for a baseline visit at the NEO study center in the Leiden University Medical
Center (LUMC) after an overnight fast. Prior to their visits, participants completed a
questionnaire at home with demographic, lifestyle and clinical data. At the baseline visit,
fasting blood samples were drawn. Within the next five minutes after the fasting blood
draw, a liquid mixed meal (400mL with 600 kcal, with 16 percent of energy (En%) derived
from protein, 50 En% carbohydrates, and 34 En% fat) was consumed and subsequent
blood samples were drawn 30 and 150 minutes after the liquid mixed meal. DNA was
abstracted from venous blood samples obtained from the antecubital vein. Genotyping
was performed using lllumina HumanCoreExome-24 BeadChip (lllumina Inc., San Diego,
California, United States of America).

The MEGA study

The MEGA study was used in Chapter 7 and 9. The MEGA study is a population-based
case-control study with the aim of studying the aetiology of VT. From March 1999 to
September 2004, 4956 consecutive patients aged between 18 and 70 years with an
objectively confirmed first event of VT (deep venous thrombosis of the leg or pulmonary
embolism) were recruited from six anticoagulation clinics in the Netherlands (49). The
control subjects were recruited from two sources, i.e., partners of VT patients when
between 18 and 70 years of age and without a history of VT (n=3297); and from the
general population, by random-digit dialling (RDD), further frequency matched for age
and sex with the VT cases (n=3000). For logistic reasons, a blood sample was provided
only by patients and controls recruited before June 2002. Of the participants included
after June 2002 and those who were not available for a blood draw, buccal swabs were
collected for DNA analysis.

OUTLINE OF THE THESIS

The thesis is structured in two parts based on the aims of the studies. In the first part,
there are five chapters analysing the additional value of postprandial measures after
a liquid mixed meal. In Chapter 2, the predictive power of metabolite profiles for
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glucose dysregulation is compared between the fasting and postprandial state. Since
we observe that the predictors selected in the fasting and postprandial metabolite
profiles are entirely overlapping, we hypothesize that the genetics of fasting and
postprandial state metabolite measures are also overlapping. In Chapter 3 we perform
a candidate SNP analysis on all the published fasting metabolite-SNP associations and
replicate these associations with postprandial metabolite measures. Chapter 4, 5, 6
are hypothesis-free studies to explore the reliability and genetic basis of postprandial
glucose and lipid metabolism in the NEO study. As a quality assessment, Chapter
4 analyses the reproducibility of repeated postprandial state metabolite measures
from the NMR platform after both short- and long-term intervals and compare these
with fasting state measures. Chapter 5 describes GWAS analyses on 148 circulating
metabolites from the NMR metabolomics platform. We analyse the genetic associations
to the fasting and postprandial state metabolite concentrations and the response
between fasting and postprandial state measures. The aim of the study is to obtain a
snapshot of genetic landscape of postprandial metabolites. Chapter 6 focuses on the
genetic basis of postprandial glucose haemostasis, and we conduct a series of GWAS
on early-phase insulin response measures.

In the second part of the thesis, three studies are reported that revisited several,
but currently still controversial, hypotheses in venous thrombosis research, i.e. whether
hyperglycaemia or dyslipidaemia are risk factors for venous thrombosis. To address
the association between hyperglycaemia as well as type 2 diabetes and the risk of
VT, Chapter 7 is conducted in the MEGA study. As CETP is an important target in the
lipoprotein metabolism to increase HDL-C levels and reduce the risk of cardiovascular
diseases, we perform the first GWAS on serum CETP concentrations, which is described
in Chapter 8. In addition to standard lipid profiles, circulating CETP concentrations as
well as CETP genotypes have also been associated with higher risks of VT. In Chapter
9, we use the genetic variants identified in Chapter 8 to perform a MR study in the
MEGA study to understand the role of CETP in VT. Chapter 10 provides a summary of
all the findings from this thesis and Chapter 11 discusses the clinical implications as
well as future directions of research.
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