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Abstract 

ABSTRACT 

Ari Ahola-Olli 
Dissecting the pathophysiology of cardiovascular risk factors by means of genetics 

University of Turku, Faculty of Medicine, Cardiology and Cardiovascular Medi-
cine, University of Turku Doctoral Programme of Clinical Investigation, Research 
Centre of Applied and Preventive Cardiovascular Medicine. 

Annales universitatis Turkuensis, Medica-Odontologica, Turku, Finland, 2017. 

 

Background: Genome-wide association studies (GWAS) have uncovered a pleth-
ora of biological information behind complex diseases. Findings from the GWAS 
and subsequent functional studies can facilitate drug development by identifying 
novel drug targets and predicting side-effects. 

Aims: This thesis investigates the ability of genome-wide data to reveal potential 
mechanisms and treatments for cardiovascular diseases using a gene-environment 
interaction study, combined use of mice and human data, and detailed molecular 
methods involving intermediate phenotype data. 

Participants and methods: This thesis is based on data from The Cardiovascular 
Risk Factors in Young Finns Study, the Special Turku Coronary Risk Factor In-
tervention Project, and national FINRISK surveys. 

Results: The gene-environment design was able to identify one potential drug tar-
get for lowering LDL-cholesterol levels. The effect of dietary fat on serum LDL-
cholesterol was more pronounced in subjects with rs9364628-TT. Combined anal-
yses of mice and human data were able to identify the melanocortin 1 receptor as 
a potential drug target for improving cardiovascular health. By using cytokines as 
detailed molecular intermediate phenotypes, we were able to identify 27 loci (17 
novel) associated with concentrations of circulating cytokines. 

Conclusions: Combined used of animal and human data and use of detailed mo-
lecular intermediate phenotypes can be efficiently used to identify drug targets. 
More research is needed to elucidate whether gene-environment studies can be 
utilized in drug discovery. 

Keywords: Genome-wide association study, drug development, cytokine, genetic, 
melanocortin, cardiovascular, cholesterol, gene-environment, inflammation. 
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TIIVISTELMÄ 

Ari Ahola-Olli 
Sydän- ja verisuonitautien riskitekijöiden patofysiologia – genetiikka tautimeka-
nismien avaajana 

Turun yliopisto, Lääketieteellinen tiedekunta, Kardiologia ja kardiovaskulaarilää-
ketiede, Turun yliopiston kliininen tohtoriohjelma, Sydäntutkimuskeskus. 

Turun yliopiston julkaisuja, Turku, Finland, 2017 

 
Tausta: Viimeaikaiset edistysaskeleet genetiikassa ja tietokonealalla ovat mahdol-
listaneet genominlaajuisten assosiaatiotutkimusten toteuttamisen. Tutkimustulos-
ten odotetaan auttavan lääkekehitystä. 

Tavoite: Väitöskirjatyön tavoitteena on arvioida, kuinka ihmisiin keskittyvä ge-
neettinen tutkimus voisi auttaa osoittamaan uusia lääkevaikutuskohteita sydän- ja 
verisuonitautien ja niiden riskitekijöiden hoitamiseksi. 

Menetelmät: Aineistona käytetään Lasten Sepelvaltimotaudin Riskitekijät (LA-
SERI) –tutkimusta, Sepelvaltimotaudin Riskitekijöiden Interventio Projekti  
-tutkimusta (STRIP) ja FINRISK-tutkimuksia.  

Tulokset: Geeni-ympäristö – interaktiotutkimuksessa havaittiin yksi lokus 
(PARK2), jossa sijaitseva variantti sääteli ravinnon rasvahappokoostumuksen vai-
kutusta verenkierrossa vallitsevaan LDL-kolesterolikonsentraatioon. Ravinnon 
rasvan laadun vaikutus oli korostunut henkilöillä, joilla oli rs9364628-TT alleeli. 
Toisessa osatyössä hyödynnettiin kliinistä ja eläintutkimusta. Työssä voitiin osoit-
taa, että MC1R-reseptorin toiminta vaikuttaa verisuoniterveyteen hiirillä ja ihmi-
sillä. Kolmannessa osatyössä tunnistettiin 27 lokusta (17 uutta), jotka olivat yhtey-
dessä vähintään yhteen tutkituista 41 sytokiinista tai kasvutekijästä. Tuloksia voi-
daan hyödyntää kehitettäessä hoitomuotoja Crohnin tautiin, MS-tautiin, Behcetin 
tautiin´ja keliakiaan.  

Johtopäätökset: Yhdistämällä dataa kliinisistä tutkimuksista ja eläintutkimuk-
sista sekä tutkimalla yksityiskohtaisia molekyylitason fenotyyppejä voidaan löytää 
potentiaalisia lääkevaikutuskohteita. Lisätutkimuksia tarvitaan geeni-ympäristö –
interaktiotutkimusten merkityksen arvioimiseksi lääkekehityksessä. 

Avainsanat: Genominlaajuinen assosiaatiotutkimus, lääkekehitys, sytokiini, gene-
tiikka, melanokortiini, sydän- ja verisuonitauti, kolesteroli, geeniympäristö, tulehdus. 
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1 INTRODUCTION 

Cardiovascular diseases are the leading cause of death worldwide and they have 
thus attracted epidemiological studies and drug development. Epidemiological 
studies have identified multiple risk factors associated with the incidence of cardi-
ovascular diseases, such as smoking, high low-density lipoprotein (HDL) concen-
tration, low high-density lipoprotein (LDL) concentration, obesity and hyperten-
sion (Kannel et al. 1961; Selvin et al. 2014). Subsequent clinical trials have eval-
uated interventions aimed at reducing cardiovascular risk by modifying the risk 
factor levels. In order for interventions to work, the risk factors they are modifying 
need to be causally related to cardiovascular disease. However, even a robust as-
sociation and carefully designed animal studies do not guarantee this causal rela-
tionship in humans: Despite the association between low HDL-cholesterol concen-
tration and increased cardiovascular risk with supporting data from animal models, 
drugs that increase HDL-cholesterol concentration have failed to reduce cardio-
vascular events (T. Gordon et al. 1977; Hime et al. 2008; Keene et al. 2014). One 
HDL-cholesterol increasing drug (CETP-inhibitor torcetrapib) even increased the 
cardiovascular risk (Barter et al. 2007). Since clinical trials are expensive to con-
duct, the drug candidate entering the clinical testing pipeline must be carefully 
selected. Drug targets with supporting data from genetic studies done in humans 
have double the success rate compared to non-supported drug targets (Nelson et 
al. 2015). Choosing potential drug targets that already have support from genetic 
studies in humans could be used to decrease the financial costs of drug develop-
ment. Furthermore, human genetics can be used to predict long-term side effects 
of pharmacological interventions (Sattar et al. 2010; Swerdlow et al. 2015). To 
evaluate the role of genetic studies in humans in identifying novel therapeutic tar-
gets we applied three different study designs. Study I of this thesis exploited gene-
environment interaction models to unravel why there exists interindividual differ-
ences in how dietary fat quality affects circulating LDL-cholesterol concentration. 
Identifying these pathways might help in developing new treatments for 
dyslipidemia. In Study II we combined genetic studies in both human and mice to 
assess whether melanocortins could be used to improve vascular health. In hu-
mans, variants disrupting the melanocortin signaling were used as a model for mel-
anocortin 1 receptor knock-out in mice. In study III, we used circulating cytokines 
and growth factors as intermediate phenotype to shed light to molecular pathways 
responsible for the development of diseases with an inflammatory component such 
as coronary heart disease, inflammatory bowel diseases, and multiple sclerosis.  
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In conclusion, we used three different study designs to evaluate how genetic stud-
ies in humans could be exploited to discover previously unknown biology and to 
provide information for drug development. In study I, we identified a possible 
gene-environment interaction between PARK2 variants and dietary lipid quality. 
The second study design used MC1R signaling disrupting variants to mimic gene 
knock-out in humans. In terms of discovering novel drug targets and previously 
unknown biology, the approach exploiting intermediate phenotypes was the most 
successful. In Study III, we identified a variant influencing both the circulating 
concentration of interleukin-2 receptor subunit α and the risk for Crohn’s disease, 
thus pinpointing a potential new drug target.  
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2 REVIEW OF LITERATURE 

2.1 GENOME-WIDE ASSOCIATION STUDIES 

2.1.1 THEORY BEHIND GENOME-WIDE ASSOCIATION STUDIES 

2.1.1.1 The structure of the human genome 

The human genome contains instructions for cells on how to construct all the dif-
ferent kinds of tissues in the human body and how to regulate tissue function. The 
genome can be found in the nucleus of every cell capable of cell division. A small 
part of the genome is also located within the mitochondria. The genome within the 
cell nucleus is divided into 23 chromosome pairs. The DNA molecule is a double-
helix which is supported by a sugar phosphate backbone and the genetic code is 
determined by the sequence of base pairs. The four nucleotides forming these base 
pairs are adenine (A), thymine (T), cytosine (C) and guanine (G). The four nucle-
otides form pairs by binding to each other non-covalently through hydrogen bonds: 
A pairs with T and G pairs with C. There are about 3.3 billion of these pairs in the 
human genome. Most of the base pairs are conserved across individuals and others 
can vary. These differences are generated through mutations the majority of which 
are single-nucleotide polymorphisms (SNPs) where one nucleotide changes to an-
other. Most SNPs have no effect on the phenotype but some of these polymor-
phisms can predispose to diseases.  

Locus is a term used to refer to a specific location in the genome. Allele refers to 
the alternative forms of a locus that an individual can carry within the genome. 
Haplotype means a specific combination of nearby alleles. Most SNPs are diallelic 
having a minor allele (the rarer base) and a major allele (the more common base) 
(Bernstein et al. 2012; Bochud 2012). The chromosomes of present humans are 
mosaics of ancestral chromosomes that have arisen via multiple recombination 
events in the past (Dawson et al. 2002). The recombination events take place dur-
ing meiosis when homologous chromosomes pair up. Two nearby SNPs can be 
tightly linked by physical distance to each other and thus are infrequently separated 
from each other by recombination. This phenomenon creates correlation between 
genetic variants. The aforementioned nonrandom co-occurrence of genetic vari-
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ants is called linkage disequilibrium (LD) (D. Gordon and Finch 2005). Recombi-
nation, which tends to take place in recombination hotspots, creates a block-like 
LD pattern in the genome. These haplotype blocks vary in size, with most of them 
being less than 5 kilobases (kb) in size, but some might extend to over 50 kb and 
more. Due to the LD structure it is not necessary to genotype each variant within 
the genome separately and test them all for association: By genotyping only care-
fully selected variants that can tag the haplotype block will result in cost effective 
analyses with only a little loss of statistical power (Gabriel 2002). 

2.1.1.2 Genotyping and imputation 

Nowadays, DNA microarrays are used to measure the alleles of hundreds of thou-
sands of DNA polymorphisms from the human genome. Grunstein and Hogness 
can be considered to be the developers of the first DNA array. They cloned DNA 
randomly into Escherichia Coli plasmids and grew these bacteria in colonies on a 
petri dish covered with nitrocellulose filter. Radiolabeled DNA probes were hy-
bridized into colonies that were then lyzed and fixed on a nitrocellulose filter in 
order to search for DNA that was complementary to the labeled probe. In 1986, 
Miller and Barnes from Washington University School of Medicine described a 
method which allowed the detection of single-base changes in regions of known 
sequence (Miller and Barnes 1986). In 2000, a group led by David Walt working 
at the Tufts University developed a method whereby DNA was synthesized on 
polystyrene beads. Different kinds of fluorophore labels were used to identify 
which DNA sequence was synthesized on which bead (Ferguson, Steemers, and 
Walt 2000; Walt 2000). The number of possible fluorophore combinations limited 
the diversity of beads that could be created. To overcome this obstacle, the fluo-
rescently labeled oligonucleotides were fixed on the beads and these were used to 
distinguish the different kinds of beads from each other (Gunderson et al. 2004). 
The technology, developed by the David Walt’s group was licensed to Illumina, 
who have further developed the original method (Bumgarner 2001). The method 
currently used by Illumina is depicted in Figure 1. 
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Figure 1  Schematic presentation of the Illumina BeadChip. Probes are attached on the sur-

face of beads. The probes hybridize with target sequences and are subsequently 
elongated by DNA polymerase. The identification of the nucleotide added to the 
probe is based on a fluorescent label.  

A typical modern DNA array contains probes for over 500 000 single-nucleotide 
changes, or polymorphisms. The entire human genome consists of about 3 289 000 
000 (3.3 billion) nucleotides (Lander et al. 2001). Thus, only 0.015 % of the nu-
cleotides within the genome are captured by the arrays. Genotype imputation is a 
term used to describe a computational method that predicts genotypes that are not 
directly detected in a study sample. The imputation process requires a haplotype 
reference panel which is used to predict the haplotypes of an individual. The first 
complete haplotype reference panel was produced by the HapMap Project and it 
included populations with ancestries from parts of Africa, Asia and Europe 
(International HapMap Consortium 2003, 2005). The HapMap Project was an ex-
tension of the Human Genome Project (Collins and McKusick 2001; International 
HapMap Consortium 2003). The Human Genome Project aimed to identify se-
quences that are common across individuals whereas one of the goals of HapMap 
Project was to identify variation within the genome across individuals. The Hap-
Map Project focused on variants which have minor allele frequency over 5 %. The 
1000 Genomes Project extended the work started by the HapMap Project by aim-
ing to identify 95 % of all common variation with a minor allele frequency over 1 
%. In addition, the 1000 Genomes Project catalogued even lower minor allele fre-
quencies from coding regions (down towards 0.1 %) (The 1000 Genomes Project 
Consortium 2010). The 1000 Genomes Project produced a larger and more accu-
rate reference panel which can be used to detect new associations from datasets 
already analyzed with HapMap reference panels (The 1000 Genomes Project 
Consortium 2010; Wood et al. 2013).  
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Because imputed genotypes are predicted, there is always some degree of uncer-
tainty linked to them. Four measures that range from 0 to 1 have been described to 
quantify this uncertainty. The degree of uncertainty is further reflected in the as-
sociation statistics. The imputation process is depicted in Figure 2. Imputing al-
most all common variants into the data by utilizing 1000 Genomes as a reference 
panel might reveal additional candidate causal variants that underlie each associa-
tion (Wood et al. 2013). For example, ORMDL3 have been previously linked to 
asthma, Crohn’s disease, type 1 diabetes and rheumatoid arthritis. Another variant 
in the splice site of GSDMB is in the strong linkage disequilibrium with the OR-
MDL3 variant; this is not captured by commercial DNA arrays and would, without 
imputation, remain undetected (The 1000 Genomes Project Consortium 2010). A 
similar example demonstrating the value of genotype imputation was the discovery 
that APOL1 is a more likely causal gene for kidney disease than MYH9, which was 
originally considered as mediating the association signal in 22q12.3 (Genovese et 
al. 2010; Oleksyk et al. 2010). 

 
Figure 2  1000 Genomes project produced a haplotype map from a human genome which 

can be used to impute variants that are not directly genotyped with genotyping 
chip (a-b). Haplotypes are phased prior to imputation (c-d). Modified from 
Marchini et al. 2010 (Nature Reviews Genetics).  

2.1.1.3 What can be found and cannot be found? 

The GWASs based on HapMap imputed data and population samples relied on the 
so called common disease common variant hypothesis, which proposes that most 
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of the genetic risk is common: A person has a high risk for a complex disease 
because she or he has several disease predisposing common variants of small effect 
size in disease-associated loci. These studies were unlikely to detect variants with 
a minor allele frequency less than 5 % (Bodmer and Bonilla 2008). However, 1000 
Genomes and UK10K projects have brought this detection limit down by introduc-
ing more accurate imputation panels. Using the same phenotype data as in HapMap 
studies, but with a new imputation reference, new low-frequency variants have 
been identified both from novel loci and from known disease loci (Walter et al. 
2015; Wood et al. 2013). These variants are shared across the population due to 
being identical by descent and although each individual variant makes only a small 
contribution to the phenotype the combined effect of multiple risk variants is cu-
mulative (Figure 3 and Figure 4).    

 
Figure 3  Genome-wide association studies are able to capture common and low-frequency 

variants. Common variants with large effect size are unlikely to exist for common 
diseases although they could be easily captured by genome-wide association 
studies. Currently, population sample based GWASs are not a cost-effective 
method to study Mendelian diseases. Modified from McCarthy et al. (Nature Re-
views Genetics 2008). 
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Figure 4  Schematic presentation of the additive effects of multiple disease predisposing 

variants on disease risk. Each variant has an individual effect size. Although in-
dividual variants confer a minimal effect on disease risk the combined effect of 
all disease associated variants can be substantial. 

2.1.1.4 Effects of population structure and migration history 

The distinct demographic history of Finland makes the Finnish population excep-
tionally suitable for genetic studies. Two separate founder populations have settled 
in Finland in two waves. The first wave arrived in inner Finland from the Lake 
Ladoga region 4000 years ago and the other came across the Gulf of Finland 2000 
years ago (Kittles et al. 1998). Population bottle necks have also shaped the LD 
structure in Finland. The latest population bottle neck was experienced between 
1690 and 1730 when the population declined from 600 000 to 250 000 (de la 
Chapelle 1993). These bottle necks increased the LD which then decayed again 
during further generations through meioses. The increased LD structure facilitates 
the detecting of disease-associated variants with genotyping chips. However, the 
genetic bottle necks experienced might also have caused Finns to lack some vari-
ants which are present elsewhere. For example, we lack variants causing phenyl 
ketonuria, a Mendelian disease that is more prevalent in other parts of Europe 
(Guldberg et al. 1995). On the contrary, the population history has created a group 
of hereditary diseases which are much more prevalent in Finland than in rest of the 
world. This group of 36 diseases is known as the Finnish disease heritage first 
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described in 1972 (Perheentupa 1972) and recently updated (Polvi et al. 2013). The 
incidence of these diseases in Finland ranges from 1 in 8000 to 1 in 100 000 (Polvi 
et al. 2013). Causal mutations for all of the 36 diseases have been successfully 
characterized. The first causal mutation was identified in 1988 (for gyrate atrophy 
of choroid and retina with or without ornithinemia; GACR, GA) and the latest in 
2017 (for progressive encephalopathy with edema, hypsarrhythmia, and optic at-
rophy; PEHO) (Anttonen et al. 2017; Ramesh et al. 1988). In addition to certain 
Mendelian disease variants, the Finnish population is also enriched for low-fre-
quency loss-of-function variants which can be exploited as a model for human 
knock-out (Chheda et al. 2017; Lim et al. 2014).  However, these kinds of differ-
ences in variant distributions across populations might cause difficulties in repli-
cation of the GWAS findings. 

2.1.1.5 Genetics of complex diseases 

Coronary heart disease, hypertension, T2DM and dyslipidemia are all examples of 
complex diseases. In genetics, a complex disease means that there are multiple genetic 
and environmental factors contributing to a disease risk. Each individual variant 
makes a small contribution to the overall disease risk, but the combined effects of all 
the disease associated variants may explain a significant proportion of the disease risk 
in the population level. Although a single variant only has a minor effect on the phe-
notype identification of these individual variants, its location can reveal therapeutic 
pathways for pharmacological modification that can produce clinically meaningful 
changes in disease risk (Musunuru et al. 2010). Additionally, sequencing of GWAS 
loci harboring variants with small effect size can reveal novel rare variants with large 
effect size; these rare variants have a major impact on an individual level although 
their population attributable risk is small. For example, by sequencing GWAS loci the 
CHARGE consortium identified rare variants that were associated with 120 ms 
lengthening (+4.3 standard deviations) of PR interval (the time interval between the 
beginning of the atrial contraction and the beginning of the ventricular contraction) as 
measured from electrocardiograms (Magnani et al. 2014).  

2.1.1.6 Genetics of coronary artery disease and major cardiovascular risk 
factors 

Global Lipids Consortium have published the largest GWAS concerning circulat-
ing lipid levels to date; the study included a total of 188 577 subjects (Willer et al. 
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2013). The study confirmed the associations of 95 lipid loci and identified 62 new 
loci contributing to circulating concentrations of total cholesterol, LDL-choles-
terol, HDL-cholesterol or triglycerides (Teslovich et al. 2010). Thus, the number 
of loci known to contribute to circulating lipid concentrations is now 157. The total 
variance (including both environmental and genetic variation) explained by all the 
known lipid loci is 15.0 % for total cholesterol, 14.6 % for LDL-cholesterol, 13.7 
% for HDL-cholesterol and 11.7 % for triglycerides (Willer et al. 2013).  

Obesity predisposes an individual to a variety of complex diseases including coro-
nary heart disease and T2DM. A total of 97 loci have been associated with body-
mass index (BMI) with a genome-wide significance (Locke et al. 2015). The total 
BMI variance explained by these loci is 2.7 % which is considerably less than the 
lipid loci explained by lipid variance, even though the study (Locke et al. 2015) 
included up to 339 224 subjects. The authors demonstrate that the SNPs with sug-
gestive association with BMI (p < 5 × 10-4) are enriched in genes highly expressed 
in the nervous system. The second highest enrichment is seen in the hemic and im-
mune system although the enrichment seen is not statistically significant.  

T2DM predicts the incidence of new myocardial infarction as strongly as the his-
tory of prior myocardial infarction (Schramm et al. 2008). A total of 75 loci have 
been linked to T2DM in various populations (Cho et al. 2012; Kooner et al. 2011; 
Scott et al. 2007; Voight et al. 2010; Zeggini et al. 2008). Together these loci ex-
plain approximately 10 % of familial clustering of T2DM. Variants in FTO-locus 
are associated with both T2DM and BMI and the effect of these variants on T2DM 
susceptibility is mediated through BMI (Voight et al. 2010).  

Hypertension is a highly heritable trait with heritability estimates being 0.57 for 
long-term systolic blood pressure and 0.56 for long-term diastolic blood pressure 
(Levy et al. 2000). SNPs from 28 loci have been linked to blood pressure in 
GWASs (Ehret et al. 2011). The 29 SNPs which form these 28 loci explain 0.9 % 
of the variation in systolic and diastolic blood pressure. The authors estimate that 
there are 116 (95 % CI 57-174) independent blood pressure variants that could 
explain 2.2 % of the total blood pressure variance. Thus a considerable amount of 
heritability still remains undetected. The genetic risk score calculated  based on 
the identified variants is associated with stroke,  coronary artery disease and left 
ventricular wall thickness, thus suggesting that hypertension is a causal factor for 
these cardiovascular end points (Ehret et al. 2011). 

Coronary artery disease is a common cause of death in industrialized nations. A 
total of 58 loci have been linked to this disease explaining approximately 6 % of 
genetic variance in coronary artery disease susceptibility. Twelve of these loci 
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were associated with a lipid trait at p-value threshold < 1 × 10-4. Among the lipid 
traits, the strongest association was detected with LDL-cholesterol concentration 
in 8 of the 12 loci (APOB, ABCG5-ABCG8, PCSK9, SORT1, ABO, LDLR, APOE 
and LPA) highlighting the important causal role of LDL-cholesterol in the devel-
opment of coronary artery disease. Two of the 12 loci were associated with triglyc-
eride concentration (TRIB1 and APOA5 cluster). Similarly, two of the loci were 
associated with T2DM (MFGE8 and SWAP70) (Deloukas et al. 2013; Nikpay et 
al. 2015).  

2.1.1.7 Mendelian randomization studies 

The success of epidemiological research can be viewed in terms of specific indi-
vidual health problems, such as lung cancer, or in a broader sense how it has altered 
our methods of dealing with non-communicable diseases (Kannel et al. 1961; 
Müller 1940). However, the inability of epidemiological research to make causal 
inference is a shortcoming: Despite careful epidemiological evaluations, some ran-
domized controlled clinical trials have failed to demonstrate any benefit from ther-
apies expected to work based on prior epidemiological knowledge (Hennekens et 
al. 1996). Some additional disadvantages of epidemiological studies include re-
verse causality (exposure X is associated with outcome Y but instead of X causing 
Y, the Y predisposes to X), selective loss to follow-up,  and unknown confounding 
factors (Groenwold et al. 2016; Preston and Stokes 2014). These drawbacks can 
be partly overcome in Mendelian randomization studies. In Mendelian randomiza-
tion, genetics variants are used as exposure indicators that are not subject to reverse 
causation and are less suspect to confounding factors (Davey Smith and Hemani 
2014). Most importantly, Mendelian randomization allows causal inference if a 
genetic variant (or genetic variants), chosen as the instrument for exposure A, 
meets the following conditions:  

1)  The instrument is reliably associated with exposure A 

2)  The instrument is associated with the outcome only via exposure A 

3)  The instrument is independent of unobserved confounders that influence 
exposure A and the outcome after conditioning by observed confound-
ers. 

 Since chromosomes segregate independently during meiosis, Mendelian random-
ization can be regarded as a lifelong randomized trial conducted by nature. Fur-
thermore, individuals are unaware of their genotype which is analogous to blinding 
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in randomized clinical trials. In Mendelian randomization, the exposure can be a 
biomarker, such as a C-reactive protein, and an outcome can be, for example, a 
cardiovascular disease event. To avoid violating the aforementioned conditions it 
is necessary to select cis-acting variants near the CRP gene as instruments instead 
of those near the APOC1 locus, which is also associated with the circulating CRP 
concentration. There is high suspicion that the APOC1 locus might mediate its 
effects via lipids (violation of condition 2) (Dehghan et al. 2011). The validity of 
the whole method is based on careful selection of the genetic instrument. In addi-
tion, large sample sizes are needed since individual genetic variants typically ex-
plain less than 1 % of variation observed in exposure. By constructing a genetic 
score from multiple exposure-associated variants, it is possible to increase the 
power of the study considerably (S. Burgess 2014). 

2.1.1.8 Genetics and drug discovery 

Reliable information from drug development costs is difficult to obtain but cost 
estimates of 569.3 million US dollars have been suggested for a new cardiovascu-
lar disease targeting drug (DiMasi, Hansen, and Grabowski 2003; Light and 
Warburton 2005; Morgan et al. 2011). During the drug development process, 56 
% of new drug candidates fail in Phase II or Phase III trials due to a lack of effi-
cacy; this is after a considerable amount of money has already been invested in the 
drug development (Arrowsmith and Miller 2013). In order to make the drug de-
velopment process more effective the drug developers have now started to search 
for new sources of information to complement conventional preclinical model sys-
tems. Genetic studies conducted in humans can be used as this kind of comple-
mentary information. The drugs approved for marketing in the United States and 
in the European Union are enriched with drugs targeting products of genes which 
have been associated with variation in human traits. Furthermore, from the total 
number of drugs under development, the proportion of drugs with supporting hu-
man genetic information has increased in the drug development pipeline. Thus, 
supporting genetic information can be considered as predictive of successful drug 
development. The lack of supporting genetic information has the greatest impact 
early on in the drug development process (Nelson et al. 2015). One specific exam-
ple of a drug discovery guided by genetics is the invention of PCSK9 inhibitors 
(Stein et al. 2012). A locus causing autosomal familial hypercholesterolemia was 
first mapped to 1p34.1−p32 (Hunt et al. 2000) and later mutations in PCSK9 were 
shown to cause the disease within this locus (Abifadel et al. 2003). The develop-
ment of PCSK9 inhibitors for the prevention of cardiovascular disease was further 
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boosted by the discovery that PCSK9 variants are associated with LDL-cholesterol 
concentration also in healthy population samples, and the PCSK9 variants which 
lower LDL-cholesterol concentration are also inversely associated with coronary 
artery disease; this strongly suggested that drugs inhibiting PCSK9 could also pre-
vent coronary artery disease (Willer et al. 2008). The ability of PCSK9 inhibitors 
to lower cardiovascular disease risk was later confirmed in a randomized con-
trolled trial (Sabatine et al. 2017). Another example of the role of genetics in drug 
development is the Lp(a). By using circulating metabolites as an intermediate phe-
notype the research group was able to construct a genetic risk score that explained 
45 % of variation in the circulating Lp(a). This genetic risk score was associated 
with coronary heart disease in hospital discharge registry based data. Furthermore, 
no other diseases were associated with the Lp(a) genetic risk score suggesting that 
therapies targeted to lower Lp(a) would not have major side effects (Kettunen et 
al. 2016).   

2.2 GENE-ENVIRONMENT INTERACTIONS 

The presence of gene-environment interaction means that the effect size of environ-
mental exposure differs by genotype. After publication of the first large GWASs, 
concerns started to emerge due to the small proportion of heritability explained by 
the identified variants. It was suggested that gene-environment interactions might 
explain some of this missing heritability (Cole, Nikpay, and McPherson 2015). In 
addition to discovering missing heritability, gene-environment interaction studies 
might help to dissect the pathophysiology of complex exposures and help identify 
biological pathways mediating the effect of such exposures. For example, NAT2 gene 
polymorphisms associated with slow detoxification of arylamines are associated with 
a higher risk of bladder cancer in smokers than in non-smokers (interaction between 
smoking status and NAT2 polymorphism). Since arylamines are known carcinogens 
in tobacco smoke and are metabolized by NAT2, these results suggest that the in-
creased risk of bladder cancer in smokers is mediated by arylamines rather than by 
many other carcinogens in tobacco smoke (for example polycyclic aromatic hydro-
carbons) (García-Closas et al. 2005; Vineis and Pirastu 1997). In addition, variants 
altering function of proteins involved in elimination of xenobiotics in tobacco smoke 
modify the relationship between smoking and adverse birth outcomes, hence identi-
fying a group of mothers whose children were particularly prone for adverse out-
comes if their mothers smoke (X. Wang et al. 2002). Despite of the aforementioned 
examples, few gene-environment interactions have been robustly replicated to date 
(Qi et al. 2012, 2014). This might partly be due to sample size requirements which 
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are even more difficult to meet in gene-environment interaction studies than in 
GWASs (Thomas 2010).   

2.3 GENETIC STUDIES IN ANIMALS AND HUMANS COM-
PLEMENT EACH OTHER 

Knock-out animal models have been widely used in cardiovascular and other re-
search to study the effects of specific signaling pathways on disease processes un-
der interest (Boring et al. 1998; Cao et al. 2017; Rinne et al. 2017). However, even 
after careful planning of animal studies the results may not always be transferable 
to humans (Barter et al. 2007; Morehouse et al. 2007). This problem may be cir-
cumvented by using humans carrying loss-of-function alleles of gene under inter-
est as a proxy for animal knock-out models (Valverde et al. 1995). Animal studies 
are still needed to obtain, for example, histological samples that cannot be obtained 
from humans (Rinne et al. 2015). 

2.4 NUTRIGENOMICS IN CARDIOVACULAR DISEASE 

As the causal role of LDL-cholesterol concentration in the development of coronary 
artery disease has been established, lifestyle habits lowering LDL-cholesterol con-
centration are of importance in maintaining population health. Dietary intake of fats 
has been shown to affect blood lipid concentrations (Niinikoski et al. 2012).  Obser-
vational studies have also linked a higher intake of unsaturated fats to a lower risk 
of coronary artery disease (Oh et al. 2005). A recent systematic Cochrane review of 
randomized controlled trials showed that reducing dietary saturated fat intake re-
duces the risk of cardiovascular events by 17 %. A subgroup of studies, in this same 
review, demonstrated that the cardiovascular event reduction was seen in studies 
replacing saturated fats with polyunsaturated fats and no reduction was seen in stud-
ies replacing saturated fats with carbohydrates. It remains unclear whether replacing 
monounsaturated fats with polyunsaturated fats reduces cardiovascular mortality 
since the data is still sparse. The reduction in cardiovascular events was related to 
the degree of reduction in serum total cholesterol concentration (Hooper et al. 2015). 
This relationship between dietary fats and serum lipid concentration can be modified 
by genotype. In carriers of APOE ε2 allele, the higher intake of saturated fatty acids 
and cholesterol might paradoxically decrease LDL-cholesterol concentration 
(Lehtimäki et al. 1995).The effect of the APOE allele has also been extensively stud-
ied in diet intervention trials, and these have demonstrated that the diet has a greater 
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effect on circulating cholesterol concentration in subjects  homozygous for the 
APOE ε4 allele (Tikkanen et al.). However, it remains unclear whether there exist 
other loci in the genome which modify the relationship between dietary fat intake 
and serum lipid concentration. The heritability of LDL-cholesterol concentration has 
been estimated to be around 0.534 and the known LDL-associated variants explain 
14.6 % of total variation (Namboodiri et al. 1985). The previously described inter-
actions between genetic variants and environmental exposures (dietary intake of li-
pids) might account for part of this missing heritability. Loci mediating this missing 
heritability might have implications for drug development. 

2.5 MELANOCORTIN SIGNALING AND CARDIOVASCULAR 
DISEASE 

Pharmacological targeting of melanocortin signaling has potential in preventing cor-
onary heart disease (Rinne, Nordlund, et al. 2013; Rinne, Penttinen, et al. 2013). 
Melanocortins are a family of peptides that are cleaved from the common precursor, 
pro-opiomelanocortin. The family includes α-γ –melanocyte stimulating hormones 
(MSH) and adrenocorticotropic hormone (ACTH). The melanocortins can exert 
their biological actions through five different types of melanocortin receptors 
(MC1R-MC5R) (Mountjoy et al. 1992). The MC2R primarily binds only ACTH 
peptides, but the four other melanocortin receptors all bind α-MSH (Hruby et al. 
1995). Melanotan II is  a long-acting analogue of α-MSH that binds the same mela-
nocortin receptors as α-MSH (Grieco et al. 2003; Hruby et al. 1995). Melanotan II 
treatment has been shown to reduce atherosclerotic plaque inflammation and to ame-
liorate endothelial dysfunction in LDL receptor-deficient, high-fat diet fed mice 
(Rinne et al. 2014). Since Melanotan II has an affinity to several types of melano-
cortin receptors it is currently unknown through which type of receptor the benefi-
cial effects of melanocortins on vascular function are mediated. In addition, since 
the data is mainly derived from animal studies it is unknown whether the melano-
cortin signaling also contributes to vascular health in humans. Since skin pigmenta-
tion is mediated through MC1R, the genetic polymorphisms in MC1R have been 
associated with melanoma susceptibility (Barrett et al. 2011). In addition, MC4R 
variants have been associated with BMI, early-onset obesity, and waist circumfer-
ence (Chambers et al. 2008; Wen et al. 2014; Wheeler et al. 2013). However, based 
on a GWAS catalogue search no associations between MC1R-MC5R variants and 
coronary artery disease have been reported. 
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2.6 INFLAMMATORY RISK FACTORS FOR CARDIOVASCU-
LAR DISEASE 

The INTERHEART study demonstrated that smoking, increased apolipoprotein B 
to apolipoprotein A1 ratio, hypertension, diabetes, abdominal obesity, psychoso-
cial factors, daily consumption of fruit and vegetables, regular alcohol consump-
tion, and regular physical activity accounted for 90 % of population attributable 
risk of acute myocardial infarction in men and 94 % in women (Yusuf et al. 2004). 
In addition to these nine risk factors, inflammation has also been implicated in the 
pathogenesis of cardiovascular disease (Kirii et al. 2003). In epidemiological stud-
ies, high-sensitivity C-reactive protein (hsCRP) has been associated with cardio-
vascular disease (Elkind et al. 2009; Makrygiannis et al. 2013). However, Mende-
lian randomization studies have questioned the causality of this association (Prins 
et al. 2016). Indeed, hsCRP might be a downstream biomarker of activated inflam-
matory response and the causal risk factors might reside in the upstream of the 
inflammatory cascade: Cholesterol crystals can be phagocytosed by human mac-
rophages and these cholesterol crystals can induce interleukin-1beta (IL-1β) secre-
tion in a dose-dependent manner (Rajamäki et al. 2010). IL-1β is a potent inducer 
of interleukin-6 (IL-6) in fibroblasts, endothelial cells, keratinocytes, and periph-
eral blood monocytes (Kirnbauer et al. 1989; Sironi et al. 1989; Tosato and Jones 
1990). In addition to IL-1β, the IL-6 expression can also be increased by a tumor-
necrosis factor alpha (TNF-α) (Sung et al. 2009). IL-6 (formerly known as inter-
feron-β2) is able to initiate acute-phase response in liver cells. Stimulation of liver 
cells with IL-6 leads to the production of α1 acid lipoprotein, α1 proteinase inhib-
itor, α1 antichymotrypsin, haptoglobin, hemopexin, fibrinogen species, CRP, com-
plement C3, complement factor B components, and serum amyloid A (Gauldie et 
al. 1987). Thus, it is possible that factors upstream from the circulating CRP are 
causally related to increased risk for cardiovascular disease. Supporting this no-
tion, lack of IL-1β has been shown to decrease the atherosclerotic burden in APOE-
deficient mice (Kirii et al. 2003). Furthermore, Mendelian randomization analyses 
support the causal role of IL-6 in the development of coronary artery disease (Niu 
et al. 2012). Currently, many clinical trials are exploring whether cardiovascular 
disease could be prevented by suppressing the inflammatory response. The IL-6 
inhibitors tocilizumab and the TNF-α inhibitors adalimumab and infliximab are 
widely used in treatment of rheumatoid arthritis. Their role in treatment of cardio-
vascular disease may, however, be limited due to their adverse effects on the lipid 
profile (Di Minno et al. 2014). IL-1β signaling suppressing monoclonal antibody 
Anakinra (IL-1 receptor antagonist blocking both IL-1β and IL-1α) has been 
shown to improve left ventricular function and endothelium-dependent dilatation 
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of the brachial artery in patients with rheumatoid arthritis (Ikonomidis et al. 2008). 
A trial investigating the role of IL-1β blockage on markers of inflammation in non-
ST elevation acute coronary syndrome is currently ongoing (Crossman et al. 2008). 
However, in Mendelian randomization studies concerns have also been raised re-
garding the cardiovascular safety of IL-1β blockade (Interleukin 1 Genetics 
Consortium 2015). Trials assessing the efficacy of low-dose methotrexate in the 
prevention of cardiovascular disease are also ongoing (Ridker 2009). 

2.7 GROWTH FACTORS AND CARDIOVASCULAR DISEASE 

Growth factors are protein molecules secreted by various types of cells. They in-
struct cell behavior, guide tissue repair and renewal (Mitchell et al. 2016). Due to 
their ability to guide tissue repair and renewal, growth factors hold great therapeutic 
potential. Randomized clinical trials investigating the role of VEGF in the treatment 
of coronary artery disease have already demonstrated that gene therapy targeting 
growth factors is effective in reducing angina pectoris symptoms in stable coronary 
heart disease. A transient improvement in oxygen supply has also been demonstrated 
in scintigraphy (Giusti et al. 2013; Kukuła et al. 2011).  

Currently, percutaneous coronary intervention using balloon angioplasty and coro-
nary stenting is a treatment of choice in acute coronary syndrome (Roffi et al. 2016; 
Windecker et al. 2014). Stenting is performed either with bare metal stents (BMS) 
or drug-eluting stents (DES) depending on the patient specific risk factors and site 
of coronary lesion. Bare metal stent requires shorter duration of dual antiplatelet 
therapy which is preferable in patients with a high bleeding risk (Levine et al. 2016). 
On the other hand, in-stent restenosis is more frequent after using BMS than DES 
(Ariotti et al. 2016; Ielasi et al. 2015). The in-stent restenosis may develop through 
neointimal hypertrophy or neoatherosclerosis (Looser, Kim, and Feldman 2016). 
Genetic variants within genes coding VEGF, basic fibroblast growth factor (FGF-
basic), and basic platelet-derived growth factor (PDGFbb) might be associated with 
a risk of in-stent restenosis or narrowing of the stent lumen between follow-up visits 
(Osadnik et al. 2016). VEGF gene therapy administered during coronary angi-
ography using adenovirus as the vector has been suggested as a therapy to prevent 
in-stent restenosis. The safety of the therapy has been demonstrated during a 10-year 
follow-up (Muona et al. 2012). However, data with hard clinical end-points are still 
lacking. Despite this, the growth factors have therapeutic potential for treatment of 
coronary heart disease and in-stent restenosis.  
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2.8 THE PATHOGENESIS OF ATHEROSCLEROSIS 

Atherosclerosis is a lifelong process that causes narrowing of the arterial lumens 
which may eventually lead to clinically apparent coronary heart disease (McGill 
et al. 1997). Atherosclerosis results from lipid accumulation onto arterial wall and 
involves many stages. First, diffuse intimal thickening develops into atherosclero-
sis prone arteries including for example carotid artery, aorta, and coronary arteries. 
Diffuse intimal thickening is already present in 33 % of the 8-month old fetuses 
and it develops everyone before the age of 3 months. Diffuse intimal thickening is 
currently considered as a normal physiological process but it may play an im-
portant role in development of atherosclerosis since it is absent in atherosclerosis-
resistant arteries (Nakashima et al. 2007). The American Heart Association has 
developed staging system for atherosclerotic lesions (Stary et al. 1994): Apolipo-
protein B containing lipid particles and subsequently macrophages slowly build up 
in the pre-existing diffuse intimal thickenings (type I) and they eventually form the 
first grossly visible atherosclerotic lesions called fatty streaks (type II). The fatty 
streaks contain layers of macrophages filled with lipid droplets (foam cells). As 
the lesion progresses, lipids begin to accumulate to extracellular space (type III) 
(Nakashima et al. 2007; Stary et al. 1994). A Type IV lesion is a fully developed 
atheroma with a lipid core which is characteristic for this lesion type. The lipids in 
the core are thought to originate from dead foam cells (Nakashima et al. 2007). 
Type IV lesions are separated from arterial lumen by nearly normal intimal tissue. 
This tissue is later replaced by a fibrous cap (type V lesion). When the lesion sur-
face gets ruptured and hematoma, hemorrhage, or thrombotic deposits are formed 
the lesion is classified as type VI lesion. The thrombus formed after lesion rupture 
may completely obstruct the blood flow symptoms of which depend upon the le-
sion cite within the vasculature and may include heart attack, stroke, or peripheral 
ischemia. Most of atherosclerosis mortality is due to ruptured type IV or type V 
lesions (Stary et al. 1995).   

2.9 ASSESMENT OF PRECLINICAL ATHEROSCLEROSIS 

Early atherosclerotic changes can be reliably measured by non-invasive vascular ul-
trasound methods (Raitakari et al. 2003). Measurements of arterial stiffness, intima-
media thickness and endothelium dependent vasodilatation are methods currently 
used to evaluate the degree of preclinical atherosclerosis and vascular health. 
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2.9.1 CAROTID INTIMA-MEDIA THICKNESS 

In 1986, Pignoli et al. demonstrated that histologically measured intima-media 
thickness (IMT) correlates strongly (correlation coefficient ranged from 0.76 to 
0.82 depending on the severity of atherosclerotic changes in the specimen) with 
the thickness of the double line pattern seen in B-mode ultrasound. By dissecting 
and imaging structures of the arterial wall Pignoli et al. were able to show that the 
inner component of the double line pattern is caused by a lumen-intima interface 
and the outer component by a media-adventitia interface (Pignoli et al. 1986). The 
IMT measurement is thus performed simply by measuring the distance between 
the two echogenic lines seen in the arterial wall. These measurements can be con-
sidered as surrogate markers of atherosclerosis (de Groot et al. 2004) and each 
0.10mm increment in IMT increases the risk of myocardial infarction by 12 to 15 
% (Lorenz et al. 2007). Cardiovascular risk factors correlate with IMT and lipid 
lowering therapy can cause regression of IMT (Fleg et al. 2008; Raitakari et al. 
2003; Wiegman et al. 2004). However, progression of IMT between two measure-
ments has not currently been linked to cardiovascular events (Lorenz et al. 2012). 
Currently, IMT measurements are widely used to estimate the risk of cardiovascu-
lar disease. 

     
Figure 5  Ultrasound image obtained during measurement of carotid intima-media thick-

ness. The image is taken just proximal to carotid bifurcation and the very begin-
ning of the bifurcation can be seen on the right side of the image. A) Intima-
lumen interface. B) Media-adventitia interface. C) Arterial lumen. D) Beginning 
of the bifurcation. 
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2.9.2 ARTERIAL ELASTICITY 

In large arteries, such as the carotid artery, the arterial elasticity is mainly due to 
the high elastin to collagen ratio within the arterial wall. The arterial elasticity de-
creases during aging mainly due to progressive calcification, elastic fiber degener-
ation and an increase in collagen content (Avolio, Jones, and Tafazzoli-Shadpour 
1998). Decrease in arterial elasticity between two measurements is greater in sub-
jects with greater cardiovascular risk factor burden (Koskinen et al. 2012). In ad-
dition, decreased arterial elasticity is associated with cardiovascular events and all-
cause mortality independently from other cardiovascular risk factors (van Sloten 
et al. 2014). The arterial stiffness can be measured ultrasonically by measuring 
carotid distensibility or Young’s elastic modulus of the carotid wall. Carotid dis-
tensibility can be defined by measuring the difference in arterial diameter in end-
diastole and end-systole and dividing the proportional diameter change by pulse 
pressure. The measurement of Young’s elastic modulus is also based on change in 
the arterial diameter during cardiac cycle, and it also accounts for IMT. 

   
Figure 6  Measurement of the carotid elasticity in the Cardiovascular risk in the Young 

Finns Study. The picture on the left is taken at R-peak when the vessel diameter 
is at its maximum. The picture on the right is taken during diastole when the 
vessel diameter reaches its minimum value. The diameter is the distance between 
the intima-lumen interfaces. A) Internal jugular vein. B) Common carotid artery. 

2.9.3 ENDOTHELIUM DEPENDENT VASODILATATION 

In 1980, Furchgott and Zawadzki discovered that the endothelium is required for 
acetylcholine mediated vasodilatation (Furchgott and Zawadzki 1980). In 1985, 
Rubanyi et al. demonstrated that upon stimulation with acetylcholine the endothe-
lial cells release vasoactive substance that was later named as the endothelium de-
rived relaxing factor (EDRF) (Rubanyi, Lorenz, and Vanhoutte 1985). Further 
studies showed that the vasodilatation caused by EDRF was preceded by activation 
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of guanylyl cyclase and accumulation of cyclic guanosine monophosphate similar 
to the vasodilatation caused by nitrovasodilatators (Holzmann 1982). The exact 
chemical structure of EDRF remained unknown until 1987 when EDRF was rec-
ognized as nitric oxide (Ignarro et al. 1987). Nitric oxide production and vasodila-
tation of peripheral arteries is caused by hypoxemia (Doshi et al. 2001). The hy-
poxemia can be induced for example by compressing an upper limb by inflating a 
pneumatic cuff around the limb. The degree of vasodilatation caused by hypox-
emia, or flow-mediated dilatation (FMD), can be considered as a measure of en-
dothelial function and it can be measured with ultrasound after the release of pneu-
matic cuff. Decreased flow-mediated dilatation is associated with increased risk of 
cardiovascular disease events (Ras et al. 2013).  

 
Figure 7  Measurement of flow-mediated dilatation from the brachial artery. A pneumatic 

cuff is inflated around the arm and subsequently released. The arterial diameter 
is measured before applying the cuff and after releasing at pre-specified time 
intervals. A) Brachial artery. B) Muscle tissue. 

2.10 MULTIPLEX ANTIBODY ASSAYS 

The advances made in assay technology are not limited to DNA assays as they also 
extend to the field of protein assays. Traditional 2-D gel electrophoresis is able to 
detect thousands of proteins, but this method is difficult to apply to large samples. 
Multiplexing allows simultaneous detection and quantification of single proteins 
from a solution of multiple proteins at a time. In multiplexing, capture antibodies 
are used to capture the analyte from the solution and a stained detection antibody 
is used to quantify the amount of bound analyte (Figure 8). Two kinds of antibody 
assays have been developed. Flat antibody assays are analogous to DNA assays 
where the capture antibody is attached to micro spots on a flat surface (Nielsen and 
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Geierstanger 2004). In bead assays, the capture antibodies are fixed on beads that 
are encoded, thus allowing the recognition of which capture antibody is bound to 
which bead (Evans, Sewter, and Hill 2003). Cross-reactivity has also been raised 
as a major concern in multiplex antibody assays. However, the assay manufactur-
ers have taken much effort to reduce cross-reactivity when producing the antibod-
ies. The use of separate detection and capture antibodies further reduces the risk 
of cross-reactivity(Juncker et al. 2014). The detailed molecular phenotypes ob-
tained by multiplexing can help genetic studies to elucidate biochemical mecha-
nisms that are responsible for the pathogenesis of complex diseases.  

 
Figure 8  Schematic overview of a multiplex antibody assay. The bound analyte is recog-

nized based on the bead color (or another physical property). Beads with the same 
color bind only one kind of analyte. The amount of bound analyte is measured 
via labeled detection antibody. 
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3 AIMS OF THE STUDY 

This thesis is mainly based on findings from the Cardiovascular Risk in Young 
Finns study. In addition, subjects from The Special Turku coronary Risk Factor 
Intervention Project, FINRISK97, FINRISK02 and FINRISK07 have been in-
cluded. The purpose was to employ genetic studies in humans to discover new drug 
targets for prevention and treatment of cardiovascular and inflammatory diseases.  

 

The specific aims were: 

1. To assess whether gene-environment interaction studies could be used to find 
drug targets for treatment of lipid disorders 

2. To assess whether vascular changes observed in MC1Re/e mice could be rep-
licated in humans carrying MC1R-signalling disrupting alleles.  

3. To assess whether genetic variants are associated with concentration of cir-
culating cytokines and whether the cytokine-associated variants predispose 
to complex diseases 
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4 MATERIALS AND METHODS 

4.1 STUDY SAMPLES 

4.1.1 THE CARDIOVASCULAR RISK IN YOUNG FINNS STUDY 

4.1.1.1 Study participants 

The Cardiovascular Risk in Young Finns Study (YFS) is an on-going multicenter 
follow-up study of Finnish subjects healthy at baseline. The subjects were ran-
domly chosen from the Finnish cities of Helsinki, Tampere, Turku, Oulu, and Kuo-
pio or their rural surroundings. The first cross-sectional survey was held in 1980 
with 3596 subjects aged 3-18 years attending clinics. Follow-up studies that in-
cluded physical examination, questionnaires, and measurements of known or sug-
gested cardiovascular risk factors were conducted in 1983, 1986, 1989, 1992, 
2001, 2007 and 2011.  

4.1.1.2 Dietary records 

Data from dietary intake at the age of 6 years was obtained by using 48-hour recall 
method. Food composition tables were used to extract information from the dietary 
intake of specific nutrients (Räsänen et al. 1985). At the 2007 follow-up, a food 
frequency questionnaire was used to gather information of dietary intake.  

4.1.1.3 Biochemical analyses 

The lipid measurements of Study I were performed in the Social Insurance Insti-
tution, Research and Development Center, Turku, Finland. Due to changes in de-
termination methods and laboratory kits, the lipid concentrations were corrected to 
match lipid concentrations measured in 2001. The lipid measure corrections have 
been performed in two steps using regression equations. These equations were de-
rived after re-analyzing a total of 275 frozen samples from earlier study visits. 
(Juonala et al. 2004; Porkka et al. 1997). In the first step, the year 1986 was chosen 
as the reference year because it was the most recent follow-up of total sample at 
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the time when the correction equations were derived. The laboratory reagents were 
changed in 1983 and thus measurements from 1980 were corrected to the new level 
with the equation:   

 ૚	࢔࢕࢏࢚ࢇ࢛ࢗࡱ

ሺ1983ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	݈ܽݐ݋ܶ ቂ
௠௠௢௟

௟
ቃ 	ൌ 0.997	 ൈ ሺ1980ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	݈ܽݐ݋ܶ ቂ

௠௠௢௟

௟
ቃ ൅ 0.287	  

The changes made in the total cholesterol measurement methods in 1983 affected 
the HDL-cholesterol measurements since the same method was used to measure 
HDL-cholesterol concentration after precipitation of ApoB containing particles. 

 ૛	࢔࢕࢏࢚ࢇ࢛ࢗࡱ

ሺ1983ሻ݈݋ݎ݁ݐݏ݈݁݋݄ܿ	ܮܦܪ ൤
݈݋݉݉
݈

൨ ൌ 1.076	 ൈ ሺ1980ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	ܮܦܪ െ 0.004 ൤
݈݋݉݉
݈

൨ 

No correction equations were needed for triglycerides in 1983 or 1986. In the sec-
ond correction step, the obtained values were further corrected to the level of 
2001with the following equations: 

 ૜	࢔࢕࢏࢚ࢇ࢛ࢗࡱ

ሺ2001ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	݈ܽݐ݋ܶ ൤
݈݋݉݉
݈

൨ ൌ 1.091 ൈ ሺ1983ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	݈ܽݐ݋ܶ െ 0.271 ൤
݈݋݉݉
݈

൨ 

 
 ૝	࢔࢕࢏࢚ࢇ࢛ࢗࡱ

ሺ2001ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	ܮܦܪ ൤
݈݋݉݉
݈

൨ ൌ 1.068	 ൈ ሺ1983ሻ	݈݋ݎ݁ݐݏ݈݁݋݄ܿ	ܮܦܪ െ 0.0277	 ൤
݈݋݉݉
݈

൨ 

 
 ૞	࢔࢕࢏࢚ࢇ࢛ࢗࡱ

ሺ2001ሻ	ݏ݁݀݅ݎ݁ܿݕ݈݃݅ݎܶ ൤
݈݋݉݉
݈

൨ ൌ 1.00756	 ൈ ሺ1983ሻ	ݏ݁݀݅ݎ݁ܿݕ݈݃݅ݎݐ ൅ 0.0582	 ൤
݈݋݉݉
݈

൨ 

Values corrected to the level of 2001 were used in the primary analyses in study I.  

4.1.1.4 NMR spectrometry 

In study I, we assessed the interactions between genetic variants and serum LDL 
particle subclass concentrations measured in adulthood instead of childhood. This 
was because blood samples drawn from earlier follow-ups had deteriorated to a 
degree where reliable NMR measurements were not possible. The samples in-
cluded in the study I, were drawn in 2007. 
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From each serum sample, two NMR spectra were recorded at a temperature of 
37oC in a magnetic field of 500 MHz. Regression modeling was used to extract 
information from the NMR spectra to quantify three LDL subclasses, large, me-
dium, and small (average diameters 25.5 nm, 23.0 nm and 18.7 nm, respectively).  

4.1.1.5 Genotyping and imputation 

The genotyping in the YFS study were performed with an Illumina 670k BeadChip 
containing a total of 670,000 SNPs and copy-number probes. The genotypes were 
called with Illumina’s clustering algorithm. In study I, the imputation was performed 
with MACH software using HapMap release 22 as reference panel. The imputation 
resulted in a total of 2.5 million SNPs. In studies II and III, the imputation was per-
formed with Impute2 software after pre-phasing with SHAPEIT software 
(Delaneau, Marchini, and Zagury 2012; B. N. Howie, Donnelly, and Marchini 
2009). The 1000 Genomes September 2013 release was used as a reference panel 
resulting in ~10.6 million SNPs passing the quality control.  

4.1.1.6 Measurements of gene expression 

The gene expression was measured from peripheral blood cells drawn during the 
2011 visit. After sample preparation, 1664 samples were analyzed with Illumina 
HT-12 v4 BeadChip containing 47231 expression probes. The expression data was 
quantile normalized and log2-transformed. Probes that were not expressed by over 
5 % of the study subjects were excluded from further analyses resulting in a total 
of 19 637 included probes in study III.  

4.1.1.7 Ultrasound studies  

The non-invasive vascular ultrasound measurements were performed during the 
2001 and 2007 follow-up visits with Sequoia 512 ultrasound mainframes (Acuson, 
CA, USA) with 13.0 MHz linear array transducers.  

To measure the carotid intima-media thickness, the left carotid artery was scanned 
using a standardized protocol. The image was focused on the posterior wall of the 
carotid artery and an image sized 25 mm × 15 mm was recorded with a resolution 
box function. A video clip with a duration of 5 seconds including the beginning of 
carotid bifurcation and the common carotid artery, was stored in digital format for 
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subsequent offline analyses. These stored scans were analyzed by a single reader 
who was blinded to the subjects’ details. From the 5 second video clip, at least four 
measurements were taken approximately 10 mm from the carotid bifurcation. 
Mean and maximal carotid IMTs were determined from these measures.  To assess 
intra-individual reproducibility of the IMT measures, 57 subjects were re-exam-
ined 3 months after the study visit. To assess intra-observer reproducibility, the 
same reader interpreted these repeated ultrasound scans. The coefficient of varia-
tion was 6.4 % between visit, and the intra-observer coefficient of variation was 
3.4 %. 

4.1.1.8 Determining the cytokine concentrations 

 Concentrations of 48 cytokines and growth factors were measured from blood 
samples drawn during the 2011 follow-up visit. Bio-Rad’s premixed Bio-Plex Pro 
Human Cytokine 27-plex and 21-plex assays were used in quantification. The as-
says were performed according to the manufacturer’s instructions, except for the 
number of beads, where detection antibodies, and streptavidin-phycoerythrin  con-
jugate were used at 50 % lower concentrations than recommended (Ritchie et al. 
2015). 

4.1.2 SPECIAL TURKU CORONARY RISK FACTOR INTERVENTION 
PROJECT 

4.1.2.1 Study participants 

The Special Turku coronary Risk factor Intervention Project (STRIP) started with 
a small pilot project (n=45) in October 1989. The main trial began half a year later 
and recruiting was discontinued in May 1992. Recruitment was performed during 
the 5-month visit at national well-baby clinics by nurses in the city of Turku, Fin-
land. The study sample consisted of 1062 infants from 1054 voluntary families. 
After the pediatrician had explained the purpose and the design of the trial at the 
University of Turku, the children were randomized to an intervention group 
(n=540) or to a control group (n=522). The intervention group received individu-
alized nutritional counseling targeting an optimal diet. The optimal diet was de-
fined as containing 30-35 energy percent (E%) of fat with polyunsaturated:mono-
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unsaturated:saturated fat ratio of 1:1:1, 10-15 E% of protein and 50-60 E% of car-
bohydrates. Using oils and soft margarines in food preparation was encouraged. 
Detailed instructions were given to replace saturated fat in the diet, for example, 
with leaner meat products or low-fat cheese. Serving fish at one of the main meals 
once or twice a week was recommended.  

In study I, the randomization into intervention and control groups was omitted to 
better account for the actual dietary intake of the children. Instead of comparing 
intervention and control groups, we divided the study sample into two groups 
based on dietary fat quality. Subjects with an unsaturated-to-saturated fat ratio be-
low the age group median were assigned to a bad fat quality group and subjects 
with a ratio above the median were assigned to a good fat quality group. Since 
puberty is known to affect circulating lipid concentration, only 5- and 7-years old 
STRIP participants were included in the study. 

4.1.2.2 Dietary records 

The nutritionists instructed the parents on how to correctly record food intake. 
Written instructions and drawings of ordinary foods were given to parents to help 
estimate the amount of food intake. The parents biannually kept a 4-day food rec-
ord of their child’s food intake. The nutritionist reviewed the records during the 
study visits and nutrient intakes were analyzed with Micro-Nutrica software. The 
software uses Food and Nutrient Database of the Social Insurance Institution and 
calculates 66 nutrients in over 650 foods and dishes that are most commonly used 
in Finland. The software is constantly updated and it provides an accurate estima-
tion of the intake of many nutrients, including fats (Hakala et al. 1996). Supple-
mental vitamins and minerals were not included in the analyses.  

4.1.2.3 Biochemical analyses 

The STRIP blood samples were drawn in the fasting state at the age of 5 years and 
thereafter. All laboratory analyses were performed at the National Public Health 
Institute (currently called the National Institute for Health and Welfare) in Turku, 
Finland. After clotting and centrifugation, serum was separated and stored at -25 
degrees of Celsius. Serum cholesterol concentration was determined with the en-
zymatic cholesterol oxidase p-aminophenazone method (Merck, Darmstadt, Ger-
many) with an AU 510 automatic analyzer (Olympus, Hamburg, Germany). 
ApoB-containing lipoprotein particles were precipitated with dextran sulfate to 
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measure serum HDL-cholesterol concentration. The serum triglyceride concentra-
tion was measured by the colorimetric glycerol-3-phospate oxidase p-aminophena-
zone method (Merck) with an automatic Olympus AU 510 analyzer. The inter-
assay coefficients of variation for HDL and total cholesterol were 1.9 % and 2.0 
%, whereas the intra-assay coefficients of variation were 1.2 % and 1.5 %, respec-
tively. The LDL-cholesterol concentration was estimated with the Friedewald For-
mula (Friedewald, Levy, and Fredrickson 1972). 

4.1.2.4 Genotyping  

A total of 666 STRIP participants were genotyped with Illumina Metabochip in-
cluding 196 725 single nucleotide polymorphisms. The Metabochip is a targeted 
genotyping platform designed to capture the variation in genes with suggested role 
in development of cardiovascular disease –related traits. The targeted loci were 
selected based on GWAS meta-analyses of 23 cardiovascular disease –related 
traits (Voight et al. 2012).  The DNA was extracted from peripheral blood leuko-
cytes. To account for errors in the sample processing, individuals who had more 
than 5% genotype data missing were excluded. SNPs with minor allele frequency 
< 5 % and with more than 5 % of genotype data missing were excluded. To account 
for genotyping errors and population stratification SNPs deviating from the Hardy-
Weinberg equilibrium (P < 1 × 10-6) were excluded. Applying these filters 125 848 
markers passed the quality control.  

4.1.3 THE NATIONAL FINRISK STUDY 

4.1.3.1 Study participants 

FINRISK surveys are national cross-sectional surveys performed every five years 
to monitor risk factors for chronic diseases. Each survey is representative of the 
working age population of Finland and includes subjects aged 25-74 years. The 
subjects are drawn from population registries from five geographical areas of Fin-
land: North Karelia, North Savo, Oulu and Lapland, the cities of Turku and Loimaa 
and their surroundings, and the cities of Helsinki and Vantaa. FINRISK surveys 
have been conducted in 1972, 1977, 1982, 1987, 1992, 1997, 2002, 2007, and 
2012. At each study visit a blood sample is drawn and a clinical examination is 



40 Materials and methods 

performed: in addition, a questionnaire is included. From a subset of FIN-
RISK2007 participants living in the Helsinki area, a blood sample was drawn to 
measure mRNA expression profiles. 

4.1.3.2 Biochemical analyses 

The cytokine measurements from FINRISK participants were conducted as de-
scribed for the YFS cohort. 

4.1.3.3 Genotyping and imputation 

Different genotyping chips have been used to acquire genome-wide data from sub-
sets of FINRISK1997, FINRISK2002 and FINRISK2007 participants. The FIN-
RISK1997 participants were genotyped with Illumina Core Exome Chip and the 
genotype calling  was performed with Illuminus algorithm (Teo 2012). Impute2 
was used as the imputation software (B. Howie, Marchini, and Stephens 2011). In 
FINRISK2007, two different genotyping chips were used: Illumina Omni Express 
and Illumina 610k. From both chips, the genotypes were called with Illuminus al-
gorithm and the imputation was performed with Impute2 software using 1000 Ge-
nomes’ September 2013 release as reference. 

4.1.3.4 Measurements of gene expression 

A total of 518 samples from FINRISK2007 were analyzed with Illumina Hu-
manHT-12 version 3 Expression BeadChips. Probes not autosomal, were comple-
mentary to cDNA from erythrocyte globin components and those mapped to more 
than one genomic position were excluded. After filtering, 35 419 probes were in-
cluded in the analyses (Inouye et al. 2010). 

4.1.4 EXPERIMENTAL STUDIES: THE RODENTS 

MC1Re/e mice, which lack functional MC1R signaling due to single base pair de-
letion and their wild-type control littermates, were obtained from Jackson Labora-
tory (strain# 000060, Bar Harbor, Maine, USA). All experiments were conducted 
on male adult mice aged 4 to 6 months. The animals were housed in a 12-hour 
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light/dark cycle and fed on a regular chow diet. All animal experiments were ap-
proved by the National Animal Experiment Board. In all the experiments, the mice 
were euthanized with carbon dioxide asphyxiation, the blood was withdrawn and 
thoracic aortae were harvested for further experimentation.  

4.2 STATISTICAL ANALYSES 

The statistical analyses were performed with SAS versions 9.2 or 9.3 (SAS insti-
tute, Inc., Cary, NC) unless otherwise stated. The distributions of continuous var-
iables and assumptions of normality were assessed by examining histograms and 
estimates of skewness and kurtosis. In study III, large deviations from normality 
were observed in cytokine distributions and thus inverse normal transformation 
was used.  

4.2.1 STUDY I 

To describe the characteristics of study participants’, mean and standard deviations 
were calculated for the main variables used in the study. To compare differences 
between boys and girls, a 2-tailed t-test was used. To assess whether genetic vari-
ants modulated the association between the quality of fats in diet and circulating 
LDL-cholesterol concentration, linear interaction models were used. LDL-choles-
terol concentrations at the age of 5 years and at the age of 7 years were used as 
dependent variable. The dietary fat quality was described as the ratio of unsatu-
rated and saturated fats. In order to include a locus in the replication stage, a variant 
within the locus needed to have an interaction term p-value (dietary fat quality × 
SNP) of less than 0.01 with consistent effect directions in both age groups. 

4.2.2 STUDY II 

To assess the effects of MC1-R signaling on vascular health in humans, ultrasound 
data from 2001 and 2007 were used. An additive genetic score was constructed 
based on five variants previously linked to weak MC1R signaling. To account for 
intra-individual between measurements correlation, mixed models were used in 
the modeling of longitudinal data. The models were adjusted for age, sex, and BMI. 
Based on Akaike’s information criterion, compound symmetry was selected as the 
covariance structure. To assess whether the changes observed in the hemodynamic 
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profile affect arterial ultrasound measurements, the model was further adjusted for 
mean arterial pressure. Statistical significance was inferred at a two-tailed P-value 
of less than 0.05.   

4.2.3 STUDY III 

The cytokine concentrations were adjusted for age, sex, body-mass index and the 
first 10 genetic principal components prior to GWAS by fitting a linear model to 
the data and using inverse transformed model residuals as a phenotype in GWAS. 
The GWASs were performed with SNPTEST version 2.4beta software (Marchini 
and Howie 2010). SNPs with minor allele count < 10, info < 0.7, and model fit 
statistics < 0.7 were excluded from further analyses. Meta-analyses were per-
formed with METAL software (Willer, Li, and Abecasis 2010). SAS software and 
linear models with age and sex as covariates were used to assess whether cytokine-
associated SNPs have eQTLs in whole blood. In the meta-analyses, statistical sig-
nificance was inferred at a two-tailed p-value of less than 1.2×10-9 (5 × 10-8 divided 
by 41 which is the number of cytokines included to the study). Despite correlations 
between the concentrations of various cytokines, this conservative threshold was 
selected to avoid false-positive associations.  

4.3 ETHICAL STATEMENT 

The study participants (or their parents) gave written informed consent and the 
studies have been approved by local ethics committees.  
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5 RESULTS 

5.1 STUDY I 

The mean circulating LDL-cholesterol concentrations in 5-year-old boys and girls 
were 2.87 ± 0.63 mmol/l and 3.08 ± 0.66 mmol/l, respectively. There was statisti-
cally significant difference between boys and girls (P < 0.0001). The dietary fat 
quality, as described by the ratio of monounsaturated and polyunsaturated fat to 
saturated fats ((PUFA + MUFA):SFA), was 1.26 and 1.25 in 5-year-old boys and 
girls, respectively. By the age of 7 years, the dietary fat quality had improved to 
1.35 in boys and to 1.30 in girls (Table 1). These age groups were selected to 
discount the effect of puberty on circulating lipid concentration. 
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Table 1 STRIP participant characteristics 
  Girls   Boys     
Variable Mean ± SD n Mean ± SD n 
Age 5      
Height (cm) 111 ± 4 303 112 ± 4 339 
Weight (kg) 19.3 ± 2.9 304 19.4 ± 2.3 339 
LDL-cholesterol (mmol/l) 3.08 ± 0.66 284 2.87 ± 0.63 319 
Total cholesterol (mmol/l) 4.62 ± 0.75 284 4.41 ± 0.73 319 
HDL-cholesterol (mmol/l) 1.22 ± 0.24 284 1.24 ± 0.26 319 
Triglycerides (mmol/l) 0.67 ± 0.22 284 0.63 ± 0.24 319 
Dietary fat quality 
((PUFA+MUFA)/SFA) 1.25 ± 0.32 279 1.26 ± 0.31 302 

Dietary SAFA (E %) 13.0 ± 3.0 279 13.0 ± 2.7 302 
Dietary Palmitic acid (E %) 6.29 ± 1.31 279 6.30 ± 1.18 302 
Dietary strearic acid (E %) 2.67 ± 0.59 279 2.71 ± 0.60 302 
Dietary linolic acid (E %) 3.93 ± 0.93 279 4.07 ± 1.07 302 
Dietary α-linolenic acid (E %) 0.82 ± 0.25 279 0.81 ± 0.24 302 
Age 7      
Height (cm) 124 ± 5 306 125 ± 5 336 
Weight (kg) 25.0 ± 4.6 306 24.6 ± 3.5 336 
LDL-cholesterol (mmol/l) 3.07 ± 0.68 298 2.84 ± 0.59 331 
Total cholesterol (mmol/l) 4.72 ± 0.77 298 4.46 ± 0.68 331 
HDL-cholesterol (mmol/l) 1.32 ± 0.23 298 1.32 ± 0.26 331 
Triglycerides (mmol/l) 0.69 ± 0.27 298 0.64 ± 0.28 331 
Dietary fat quality 
((PUFA+MUFA)/SFA) 1.30 ± 0.30 274 1.35 ± 0.31 295 

Dietary SAFA (E %) 12.8 ± 2.6 274 12.5 ± 2.5 295 
Dietary Palmitic acid (E %) 6.11 ± 1.19 274 6.08 ± 1.12 295 
Dietary strearic acid (E %) 2.62 ± 0.58 274 2.65 ± 0.56 295 
Dietary linolic acid (E %) 4.18 ± 1.10 274 4.30 ± 1.18 295 
Dietary α-linolenic acid (E %) 0.88 ± 0.28 274 0.87 ± 0.28 295 
Table 1. Study cohort characteristics from STRIP in two age points. 
*Dietary fat quality is expressed as unsaturated to saturated fats ratio. Modified from origi-
nal publication I. 
 

To assess whether genetic polymorphisms modulate the relationship between die-
tary fat quality and circulating LDL-cholesterol concentration, genetic interaction 
analyses were performed. A total of 21 SNPs had statistically significant interac-
tion and consistent direction of effect in both age groups (Table 2) (Ahola-Olli et 
al. 2014). The main effects for these SNPs are depicted in Table 3. 
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Two of the 21 SNPs were from the same locus (PARK2). The PARK2 locus was 
also the only locus replicated in the subsequent replication study in YFS subjects 
(Table 4). The lead SNP from PARK2 locus was rs12207186. However, the inter-
action between rs9364628 and dietary fat intake did not replicate in YFS, but was 
consistent with the discovery study that the dietary fat quality had a more profound 
effect on circulating LDL-cholesterol concentration in rs9364628-TT carriers 
(Figure 9).  
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Further analyses in STRIP subjects demonstrated that the interaction is mainly me-
diated through linoleic acid intake (Table 5). Detailed metabolomic analyses in 
adult YFS subjects showed that the interaction is primarily on small LDL particles 
(Table 6). The frequency of T allele of rs9364628 polymorphism was 55.0 % in 
the STRIP cohort. 
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Figure 9  The relationship between dietary fat intake and circulating lipids. The rs9364628 
modifies the association between dietary fat intake and circulating LDL-choles-
terol. The interaction effect is statistically significant in the STRIP (P = 0.0084). 
The effect of dietary fat on circulating LDL-cholesterol concentration is greatest 
among the carriers of rs9364628-TT genotype (A). In the YFS cohort, the variant 
rs9364628 modifies the association between dietary fat intake and circulating 
cholesterol concentration in small LDL particles, which are the most atherogenic 
form of LDL. Similarly, the greatest effect is noted in carriers of the rs9364628-
TT genotype (B). The same is noted for concentration of total lipids in LDL and 
concentration of small LDL particles (C and D). Variant rs9364628 is located 
within the PARK2 gene. The fat ratio describing dietary intake of fatty acids is 
calculated as (polyunsaturated fats + monounsaturated fats) ÷ saturated fats. The 
bars represent standard error and the columns represent mean. The number of 
subjects in each category is indicated in white boxes within the columns. LDL = 
Low-density lipoprotein. YFS = The Cardiovascular Risk in Young Finns. 

To assess the mechanisms by which the identified variants within the PARK2 locus 
could contribute to lipid traits, we queried the polymorphisms from Ensembl’s var-
iant effect predictor. This tool predicted that the C allele of rs9364628 leads to 
non-sense mediated decay of the PARK2 transcript. The PARK2 probes in the YFS 
transcriptomic data did not pass quality control and thus it was not possible to 
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assess the effect of PARK2 variants on PARK2 transcription. However, it was pos-
sible to search for trans-eQTLs for PARK2 variants (rs9364628, rs12207186 and 
rs9458419) within the genome, however, significant associations between these 
SNPs and gene expression was not detected.  

5.2 STUDY II 

The immunostaining procedure demonstrated the existence of MC1R on the lu-
minal side of both human and wild-type mice arteries. The MC1Re/e mice had in-
creased collagen deposition in the aorta and lower diastolic blood pressure com-
pared to wild-type mice. However, no difference was observed in systolic blood 
pressure or heart rate. These hemodynamic changes led to increased pulse pressure 
in MC1Re/e mice. In wire-myograph measurements, the contractile responses of 
thoracic aortae to potassium and phenylephrine was reduced in MC1Re/e compared 
to the wild-type. In addition, the acetylcholine response was diminished. The 
eNOS inhibitor L-NNA had a greater effect on acetylcholine induced vasodilata-
tion in wild-type mice indicating that the nitric oxide dependent component of vas-
odilatation was reduced in MC1Re/e mice. Consistent with these findings, the NOS 
activity and concentration of NOS metabolites were reduced in MC1Re/e mice 
(Rinne et al. 2015). 

To assess whether the results obtained in a genetically modified mouse strain ap-
plied to humans, we determined whether human subjects carrying MC1R signaling 
disrupting mutations have impaired vascular function. The subjects carrying alleles 
previously associated with weak MC1R function had lower brachial FMD (P = 
0.037), carotid distensibility (P = 0.029) and Young’s elastic modulus of the ca-
rotid artery (P = 0.013). Since MC1R signaling has been previously associated 
with skin color, and vitamin D status has been suggested to have an impact on 
vascular function, we assessed whether MC1R variants are associated with circu-
lating vitamin D concentration. Subjects with weak MC1R signaling had higher 
circulating vitamin D concentration (58.0 vs. 54.6 nom/l, P = 0.014) but further 
adjustment of models concerning vascular function parameters with vitamin D 
concentration did not substantially change the results. As opposed to the results in 
mice, no association between MC1R signaling and pulse pressure or diastolic 
blood pressure was observed in humans (Table 7 and Figure 10).  

  



54 Results 

Table 7 Longitudinal analysis of genetic risk score and vessel wall elasticity related variables 
(n = 2001) 
    95 % Confidence limits   
  Estimate Lower Upper P 
Carotid artery distensibility -0.0427 -0.080 -0.005 0.026 
Flow-mediated dilation -0.0106 -0.019 -0.003 0.010 
Young's elastic modulus 11.1813 2.603 19.760 0.011 
Intima-media thickness 0.0008 -0.005 0.006 0.761 
Carotid artery systolic diameter 0.0048 -0.028 0.037 0.771 
Carotid artery diastolic diameter 0.0129 -0.017 0.043 0.393 
The model was adjusted for age, sex, BMI, and mean arterial pressure. Compound symmetry 
was used as covariance structure. The results are based on longitudinal model and data from 
2001 and 2007 follow-up visits. From original publication II. 
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Figure 10  Mean carotid distensibility, Young’s elastic modulus (YEM), flow-mediated di-

latation and carotid intima-media thickness by genetic MC1R signaling capacity. 
MC1R = Melanocortin 1 receptor.  

5.3 STUDY III 

The correlations between the 41 phenotypes included in the study are depicted in 
Figure 11. A module of five cytokines (VEGF, IL7, IL10, IL12p70, and IL13) 
with a stronger correlation to each other can be identified from Figure 5. In addi-
tion, another module consisting of seven different cytokines (MCP1, IL1b, TNFa, 
IFNg, IL2, IL6, and IL1ra) can be seen in the upper left-hand corner of Figure 5. 
After quality control, approximately 10.7 million SNPs were included in the meta-
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analyses of 41 circulating cytokines. A total of 27 loci reached genome-wide sig-
nificance (P < 1.2 × 10-9), 17 of which had not previously been linked to cytokine 
or growth factor concentration, CRP concentration or white blood cell count (Ta-
ble 8 and Figure 12). The strongest association was detected between 
rs192989810 and TRAIL concentration (β = 2.2 SD; p = 8.4 × 10-175; MAF = 1 %). 
The minor allele frequency of the identified variants ranged between 1 % and 47 
%. After identifying the cytokine associated loci, we conditioned the model with 
the lead variant until any significant associations could no longer be detected. A 
total of five variants within 17q12 were associated with MIP1b concentration. All 
MIP1b concentration associated variants (including the five variants 
(rs113877493, rs76842834, rs142499028, rs184920307, and rs11263779) in 
17q12 and two variants (rs138591554 and rs113341849) in 3p21.31) explained 
altogether 34 % of the total variance (both environmental and genetic) in circulat-
ing MIP1b concentration. Two growth factors with a large fraction of variance 
explained by the identified variants were VEGF (15 %) and TRAIL (14 %). The 
G allele of rs12075 within ACKR1 was associated with decreased concentration of 
eotaxin, MCP1, and GROa. The smallest association test p-values was detected for 
MCP1 (β = 0.219; P = 1.44 × 10-44; MAF = 0.47). No association or a considerably 
weaker association (depending on the cytokine) was detected between rs12075 and 
eotaxin, MCP1, or GROa in FINRISK2002 where the cytokine quantification was 
conducted with heparin plasma. Variants in 6p21.1 were significantly associated 
with VEGF, IL-10, IL-7, and IL-13. The concentrations of these cytokines were 
also correlated. To assess whether the association between these four cytokines is 
causal, we performed a Mendelian randomization analysis (Figure 13). We con-
structed a genetic score for VEGF and compared the causal effect estimates with 
epidemiological estimates which corresponded well with each other. Since 6p21.1 
contains the VEGFA gene encoding VEGF, the results indicated that IL-10, IL-7, 
and IL-13 are causally regulated by VEGF. 

In the whole blood transcriptomic analyses, we identified 18 eQTLs for 10 of the 
27 lead variants at significance level of p < 6.2 × 10-8. As an example, we found 
interesting biology for the A allele of rs4778636 that was associated with increased 
concentration of the IL16 gene transcript but decreased concentration of IL16 cy-
tokines (Table 9). Ensembl’s variant effect predictor predicted that the A allele of 
rs4778636 leads to non-sense mediated decay of IL16 mRNA. Supporting this pre-
diction, no IL16 cytokine was detected in rs4778636 AA homozygotes (Figure 
14). To match cytokine associations with disease risk variants, we searched the 
GWAS catalogue in order to identify loci harboring variants that had previously 
been associated with complex diseases and that were also associated with cytokine 
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concentration. The cytokine associated SNPs are also associated to Behcet’s dis-
ease, celiac disease, inflammatory bowel diseases, and multiple sclerosis (Table 
10) (Ahola-Olli et al. 2017).  

 
Figure 11  Correlation coefficients and clustering of the studied phenotypes. From original 

publication III. 
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Figure 12 Combined Manhattan plot from the genome-wide association study of 41 circu-

lating cytokines. The novel loci are shown in bold in the Figure. The dashed line 
indicates the limit for genome-wide significance accounting for 41 cytokine 
measures. From original publication III. 
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Figure 13  Variant rs12075 is associated at genome-wide significance with concentration of 

three cytokines. The effect of rs12075 on these cytokines is mediated via a 
DARC receptor (Panel A). The variant rs2228467 is located within the chemo-
kine-binding protein 2 (CCBP2) and is associated at genome-wide significance 
with a concentration of eotaxin and the monocyte chemotactic protein 1 (MCP1) 
(Panel B). Variant rs6921438 near VEGFA is associated with concentrations of 
IL10, IL12p70, IL7 and IL13. The Mendelian randomization analysis suggests 
that the effect is mediated via circulating VEGF (Panels C-D). From original 
publication III. 

 



 Results 63 

 
 

 
Figure 14  The inverse normal transformed IL-16 cytokine concentration (white boxes) and 

IL16 expression (dark boxes) by the rs4778636 allele. The rs4778636-A in 
15q25.1 is associated with decreased IL16 concentration. The rs4778636-AA ho-
mozygotes had an undetectable IL-16 concentration although the IL16 expres-
sion is high. According to Ensembl, rs4778636 creates a splice cite modification 
that leads to non-sense mediated decay of IL16 mRNA. The vertical bars within 
the boxes represent the median, and the top and the bottom of the boxes indicate 
75th and 25th percentile. The whiskers indicate the 75th or 25th percentile ± 1.5 × 
interquartile range. From original publication III. 
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6 DISCUSSION 

6.1 STUDY I 

Study I demonstrated that the PARK2 gene might be involved in lipid metabolism 
in healthy children. The TT allele of rs9364628 predisposes to serum LDL-choles-
terol elevation on a diet which is rich in saturated fat and poor in unsaturated fat. 
The effect of rs9364628 is mainly seen on small LDL particles which are the most 
atherogenic form of LDL. However, despite the consistent pattern between dietary 
fat quality and circulating LDL-cholesterol in subjects with rs9364628-TT geno-
type, the interaction effect seen in STRIP could not be replicated with the same 
SNP in YFS cohort. Since the replication of the exact SNP could not be performed, 
further research is needed before the interaction between rs9364628 and dietary 
fat quality can be confirmed. However, consistent patterns in different lipid 
measures in different cohorts lend support for the possibility that the results in 
Study I have true biological meaning instead of presenting only statistical interac-
tion (Thomas 2010).      

PARK2 encodes a protein called Parkin which is a ubiquitin ligase tagging specific 
proteins for degradation into proteasomes and lysosomes (Shimura et al. 2000; 
Zhang et al. 2000). The loss of ligase activity in Parkin leads to dopaminergic neu-
ron loss in autosomal juvenile Parkinsonism and therefore PARK2 polymorphisms 
have been extensively studied in the development of central nervous system disor-
ders (Kitada et al. 1998; Shaltouki et al. 2015). However, PARK2 also has an 
emerging role in the regulation of energy metabolism and homeostasis (K.-Y. Kim 
et al. 2011; K.-Y. Kim and Sack 2012; Locke et al. 2015). Since PARK2 deletion 
in mice has been shown to protect against metabolic changes induced by a high fat 
diet (such as hepatic steatosis), our results suggest that extraneuronal metabolic 
side-effects from interventions aimed to increase expression of Parkin can be as-
sumed in humans. Based on current knowledge, it is impossible to evaluate 
whether the metabolic and the neuronal effects of Parkin are mediated via the same 
pathways: Kim et al. noted that the Parkin increases the stability of CD36 (a fatty 
acid transporter) and promotes fatty acid uptake whereas increased intake of PUFA 
and MUFA has been linked to decreased risk of Parkinson’s disease (K.-Y. Kim 
et al. 2011; de Lau et al. 2005; D. D. Wang et al. 2016). However, since Parkin has 
several ubiquitination targets it is also possible that the metabolic and neuronal 
effects are mediated via two distinct pathways. Thus, further research is needed to 
unravel this important area (Gao et al. 2015).   
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Nutrigenomics and nutrigenetics refer to the scientific disciplines studying inter-
individual differences in responses to dietary exposures caused by genetic variants, 
gene expression or epigenetic changes. The American Society for Nutrition have 
identified these as one of the five concepts that are critical to nutrition research in 
the 21st century (Ohlhorst et al. 2013).  Replication of the results shown in Study I 
is vital prior to any genotype based individualized nutritional counseling. In addi-
tion, the effect of rs9364628 on cardiovascular risk needs to be addressed with 
respect to the dietary fat intake before giving any recommendations to the general 
population. The results of Study I should be considered rather as a discovery of 
new lipid biology and drug targets in humans as opposed to a pursuit of tools for 
individualized nutritional counseling.  

An important limitation of study I is the small sample size. However, it is strength-
ened by inclusion of detailed metabolomic profiling and assessment of individual 
dietary fatty acids. Despite the fact that rs9364628 did not have a statistically sig-
nificant interaction in the replication sample, the larger effect of dietary fat quality 
on circulating LDL-cholesterol in subjects with rs9364628-TT is constantly repli-
cated across study populations, different age groups, and different lipid markers. 
Further research is needed to assess the effects of PARK2 variants on cardio-met-
abolic outcomes such as fatty liver in humans.  

6.2 STUDY II 

Study II demonstrated that MC1R signaling contributes to the regulation of vascu-
lar tone both in mice and humans. Since MC1R signaling has previously been 
linked to pigmentation, a difference in the vitamin D status was not unexpected 
(Han et al. 2008; Liu et al. 2015). However, the results from Study II further 
demonstrated that the effects of MC1R signaling are not mediated through vitamin 
D.  

In their previous study, Rinne et al. demonstrated that pharmacological activation 
of the melanocortin system with melanotan II has positive effects on vascular 
health in mice (Rinne et al. 2014). However, since melanotan II is not specific for 
any of the melanocortin receptors, the receptor type through which the effects are 
mediated remained unknown. The current study demonstrated that MC1R is ex-
pressed on endothelial cells in mice and humans. Furthermore, MC1R co-localizes 
with its natural ligand α-MSH in vasculature indicating that the melanocortin sig-
naling might occur in an autocrine or paracrine manner. In addition, the study 
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demonstrates that deficiency in MC1R signaling leads to increased arterial stiff-
ness and impaired endothelial function in mice and humans. These vascular 
changes are surrogate markers of atherosclerosis and indicate higher cardiovascu-
lar risk (Ras et al. 2013; van Sloten et al. 2014).  Thus, drugs targeting MC1R 
might have potential in the treatment of atherosclerosis. An important limitation 
of Study II is that we were not able to link MC1R signaling to clinical cardiovas-
cular end-points, such as myocardial infarction due to the small number of events 
in YFS, which is a result of the current age distribution of the cohort. However, 
results from recently published GWAS studying coronary artery disease could be 
exploited to assess whether the MC1R variants included in our genetic risk score 
contribute to the risk of coronary artery disease or myocardial infarction (Nikpay 
et al. 2015). 

Recently, an MC1R-selective derivative was developed from melanotan II 
(Doedens et al. 2010). Therefore, future studies should assess whether this deriva-
tive contributes to vascular health in mice. Since melanotan II has already been 
tested on humans, further studies could evaluate the effect of melanotan II on vas-
cular parameters, such as FMD (Fitzgerald et al. 2006).   

6.3 STUDY III 

Study III identified 17 new loci contributing to the concentrations of circulating 
cytokines and growth factors. Understanding the molecular mechanisms behind 
immune system regulation will facilitate setting-up therapies for diseases with an 
inflammatory component, such as coronary artery disease. In addition to identify-
ing new loci associated with inflammatory traits, the study suggested that a circu-
lating vascular endothelial growth factor (VEGF) regulates the concentrations of 
four other cytokines: IL7, IL10, IL12p70, and IL13. Therefore, drugs inhibiting 
VEGF will also affect the concentration of the four cytokines. This might lead to 
unwanted side-effects of VEGF-targeting drugs. VEGFA signals through cell sur-
face receptor tyrosine kinases (VEGFR-1, VEGFR-2, and VEGFR-3). For exam-
ple, angiogenesis is mainly mediated through VEGF-2 (Shibuya 2015). Therefore, 
in some instances targeting a specific VEGF-receptor instead of causing alterations 
to circulating concentration of VEGF (and therefore to concentrations of IL7, 
IL10, IL12p70, and IL13) might be an alternative to gain a suitable treatment effect 
that avoids side effects (Figure 15) (Holmes et al. 2007).  
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Figure 15  Signaling through VEGF-receptors. VEGF-signaling is mediated through three 

different receptors, the expression of which differs between tissues. Targeting 
specific receptors instead of circulating VEGF might help to reduce side-effects. 

Since the effect of 6p21.1 variants (rs6921438 and rs12214617) on IL-7, IL-10, 
IL-12p70 are mediated via VEGF, the core assumptions of Mendelian randomiza-
tion are not violated and thus 6p21.1 variants can be used as instruments in Men-
delian randomization. In contrast, the effect of rs12075-G on circulating eotaxin, 
MCP1 and GROa is mediated through another protein (ACKR1) which violates 
the assumptions of Mendelian randomization and thus rs12075 cannot be used as 
an instrument for GROa, MCP1, or eotaxin (Davey Smith and Hemani 2014). By 
explaining the large proportion of variance (34 %) in the circulating MIP1b con-
centration, we have provided a strong instrument for future Mendelian randomiza-
tion studies which will now be able to assess the causality of circulating MIP1b in 
the pathogenesis of inflammatory diseases. 

Another interesting finding from Study III was the association between rs4778636 
and circulating IL16 concentration. Homozygous rs4778636-AA study partici-
pants had undetectable amounts of circulating IL16 but increased concentration of 
IL16 mRNA. This is due to splice cite modification caused by rs4778636-A. IL16 
has been suggested to contribute to the pathogenesis of HIV (Baier et al. 1995). 
The frequency of rs4778636-A in the YRI population (Yoruba, Ibadan, Nigeria) is 
25 % although in European populations it is considerably smaller. The small allele 
frequency in the European population combined with the small sample size or pos-
sible recessive effects might explain why the association between IL16 locus and 



68 Discussion  

HIV have not been detected in GWASs (Johnson et al. 2015).Therefore, our results 
will assist studies of HIV progression in humans lacking IL16 signaling.  

Finally, we were able to link variants previously associated with inflammatory dis-
ease to cytokine signaling. Variants associated with decreased concentration of in-
terleukin-2 receptor α subunit (IL2ra) were associated with increased risk of mul-
tiple sclerosis and inflammatory bowel diseases (Jostins et al. 2012; Patsopoulos 
et al. 2011). Circulating IL2ra is cleaved from a membrane bound IL2-receptor (H. 
P. Kim, Imbert, and Leonard 2006). IL2ra targeting the antibody daclizumab has 
been shown to be effective in treatment of multiple sclerosis (Gold et al. 2013). 
These results suggest that daclizumab might be effective also in the treatment of 
inflammatory bowel diseases. In addition, variants previously linked to Behcet’s 
disease (a rare small-artery vasculitis) and celiac disease were also associated with 
concentration of MIP1b (Garner et al. 2014; Kirino et al. 2013). However, 
rs13096142-T was associated with increased concentration of MIP1b and in-
creased risk for celiac diseases whereas rs7616215-T was associated with in-
creased risk for Behcet’s disease but with a decreased concentration of MIP1b. 
Therefore, MIP1b-signaling inhibiting agents designed to treat Behcet’s disease 
might potentially increase the risk for celiac disease. 

Surprisingly, no association was detected between cardiovascular diseases and cy-
tokine-associated loci although cardiovascular diseases have an important inflam-
matory component in their pathogenesis (Golia et al. 2014; Jialal and Devaraj 
2015). However, a coronary artery disease GWAS based on a 1000 Genomes im-
putation was published after we downloaded the GWAS catalogue database 
(Nikpay et al. 2015). Therefore, by regularly re-downloading the database and con-
ducting fresh analyses the loci might continuously reveal new biology behind in-
flammatory diseases since new studies are constantly being added to the database. 
The chromosomal positions are in the Human Genome Build 37 whereas the cur-
rent version of the GWAS catalogue uses Human Genome Build 38 and thus the 
genome positions must be changed to matching reference genome. This can be 
done, for example, with the LiftOver tool available via USCS Genome 
Browser(Rosenbloom et al. 2015). In addition, the constant growth of The Geno-
type-Tissue Expression (GTEx) portal enables anyone to access tissue specific 
transcriptomic data (Carithers et al. 2015). These data contain eQTL information 
from tissues relevant to cardiovascular disease. The database has expression data, 
for example, from arteries and adipose tissue. Therefore, GTEx database could be 
used to search whether cytokine-associated loci harbor variants that are associated 
with cytokine gene expression in arteries since circulating cytokines might not be 
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as relevant for cardiovascular disease development than locally produced cyto-
kines (Helseth et al. 2015). The cytokine gene expression within the arterial wall 
could be used as a proxy for local cytokine production. 

In conclusion, Study III identified 17 new loci associated with the concentration 
of circulating cytokines. These results will help to clarify the causal role of cyto-
kine signaling in the development of inflammatory diseases and set the molecular 
basis for future studies assessing the molecular regulation of the immune system. 

6.4 FUTURE PROSPECTS 

Genetic studies with continuously increasing sample sizes continue to identify loci 
which predispose to complex diseases. A recent study assessing human height 
reached a sample size of 700,000 subjects and increased the variance explained by 
all known variants to 27.4 % from the heritability of height (heritability estimate 
0.80) (Marouli et al. 2017; Visscher et al. 2006). In addition to increasing sample 
sizes, it is time to concentrate on detailed molecular phenotyping which might be 
a successful approach with only few thousands of subjects, as demonstrated by 
Study III. Detailed molecular phenotypes could be measured, for example, by us-
ing proteomics or untargeted metabolomics. To derive causal effect estimates 
based on the results from these molecular studies it is of importance that complete 
summary statistics from genetic studies of complex diseases continue to be placed 
on publically accessible servers (Stephen Burgess et al. 2015). In addition, the con-
tinuously increasing amount of biobank data makes it possible to exploit reverse 
genetics (i.e. the correlating variants associated with molecular phenotype with 
range of diagnosis retrieved from hospital registries) to evaluate the side effects of 
drugs targeting the molecule associated with the pertinent variants.   

The most important finding of this thesis is that the variants increasing IL2ra con-
centration also increase the risk for Crohn’s disease and multiple sclerosis. Since 
IL2ra antibody daclizumab reduced disease relapses in multiple sclerosis consid-
erably, it is of importance to evaluate the efficacy of IL2ra antibodies in treatment 
of Crohn’s disease as well. Since daclizumab has gained marketing approval for 
other indications earlier it could be possible to directly launch phase II trials with-
out the need for i.e. toxicity studies which are necessary before doing clinical test-
ing with a completely novel pharmaceutical compound. 



70 Conclusions 

7 CONCLUSIONS 

In this thesis, the potential of three different study designs to identify new drug 
targets were evaluated.  Study I supports the role of PARK2 in regulation of lipid 
metabolism. Since the mutations, which cause the loss of ubiquitin ligase activity 
of Parkin, are associated with Parkinson’s disease, targeting Parkin with drugs 
might cause unwanted side-effects.  Study II demonstrated that the beneficial vas-
cular effects of melanotan-II are mediated via the MC1R receptor in mice. This 
receptor also contributes to vascular health in humans: Human subjects with vari-
ants previously linked to weak MC1R signaling have impaired vascular function. 
These functional changes have been linked to increased cardiovascular risk. There-
fore, drugs targeting MC1R signaling might have a role in treatment and preven-
tion of cardiovascular diseases. Study III linked novel loci to circulating concen-
tration of cytokines and growth factors which point to novel therapeutic targets 
which might have role in treatment and prevention of inflammatory disorders. The 
results also set the framework for further studies to evaluate the role of the immune 
system in health and disease. Overall, this thesis demonstrates how various human 
genetic approaches can be used to point novel drug targets with potential to treat 
complex diseases which are a major cause of mortality and morbidity world-wide. 
The most robust results were obtained via detailed molecular phenotypes. How-
ever, the results also indicate how human genetics and animal studies can be used 
to complement each other.  
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