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Introduction 

Obesity - a disorder of energy homeostasis 
Energy homeostasis or the balance between energy inputs and outputs is 
controlled by a complex interplay between the central nervous system (CNS) 
and a number of other organs. The hypothalamus, the key region in energy 
homeostasis receives multiple adiposity- and nutrient related signals from 
peripheral systems that reflect the energy status of the body. The hypothala-
mus interprets these signals and transmits the information which leads to 
changes in the behaviour such as appetite, satiety, food intake and physical 
activity as well as changes in energy expenditure and metabolic processes 
[1-3].  

Signals from the periphery that influence food intake and energy expendi-
ture can be divided into two categories based on the time frame of energy 
status (Figure 1). The first category comprises peripheral signals, for exam-
ple ghrelin and cholecystokinin (CCK) that are generated in response to short 
time changes such as nutrient status. These signals are secreted in response 
to fasting or feeding and activate receptors in the gut, sending a message to 
the brain that contributes to satiation or hunger [4]. The second category of 
signals is released in proportion to adipose tissue stores and to the amount of 
long term energy intake. These long term or adiposity signals include hor-
mones such as insulin and leptin and regulate food intake and energy expen-
diture to ensure a constant body weight. These hormones are transported 
through the blood-brain barrier and interact with neuronal receptors primarily 
in the hypothalamus [4]. Insulin also acts on two other main tissues, the liver 
and muscle, by regulating glucose homeostasis.  

In the hypothalamus, numerous peptides and neurotransmitters are ex-
pressed which influence appetite and food intake. The arcuate nucleus 
(ARC) in hypothalamus contains neurons that express both orexigenic pep-
tides like neuropeptide Y (NPY) and agouti-related protein (AgRP) and neu-
rons expressing anorexigenic peptides like pro-opiomelancortin (POMC) and 
cocaine- and amphetamine-regulated transcript (CART). The anorexigenic 
peptides are inhibited by ghrelin and, when activated by leptin and insulin, 
reduce food intake while the orexigenic peptides stimulate food intake by 
being activated by ghrelin [2, 5]. 
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Figure 1. Schematic representation of organs and hormones involved in energy 
homeostasis. Satiety signals are signals from the gut like ghrelin which are released 
in response to nutrient status and involved in short term regulation of energy intake. 
Adiposity signals like insulin from the pancreas and leptin from the adipose tissue 
are long term regulators of energy intake, secreted in proportion to the amount of 
stored fat. In the brain, leptin and insulin activate POMC/CART neurons, and ghre-
lin activates NPY/AgRP neurons which suppress and stimulate food intake, respec-
tively. Insulin can also affect leptin production via glucose metabolism. 

Obesity aetiology  
Body weight remains remarkably stable despite the variations in daily en-
ergy intake and expenditure, but any disruption in the system controlling 
energy homeostasis can lead to a deregulation of body weight [1]. Over-
weight and obesity result from a long-lasting imbalance between food intake 
and energy expenditure, leading to an excess of body fat. 
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Methods for estimating adiposity 
The most common estimate of adiposity is body max index (BMI), defined 
as body weight in kilograms divided by the square height in meters (kg/m2) 
[6]. Overweight and obesity are classified as a BMI equal or greater than 25 
and 30 kg/m2, respectively [7]. Among children and adolescents, various cut-
off criteria for overweight and obesity have been proposed but no accepted 
definition exists worldwide. BMI for age z-scores, where a person's BMI is 
compared to a reference population [8, 9], as well as age specific BMI levels 
based on adult cut-off points [10] are often used in research to define over-
weight and obesity.  

BMI is a convenient surrogate measure for total fat mass [11, 12] and 
provides a straightforward, inexpensive and useful measure of overweight 
and obesity. It offers however no detailed insight into the body fat distribu-
tion or composition [13]. It is well known that sex and age are associated 
with differences in body composition. For instance, women tend to store 
more fat subcutaneously rather than in visceral adipose tissue, so at the same 
BMI, women will tend to carry more body fat than men. Other common 
anthropometric measures of adiposity are waist and hip measurements. The 
proportion of abdominal fat correlates well with waist circumference [14] 
and waist–hip ratio [15] but there are no accepted cut-off values for the clas-
sification of overweight and obesity based on these measures and they do not 
distinguish between visceral and subcutaneous fat [9, 16]. Since people with 
excess visceral fat are at higher risk for obesity-related diseases such as hy-
pertension, type 2-diabetes and insulin resistance than those with an excess 
in subcutaneous fat [17], more direct measures of fat distribution and com-
position are valuable. Total body fat measured with dual energy X-ray ab-
sorptiometry (DXA), provides a good estimation of total body fat mass and 
various components of fat-free mass [18], and imaging methods such as 
magnetic resonance imaging (MRI) enables separate quantification of both 
visceral and subcutaneous adipose tissue [19].  

Prevalence of obesity 
The prevalence of obesity has almost reached epidemic proportions and is 
one of ten leading risk factors for mortality, and more people are today dying 
of overnutrition than of starvation and undernutrition [20]. 

In 2008, approximately 1.5 billion people over 15 years were overweight 
and at least 500 million were obese around the world [21]. Among children 
under the age of 5 years, at least 43 million were overweight in 2010 [21]. In 
Sweden, the prevalence of obesity is low by international comparison. In 
2009, 54% men were considered overweight and 13% were considered obese 
[22]. The number in females is a bit lower with 39% being overweight and 
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12% obese [22]. Among the Swedish children, 17% of all boys and 20% of 
all girls were considered overweight or obese in 2001 [23]. 

Metabolic consequences of obesity 
There are several complications following obesity. Obesity is associated 
with an increased risk of chronic diseases such as cardiovascular diseases, 
mainly heart disease and stroke. In addition, there is an elevated risk for 
several types of cancer e.g. breast and colon cancers, respiratory complica-
tions such as sleep apnoea, as well as decreased reproductive function in 
women [24-26]. Some of these conditions often cause premature death and 
are in addition very costly for the society. Obesity is also associated with an 
increased risk for several metabolic complications, such as insulin resistance, 
glucose intolerance and type-2 diabetes [27]. Insulin resistance is a condition 
when normal amounts of insulin become inadequate to produce a normal 
insulin response in the cells. This leads to increased hydrolysis of triglyc-
erides from fat cells, thus elevating levels of free fatty acids, reduced glucose 
uptake in muscle and adipose tissue and reduced glucose storage [28]. High 
plasma levels of insulin and glucose due to insulin resistance often lead to 
type-2 diabetes and the metabolic syndrome. The metabolic syndrome is a 
group of symptoms including insulin resistance, glucose intolerance, high-
density lipoprotein (HDL) cholesterol levels, hypertension, elevated triglyc-
eride levels and type-2 diabetes [29]. Type-2 diabetes is by itself character-
ized by chronic high blood glucose levels caused by defects in both insulin 
secretion and action. A person will develop type-2 diabetes mellitus when 
the pancreatic β-cells, that are producing insulin, no longer can compensate 
for insulin resistance and increased glucose levels [30].  

The genetic aetiology of obesity  
The current obesity epidemic is to a large extent a result of a complex inter-
play between genetic, behavioural and environmental factors including eco-
nomic growth, modernization, urbanization and, most importantly, changes 
in our lifestyle with greater consumption of energy-dense foods and at the 
same time, decreased physical activity [31]. There are currently a number of 
theories explaining the genetic basis of complex diseases and increased sus-
ceptibility but with no real consensus. For over 40 years ago, James Neel 
proposed the “thrifty gene hypothesis” in an attempt to explain the increase 
in type-2 diabetes prevalence [32]. According to this hypothesis, obesity 
originates from natural selection and some genes have evolved in order to 
protect human populations from starvation by facilitating storage of excess 
energy as body fat during times of food abundance. During famine extensive 
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physical activity was needed to provide food, and individuals that had the 
capability to store energy combined with efficient usage of that stored en-
ergy were probably most capable of surviving. Genes or genetic variants 
enhancing these features were conserved in the human genome during the 
evolution. Since not all of us become overweight or obese and people are 
thus not equally affected by our "obesogenic" environment, this hypothesis 
has been questioned. John Speakman [33, 34] has proposed an alternative 
model for the evolution of obesity, where genetic drift may have allowed 
genetic variability to evolve without any impact on phenotypes until the 
environment became obesogenic. In his "predation release" hypothesis, he 
argues that mutations with a negative influence on fitness, such as thinness 
during food shortages, would have been selected against in the same way as 
fatness due to an increased risk for becoming predated upon. However, with 
the discovery of fire, which led to a decreased risk of predation, there was 
some relaxation of the capability to store energy, and genetic changes en-
hancing this could become fixed in the population. 

Monogenic obesity 
Monogenic obesity can be defined as obesity caused by single mutations 
disrupting the normal functioning of genes in regulatory pathways [35]. Peo-
ple with monogenic obesity represent only small percentage of the obese 
population. However, the study of extreme human phenotypes has provided 
novel insights into the pathogenesis of obesity and highlighted the funda-
mental role of the hypothalamic pathways in regulating energy balance. Sev-
eral monogenic forms of human obesity have been identified by searching 
for mutations homologous to those causing obesity in animals. One example 
is severe leptin deficiency caused by rare mutations in the leptin gene which 
leads to abolished leptin production and early-onset obesity [36-38]. More 
frequent monogenic forms of obesity are caused by mutations in the melan-
cortin-4 receptor (MC4R) gene [39-43]. These mutations lead to a complete 
or partial loss of function of the MC4R gene, cause early-onset obesity, and 
are present in 1–6% of obese individuals [44-47]. Other examples of mono-
genic forms of obesity are mutations in the leptin receptor (LEPR) [48] and 
POMC [49-51] which causes phenotypes that resembles that of leptin defi-
ciency, with early-onset obesity and hyperphagia. 

Syndromic obesity 
Syndromic obesity refers to obesity with additional clinical phenotypes such 
as mental retardation and organ specific abnormality which are caused by 
genetic defects. There are about 30 known syndromes that cause obesity e.g. 
Prader Willi syndrome and Bardet-Biedl syndrome [52]. Prader–Willi syn-
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drome is the most common form of syndromic obesity caused by deletions 
or loss of transcription of paternal genes or abnormal methylation on chro-
mosome 15 [53]. The syndrome is characterized by low muscle quality, poor 
feeding and failure to thrive in the neonatal period, and at one to six years of 
age hyperphagia and lack of satiety develop, which may be due to ghrelin 
dysregulation [54, 55]. Bardet–Biedl syndrome is in comparison a rare auto-
somal-recessively inherited disorder mapping to twelve known loci [56]. 
This syndrome is associated with progressive eye conditions, progressive 
renal disease, dyslexia, learning disabilities, and short stature. For subjects 
with Bardet-Biedl syndrome, overweight occurs early in life, usually within 
the first few years, and around 50% of the individuals become clinically 
obese [57]. 

Common obesity 
In contrast to monogenic obesity, common obesity is polygenetic with no 
obvious Mendelian inheritance pattern. The first study indicating that non-
syndromic obesity might be due to genetic factors, rather than the environ-
ment alone, was a twin study published in 1977 [58]. Since then many other 
twin studies have been carried and the heredity has been estimated to be 
around 50 to 90%. Adoption and family studies yield a lower number and 
estimates the heredity to around 30-60%, as reviewed in [59]. Common and 
complex diseases like obesity are likely to result from the interaction of 
many different loci. The most accepted hypothesis as to how genetic varia-
tion underlies obesity is the common variants-common disease model. This 
model is based on the assumption that obesity is due to a limited number of 
predisposing alleles, with relatively high frequencies, each conferring a 
small increased risk [60]. The variants that predispose an individual to obe-
sity are found in both obese and normal weight individuals, but occur more 
frequently in obese. There are alternative hypotheses, like the common dis-
ease-multiple variants hypothesis which proposes that there exist multiple 
rare variants, all with strong effects [61, 62].  

Genetic variation 
Humans share on average 99.9% genetic identity [63, 64] and although the 
majority of the differences do not result in any noticeable change, the few 
that really do are directly responsible for phenotypic differences in humans. 
By studying the genetic variation between individuals we can thus gain in-
sight into the genetic basis of diversity such as disease susceptibility. 

 Most genetic variation caused by small changes constitutes two types: 
single base changes and short insertions or deletions (indels). Indels can in 



 17

turn be divided into multiallelic indels, like tandem repeats and diallelic, 
involving only two alleles [65]. Indels are common and widely distributed in 
the human population and account for around 22% of variant sites; however 
the remaining 78% are single base changes [66-68]. 

Single nucleotide polymorphism 
As single base changes, or single nucleotide polymorphisms (SNPs), occur 
frequently they are good tools for linking genetic alterations with phenotypic 
variations. The term ‘polymorphism’ is often used in a rather vague way, but 
a SNP is technically a one base pair change that occurs with a frequency 
equal or greater than 1% in a population [69]. 

SNPs can either be transitions or transversions, making up in total six dif-
ferent types (transitions: C ↔ T or A ↔ G, transversions: C ↔ A, G ↔ C, G 
↔ T or T ↔ A), which can occur within or outside the coding regions of the 
DNA. SNPs in coding regions may alter the amino acid translated from the 
nucleotide sequence which make up the protein, and thus change the en-
coded protein (non-synonymous). All variants in coding regions do not, 
however, result in amino acid changes (synonymous) but share similar like-
lihood to affect human disease susceptibility as non-synonymous [70]. Those 
SNPs that occur in non-coding regions, and therefore do not result in any 
protein changes, are far more common than SNPs in coding regions [71]. 
Although often considered non-functional, they may have an impact on regu-
latory sequences like promotors as well as enhancers [72, 73]. 

Evolution and diversity 
Most SNPs originated after speciation but before the emergence of different 
populations [74] and the mutation rate is around 100-120 new SNPs per in-
dividual per generation [75, 76]. According to the 1000 Genomes Project, 
launched in 2008 with the goal of creating a public reference database for 
DNA polymorphism there are about 15 million known SNPs and around 
56% are shared between populations, although with different frequencies. 
Populations with African ancestry contributes to the largest number of popu-
lation specific SNPs; 17% of the SNPs are only found in African populations 
compared to 7% and 2% in European and Asian populations, respectively 
[77] (Figure 2). 
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Figure 2. Percentage of SNPs exclusively found in one population or shared be-
tween populations, based on SNPs identified from low coverage sequencing contain-
ing approximately 85% of the reference sequence and 93% of the coding sequence 
[77]. Abbreviations: EUR - European, ASN - Asian, AFR - African.  

Haplotype 
A number of SNPs or alleles co-occur on a chromosome and are inherited 
together in a non-random fashion as segments or haplotypes [78]. Haplo-
types may be important to study since functional properties of a protein are 
often determined by its stability or how it is folded. As these factors are de-
pendent on the proper combination and interaction of amino acids and hence 
the combination of nucleotides, haplotypes are to a large extent involved in 
these processes [79, 80]. Studying combinations of SNPs also tend to be 
more informative than studying single markers when the causal variant has 
not been selected, since a haplotype that is associated to a disease may har-
bour the causative variant and the region of interest can thus be decreased 
[81-84]. 

However, due to the high number of SNPs in the genome, the possibility 
to study all SNPs in a haplotype or a region of interest is still limited. In 
2003, the International HapMap project [85] was initiated with the goal of 
setting up a comprehensive catalogue of genetic variants and haplotypes 
throughout the genome. Since co-occurring SNPs carry redundant informa-
tion this catalogue also provides a possibility to select a limited number of 
tagging markers that identifies specific haplotypes, decreasing the risk of 
studying redundant SNPs [78]. 
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Linkage disequilibrium 
Linkage disequilibrium (LD) is the non-random association of alleles de-
fined as co-occurrence of alleles more frequently than expected by chance 
[78]. Complete LD is said to exist between nearby alleles if one can fully 
predict the other alleles (Figure 3) [69]. The level of LD is influenced by 
many factors and varies across populations and genomic regions [86, 87]. 
Some factors that influence the LD on a population level is genetic drift, 
inbreeding and population structure, while on a genomic level, LD is af-
fected by factors such as natural selection and recombination rate [88]. Re-
combination is said to be the main force of LD breakage which, by exchang-
ing parts of chromosomes, will tend to shuffle alleles around [89]. 

Two measures are typically used to describe LD; D´ and r2 [90]. D´ is the 
normalized measure of linkage disequilibrium (D) as proposed by Richard 
Lewontin [91], where D indicates the deviation of the observed frequency 
for a combination of alleles from the expected frequency (D=freqexp-freqobs). 
D´ ranges from zero to one, where one means that a pair of SNPs is not sepa-
rated by recombination and complete LD exists. The other measure, r2, indi-
cates the statistical correlation between pairs of alleles and is related to the 
frequency of each allele (r2=D2/freqA1freqA2freqB1freqB2) and can range be-
tween zero and one. When two alleles of two SNPs are always observed 
together and have in addition the same frequency, the r2

 equals one and the 
SNPs are in perfect LD. 

 
Figure 3. Schematic representation of formation of two SNPs (T>C at the third posi-
tion and A>G at the fourth position), possible haplotypes and level of linkage dis-
equilibrium (LD). For the first SNP (C) two haplotypes are present, when a second 
SNP occur (G) three haplotypes exist. In the last stage complete LD exists since the 
T at the third position is always together with an A at the fourth position, and a G at 
the fourth position is always together with a C at the third position. Modified from 
[69].   
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Strategies for identifying genes predisposing to obesity 
The most common approach used in past decades to illuminate the genetic 
basis of human traits and predisposition to diseases has been linkage studies. 
By studying related individuals and polymorphic markers that are positioned 
across the whole genome this approach allows one to identify chromosomal 
regions that are inherited statistically more frequently in affected than unaf-
fected family members [92-94]. These studies have been successful in identi-
fying genes and gene loci involved in diseases that follow a Mendelian in-
heritance pattern. However, with more complex diseases, caused by several 
genes, the approach has been less successful [95]. 

Association studies  
Given the limited success with linkage studies when studying complex dis-
eases, association studies have gained more attention. Association studies, in 
contrast to linkage studies, do not require large families of both affected and 
unaffected individuals. These studies use samples of affected and unaffected 
individuals drawn from the general population, and the frequency of certain 
alleles in each of these groups is tested for association with the disease [90]. 

Some genes that have been identified for causing monogenic obesity have 
also been associated with common obesity [96] but in order to identify novel 
candidate genes this approach has in the past required some prior knowledge 
about the pathogenesis of the disease. Appropriate markers to study also had 
to be selected based on either the probability of being functional or on earlier 
findings e.g. from sequencing that needed to be replicated in larger samples. 

The rapid improvement in technology and the foundation of the Interna-
tional HapMap project [85] have however opened new possibilities for asso-
ciation studies. Without any prior knowledge of the disease, genome-wide 
association studies (GWAs) provide the possibility to scan the entire genome 
by using hundreds or thousands of markers for a disease association. A big 
limitation of this approach is however that it relies on the common disease–
common variant hypothesis if not enough samples are collected.  

Subject selection and design 
Before conducting an association study there are several components to take 
into consideration such as disease phenotypes, study group and statistical 
approaches. Association studies can be carried out in families or in a group 
of unrelated individuals. Both approaches have advantages and disadvan-
tages. The use of families is good because it minimizes the possibility of 
false positive findings due to population stratification [97]. However, it may 
be difficult to recruit enough families affected by the disease. Unrelated in-
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dividuals are much easier to recruit and the studies can then either be popula-
tion-based, where an undefined population is selected and divided into 
groups based on their phenotype, or cohort-based, where individuals are 
monitored for a disease. When choosing to study a cohort, a control group 
has to be collected that matches the affected group and ideally from the same 
population [98]. 

When trying to find an association between alleles and a disease one can 
choose to study the disease phenotype as a discrete variable, in which there 
are two possible phenotypes, having the disease or not. The standard meas-
ure of the effect is odds ratio (OR), defined as the odds of exposure among 
affected, divided by the odds of exposure among unaffected [90]. This 
measure provides a good approximation of the relative risk of the disease for 
people carrying a specific allele. An OR of one means that people carrying 
the allele are at no increased risk compared to people without the allele, an 
OR of >1 implies an increased risk and OR <1 implies a protective effect for 
carriers of a specific allele. The disease may, however, be poorly measured 
or include several different phenotypes with different genetic risk factors. 
So, instead of studying the disease status one can choose to study phenotypes 
as quantitative variables with linear regression models.  

Association studies, like linkage studies, have been criticized due to the 
lack of reproducibility and have been the subject of many reviews [98-101]. 
This lack of reproducibility is often due to heterogeneity between studies 
like different populations and phenotype definitions, false-positive findings 
in the discovery study or lack of power in replication studies. False positive 
findings are likely to occur in GWAs since a large number of SNPs are 
genotyped simultaneously. In order to decrease this risk, correction for mul-
tiple testing is required that will decrease the likelihood of obtaining an as-
sociation due to chance. However, some of these correction procedures can 
be considered too stringent as some of the SNPs might be linked together 
and true significant associations might be neglected [102].  

Genes for common obesity 
FTO 
Despite much effort and good candidate genes, the study of the genetics of 
common obesity has been quite unsuccessful. However in 2007 the first 
common genetic variants that undoubtedly affect our susceptibility to obesity 
were identified. These variants were located in the fat mass and obesity as-
sociated gene, FTO and identified through a GWA study by Frayling et al. 
[103]. The gene was originally described by Peters et al. [104] in 1999 who 
studied mutated mice with fused toes. These animals experience disrupted 
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programmed cell death, limb and craniofacial development and control of 
left-right asymmetry but without any syndromes that resembles obesity. 

Properties and function 
The human FTO gene encompasses a large genomic region on chromosome 
16 with more than 400 000 base pairs and nine exons (Figure 4). The pre-
dicted human protein consists of 505 amino acids and is localized to the cell 
nucleus [105]. Based on information from sequence databases FTO is found 
in most vertebrates and in eukaryotic marine algae but is absent in inverte-
brates, fungi, as well as in green plants, suggesting that the ancestor gene 
was present at least 450 million years ago [106, 107].  

FTO is abundantly expressed in several tissues; especially in the hypo-
thalamus, pituitary, adrenal glands and muscles [103, 108]. In the hypo-
thalamus, expression is found in the ARC [106], one of the most important 
regions for appetite control in the brain. 

The function of FTO is still largely unknown but based on the crystal 
structure [109] and sequence analysis [105, 110] the gene is a member of the 
non-heme dioxygenase superfamily and is homologous to the DNA repair 
Alkylation B (AlkB) protein [105, 110]. Alkylation such as methylation can 
inhibit transcription by altering the accessibility of transcription factors to 
the methylated regions of a gene [111, 112]. FTO has been found to catalyse 
the demethylation of 3-methylthymine in single-stranded DNA and 3-
methyluracil in single-stranded RNA [113, 114] and function as a transcrip-
tional coactivator [115]. 

 
Figure 4. Schematic representation of the FTO gene and the neighbouring gene 
RPGRIP1L on the long arm on chromosome 16. The obesity associated SNPs are 
located in the first intron. CUTL1 is a transcriptional activator, located in the associ-
ated region. 

Human studies 
In 2007, three independent studies identified a number of genetic variants in 
FTO as being associated with BMI and obesity [103, 108, 116]. These SNPs 
lie within a 42 kb LD block encompassing parts of the first intron. The study 
by Frayling et al. [103] found the association with FTO when performing a 
GWA study on type-2 diabetes. Although the variants in FTO were strongly 
associated with type-2 diabetes, the association was abolished when adjusted 
for BMI, indicating that the association was mediated through obesity. At the 
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same time Dina et al. [108] identified SNPs in FTO that were strongly asso-
ciated with early-onset obesity among both children and adults. The third 
study conducted by Scuteri et al. [116] was a GWA study explicitly focusing 
on adiposity and the strongest association was found for variants in FTO. 
Since then, the association with obesity and BMI has been replicated in a 
number of studies and have been found among Europeans [117-124], Asians 
[125-129] as well as Africans [118, 130]. These studies show that adults who 
are homozygous for the risk allele weigh about 3 kg more compared to those 
without the risk allele. This corresponds to a 1.5-fold increased risk of being 
obese for individuals carrying the risk allele. 

Studies on other anthropometric measures of adiposity have also been 
carried out, and in several studies the FTO risk allele is associated with  in-
creased waist [119, 122, 126], hip [116, 131], waist to hip ratio [116, 131, 
132] and waist circumference [122, 131, 133, 134]. The amount of body fat 
[122] and fat mass [121, 131] is also associated with genetic variants in 
FTO. Studies have also shown that FTO mRNA expression is higher in sub-
cutaneous than visceral adipose tissue [135-137]. In addition the FTO 
mRNA expression levels have been shown to be increased in subcutaneous 
[137, 138] and decreased in visceral [135, 137] adipose tissue among obese 
subjects compared to lean subjects but no clear association with gene expres-
sion in adipose tissue according to genotype has been observed [135, 137, 
139].  

Studies on metabolic traits related to glucose homeostasis such as plasma 
glucose, serum insulin, insulin sensitivity and insulin resistance have shown 
that carriers of the risk allele have increased insulin response [121] and de-
creased insulin sensitivity [121, 132, 140]. However, no clear effect has been 
observed on plasma glucose levels [121, 131, 141], serum insulin levels 
[121, 140, 142] or insulin resistance [121, 140]. 

Besides adiposity measurements, FTO SNPs have been associated with 
leptin levels [121, 131, 143, 144] and energy intake [134, 145-148]. The 
results on the effect on energy expenditure is however conflicting [123, 146, 
149, 150]. In addition, a sedentary lifestyle seems to accentuate the effects of 
FTO SNPs on BMI [121, 151, 152]. Recently, in addition to obesity, carriers 
of one of the FTO risk alleles have been shown to have reduced volume of 
the frontal lobe [153] and increased risk of Alzheimer's disease [154]. 

No causal variant leading to obesity, has yet been identified. Sequencing 
of FTO exons and exon–intron junctions has been conducted [138, 155] and 
there exist a number of non-synonymous variants that severely impair the 
enzymatic activity of FTO but these variants are found in both lean and 
obese subjects. One non-synonymous mutation causes multiple malforma-
tions and growth retardation but no clear obesity phenotypes are observed 
[155]. However, some evidence exists that non-coding FTO variants affect 
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the gene expression since FTO transcripts containing the risk allele are more 
abundant than those with the non-risk allele in blood and fibroblast [156].   

Insights from animal models 
Studies in rodents have indicated that Fto mRNA in mice is up regulated by 
feeding and down regulated by fasting [105, 157], but opposite expression 
patterns have been observed in rats [106]. 

The effect of deletion, reduction or overexpression of Fto in rodents has 
produced contradicting results. A study by Gao et al. [158] showed that dele-
tion of Fto in mice leads to increased fat mass, susceptibility to diet-induced 
obesity and increased food intake while Fischer et al. [159] reported that 
moderate reduction of Fto expression in mice results in a significant reduc-
tion in fat mass and resistance against diet-induced obesity as a consequence 
of increased energy expenditure. Inactivation of Fto also leads to a mild 
improvement in insulin sensitivity, presumably due to increased leanness 
[159]. The result presented by Fisher et al. is supported by a study by Church 
et al. [160] that showed that a dominant point mutation in the Fto gene in 
mice results in reduced fat mass and increased energy expenditure. In con-
trast to deletion, overexpression of Fto in a number of tissues in mice, due to 
extra copies of the gene leads to a dose-dependent increase in fat mass, as a 
result of increased food intake [161]. However, as for changes in expression 
due to fasting or feeding, an opposite effect has been observed in rats where 
overexpression, by injecting vectors expressing Fto in the ARC, decreases 
food intake [162].  

 
Interaction with other genes 
The strongest association between FTO SNPs and BMI belong to intronic 
SNPs, which might cause changes in the regulation of FTO but they may 
also affect the regulation of other genes. The associated variants are close to 
the 5' end of the regulator-interacting protein 1-like protein (RPGRIP1L). 
This gene encodes a protein that is localized to the primary cilia and is asso-
ciated with developmental disorders [163]. Both FTO and RPGRIP1L are 
regulated by two isoforms of the transcription factor Cut-like Homeobox 1 
(CUTL1 also known as CUX1) [164]. The binding site of CUTL1 is located 
in intron 1 of FTO and one of the FTO risk alleles (rs8050136) is associated 
with lower binding of the CUTL1 P110 isoform [157]. The reduced binding 
of P110 leads to decreased mRNA expression of both FTO and RPGRIP1L 
[164]. Overexpression or deletion of Fto have no significant effects on neu-
ropeptide expression like Npy and Pomc [159, 162] but increased expression 
of the Signal transducer and activator of transcription 3, Stat3, important for 
leptin receptor signalling [165] is observed when overexpressing Fto in ARC 
[162], and fasted mice overexpressing Fto also have lower circulating con-
centrations of leptin. It has also been shown that leptin treatment under en-
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ergy restriction reduces FTO expression and activates Stat3 [166]. The obe-
sity associated intronic region also contains regulatory regions of other tran-
scription factors like Hematopoietically-expressed homeobox protein 
(HHEX), and Iroquois related homeobox 3 (IRX3) [167] and the risk allele 
of rs8050136 has been shown to correlate with the expression level of Reti-
noblastoma-like protein 2 (RBL2), a gene involved in cell division [168]. 

MGAT1 
In 2010 a GWA study identified a SNP, located 45 kilobases downstream of 
the gene encoding mannosyl (α-1,3-)-glycoprotein β-1,2-N-acetylglucos-
aminyltransferase, MGAT1, to be significantly associated with body weight 
among women [169]. 

Location and expression  
The human gene encoding MGAT1 is located on chromosome 5 [170] and 
was first identified by Kumar et al. [171] in 1989. The gene consists of two 
exons, the first one is a non-coding exon and the second one is an exon con-
taining the complete coding region as well as the 3' untranslated region and 
parts of the 5' untranslated region [172]. There are at least two transcripts of 
the gene, a smaller one between 2.7-3.0 kb in size and a larger one at 3.1 kb. 
The smaller one is a typical housekeeping gene, abundantly expressed in 
heart, lung, skeletal muscle and pancreas whereas the larger one is exclu-
sively expressed in the brain [172].  

The protein that is produced by the two transcripts is the same, but it is 
likely that they allow differential regulation of the enzyme level by control-
ling the translation rate. The protein consists of 445 amino acids and is a 
typical class II transmembrane protein [173] located in the medial compart-
ment of the Golgi apparatus with its catalytic domain within the lumen of the 
Golgi [174]. 

MGAT1 is required for formation of N-glycans 
Glycosylation is one of the most abundant protein modification reactions; 
around 50% of all known proteins in eukaryotes are glycosylated [175], and 
this has various effects on protein structure and function [176, 177]. 

A highly conserved pathway present in both protozoan and metazoan eu-
karyotes [178], covalently links carbohydrates, also referred to as glycans, to 
asparagine residues of newly synthesized proteins. This modification is 
termed N-linked protein glycosylation. The biosynthesis of protein-bound N-
glycans requires a series of modifications governed by a large number of 
specific enzymes [179]. This biosynthesis (Figure 5) is initiated in the endo-
plasmic reticulum (ER) by the transfer of an oligosaccharide chain contain-
ing three glucose, nine mannose, and two N-acetylglucosamine residues 
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(Glc3Man9GlcNAc2), from dolichol pyrophosphate oligosaccharide to aspar-
agine residues in the sequence Asn-X-Ser/Thr in a protein that is being syn-
thesized and translocated through the ER membrane [180]. The mature N-
linked oligosaccharide is processed sequentially as the polypeptide transits 
through the ER and produces a diversity of glycan structures. These reac-
tions are intimately associated with the folding of the glycoprotein and also 
determine whether the glycoprotein continues to the Golgi or is degraded. 
Most protein-bound N-glycans are further remodeled in the cis compartment 
of the Golgi until Man5GlcNAc2Asn, a key intermediate in the pathway to 
hybrid and complex N-glycans, is generated in the medial compartment. The 
gene encoded by the MGAT1 catalyzes the transfer of a N-acetylglucosamine 
to the Man5GlcNAc2Asn complex in the medial compartment of the Golgi 
and is required for the generation of complex and hybrid N-glycans [181-
183]. 

 
Figure 5. Schematic representation of the formation of complex and hybrid N-
glycans. See text for details. Square: N-acetylglucosamine, circle: mannose, triangle: 
glucose, P: dolichol pyrophosphate oligosaccharide.  
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Essentials of MGAT1  
Abnormal glycosylation has been shown to cause misdirected sorting of 
proteins and alterations in their functions and cellular phenotypes [184]. N-
glycans are major components in Drosophila as well as in other invertebrates 
[185]. Deletion or neuron-specific knockdown of Mgat1 in wild type flies 
results in defects in locomotion, abnormal brain structures as well as reduced 
life span [186, 187]. 

Null mutations of mouse Mgat1 that prevent the synthesis of complex and 
hybrid N-glycans have shown that this gene plays a fundamental role in the 
normal development [188-190] and mice homozygous for Mgat1 die at em-
bryonic day 9.5–10.5 [188] [191]. Mutation or dysregulation of several en-
zymes involved in N-linked glycosylation are also associated with human 
diseases [192-194]. One important group of diseases caused by dysregulated 
N-linked glycosylation is called congenital disorders of glycosylation 
(CDG), with sixteen known diseases [195]. Although CDG can affect nearly 
all organs and systems, it especially affects the nervous system and muscles. 
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Aims 

Obesity is a complex and a highly individualized disease and the molecular 
mechanisms behind this disorder need to be better elucidated. Identification 
of new genes and genetic variants that are involved provides opportunities to 
establish a genetic understanding of the disease. Furthermore, the age at 
onset of and severity of obesity may provide insights into the aetiology of 
obesity and also help to identify age-specific determinants of weight gain. 
The overall aim of this thesis was to investigate the genetic impact on sever-
ity of childhood obesity and plausible associations between obesity and ge-
netic variants in FTO and MGAT1. The specific aims for each paper were: 

Paper I 
Explore the relationship between severity of obesity at different ages in chil-
dren and adolescents. In addition, the aim was to study the impact of age at 
onset of obesity and parental BMI. 

Paper II 
Examine the association between obesity and SNPs in two genes, FTO and 
KIAA1005, today also known as RPGRIP1L, among children and adoles-
cents. The study also aimed to find associations between the variants and 
obesity-related phenotypes in severely obese children. 

Paper III 
Screen selected regions of the FTO gene for novel variants associated with 
an increased susceptibility to obesity or obesity-related phenotypes among 
children and adolescents.  

Paper IV 
Examine whether the effect of FTO on BMI changes with age. In addition, 
the aim was to study the effect of physical activity on BMI according to 
genotype.  

Paper V 
In detail study the effect of FTO variants on body composition-related phe-
notypes among elderly men and women. 
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Paper VI 
Examine if a variant in FTO, linked to reduced volume of the frontal lobe, is 
affecting cognitive function among elderly men.   

Paper VII 
Study the association between genetic variants near the MGAT1 gene and 
obesity. In addition, the aim was to study the effect of these variants on glu-
cose homeostasis and levels of serum fatty acids. 
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Subjects and methods 

Obese Swedish children 
In Paper I, II, III and VII the study subjects were obese children enrolled at 
the National Childhood Obesity Centre at Karolinska University Hospital, 
Huddinge, Sweden. The Centre receives patients with severe obesity from all 
parts of Sweden, but the majority comes from the Stockholm region. All 
patients at the Centre are registered in the unique Swedish national quality 
registry for childhood obesity, BORIS. This database includes background 
data recorded at the first visit, and annual longitudinal visit data. Subjects 
with diagnoses that can cause secondary obesity such as obesity-related syn-
dromes (Prader–Willi, Laurence–Moon–Bardet–Biedl, Fragile-X, Morbus 
Down, MC4R deficiency), psychological diagnoses, (developmental delay, 
attention-deficit hyperactivity disorder, Asperger’s syndrome, autism), brain 
tumour or other brain damage, or other disability conditions were excluded 
from the studies. In Paper I, 231 children (117 girls and 114 boys) and 462 
parents were included. In Paper II and III, 450 children (232 girls and 218 
boys) and in paper VII 551 children (286 girls and 265 boys) were included.  

Anthropometry 
Pregnancy length and age at enrolment were collected for Paper I. In Paper I, 
II, III and VII, body weight and height were measured at the first visit to the 
nearest 0.1 kg and 1 cm, respectively. BMI was calculated as body weight 
divided by the square height (kg/m2) and BMI standard deviation score (BMI 
SDS) was calculated from weight, height, age and gender based on a French 
material from 1982 [196]. BMI z-scores were calculated according to the 
International Obesity Task Force definitions (IOTF) [10]. Age at onset of 
obesity was derived from growth charts and defined as the age at which the 
BMI of the child for the first time exceeded the BMI for the specific age and 
gender corresponding to BMI 30 for adults [10]. BMI SDS at birth, age 1, 3, 
5 and 7 were calculated from weight and height derived from growth charts.  

In Paper I, parental BMI was calculated based on weight and height data 
supplied by the parents in a questionnaire completed at their child's enrol-
ment. Based on the self-reported BMI, the parents were also classified as 
normal weight, overweight or obese, according to the international cut-off 
points (normal weight 18–24.9, overweight 25–29.9, obese >30)[197]. Data 
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on parental cardio-metabolic co-morbidities (cardiovascular disease, hyper-
tension, hyperlipidaemia, type-2 diabetes and gestational diabetes) were also 
collected. The socio-economic status was based on parental occupation. This 
was coded into a proxy for parental education, based on official Swedish 
socio-economic categories and the Swedish standard classification of occu-
pations, provided by Statistics Sweden, and presented in three categories: (1) 
at least one parent with an academic degree, (2) at least one parent with post-
secondary education and (3) others (unemployed, early/ disability retired, 
long-term sick-listed, housewives and participating in study program). 

Biochemical measurements 
Analyses of biochemical measurements were conducted in Paper II, III and 
VII. Levels of plasma glucose, serum insulin, triglycerides, cholesterol, 
alanine transaminase (ALAT), urate, serum levels of sex hormone-binding 
globulin (S-SHBG), dehydroepiandrosterone (S-DHEAS), thyroid hormones 
(S-THS), thyroxine (T4), triiodothyronine (T3), creatinine (Crea), urea and 
insulin growth factor 1 (IGF-1) were analyzed from blood samples drawn 
after 12-h overnight fasting. Insulin resistance index (HOMA), was calcu-
lated as fasting serum insulin (mU/l) x plasma glucose (mmol/l) / 22.5. Insu-
lin sensitivity index (Si), glucose effectiveness and acute insulin response 
(AIR), were calculated using the Bergman minimal model approach [198, 
199]. Briefly, Si represents the effect of insulin to catalyze the disappearance 
of glucose from plasma after intravenous glucose load. Glucose effective-
ness, which is an insulin-independent glucose clearance measurement, repre-
sents the ability of glucose itself to enhance its own disappearance without 
any increase in circulating insulin concentration. Furthermore, AIR reflects 
the first phase of endogenous secretion in response to the glucose infusion 
and was calculated as the area under the curve during the first 10 minutes 
[200-202].  

Healthy Swedish controls 
A control group was used in Paper II, III and VII consisting of 512 (268 girls 
and 244 boys) (Paper II-III) and 525 (270 girls and 255 boys) (Paper VII), 
healthy Swedish adolescents recruited from 17 upper secondary schools in 
and around Stockholm.  

Anthropometry 
Every adolescent completed a questionnaire concerning ethnicity, health and 
the use of medical drugs. Body weight and height were measured to the 
nearest 0.1 kg and 1 cm, respectively. BMI was calculated as body weight 
divided by the square height (kg/m2) and BMI SDS was calculated from 
weight, height, age and gender [196]. BMI z-scores were calculated accord-
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ing to IOTF definitions [10]. Subjects with overweight/obesity or chronic 
diseases were excluded from the studies. 

Greek children and adolescents 
2249 subjects from the “Healthy Growth Study”, a large scale cross-
sectional epidemiological study initiated in May 2007, were included in Pa-
per VII. The study population comprised randomly selected schoolchildren 
aged 9-13 years old attending the 5th and 6th grades from primary schools 
located in municipalities within the wider regions of the counties of Attica, 
Aitoloakarnania, Thessaloniki and Iraklio.  

Anthropometry 
Body weight and height were measured in all study participants using stan-
dard procedures and equipment, and were the same in all regions. Subjects 
were weighed to the nearest 10 g without shoes in the minimum clothing 
possible. Height was measured to the nearest 0.1 cm in standing position, not 
wearing shoes, and keeping shoulders in a relaxed position, arms hanging 
freely and head aligned in the Frankfurt plane. BMI z-scores were calculated 
according to IOTF definitions [10].  

Biochemical measurements 
Levels of plasma glucose and serum insulin were analyzed from blood sam-
ples drawn after 12-h overnight fasting. HOMA was calculated as fasting 
serum insulin (mU/l) x plasma glucose (mmol/l) / 22.5.  

ULSAM 
Subjects from the Uppsala Longitudinal Study of Adult Men (ULSAM) were 
included in Paper IV, VI and VII. This study was initiated in 1970 when all 
men born between 1920 and 1924, and residing in Uppsala, Sweden, were 
invited to participate in a health survey. At baseline, at age 50 years, 2841 
men were invited and 82% (2322) accepted to participate. The subjects were 
then re-invited for examination at the ages of 60, 70, 77, and 82 years. At age 
60, 2130 men were invited and 87% (1860) participated. At age 70, 1681 
men were invited and 73% (1221) participated. The fourth examination was 
performed when the men were aged 77 years. At this time 748 of the 2322 
participants at age 50 had died and another 176 men were ineligible for other 
reasons, leaving 1398 men as possible subjects and 60% (839) attended the 
examination. At the last examination, at 82 years of age, 971 men were in-
vited and 56% (530) participated in the examination. 
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Anthropometry 
Anthropometric measurements were analyzed in paper IV, VI and VII. All 
investigations were carried out under standardized conditions. Height was 
measured to the nearest whole centimetre and weight to the nearest whole 
kilogram. BMI was calculated as body weight divided by the square height 
(kg/m2) and waist circumference, in centimetre, was measured midway be-
tween the lowest rib and the iliac crest in a supine position. Body fat was 
estimated by the measuring skinfold thickness with a Harpenden calliper. 
The skinfold was measured to the nearest 0.2 mm on three different sides: on 
the back of the middle of the over-arm, just below the angle of the scapula 
and on the abdomen to the right of the umbilicus. In Paper VII, BMI z-scores 
were calculated by subtracting the mean BMI from individual BMI and then 
dividing the difference with the standard deviation. 

Biochemical measurements 
Biochemical measurements were analyzed in Paper VII. Blood glucose and 
serum insulin concentrations were measured during an intravenous glucose 
tolerance test (IVGTT). Serum insulin response was expressed as the mean 
value of the serum insulin concentrations determined after 4, 6 and 8 min-
utes. HOMA was calculated as fasting serum insulin (mU/L) x plasma glu-
cose (mmol/L) / 22.5. Fatty acid composition of the serum cholesterol esters 
was determined by gas chromatography. The ratios between 20:4 (n-6)/20:3 
(n-6), 18:3 (n-6)/18:2 (n-6) and 16:1 (n-7)/16:0 were used as indices of Δ-5 
desaturase, Δ-6 desaturase and Δ-9 desaturase, respectively. Hypertension 
prevalence was defined as hypertension treatment and/or a supine diastolic 
blood pressure of 95 mmHg or higher. Hyperlipidaemia prevalence was de-
fined as serum cholesterol above 6.5 mmol/l and/or serum triglycerides 
above 2.3 mmol/l and/or lipid-lowering medication. Type 2-diabetes preva-
lence was defined as fasting blood glucose above or equal to 6.7 mmol/l and 
glucose tolerance (indicated as the K-value from IVGTT) less or equal to 0.9 
or anti-diabetic therapy. 

Physical activity 
Information on self-reported leisure time physical activity at age 50 years 
was available on 1860 men and used in Paper IV. Physical activity was esti-
mated using four questions in a medical questionnaire constructed such that 
each question could be answered either yes or no [203, 204]. The four ques-
tions were; 1) Do you spend most of your time reading, watching TV, going 
to the cinema or engaging other, mostly sedentary, activities? 2) Do you 
often go walking or cycling for pleasure? 3) Do you engage in any active 
sport or heavy gardening for at least 3 hours every week? 4) Do you regu-
larly engage in hard physical training or a competitive sport? Based on these 
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questions four different physical activity categories were constructed: seden-
tary, moderate, regular and athletic. 

Cognitive function 
Cognitive function was assessed in a total of 515 men at the age of 82 years, 
by specially trained research nurses. In Paper VI, two tests were applied, the 
verbal fluency task which required the participant to recall as many different 
animals as possible in one minute, where the maximum score is 45 [205], 
and the mini-mental state examination (MMSE) which is a brief 30-point 
questionnaire test, used to screen for general cognitive decline. In MMSE, 
scores greater than 26 (maximum score is 30) are considered normal cogni-
tive function [206].  

Educational status 
The educational level used in Paper IV, was gathered by means of a stan-
dardized questionnaire and trichotomized according to the maximum years 
of formal schooling (1 = primary school, 6-7 yrs; 2 = secondary school, 8-13 
yrs; 3 = university, > 13 yrs). 

PIVUS 
Subjects from the Prospective Investigation of the Vasculature in Uppsala 
Seniors (PIVUS) were included in Paper V. Subjects living in Uppsala, 
Sweden, were invited by letter within 2 months of their 70th birthday. Of the 
2025 subjects invited, 50.2% (1016) subjects participated. 

Anthropometry 
Height and weight were measured in all participants to the nearest 0.5 cm 
and 0.5 kg, respectively. BMI was calculated as body weight divided by the 
squared height (kg/m2). Waist circumference was measured in all partici-
pants in a supine position at the iliac crest. In order to quantify the visceral 
and subcutaneous adipose tissue compartments, 278 subjects (133 women, 
145 men) were measured at the L4-L5 intervertebral level using MRI as 
described in [207]. Both adipose tissues were quantified by converting the 
numbers of pixels into cm2. Total body fat mass, trunk fat mass and leg fat 
mass were estimated in 860 subjects (443 women, 417 men), using DXA. 

Seven-day food records  
The total daily energy intake was measured in kilojoule (kJ) and was calcu-
lated by means of a seven-day food and beverage intake diary in a subsample 
of 834 subjects (416 women, 418 men). Information about energy and nutri-
ent contents of foods and beverages was derived from a database provided 



 35

by the Swedish National Food Administration. This database includes in 
total 1,500 food items, drinks, and recipes.  

Sequencing and genotyping  
Sequencing 
Sequencing of FTO was performed in Paper II. For the initial screening 200 
subjects were selected due to their high BMI SDS. None of the subjects had 
any disease that can cause secondary obesity such as Prader Willi, Laurence-
Moon Bardet-Biedl, Fragile-X, Morbus Down, MC4R deficiency, psycho-
logical diagnoses such as developmental delay or other brain damages. 48 
individuals out of the 200 were randomly selected for sequencing of FTO 
exon 3 and exon 4, including exon/intron boundaries.  

Genotyping 
For the Swedish obese children and the healthy controls, as well as for the 
Greek children, genotyping was performed using Taqman single-nucleotide 
polymorphism genotyping assays. Genotyping in the ULSAM and in the 
PIVUS cohorts was carried out using an Illumina Golden Gate Assay and 
with a custom Illumina iSelect genotyping array, respectively.   

Statistical analyses 
Paper I 
In Paper I, unadjusted correlations between the dependent variables and pa-
rental BMI were calculated. Multivariate regression analyses were used to 
explore the relationship between age at onset of obesity, severity of obesity 
at different ages, and parental BMI. The impact of gender, parental cardio-
metabolic comorbidities, socio-economic status, birth weight, age at obesity 
onset, severity of obesity and treatment was tested on the dependent vari-
ables. Interaction effects between maternal and paternal BMI, as well as 
between parental BMI and gender, were also included in the models. Gen-
der-specific correlations between the severity of obesity for boys and girls 
and parental BMI were calculated. The severity of obesity due to parental 
status was examined using Pearson’s χ2-test. Variables that were not ap-
proximately normally distributed were square root transformed and normal-
ized before analysis. Statistical analyses were performed using STATIS-
TICA, version 9.1(StatSoft, Inc., Tulsa, OK, USA, http://www.statsoft.com).  
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Paper II-VII 
Hardy Weinberg equilibrium 
A significant deviation from Hardy-Weinberg equilibrium (HWE) in control 
samples indicates possible genotyping errors [208]. In order to test for devia-
tion from HWE the Pearson's χ2-test was applied. This test determines 
whether or not the observed distribution of the genotype frequency differs 
from the theoretical HWE distribution. 

Allelic and genotypic association 
In Paper II-V and VII, logistic regression was used to test for association 
between genetic variants and obesity as a dichotomous phenotype. Increased 
susceptibility to obesity was described by OR with a 95% confidence inter-
val (CI). Association between genotype and phenotype as a quantitative trait 
was analyzed with linear regression (Paper IV, V and VII), or analysis of 
variance (ANOVA) followed by Fisher’s post hoc protected least significant 
difference (PSLD) test (Paper II and III). Quantitative skewed variables were 
log-transformed before analysis. Covariates such as gender, BMI, and age 
were tested for dependence on the response variable and included in the 
model if significant. Non-normally distributed parameters dependence on 
genotype was tested with non-parametric Kruskal-Wallis test (Paper II and 
III). Interaction between genetic variants and phenotypes was analyzed by 
introducing an interaction term in the model. In the case of a significant in-
teraction, stratification analyses were conducted. The analyses were per-
formed using StatView version 5.0 (SAS Institute Inc., Cary, NC, USA), 
Graphpad Prism version 4.03 (PraphPad Software, San Diego, USA) and 
PLINK (http://pngu.mgh.harvard.edu/purcell/plink/) [209]. In Paper VII a 
meta analysis was performed for BMI z-score using MIX 1.7 
(http://www.meta-analysismadeeasy.com/about/index.html) [210]. 

Linkage disequilibrium and haplotype construction 
In paper II, III, V and VII, Haploview [211] was used for defining haplotype 
blocks based on confidence intervals of D´ according to Gabriel et al [212]. 
Haploview was also used for graphical representation of LD structure indi-
cated as r2

 (Paper V and VII). LD measurements based on HapMap data 
were constructed with version 2, release 24 and CEU as analysis panel in 
Paper VII and in Paper V, version 3, release 27 and CEU+TSI as analysis 
panel. 

Multiple testing 
In order to correct for multiple comparisons, Bonferroni correction (Paper V) 
and False Discovery Rate (FDR) (Paper II, III and VII) were applied. Bon-
ferroni correction reduce the significant threshold (α) according to number of 
tests that are being applied (α/n), while FDR is a less conservative approach, 
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defined as the expected proportion of false positives among the significant 
results. In addition, a 10 000 permutation test was conducted with the 
max(T) procedure in PLINK in order to establish gene-wide empirical p-
values (Paper V). Permutation or resampling simply exchange labels on each 
group a number of times, in this case 10 000 times, to determine if there 
really is a difference between the groups or if they are from same distribu-
tion.  

Power analysis 
Power calculations for obesity associations have been conducted with CaTS 
power calculator (www.sph.umich.edu/csg/abecasis/CaTS/index.html) (Skol, 
Scott et al. 2006), and Power and Sample Size Calculation (bio-
stat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize)[213] for the linear 
regression models.  
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Results and discussion 

Paper I 
Parental obesity has previous been identified as a predominant risk factor for 
childhood obesity, probably owing to a combination of genetic, epigenetic, 
social and environmental factors [214, 215]. In addition, children with two 
obese parents have a higher risk of obesity than those with one or no obese 
parents [214]. The majority of studies on the risk factors associated with 
childhood obesity have investigated populations with a relatively normal 
distribution of weight however; risk factors among obese children have not 
been thoroughly studied previously. The main objective in this study was to 
assess the severity of obesity at different ages, severity due to age at onset of 
obesity and severity due to parental status. The study was carried out in 231 
severely obese children enrolled at the National Childhood Obesity Center at 
Karolinska University Hospital and their parents. 

Age at obesity onset was significantly correlated with paternal BMI, in an 
unadjusted model and when adjusted for maternal BMI, gender, and parental 
academic degree. However, this relationship was very weak, suggesting that 
the genetic influence has a limited effect on the timing of childhood obesity 
development. 

The severity of obesity at age 7 related significantly with the mother's 
BMI as well as with obesity onset. The severity of obesity at age 15 was 
positivity correlated with maternal BMI as well as with paternal BMI. The 
results are presented in Table 1 and show that the correlation between sever-
ity of obesity and parental BMI is progressively strengthened from 7 years to 
15 years, and that different factors explain the variance in the severity of 
obesity at 7 years compared with that at 15 years. It is not clear whether the 
relationship between parental BMI and severity of obesity in their children is 
due to genetic or environmental factors. However, the fact that the correla-
tion between parental BMI and severity of obesity is more pronounced when 
the children are 15 years old might indicate that genetic factors dominate, as 
during adolescence, the parental impact on daily life declines. A stronger or 
earlier relationship between mother and child weight than between father 
and child weight has been seen in several population-based studies [215-
219] and might be due to epigenetic factors.  
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Table 1. Correlations between age at onset of obesity, severity of obesity at age 7 
and severity of obesity at age 15, and maternal and paternal BMI. 

 
Age at onset of 

obesity  
Severity of obesity, 

age 7  
Severity of obesity,  

age 15 

  β P R2  β P R2  β P R2 

(a) Unadjusted 

 Maternal BMI -0.00 0.96 0 0.11 0.10 0.01 0.29 1*10-5 0.08 

 Paternal BMI -0.14 0.04 0.01 0.17 0.01 0.03 0.27 1*10-4 0.07 

                    

(b) Adjusted     0.01     0.02     0.14 

 Maternal BMI 0.04 0.56   0.07 0.29   0.23 4*10-4   

 Paternal BMI -0.14 0.04   0.15 0.02   0.20 0.001   

 Gender -0.00 1.00   0.00 0.99   0.10 0.10   

 Academic degree 0.07 0.31   -0.02 0.82   -0.14 0.02   

                    

(c) Adjusted           0.53     0.28 

 Maternal BMI 0.09 0.05 0.17 0.003 

 Paternal BMI 0.04 0.36 0.16 0.01 

 Gender -0.02 0.69 0.11 0.04 

 Academic degree 0.04 0.43 -0.11 0.05 

 Age at onset of obesity -0.72 <1*10-5 0.05 0.60 

 Severity of obesity, 7   0.39 <1*10-5 

 Treatment >1 year             -0.26 <1*10-4   

Abbreviations: BMI, body mass index. R2, amount of explanation.  

The strong negative correlation between the severity of obesity at age 7 and 
onset of obesity indicates that the earlier the obesity onset, the more severe 
the obesity at age 7. However, the age at onset was not related to the severity 
of obesity at age 15, despite the significant correlation between severity of 
obesity at age 15 and severity of obesity at age 7. This may simply be due to 
the fact that the effect of age at onset is diluted by other factors having a 
stronger impact on severity of obesity at age 15. 

In this present study, 50% of the children had non-obese parents, 35% had 
one obese parent and 15% had two obese parents. We furthermore found that 
children within the highest tertile of severity of obesity were significantly 
more likely to have two obese parents, both at 7 years and at 15 years. Previ-
ous research has shown that children with two obese parents have a higher 
risk of obesity than those with one or no obese parent [214] and we can now 
extend this conclusion to the severity of obesity as the most severely obese 
were more likely to have two obese parents. 
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Paper II 
Recent GWA studies have provided strong support for an association be-
tween variants in FTO and obesity. Variants in this gene have also been as-
sociated with BMI and fat mass. In paper II we set out to investigate the 
association between the previously reported SNPs in FTO and in KIAA1005, 
today also known as RPGRIP1L, and severe obesity in younger ages. Asso-
ciation between these variants and obesity-related phenotypes was also in-
vestigated. 

None of the four variants in KIAA1005 were associated with obesity or re-
lated phenotypes in the cohort of 450 severely obese and 512 normal weight 
children and adolescents. In line with previous studies one of the studied 
SNPs in FTO, rs9939609 showed an unadjusted association with obesity. 
Furthermore, a gender stratification analysis showed that the obesity risk was 
more pronounced among girls than among boys (Table 2). This result is sup-
ported by Lappalainen et al. [220] in a study on obese adults and underlines 
the possible gender-dependent effect of FTO on body weight.  

Table 2. Logistic regression of FTO rs9939609 with the risk of obesity 

Subjects Genotype 
Obese 
N (%)   

Normal weight 
N (%)   OR (95% CI) P 

All TT 133 (30) 174 (34) 0.016 

TA 206 (46) 244 (48) 1.099 (0.821-1.472) 

AA 111 (25) 92 (18) 1.593 (1.115-2.275) 

Boys TT 67 (32) 80 (32) 0.648 

TA 92 (45) 122 (49) 0.900 (0.590-1.374) 

AA 47 (23) 48 (19) 1.169 (0.697-1.960) 

Girls TT 62 (27) 94 (36) 0.006 

TA 106 (47) 122 (47) 1.317 (0.872-1.991) 

  AA 59 (26) 44 (17) 2.033 (1.227-3.369)   

Abbreviations: OR, odds ratio; CI, confidence interval. 

Studies on several obesity-related phenotypes among the obese subjects also 
revealed gender specific associations for rs9939609. Among girls, plasma 
glucose levels were significantly higher for homozygote A-allele carriers 
than for T-allele carriers. On the other hand, insulin sensitivity was signifi-
cantly higher among heterozygotic boys. Among heterozygotic boys, addi-
tional associations were found with lower BMI SDS and fasting serum insu-
lin levels.  

Changes in BMI SDS levels at different ages (birth-1, 1-3, 3-5 and 5-7) 
and the effect of treatment, according to genotype group were also analyzed. 
Among girls, we observed a relatively similar trend in the changes in BMI 
SDS for all three genotypes. Among boys, we observed a lower increase in 
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BMI SDS among homozygotes for the reference allele between the age of 
one and three. In addition, although not statistical significant, we observed 
that among girls, carriers of the A-allele had lower BMI SDS compared to T-
allele carriers before the age of three but after the age of five, homozygotic 
carriers of the A-allele showed higher BMI SDS compared to T-allele carri-
ers. This finding is supported by Sovio et al. [221] who show that before the 
age of 2.5 years, the A-allele is associated with lower BMI but after the age 
of 5.5 years a positive association between the allele and BMI emerges. This 
may be explained by that the A-allele might cause an earlier development 
and thus an earlier adiposity rebound and at the same time increased BMI.  

No difference in effect of treatment according to genotype was observed 
which is supported by a study performed in 2008 on German obese children 
and adolescents [141]. Taken together, this study supports previous findings 
of an association between rs9939609 and obesity and in addition implies that 
there are gender differences, both regarding the prevalence of obesity for the 
variant as well as for the associated phenotypes among children and adoles-
cents with severe obesity.  

 
 

Paper III 
FTO is a highly polymorphic gene and a cluster of variants in the first intron 
show strong and highly significant association with obesity; however the 
causal variant has not been identified. In paper III we sequenced selected 
regions of the FTO gene with the aim to identify novel genetic variants with 
plausible associations with obesity or related phenotypes. Two of the largest 
exons, exon 3 and 4 including exon/intron boundaries were screened in 48 
obese children.  

Three frequent and novel SNPs located in the fourth intron were identi-
fied but none in the coding regions. These intronic SNPs were all in strong 
LD with each other but not in LD with the previously reported obesity-
associated SNPs. One of these novel variants, c.896+223A>G, today also 
known as rs57103849, was further genotyped in 450 severely obese and 512 
normal weight children and adolescents, but no association with obesity or 
BMI levels was detected. However, we found an association with serum 
insulin levels and insulin resistance. Obese subjects, homozygote for the rare 
allele had about 30% increased fasting serum insulin levels and degree of 
insulin resistance compared to carriers of the major allele. Gender stratifica-
tion analyses showed higher fasting serum insulin levels and degree of insu-
lin resistance as well as decreased insulin sensitivity for boys homozygous 
for the rare allele, compared to carriers of the major allele. These associa-
tions were still significant after adjusting for BMI and are thus not exclu-
sively mediated by differences in adiposity. An independent effect on insulin 
levels is supported by a positive correlation between FTO mRNA and insulin 
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levels in pancreatic β-cells but not with BMI [222]. In addition, a modest 
increase in FTO expression has been shown to enhance the first phase of 
insulin secretion during glucose stimulation [223]. Taken together, these 
results suggest that these novel genetic variants in FTO may have a different 
effect on metabolic conditions than the obesity-associated variants in intron 
1, or that SNPs in this gene may have different effects in different tissues. In 
addition, the genotype-gender interactions found in the present study further 
points out that the FTO gene may act differently depending on gender.  

 
 

Paper IV 
Most of the previous studies on the effect FTO gene variants on obesity sus-
ceptibility are cross-sectional, leaving the longitudinal pattern and age-
specific genetic effects poorly studied. Furthermore, the genetic effects on 
lifestyle factors and the effect in populations not affected by today's obesog-
enic environment have not been thoroughly investigated. In Paper IV the aim 
was to examine different measures of obesity in men at different ages (50, 
60, 70, 77 and 82) as well as the longitudinal association between the FTO 
variant rs9939609 and BMI. Moreover, the effect of physical activity on the 
different genotypes was analyzed. 1152 men were studied, all included in the 
ULSAM cohort.  

The results indicate that the impact of FTO seems less prominent in lean 
populations, not subjected to an obesogenic environment, as there was no 
significant difference in BMI levels for the carriers of the risk allele, at any 
of the ages. Neither did we find any association for other measurements of 
obesity such as waist circumference or skinfold thickness. Age-specific ge-
netic effects were analyzed in a 32-year follow up and although not signifi-
cant, we observed a trend towards decreasing differences in BMI according 
to genotype at older ages (Figure 6A). These findings are supported by 
Hardy et al. [224], showing that genetic variants in FTO and in their associa-
tions with BMI is strengthening during childhood up to age 20 years and 
then weakening with increasing adult age [224].  

Furthermore, an interaction between genotype and physical activity on 
BMI levels was observed showing trends for higher BMI levels among carri-
ers of the A-allele with a sedentary life style (Figure 6B). This is in line with 
[121, 151, 225], and suggests that the effect of FTO on BMI may be changed 
upon physical activity. Taken together, the well established obesity risk for a 
common variant in FTO does not associate with increased BMI levels in a 
population that reached adulthood before the appearance of today’s obesog-
enic environment and the effect of FTO is also weakened with increasing 
age. There is furthermore an interaction between physical activity and FTO 
on BMI levels suggesting that lack of physical activity may be a requirement 
for an association of FTO gene variants to obesity.  



 43

 
Figure 6. A) BMI across different ages; 50, 60, 70, 77 and 82 years, according to 
FTO genotype. B) BMI levels for each category of physical activity; sedentary, 
moderate, regular and athletic, stratified according to FTO rs9939609 genotype. 
Data are means and ± SEM. 

 
Paper V 
In the previous paper we studied the effect of one FTO variant among adult 
men; it is however well known that body fat distribution usually differs be-
tween men and women. Men often have upper-body obesity, whereas pe-
ripheral obesity is the most common form among women. In Paper V we 
thus examined the effect of FTO variants on overweight and BMI among 
both elderly men and women, included in the PIVUS cohort. Although BMI 
is often used as surrogate measurement of adiposity, age-related change, 
which include repositioning of fat and decreased muscle bulk [226, 227], 
may affect the validity of anthropometric measurements such as BMI in 
determining body composition among elderly [227]. Thus, in the present 
study we also studied the regional assessment of body composition by DXA 
and MRI, together with waist circumference and daily energy intake. This 
allowed us to study in more detail the link between FTO and adiposity in 
elderly humans. Since regions beyond the first intron have also been associ-
ated with obesity-related traits [130, 228], both single marker and haplotype 
analyses were conducted for a total of 733 SNPs, covering the whole FTO 
gene. 

Before controlling for multiple comparisons, 28 SNPs (not including 
rs9939609), all located in intron 8, were significantly linked to overweight in 
both elderly men and women (Figure 7A). Thirteen minor alleles of these 
SNPs were associated with an increased susceptibility to overweight while 
the minor alleles of the remaining SNPs exerted an opposite effect. After 
Bonferroni correction, none of these 28 SNPs remained significant. Further 
single marker analyses revealed that after correcting for multiple testing 
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none of the SNPs were significantly associated with BMI levels, waist cir-
cumference, total fat mass, trunk fat mass, leg fat mass, VAT, SAT, or daily 
energy intake. Haplotype analyses, based on the LD pattern constructed from 
the subjects, were performed for overweight susceptibility and for the same 
phenotypes as for the single marker analyses, since haplotype analyses can 
be more informative than single marker analyses when causative variants are 
not directly genotyped. 14 haplotypes, 10 located in intron 8, showed unad-
justed association with overweight (Figure 7B). Furthermore, 53 haplotypes 
showed associations with fat mass and/or energy intake. These were haplo-
types located in intron 7 and intron 8. Several SNPs in intron 8, in addition 
to SNPs intron 1, have shown significant associations with waist circumfer-
ence and fat mass in other populations indicating that specific regions may 
be differentially associated with other adiposity measures than BMI [130]. 
However, after correcting for multiple testing and permutation testing with 
10 000 permutations, no haplotype was associated with any of the studied 
phenotypes. Due to the diversity of measurements included in the study, 
these findings strengthen the view that the association between FTO and 
obesity appears to be less profound in later life and that this is seemingly 
independent of gender. 

 
Figure 7. A) Single marker analysis and B) haplotype analysis for overweight (ow). 
Each dot represents a SNP (MAF > 0.01). The lower dashed line indicates unad-
justed significance level and the upper after Bonferroni correction. The chromoso-
mal position is shown and a schematic representation of FTO indicated as an arrow. 
The previously obesity associated variant, rs9939609, is marked with an asterisk. 

 
Paper VI 
Previous epidemiological studies have shown an association between in-
creased body weight and impairment of cognitive function in cognitively 
healthy subjects [229-231]. Recently, carriers of one of the FTO obesity risk 
alleles have shown to have a higher risk of Alzheimer's disease [154], as 
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well as reduced volume of the frontal lobe [153]. However, no clear relation-
ship to cognitive function has reported. In Paper VI the aim was to explore 
this further by examining whether the FTO rs9939609 variant was associated 
with verbal fluency, which relies on intact frontal lobe function [232], in 355 
elderly men without any known cognitive impairment.  

Overall, the FTO rs9939609 obesity risk allele was not significantly asso-
ciated with altered performance on the verbal fluency. However, an interac-
tion between genotype and BMI status was observed. The stratified analysis 
showed that obese and overweight but not normal-weight carriers of the risk 
allele had lower performance on verbal fluency than non-carriers (Figure 8), 
a result that was independent of educational level. This effect was not ob-
served for measures of general cognitive performance by mini-mental state 
examination (MMSE) test [206]. This result indicates, although indirect, that 
the FTO gene is primarily affecting cognitive processes in elderly men in a 
weight-dependent manner, rather than more general cognitive functions. 

 
Figure 8. Performance on verbal fluency, according to FTO rs9939609 genotype and 
BMI level. 

 
Paper VII 
In 2010, a GWA analysis from five European populations identified a poly-
morphism located downstream of the gene encoding mannosyl-(α-1,3-)-
glycoprotein-β-1,2-N-acetylglucosaminyltransferase, MGAT1, that was asso-
ciated with body-weight [169]. In Paper VII we examined the effect of this 
and five additional variants, on obesity, as well as an effect on insulin meas-
urements in 1152 Swedish men, 1076 Swedish children and adolescents and 
2249 Greek children and adolescents. Levels of fatty acids and estimated 
measures of desaturases were also investigated among adult men. The stud-
ied SNPs make up two haplotype blocks covering the 5´end of MGAT1, two 
SNPs belong to a block in LD with the coding region of MGAT1and the 
remaining four outside this region (Figure 9).  
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Figure 9. Schematic structure of MGAT1 and LD pattern. Black triangles indicate 
haplotype blocks defined by confidence intervals according to Gabriel et al. [212]. 
Diamonds represent pair wise r2 (black r2>0.8, dark gray 0.8-0.5, moderate gray 0.6-
0.4, light gray 0.4-0.2 and white r2 <0.2).   

The previously studied variant, rs12517906, was not associated with an in-
creased susceptibility to overweight or obesity or with any of the other 
measures of obesity such as body weight and BMI among the Swedish men. 
This is in line with the findings by Johansson et al. [169] who suggests a 
gender specific effect for this variant. However, we observed higher odds for 
obesity for three other SNPs (rs12186500, rs1021001 and rs4285184), 
among the adult men. Trends for higher odds for obesity were observed for 
rs4285184 among both the Swedish and Greek children. Furthermore, carri-
ers of the minor allele of rs1021001 and rs4285184 had increased BMI lev-
els compared to carriers of the major allele in both Swedish cohorts and 
similar trends were observed among the Greek children. This data indicate 
that the SNPs in LD with the coding exon of MGAT1 are more involved in 
BMI and body weight regulation than the SNPs outside this LD.  

MGAT1 is a key enzyme involved in N-linked glycosylation of proteins 
and lipids [233] and changes in MGAT1 expression caused by these variants 
may lead to altered glycosylation, which may affect proteins and lipids that 
are dependent on complete glycosylation. A study on MGAT3, another gly-
cosyltransferase involved in N-linked glycosylation, showed that transgenic 
mice hyperexpressing the human MGAT3 had increased body weight and 
accumulated fat mass in the abdominal region compared to nontransgenic 
mice [234], suggesting that proper glycosylation may be important for body 
weight regulation. 

As increased BMI levels were found for carriers of the minor allele of 
rs1021001 and rs4285184 among both Swedish adults and children, these 
variants seem to affect subjects of all ages. Furthermore, these associations 
were found among both obese and normal-weight children, without any gen-
der effect, which indicate that these variants, at least in younger ages, seem 
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to affect BMI in both sexes regardless of their BMI status. The Greek chil-
dren had an overall lower allele frequency and weaker LD between the 
markers than the Swedish subjects indicating ethnic differences for these 
variants and may explain why only trends were observed for the Greek sub-
jects.  

The effect of the MGAT1 variants on serum fatty acids composition was 
studied. Serum fatty acids function as biomarkers for long term dietary fat 
intake, but also reflects endogenous fatty acid synthesis [235]. Here we ob-
served associations between variants and decreased linoleic acid as well as 
increased palmitoleic acid for carriers of the minor alleles, which may be due 
disturbances in the activation of Δ-6 desaturase and Δ-9 desaturase, respec-
tively, both strongly correlated with obesity [236]. In addition, we observed 
interactions between rs12186500 and γ-linolenic acid, arachidonic acid, Δ-6 
and Δ-9 desaturase on BMI. Carriers of the minor allele of rs12186500 with 
high levels of these fatty acids and desaturases also had significantly higher 
BMI than carriers of the major allele.  
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Conclusions and perspectives 

In this thesis results are presented suggesting that parental relative weight 
primarily affects the severity of childhood obesity. However, the genetic 
influence has a limited effect on the timing of childhood obesity develop-
ment and the obesity onset is of lesser importance than previously thought. 
The risk for childhood obesity to persist into adulthood has been shown to be 
higher in children of obese parents [237, 238] and the persistence of child-
hood obesity is increased by the severity of obesity [239, 240]. These find-
ings offer a very poor prognosis for obese children and adolescents of obese 
parents and highlight the importance of providing early obesity treatment. 
Based on genetic studies on variants near the MGAT1 gene we further ob-
served an increased susceptibility to obesity and increased BMI levels for 
individuals carrying the rare allele of some of the variants. The analyzed 
SNPs were further associated with fatty acids and desaturases, variables that 
have previously been shown to correlate with obesity markers. The study on 
an intronic SNP in FTO support previous findings of an association with an 
increased susceptibility to obesity and extend these to also account for severe 
obesity.  

In Paper II and III we found gender differences for FTO variants both re-
garding the risk of obesity and the effect on related phenotypes. Increased 
BMI was more evident among obese girls than among boys, a gender spe-
cific effect evident at extreme BMI levels which might be due to a greater 
FTO effect in these individuals. The effect of FTO on BMI is influenced at 
least to some extend by lifestyle factors like levels of physical activity, as 
shown by us and others [121, 151, 225]. Furthermore, the expression of FTO 
in human adipose tissue is positively associated with BMI levels [136-138]. 
However, sex-dependent differences for FTO expression have been poorly 
studied. By sequencing parts of the FTO gene we were also able to identify 
additional regions in this gene that seem to be important, and that are sup-
ported by our further findings in elderly subjects and by others [130, 228]. 
Furthermore, in Paper II and III we presented some evidence for a BMI-
independent effect on glucose homeostasis for FTO, and Russel et al. [223] 
suggest that FTO, due to its association with first phase secretion of insulin, 
may act to control relevant steps in insulin exocytosis by modulating the 
expression of one or more genes involved in secretory granule trafficking. 
Since FTO is widely expressed, different variants may affect phenotypes in a 
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tissue-specific manner. In Paper VI we also showed that the FTO gene pri-
marily affects BMI-dependent cognitive processes in elderly men. 

We furthermore observed that the effect of FTO risk alleles on BMI 
seems to be age-dependent (Figure 10). The effect is evident after the age of 
seven [150, 221], increasing up to the age of 20 years [224], but with no 
effect early or late in life, as shown by us and others [144, 224]. This sug-
gests that the phenotypic expression is a function not only of the underlying 
genotypes, but also of genotype-specific age effects. Age-dependent genetic 
effects for other genes have been identified in other studies [241-243]. It is 
however not known why the association between the FTO genotype and 
BMI is age-dependent. One explanation might be that the degree of expres-
sion is low at birth, changes during the adiposity rebound and then decreases 
with age. Age-dependent decline in FTO expression has been observed in 
SAT and skeletal muscle [139] indicating that long exposure to environ-
mental factors may influence the expression of FTO involved in determining 
the phenotypic level.  

Since the obesity-associated SNPs in FTO are intronic, it is unclear 
whether changes in the gene expression or splicing are the cause of obesity 
or if these variants are influencing other genes. Knockout of FTO or a domi-
nant mutation result in decreased body weight due to increased energy ex-
penditure [159, 160] and more than one copy of the gene are causing weight 
gain due to increased food intake [161]. Furthermore, FTO SNPs seem to 
affect the expression since the FTO transcripts containing the risk allele are 
more abundant than those transcripts containing the non-risk allele [156]. 
Based on the present knowledge it seems that FTO is the causal gene under-
lying the disease and that the association with obesity is due to a gain of 
function. In addition, overexpressing Fto seems to alter the expression or 
secretion of leptin as well as Stat3 and provide a possible link to changes in 
food intake and hence obesity.  

 
       Figure 10. BMI during childhood and adulthood according to FTO genotype.  
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The focus of this thesis has been on two recently identified genes for obe-
sity, FTO and MGAT1 both identified through GWA studies. FTO is so far 
one of our strongest candidate genes for increased susceptibility to common 
obesity. The risk of obesity in exposed subjects for a given FTO allele has 
been estimated to be 20% [103]. Although obesity would be prevented for a 
large number of individuals if we could eliminate this effect, FTO variants 
still only explain around 0.3 % of the variance in BMI [244, 245]. Over the 
past few years association studies have identified over a thousand regions 
associated with different diseases and disease related phenotypes [246] and 
since the identification of FTO, over thirty new candidate loci for common 
obesity have been presented [244, 245, 247, 248], clearly showing the com-
plexity of this disease. Although these studies are based on a large number of 
individuals and genetic variants they together still only explain about 1.45% 
of the variance in BMI and it is estimated that there should be around 300 
additional loci with similar effect sizes as those identified so far [244]. The 
identification of new genes and genetic variants that are involved in obesity 
provide opportunities to establish a genetic understanding of this disease. 
However the studies need to be improved since all variants clearly cannot be 
detected by contemporary approaches. Studies with increased samples sizes, 
which allow us to identify variants with smaller effects sizes are emerging 
but these studies will however not capture variants with low frequencies, 
which may have higher penetrance than common variants. Thus further ex-
amination of the regions underlying these associations by fine mapping and 
resequencing are crucial and here the 1000 Genome Project has provided 
valuable recourses by cataloguing about 95% of all genetic variants available 
today [77]. Future studies should also consider the quality of the phenotypes 
and improving the selection of subjects since different genes and loci may 
underlie different degrees of obesity. Factors other than single base pair sub-
stitutions are certainly also involved and need much attention such as copy 
number variation and epigenetics.  

The identification of genes and pathways involved in obesity and also the 
mechanisms and biochemical functions underlying the disease may hope-
fully lead to the development of new and effective treatments, and the 
knowledge of an individual's genetic structure may then in addition provide 
optimized treatment. As this is the goal, and since many of the identified 
SNPs are located in non-coding regions, it is important to try to link the as-
sociated genetic variants to function by identifying how these SNPs may 
affect regulation and which transcripts that are affected and in turn their 
functional role in obesity. 
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