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ABSTRACT 

The nuclear hormone receptors (NRs) are a class of transcription factors that has attracted great 
interest due to their important roles in animal physiology and metabolism. Studies of knockout 
(KO) mouse models have indicated several pathophysiological conditions in which the NRs are 
involved. Four NRs, the estrogen receptors (ERs) α and β, and liver X receptors (LXRs) α and 
β, are studied in this thesis. The ERs have been implicated in several human diseases such as 
breast cancer, osteoporosis and metabolic disorders such as obesity. ERs exert their regulatory 
functions upon activation by the steroid hormone 17β-estradiol and structurally related 
molecules. The LXRs are key players in cholesterol-, lipid-, and carbohydrate metabolism and 
are activated by certain oxidized cholesterol derivatives. Due to their putative role in human 
metabolic disease, LXRs are interesting drug targets for pharmacological treatment of 
metabolic disorders. Single nucleotide polymorphisms (SNPs) are DNA base pair changes that 
occur at a frequency of more than 1% in a population. SNPs could potentially alter the function 
of a gene product and are often investigated in relation to human disease. Common SNPs are 
genotyped in disease cases and healthy controls. If the SNP frequencies differ between cases 
and controls, the SNP is said to be associated with the investigated disease. The impact of 
genetic variations in ER and LXR on human disease, in particular the impact of SNPs in ER 
and LXR in relation to human metabolic and eating disorders, is the focus of this thesis. 
 
As estrogen has been reported to have a role in feeding behaviour, we screened the ERβ gene 
for variants in bulimic patients and healthy controls (paper I). We report association of two 
ERβ SNPs and bulimic disease. In addition, we identified a point mutation in the ERβ hinge 
region in one bulimic patient. Initial characterization of this mutation did not reveal any 
functional effects compared to the ERβ wild type protein. This study suggests that genetic 
variations in ERβ could be important for the etiology of eating disorders.  
 
LXRα and LXRβ gene SNPs were identified and genotyped in obese subjects and non-obese 
controls (paper II). We found association of one LXRα and two LXRβ SNPs with obesity 
phenotypes. In addition, we observed increased expression of LXRα in obese female subjects. 
Furthermore, there was evidence of an interaction between LXR alleles in determining body 
mass index (BMI).  
 
Previous human genetic studies support a role for ERα in obesity. While two investigated ERα 
SNPs were not associated with female obesity, the expression of ERα was decreased in both 
adipose tissue and isolated adipocytes in obese compared to healthy control females (paper 

III). In addition, expression of ERα increased after a modest weight reduction supporting a 
protective role for ERα in maintaining body weight.  
 
In view of recent reports establishing the LXRs, and particularly LXRβ, in glucose 
homeostasis, we genotyped three LXRβ SNPs in subjects with impaired glucose tolerance 
(IGT), type-2 diabetes (T2D) as well as in healthy controls (paper IV). One LXRβ promoter 
SNP and one haplotype were weakly associated with T2D. Characterization at the molecular 
level of these SNPs suggested effects on the LXRβ protein and gene promoter, respectively.  
In summary, our studies suggest a role for NR polymorphisms in the etiology of human disease.  
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1 INTRODUCTION 

 
1.1 Human Metabolic Diseases 

 
 
1.1.1 The Metabolic Syndrome 

The metabolic syndrome is a common name for a combination of medical disorders 

including central obesity, insulin resistance, impaired glucose tolerance (IGT), high 

blood pressure, hypertriglyceridemia and decreased high-density lipoprotein (HDL) 

cholesterol. Additionally, increases in inflammatory markers are often seen. The main 

treatment of the metabolic syndrome is caloric restriction and increased physical 

activity but the individual symptoms can also be subject to pharmacological treatment. 

The incidence of the metabolic syndrome is increasing dramatically and constitutes a 

major health hazard in the society today.  

 
 
1.1.2 Obesity 

The prevalence of overweight and obesity is rapidly increasing and constitutes an 

increasing problem in today’s society as these conditions are linked to increased risk of 

metabolic complications such as type-2 diabetes mellitus (T2D). Obesity is an increase 

in the body’s fat depots and occurs when the body’s energy intake exceeds its energy 

expenditure. The etiology of obesity can be of both genetic and environmental origin. 

However, the increased prevalence is believed to be caused by changes in life style 

such as reduced physical activity, and changes in diets and eating habits. The most 

common estimate of obesity is the body mass index (BMI) which is calculated by 

dividing the body weight in kilos by the height squared (kg/m2). According to the 

World Health Organization (WHO), obesity is classified according to BMI units as 

displayed in table 1. Between 10-15 % of the Swedish population, at all ages, have 

BMI ≥ 30 (1). Today, more than half of the males and one third of the females are 

overweight or obese in Sweden (2).  
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Table 1. Classification of obesity by WHO 1998. 

 

Classification BMI (kg/m
2
)
 

Underweight <18.5 

Normal 18.5-24.9 

Overweight ≥25 

Preobesity 25-29.9 

Obesity Class I 30.0-34.9 

Obesity Class II 35.0-39.9 

Obesity Class III ≥40 

 
 
1.1.3 Insulin Resistance and Impaired Glucose Tolerance 

Normally, blood glucose levels are tightly controlled by hormones such as insulin, 

glucagon, adrenalin and glucocorticoids. Insulin lowers blood glucose levels by 

accelerating glucose uptake, mainly in skeletal muscle and adipose tissue, and by 

promoting its conversion to glycogen and fat. Insulin also suppresses hepatic glucose 

production. Insulin resistance is the condition when normal amounts of insulin are 

inadequate to produce a normal insulin response in fat, muscle and liver cells (3). 

Insulin resistance leads to increased hydrolysis of triglycerides (TGs) from fat cells, 

thus elevating free fatty acid (FFA) levels in blood plasma, reduced glucose uptake in 

muscle and adipose tissue, reduced glucose storage and increased gluconeogenesis 

(Figure 1). Consequently, a chronic rise in glucose and FFAs in blood is seen over time. 

Glucose tolerance is measured by the body’s ability to normalize glucose concentration 

after periods of high glucose (i.e. after a meal). IGT is sometimes called prediabetes as 

it is a transition phase between normal glucose tolerance and diabetes where blood 

glucose levels are above normal, but below levels diagnostic for diabetes. People with 

IGT have increased risk of developing diabetes, however, not all of them do.  

 
 
1.1.4 Type-2 Diabetes Mellitus 

The prevalence of T2D varies throughout the world. In Europe, the prevalence is 

between 2-6% (1). Diabetes is the third leading cause of death in the United States after 

heart disease and cancer (1). T2D is the dominating form of diabetes and accounts for 

~85% of the diabetes cases in Sweden (1) and usually presents after 30 years of age. 

Symptoms of T2D are polyuria, thirst, tiredness and weight loss, the severity of which 
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depends on the grade of insulin deficiency. T2D can lead to blindness, kidney failure, 

neuropathies, atherosclerosis with heart attack and stroke (1).  

 

The disease is characterized by chronic hyperglycemia (high blood glucose levels). The 

hyperglycemia is caused by defects in both insulin secretion and action. The 

development of T2D is usually a transition from insulin resistance and IGT (with 

increased blood insulin and glucose levels). Finally, when the pancreatic β-cells can no 

longer compensate for peripheral insulin resistance and increased glucose levels, the 

individual will develop T2D. Over time mild T2D with insulin resistance and 

hyperglycemia will render the β-cell unable to produce insulin, and the patient will 

develop severe T2D. 

 

T2D is thought to be of polygenetic origin where a combination of genes and life style 

contributes to disease development. A critical component of T2D treatment is to control 

the elevated blood glucose level with weight reduction, diet and exercise. However, as 

the disease progresses, oral medications might be needed. Potential therapeutic 

strategies include medications designed to either increase insulin output from the 

pancreas (sulfonylureas, metglitinides), decrease amounts of glucose released from the 

liver (biguanide, metformin), increase the sensitivity of the cells to insulin 

(thiazolidinediones), or decrease the absorption of carbohydrates from the intestine 

(alpha glucosidase inhibitors) (4). 

 
 
1.1.5 Additional Types of Diabetes 

Type-1 diabetes (T1D) mellitus is characterized by the failure of the β-cells to produce 

enough insulin, which leads to primary insulin deficiency. The underlying molecular 

mechanisms of T1D are unknown, however, autoimmunological mechanisms towards 

the pancreatic β-cells are suggested to cause the disease. T1D is usually diagnosed 

below 35 years of age, with the most common age of onset being 12-14 years (1). 

Insulin injections are usually needed to control the disease together with exercise and 

diet.  

 

Other types of diabetes also exist, although less common. These include maturity-onset 

diabetes in the young (MODY) and gestational diabetes. MODY predominantly 

represents inherited defects of primarily insulin secretion (1). Gestational diabetes 
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mellitus (GDM) is diabetes that is diagnosed during pregnancy and affects 2-3% of  

pregnant women (5). The cause of GDM is unknown, but some reports claim that 

altered hormone levels during pregnancy reduce the body’s sensitivity to insulin, 

resulting in hyperglycemia. GDM is a transient condition, however, women diagnosed 

with GDM have an increased risk of developing diabetes later in life (1). 

 

 

 

 
 
Figure 1. Intertissue insulin communication between the organs primarily involved in insulin 

resistance and T2D. The pancreas secretes insulin into the circulation which normally promotes glucose 

uptake in the skeletal muscle, reduces glucose output by the liver, and suppresses fatty acid release from 

adipose tissue. Insulin resistance affects the insulin action in primary insulin responsive tissues including 

adipose tissue, liver and muscle. Insulin resistance leads to raised blood glucose and fatty acid levels 

which will feed back and worsen the pathophysiological state of insulin resistance and consequently  

β-cell dysfunction occurs (6).  
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1.2 Bulimia Nervosa 

 
Eating disorders are psychiatric illnesses characterized by severe disturbances in eating 

behaviour that typically have onset during late adolescence and young adulthood.  

These disorders can be divided into three major types: bulimina nervosa (BN), anorexia 

nervosa (AN), and eating disorder not otherwise specified (EDNOS) (7). EDNOS is 

characterized as atypical eating disorders that do not meet the criteria for AN or BN. 

 

BN can occur at any body weight and is characterized by periods of binge-eating, 

uncontrolled consumption of large quantities of food in a short period of time, and 

compensatory weight-loss behaviours. BN generally afflict 1% of females but are much 

less common among men (8). Some people believe that these disorders are rooted in the 

societal ideals that value slenderness, but there are reports that BN and AN are caused 

by chemical imbalances in the brain (7). An influcence of genetic factors on the 

etiology of eating disorders has been implicated in twin and family studies (7).  

 
 
 
1.3 Metabolism 

 
 
1.3.1 General Metabolism 

Metabolism refers to all the chemical reactions in the body that are necessary to 

maintain life. Metabolism can be divided into catabolism and anabolism. Catabolism 

consists of energy-releasing decomposition reactions, whereas anabolism consists of 

synthesis reactions that require energy. Energy from nutrients is converted to adenosine 

triphosphate (ATP) via a series of catabolic reactions, and ATP is then used for 

anabolic processes to build molecules necessary for survival. Glucose oxidation is the 

primary source of energy for ATP synthesis. The three major pathways of glucose 

catabolism are glycolysis, anaerobic fermentation and aerobic respiration (9). In times 

of excess nutrition of glucose or lipids, the body will convert them and store the energy 

as glycogen and fat. In times of energy deficit, glucose will be produced via 

gluconeogenesis, the synthesis of glucose from noncarbohydrates such as fats and 

amino acids. A simplified overview of metabolism is shown in Figure 2.  
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Figure 2. A simplified overview of general metabolism. The pathways of amino acid metabolism in 

relation to glycolysis and the citric acid cycle are not shown. 

 

 

1.3.2 The Adipocytes and the Adipose Tissue 

Adipocytes are fat-storing cells in which lipids are stored primarily as TGs. Adipocytes 

are found throughout the loose connective tissue and when they constitute the primary 

cell type within a particular area, this is designated adipose tissue. Adipose tissue serves 

as the body’s energy reserve, but also cushions and insulates vital organs and generates 

heat. Most body fat is located between the skin and muscle in a layer called 

subcutaneous adipose tissue which has a significant thermal insulating function. 

Differences in distribution and thickening of fatty layers account for the differences in 

body contour seen between sexes. Women tend to have a more gynoid fat distribution 

with more fat in the hip and thigh areas, which is associated with less metabolic risk 

(10). Men tend to have an android fat distribution with more fat in the upper body 

region, which is associated with the metabolic syndrome including increased 

cardiovascular risk (10).  
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White adipose tissue (WAT) is the predominant form in adult humans. However, 

brown adipose tissue (BAT) is also present in humans during fetal life but diminishes 

after birth (9). BAT has its colour from an abundance of blood vessels and 

mitochondria containing cytochrome oxidase. Despite the large number of 

mitochondria in BAT, their electron-transport system is not linked to high levels of 

ATP synthesis. Instead BAT releases energy as heat via uncoupling processes in the 

mitochondrial membrane (9). 

 

Recently it was reported that adipocytes also produce and secrete several proteins 

(called adipokines) involved in metabolic control and also linked to the regulation of 

insulin sensitivity (11). TNFα is produced by several different cell types within the 

adipose tissue including adipocytes. TNFα inhibits insulin signaling at the insulin 

receptor substrate-1 (IRS-1) level and suppress the expression of glucose transporting 

protein 4 (GLUT4), hence, contributing to the development of insulin resistance (12; 

13). Adiponectin is exclusively produced by fat cells and its plasma levels are inversely 

correlated with insulin sensitivity in humans (11; 14; 15). Adiponectin decreases 

hepatic glucose production and increases fatty acid oxidation in muscle and low levels 

of adiponectin are an independent risk factor for T2D (11; 16). Adipose tissue is a 

major source of IL-6 production, a molecule which has a direct effect on insulin 

signaling in both adipocytes and hepatocytes (17-19). IL-6 stimulates lipolysis and 

glucose metabolism in humans, and can cause insulin resistance mainly by 

deactivation of the IRS-1 (11; 20). Leptin, resistin, and visfatin are other examples of 

adipokines. The major effects of leptin are on appetite control and energy expenditure 

and there is no firm evidence that it has a direct effect on insulin signaling (11). 

Resistin impairs glucose tolerance and induces hepatic insulin resistance (11). Visfatin 

has insulin-like effects on cultured cells and lowers blood glucose levels in mice (11). 

 

The production of adipokines is regulated by several factors including obesity, weight 

reduction, diet, and insulin. TNFα, IL-6 and leptin are all increased in obesity and 

decreased after weight reduction, whereas the opposite is seen for adiponectin (11). 

Adipokines are probably important for obesity mediated insulin resistance.  
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1.3.3 Lipogenesis and Lipolysis 

In a healthy individual, the total amount of TGs in the body remains relatively constant, 

balancing the production and storage of TGs (lipogenesis) in times of nutritional excess 

and breakdown of TG storages (lipolysis) in times of nutritional demands (9). In the 

process of lipogenesis, TGs are synthesized from other types of molecules, such as 

sugars and amino acids. In a chain of events, these molecules are first metabolized to 

acetyl-CoA and glycerol. The acetyl-CoA molecule can be diverted to fatty acids (FAs) 

which are subsequently coupled to glycerol - generating a TG molecule. This process is 

stimulated by insulin. Lipolysis is initiated by the hydrolysis of TG molecules into 

glycerol and fatty acids. This process is largely influenced by several hormones 

including adrenalin, noradrenalin, glucocorticoids, thyroid hormone and growth 

hormone (9). The glycerol and fatty acids are further oxidized via different pathways. 

After conversion to 3-phosphoglyceraldehyde (PGAL), glycerol can enter glycolysis. 

The FA component is catabolized by β-oxidation in the mitochondrial matrix. In each 

round, two carbon atoms are removed from the fatty acid chain and linked to coenzyme 

A (CoA), generating acetyl-CoA. Acetyl-CoA is the entry point into the citric acid 

cycle. Figure 2 shows a simplified overview of the pathways in lipogenesis and 

lipolysis. 

 
 
1.3.4 Lipid Transport 

Dietary lipids are readily transported to the cells in the body in complexes called 

lipoprotein particles. These particles are tiny droplets consisting of cholesterol and 

triglycerides, coated with proteins and phospholipids (9). The coating enables the 

hydrophobic lipids to remain suspended in the blood but also serves as a recognition 

marker for lipoprotein membrane receptors in cells that absorb them. By their density, 

the lipoprotein particles can be classified into four major categories: chylomicrons, 

high-density lipoproteins (HDLs), low-density lipoproteins (LDLs) and very low-

density lipoproteins (VLDLs). The lipoprotein particles vary in size and density, but 

also in composition and function.  

 

The chylomicrons are formed in absorptive cells of the small intestine, and passed via 

the lymphatic system to the blood. Endothelial cells of the blood capillaries remove 

lipids from the chylomicrons using the enzyme lipoprotein lipase (LPL) present in their 

cell walls. LPL hydrolyzes triglycerides into glycerol and FFAs which can pass through 



 

  9 

the capillary walls into adipocytes, in which they are stored as TGs. Some FFAs remain 

in the blood bound to albumin. The left over parts of the chylomicrons (chylomicron 

remnant particles) are removed and degraded by the liver. The VLDLs particles are 

mainly produced in the liver and transport lipids to peripheral tissues, including the 

adipose tissue, for utilization or storage. By removal of triglycerides by LPL, VLDL is 

converted to LDL which mainly consists of cholesterol. Cells absorb cholesterol from 

LDL via receptor-mediated endocytosis of the LDL particle. Pre-HDLs particles are 

originally synthesized in the liver but circulate in the blood to take up cholesterol and 

phospholipids from other organs thereby producing the HDL particle. When returning 

to the liver, the HDL particle unloads excess cholesterol which is subsequently 

converted to bile acids and excreted via the intestinal lumen out of the body (9).  
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1.4 Molecular Genetics as a Tool for Understanding the Roles 

of Nuclear Receptors in Human Disease 

 
 
1.4.1 DNA - the Secret of Life 

With the theory of natural selection, published in the book “On the Origin of Species” 

(1859), Charles Darwin attempts to explain the causes of evolutionary change. 

However, it was not until 12 years later, due to the large protest from religious people, 

that he published “The Descent of Man” (1871) suggesting that even humans were part 

of the evolutionary process. In 1866, Gregor Johann Mendel put forward the major 

postulates of transmission genetics as a result of his experiments with the garden pea. 

By the early part of the 20th century, the chromosomes were discovered and it became 

clear that heredity and development were dependent on the information they contained 

(21). Humans have 23 pairs of chromosomes including one pair of sex chromosomes. 

The chromosomes are located within the cell nucleus and can be visualized by light 

microscopy during meiosis or mitosis. The chromosomes are composed of linear 

deoxyribonucleic acid (DNA) molecules intimately associated with proteins. In 1953, 

James Watson and Frances Crick suggested that the DNA molecule contains two 

strands forming a long, coiled ladder like structure described as a double helix (22; 23). 

Each DNA strand is built up from genetic building blocks called nucleotides of which 

there are four types – adenine (A), guanine (G), thymine (T) and cytosine (C). The 

chromosomes encode the genes, DNA chains of several thousands of base pairs, 

constituting the physical and functional units of heredity. The genes contain DNA 

coding regions, exons,  that are translated into protein, but also regions that remain 

untranslated. The untranslated regions include regulatory regions upstream of the 

translational start site (5´-untranslated region, 5´-UTR), noncoding intron DNA which 

separates neighboring exons within a gene, and stretches of DNA following the 

translational stop signal (3´-untranslated region, 3´-UTR). During transcription, the 

genetic information stored in the DNA strand is transcribed into a single stranded 

messenger RNA (mRNA) molecule. Transcription is initiated upon RNA polymerase 

binding to upstream regulatory regions called the gene promoters. The promoter region 

contains binding sites for transcription factors, molecules that aid the transcriptional 

process. After its synthesis, the mRNA molecule is exported to the cytoplasm and 

translated into protein. The mRNA molecule consists of a combination of bases, each 
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triplet of which constitutes a codon, that encodes one amino acid. The combination of 

amino acids builds up the proteins. 

 

 

1.4.2 DNA Sequence Variations 

The DNA sequence variations between individuals can be used as a tool in molecular 

genetic research. If a variant is present more frequently than in 1% of the individuals in 

a population, it is called a polymorphism. The polymorphisms can be of several kinds: 

i) single nucleotide polymorphisms (SNPs), ii) insertions/deletions, and iii) repeat 

polymorphisms (21). SNPs are the most common genetic variations and, as the name 

implies, refers to the case when one nucleotide is exchanged for another (21). Most 

commonly, the base pair changes do not affect the final protein sequence. However, 

base pair changes can also lead to an exchange of amino acids changing the primary 

structure of the protein. Sometimes insertions or deletions of one or many nucleotides 

occur. If these changes occur in the coding region they will change the final protein 

product either by insertion or deletion of amino acids or by causing a frame shift in the 

reading frame. Repeat polymorphisms are repetitions of a few or many bases a variable 

number of times. The repeated elements could vary from di- or trinucleotide repeats 

(microsatellites) up to 100 bases (Variable Number of Tandem Repeats; VNTRs). 

Depending on where the variant is located within a gene, it can affect the gene product 

in various ways. Also polymorphisms located in non-coding regions may be of 

functional importance. For example variations in the promoter region can change a 

binding site for a transcription factor, mutations in intron-exon boundaries could 

change splicing events, and polymorphisms in the 3´ UTR may affect mRNA stability 

(24). 

 

 

1.4.3 Linkage and Association Studies 

A variant in the DNA sequence is called an allele. The chromosomal position of the 

allele is called locus. The genotype is the genetic constitution of an individual, but also 

the two alleles found at a locus of an individual (21). Alleles of loci in close vicinity 

tend to be inherited together, which leads to non-random association between alleles, 

called linkage disequilibrium (LD). In the case of LD, some combinations of 

polymorphisms are more frequent than would be expected by chance, and the presence 

of one variant may provide information about variants at other loci. The combination of 
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different alleles at several loci on one chromosome is called a haplotype. Haplotypes 

are, in most subjects, inherited together as a block (21). 

 
Linkage is a condition in which two or more DNA sequences tend to be inherited 

together. Genome wide linkage studies use markers (SNPs or repeat polymorphisms) 

that are evenly spaced throughout the genome. These studies are performed in families 

in which the disease phenotype is segregating. The aim is to identify chromosome 

regions or genes inherited with the disease in the families. Such studies have been used 

for identifying Mendelian disease genes, but have had limited success in identifying 

genes involved in complex polygenic diseases such as obesity and diabetes.  

 

Association studies in unrelated subjects can be used for mapping susceptibility loci as 

an alternative to linkage mapping in families. Linkage is a relationship between loci 

whereas association is a relationship between alleles. Allelic association means that 

across the whole population, people who have a certain allele at one locus have a 

statistically more than random chance of having some particular allele at a second locus 

(21). In association studies, candidate genes are often chosen to be investigated because 

of previous hypothesis of their role in a certain disease. For example, knockout of a 

certain gene in mice could result in a phenotype similar to a human disease. In the 

candidate gene approach, allele or genotype frequencies of a polymorphism are 

compared between a sample of patients and controls. If the frequencies differ between 

the two groups, the polymorphism is said to be associated with disease. The 

investigated samples could also be subdivided into groups regarding different 

phenotypic variables and compared with allele frequencies. The polymorphisms studied 

in association studies could cause a change in the amino acid sequence of the protein, 

change an mRNA splice site or be located in the promoter regions thereby effecting 

gene transcription. However frequently, polymorphisms are silent, not changing the 

amino acid sequence in the protein product, or located in introns far from splice sites. In 

these cases, the polymorphisms are assumed to be in LD with other, functional variants 

in the same or in a nearby gene. However, the location of some polymorphisms makes 

them difficult to analyze functionally, making their impact on the protein product 

difficult to interpret. For example, regulatory regions, including polymorphisms in such 

regions, could be located far from the transcription start site of a gene making it 

difficult to design assays to study the functional consequences of the polymorphism. 
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There are several issues that need to be considered when performing genetic association 

studies in relation to human disease. As complex traits most probably are the results of 

interactions of multiple factors, gene-gene interactions are sometimes studied. Both 

additive and non-additive interactions can occur. Difficulties include using the correct 

statistical methods when analyzing the data. When analyzing multiple parameters the 

risks of drawing the wrong conclusion increase. Multiple testing adjustment techniques 

correct the P value to keep the overall risk of coming to the wrong conclusion at a 

certain level, usually 5%. One commonly used method is the Bonferroni adjustment 

(21). The threshold of significance is set to p = 0.05/n, where n is the number of 

independent potential associations tested. It is not straight forward to use the Bonferroni 

adjustment in many cases, i.e. when tested phenotypes are associated, as with obesity, 

BMI and waist measurement. 

 

Quite often positive findings in one association study cannot be reproduced. Some of 

the discrepancies between studies could be due to the original finding being falsely 

positive. This could be due to ethnical stratification or ethnical admixture (25). This 

happens when a population contains two or more ethnic or racial subgroups that have 

different allele frequencies and different levels of a particular phenotype. Some 

negative studies might be under-powered, yielding false-negative results due to small 

sample sets considering the small relative risk conferred to each allele. Sometimes a 

given polymorphism is influencing the probability for a disease only if other 

polymorphisms are present in other genes. As there are slight genetic differences 

between populations, this could be yet another explanation why association could be 

present in one population but not in another and does not mean that the original 

association was wrong.  

 

In this thesis nuclear receptor polymorphisms are explored in complex traits such as 

BN, obesity and T2D. Complex traits are characterized by the effects of several genes, 

each of low impact or penetrance, giving rise to the observed phenotypes of the disease 

state. Since effects of individual genetic variations (SNPs) have low penetrance, large 

patient materials are needed to reach significant statistical effects. 
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1.5 The Nuclear Receptors 

In today’s society, the prevalence of obesity and metabolic complications such as 

insulin resistance, hypertriglyceridemia and diabetes leads to significant suffering for 

the individual and an economical burden for society. The lack of adequate treatment 

regimens for obesity and T2D has lead many academic research groups and 

pharmaceutical companies to explore certain nuclear receptors (NRs) as targets to treat 

these diseases. The NR superfamily is a family of transcription factors important in a 

broad spectrum of cell signaling pathways (26). Originally, the receptors were divided 

into classical NRs with known ligand and orphan NRs without known ligand. However, 

as ligands for some of the latter have been identified, these are now called “adopted” 

orphan receptors. It is not known if all orphan receptors actually have ligands or if 

some of them are constitutively active.  

 

The NRs are attractive drug targets as their activities most often are controlled by small 

molecular ligands. Furthermore, NRs are already targets of approved drugs and a 

particular focus is on NRs which have been connected to regulation of body weight or 

metabolism such as the estrogen, liver X and peroxisome proliferator activated 

receptors (ER, LXR, and PPAR, respectively) (26). Efforts have been put into the 

development of synthetic ligands, agonists and antagonists, that can function in both 

receptor subtype-, pathway-, cell- and coregulator specific modes. 

 
 
1.5.1 Structure and Function 

The nuclear receptors share a common, conserved structure (26). The main 

characteristics of NRs are their different functional domains, named A to F, encoding 

distinct functions (26; 27) (Figure 3). The N-terminal A/B domain is highly variable in 

length and is not well conserved between NRs . It harbours a cell-specific activation 

function (AF1) of unknown structure. The AF1 is autonomous and can activate 

transcription in a constitutive manner when linked to a heterologous DNA binding 

domain (26). The A/B region can be subjected to phosphorylation and splicing events, 

and differential promoter usage. AF1 displays cell, DNA-binding domain (DBD) and 

promoter specificity. Region C comprises the DBD which allows sequence-specific 

DNA recognition (26). This is a well conserved domain among NRs. The DBD 

comprises two zinc-finger motifs. In each motif, four cysteine residues chelate one Zn2+ 

ion. The D or hinge region is a relatively non-conserved region. This region is a flexible 
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hinge between the highly structured C and E domains and is thought to allow the 

receptor to adopt several different conformations. The hinge region also harbours a 

nuclear localization signal (NLS) which allows nuclear positioning of most NRs. The E 

domain encompasses the ligand-binding activity and, hence, is called the ligand-

binding domain (LBD). The LBD is a highly structured but moderately conserved 

domain among NRs. The structure of this region was derived by crystals with or 

without ligand or coregulator peptides. The LBD includes the ligand-dependent 

activation function AF-2, which is a major dimerization interface and often represents a 

repression function (26; 28). A C-terminal F region is present in some NRs. This is an 

evolutionarily non-conserved region subjected to posttranslational modification. Its 

function is still unknown. NRs can be found as monomers, homodimers or 

heterodimers at their cognate binding site (26). Heterodimerization between NRs take 

place with other family members (for instance ERα-ERβ heterodimerization), but 

many NR prefer to heterodimerize with the retinoid X receptor (RXR) (for instance 

LXR-RXR heterodimerization). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3. Schematic illustration of the structural and functional domains of nuclear receptors. The 

evolutionarily conserved domains C and E are indicated as boxes and the divergent domains A/B, D and 

F are represented with a black bar. Within the two transcription activation functions (AFs), autonomous 

transactivation domains (ADs) have been described for some NRs. NLS, nuclear localization signal. 

Adapted from (26). 
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1.5.2 Molecular Mechanisms of Nuclear Receptor Transcriptional 

Regulation 

 
1.5.2.1 DNA Recognition 

The nuclear receptors recognize derivatives of the same hexameric concensus DNA 

sequence, 5´-(A/G)GGTCA, called response element (RE), located in regulatory 

regions of target gene promoters (29). This sequence could be a single element or  two 

tandem elements in direct, everted or inverted repeats, and permits binding of NRs as 

monomers, homodimers, or heterodimers (29). Usually REs found in promoters are far 

from the ideal concensus hexameric sequence and often one of the half-sites deviates 

from the concensus. Several key domains within the DBD aid the NRs in their binding 

to DNA as well as in their dimerization with other NRs (26). The P-box is part of a 

DNA recognition helix that contacts the major groove and determines which 

recognition sequence (response element) the receptor can bind (30-32). The D-box 

contributes to the DBD dimerization interface with other NRs (32). Heterodimerizing 

receptors also contain two sequences known as the A- and T-boxes. The A-box is 

involved in contacting minor groove and selection of the nucleotides 5´ of the response 

element (26; 33; 34). The T-box forms a helix that is involved in RXR dimerization 

(26; 35). When an NR dimer binds DNA, it stretches its recognition helices into 

adjacent major grooves from one side of the DNA double helix and makes contacts to 

the phosphate backbone with its side-chains. 

 
 
1.5.2.2 Ligand Binding 

Structural analysis of several NRs revealed that the receptor LBDs have a conserved 

fold (26). The LBD structure consists of a three-layered α-helical sandwich, and one β-

hairpin connected by loops variable in lengths. The α-helices are named H1 to H12, 

with H1 as the most N-terminal helix. The helices together form a hydrophobic cavity 

which accomodates the ligand. Polar residues in this ligand binding pocket help 

anchoring the ligands and are important for correct positioning and selectivity.  

 

Upon agonist binding, several rearrangements of the LBD helices occur. The final 

repositioning is the flipping over of H12, which by acting as a lid, seals the ligand 

binding cavity (26). H12 encodes the core of the AF-2 activation domain which is now 

positioned in a way so that it can interact with coactivators. In unliganded or 
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antagonist-bound receptors, H12 is positioned in a way that promotes the binding of 

corepressors (26). The ligands can positively or negatively interfere with the receptor’s 

dimerization abilities, its interaction with the DNA response element and its 

recruitment of coregulators. 

 
 
1.5.2.3 Transcriptional Activation and Repression 

The NRs exert transcriptionally regulatory functions that could be either positive or 

negative. Certain NRs are constantly present at their target regulatory DNA sequences 

in the nucleus while other receptors are located outside the nucleus in the inactive state, 

without ligand. For the latter, ligand binding recruites the activated receptor into the 

nucleus where it exerts its gene regulation activity. Most NRs contain at least two 

independent activation functions, AF-1 and AF-2. Shorter regions within the AF-1 

containing A/B region have been shown to be constitutively active (36-39) whereas 

AF-2 is mostly ligand dependent (26). When activated by ligand, the NR interacts with 

molecules known as coregulators; coactivators or corepressors. The coactivators 

contact the NR via a short signature motif known as the LxxLL NR box (40-42). The 

corepressors exert their repressive function via several mechanisms and motifs (43-45). 

The LxxLL motif is necessary for ligand-dependent interaction with an AF-2 surface in 

the NR LBD. Residues surrounding the LxxLL motif are believed to make contact with 

charged residues in the hydrophobic cleft in the NR LBD (26). Not only the LBD but 

also the A/B domain of some NRs has been shown to interact with coactivators (26; 46-

48). The coactivators possess or recruit enzymatic activities and form large coactivator 

complexes. Some of the coactivators such as CBP and p300 can act as histone 

acetyltransferases (HATs) capable of acetylating specific residues in the N-terminal 

tails of histones, a process important for the opening of chromatin during transcription 

activation. Upon acetylation, histones have reduced DNA-binding activity and 

dissociate. After the dissociation of the HAT complex, the multisubunit 

SMCC/DRIP/TRAP mammalian mediator complex is assembled and interacts with the 

NR through its LxxLL containing TRAP220/DRIP205 subunit (26; 49). This complex 

is able to establish contact with the basal transcription machinery resulting in RNA 

polymerase II recruitment and transcription initiation (49). Several factors of the basal 

transcription machinery, such as the TATA binding protein (TBP) and other TBP-

associated factors (TAFs) have been shown to be able to interact with NRs (26). 
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Nuclear receptors can repress transcription in their unliganded apo-form or when bound 

to antagonists when they are in complex with corepressors. Corepressors reside in, or 

recruit, high-molecular weight complexes harbouring the opposite function to the 

coactivator complexes. In fact, corepressors recruit histone deacetylase activities that 

reverse the HAT activities, thus silencing the DNA region.  

 

In addition, the NRs have been shown to cross-talk with other signal transduction 

pathways, such as the AP1 and NFκB (26). Yet another signaling event is the 

phosphorylation of the NR A/B, E and F domains. Phosphorylation might change the 

receptor’s ability to associate with other regulatory proteins. 
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1.6 The Estrogen Receptors 

 
 
1.6.1 General Introduction 

The estrogen receptor (ER, ESR) subfamily of nuclear receptors consists of the two 

subtypes ERα (ESR1, NR3A1) and ERβ (ESR2, NR3A2). Human ERα was one of the 

first nuclear receptors to be cloned in 1986 by the Chambon and Greene laboratories 

(50; 51). ERα was regarded as the only ER for 10 years, until ERβ was discovered and 

cloned from a rat prostate library in our lab (52). ERα exhibits 94% amino-acid identity 

with ERβ in the DBD and 69% in the LBD (26). ERs bind to the estrogen response 

element, ERE, a palindrome of the sequence AGGTCA spaced by 3 bases. This 

element is often repeated in target gene promoters and can also occur as ERE half sites. 

ER binds to ERE as a homodimer. The ERs can also interact with other transcription 

factors like Fos/Jun (Ref), NFκB or SP-1 (26) and indirectly regulate transcription. 

Unliganded, inactive ER interacts via its LBD with heat-shock proteins (hsp) that are 

thought to repress ER’s transcriptional activity. Upon ligand binding, the ER 

dissociates from the hsp-complex and activates transcription.  

 

The ERs are activated upon binding of estrogens or related compounds. Estrogens are 

steroid hormones synthesized by the enzyme aromatase. The main site for estrogen 

synthesis is the ovaries. Estrogens are also produced in peripheral tissues such as 

adipose tissue and adrenals. The most potent natural ER ligand is 17β-estradiol (E2). 

There exists a large number of synthetic ER ligands (agonists and antagonists) that 

display varying degree of tissue and receptor specificity. 

 

The physiological effects of estrogens are manifold. ERα is the dominating isoform in 

for example the uterus, bone, breast, liver, and WAT, whereas ERβ expression is higher 

in for example the colon, lung, bone marrow, and salivary glands (53-55). Sometimes 

the ERs are present in the same tissue, but in different cell types, examplified by the 

expression of ERβ in the epithelial cells and ERα in the stromal cells of the prostate 

(56). The receptors have distinct regulatory functions. Gene expression profiling studies 

of tissues from estrogen receptor knockout mice (ERKO) as well as treatment of cell 

lines with ERα and ERβ selective ligands have revealed genes specifically targeted by 

the different receptors (57-60).  
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1.6.2 Estrogen Receptors and Disease 

Both gender differences in disease incidence and epidemiological data provide 

evidence for a role of estrogen and ERs in human disease. At menopause, when the 

estrogen levels naturally decrease, women are at higher risk of developing many 

diseases associated with the metabolic syndrome such as obesity, cardiovascular 

disease (CVD) and T2D. Furthermore, hormone replacement therapy (HRT) has been 

found to reverse many of these conditions. ER modulators have a wide spread use in 

clinical practice today. Tamoxifen and similar ER antagonists are currently the first-line 

therapy for treatment of hormone responsive breast cancer. Their clinical introduction 

represents a milestone in the treatment of this life threatening disease. HRT is widely 

used in the clinical practise although the benefits and risks of this treatment is currently 

the focus of much attention. 

 

 

1.6.2.1 Estrogen Receptors in Human Metabolic Disease 

Several observations imply a role for estrogen signaling in obesity. A correlation 

between estrogen and adipose tissue mass has been demonstrated in both humans and 

rodents. Women usually gain weight after menopause and tend to shift to a more 

android fat distribution (61-63). This could either be due to lower estrogen levels or the 

relative increase in testosterone levels. Both ERs are expressed in hypothalamus, a 

region of the brain known to be involved in the regulation of appetite and satiety (64). 

ERβ has been implicated in the effects of estrogen on food intake in rodents (65). ERα 

is the predominating ER in mature human adipocytes (66). ERα mRNA levels in 

adipocytes are not affected by anatomical origin or gender in non-obese individuals 

(66). Human genetic studies support a role for the ER genes in obesity and certain 

aspects of the metabolic syndrome. Genome wide linkage analysis has linked BMI, 

waist circumference and HDL-cholesterol levels to the chromosomal region harbouring 

ERα (67; 68). Two ERα SNPs have previously been associated with adiposity in males 

(69) and to body fat distribution in female Japanese subjects (70).  However, another 

study reported no association of ERα SNPs with female obesity (69).  
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1.6.2.2 Estrogen Receptors in Other Human Diseases 

It is generally thought that breast tumors, at least initially, are dependent on the 

stimulatory effects of estrogens although many tumors eventually become estrogen-

indepent (54). This is the basis for the measurements of ERα in breast cancer diagnosis. 

Studies of human breast cancer tumors have suggested that the ERβ CX variant (see 

below) is expressed in late stage tumours when ERβ is lost although further studies are 

needed to clarify the role of ERβ CX in disease. Estrogen and its receptors are known 

to be important in bone metabolism. Raloxifen, which is an estrogen agonist in bone, is 

currently used to prevent osteoporosis. In addition, estrogen has been proposed as a 

neuroprotectant and menopause is associated with an increased risk of developing 

Alzheimer’s and Parkinson’s disease (71). Estrogen exerts multisystemic effects, and 

its use in HRT of postmenopausal women has been questioned. Recent studies suggest 

that estrogen increases TG levels and the risk of stroke but does not affect the incidence 

of CVD (72). 

 

 

1.6.2.3 Lessons From Studies of Knockout Mice 

Estrogen receptor knockout (ERKO) mice display several different phenotypes, which 

are interesting in regard to human health. Both male and female αERKO and αβERKO 

mice are completely infertile, whereas βERKO males exhibit normal fertility (73). 

βERKO females show decreased fertility (74). Studies of ERKO mice revealed that 

both ERs are required for ovulation to occur efficiently. ERs are expressed in most cell 

types in bone and ERKO mice display minor skeletal abnormalites (75). The ER 

distribution pattern in the brain suggests different roles for the ERs (76). Hyperplastic 

prostates have been detected in βERKO and aromatase knockout (ARKO) mice, but 

not in αERKO mice (76). Recently, several pharmaceutical companies have developed 

specific ERβ ligands targeting prostate hyperplasia and depression. αERKO mice 

display an obese phenotype (73; 77-79). Thus, maintaining ERα levels seems to protect 

against obesity. Finally, studies of ERKO mice have revealed the important functions 

of ERs in several other different tissues and conditions as divergent as the immune 

system (80; 81), the cardiovascular system (82), mammary gland and liver (55; 57). 
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1.6.3 ER Variants and Disease 

Several mutated ERs have been detected in human disease. So far, only one disease-

causing ER mutation has been identified. A male patient that displayed abnormal 

postpubertal bone elongation and estrogen resistance harboured a mutated ERα (83). 

The mutation introduces a premature stop codon in ERα exon 1. It was initially thought 

that the mutation generated a silenced receptor, but recent unpublished work by our 

group and others suggest that this patient probably expresses the shorter ERα variant, 

ERα-46, which can be produced from internal ribosome entry (84). Mutations changing 

the activity of ER have been found in several breast cancer patients (85). Although 

none of them has been identified as the only cause of disease, they may play important 

roles in disease progression and treatment response.  

 

Several ER isoforms have been described in both normal and malignant tissue. For 

ERα, several different promoters and 5´ untranslated exons exist, some of them 

expressed in a tissue specific manner (86). Different exon-deleted ERα mRNA variants 

have been reported to be increased in breast cancer tissue and therefore linked to breast 

cancer (85). Not all of these variants have been detected at the protein level making 

their importance uncertain. Two ERα variants lacking exon 1 exist, ERα-46 and ERα-

36, named in accordance with their molecular weight in kDa (87; 88). These isoforms 

are translated from internal ATGs generating proteins lacking the AF-1 region. Both 

isoforms are able to heterodimerize with the wildtype full-length receptor, ERα-66, 

inhibiting its AF-1 activity (87; 88). The function and relevance of these shorter ERα 

isoforms are poorly understood and need to be further investigated. Several ERβ 

protein variants have been described (52; 89-93). ERβ CX is a splice variant in which 

the last exon encoding helices 11 and 12 of the LBD is exchanged with a CX exon (90). 

The function of ERβ CX has been disputed. It has been reported not to bind ERE and 

ligand but to heterodimerize with ERα and inhibit its function (90).  

 

Several NR polymorphisms are described in available SNP data bases such as 

SNPper (http://chip.snpper.org) and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). A 

number of studies regarding these variants are collected in the genetic association 

database (http://geneticassociationdb.nih.gov/). A number of polymorphisms have 

been reported in the ERs. An overview of commonly scored ERα and ERβ variants is 

given in Figure 4. These SNPs do not change the amino acid sequence of the resulting 
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ER proteins and thus are not likely to change receptor function. However, they might 

change their transcriptional regulation or the receptor protein level. A number of 

case-control studies has investigated a possible association between ER SNPs and 

disease. There are numerous studies describing ERα SNPs in osteoporosis (94; 95). 

Conflicting results have been reported for association between the ERα variants E 

and F (Figure 4 A) and bone mineral density (BMD) (94; 95), possibly because of 

differences in screened populations. 

 

 

 
 

Figure 4. Schematic overview of single nucleotide polymorphisms in the ER genes. A. SNPs at the 

ERα locus. E 1-8 = Exons 1-8. A. (TA)n repeats (17 alleles) B. Codon 10 C/T (MspI RFLP) C. Codon 87 

G/C (BstUI RFLP) D. Codon 100 C/G E. Intron I A/G (XbaI RFLP) F. Intron I C/T (PvuII RFLP) G. 

Codon 160 G/T H. Codon 243 C/T I. Codon 309 C/T J. Codon 311 G/A K. Codon 325 C/G L. (CA)n 

repeats (9 alleles) M. Codon 425 C/T N. Codon 594 A/G. B. SNPs at the ERβ locus. N= N-terminal 

exon, CI=First part (finger) of the DNA-binding domain, CII=Second part (finger) of the DNA-binding 

domain, HIN= Hinge exon, LI-IV= Ligand-binding domain exons, CX= CX exon. A. 661 A/G  B. 809 

(del21)  C. 846 G/A D. 1082 G/A E. (CA)n repeat F. 1421 T/C G. ERβ LIV –68 C/T1 H. ERβ LIV –4 

A/G1 I. 1730 G/A J. ERβ CX +56 G/A. The figure does not include all SNPs in the ER genes but the 

most commonly studied. The SNPs studied in papers I and III are highlighted in pink. Adapted from (54).  
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We and others have investigated the role of ERβ SNPs in eating disorders (96; 97). In 

paper I we describe association of ERβ SNPs I and J (Figure 4 B) and bulimic 

disease. This was further strengthened when a region on chromosome 14, where the 

ERβ gene is located, was linked to BN (98). However, another study failed to show 

association with ERβ SNPs D and I with BN (97). In addition, ERβ SNP D showed 

association with anorexia (96). Six different polymorphisms in ERβ (B, C, D, E, H, 

and I) were studied in a sporadic breast cancer material, however, no difference was 

found in the allele distribution of the six studied polymorphisms between the breast 

cancer and control groups (99). Association studies of an ERβ gene polymorphism (E 

in Figure 4 B) found association with higher bone mineral density (BMD) in 

premenopausal, but not postmenopausal Chinese women (100) suggesting that the 

ERβ gene may have a modulatory role in bone metabolism in young adulthood. In a 

recent study, ER polymorphisms were found to be associated with insulin sensitivity 

and metabolic syndrome, but only in Japanese and Chinese females (101). In 

addition, ER variants have been analyzed in coronary heart disease (102; 103), 

prostate cancer (104; 105), blood pressure (106) and steroid hormone levels (107), 

with both positive and negative results regarding association. 
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1.7 The Liver X Receptors 

 
 
1.7.1 General Introduction 

The liver X receptor (LXR) subfamily of nuclear receptors consist of the two paralogs 

LXRα (NR1H3) and LXRβ (NR1H2) (26). LXRα is expressed in metabolically active 

tissues such as the liver, small intestine, kidney, macrophages and adipose tissue 

whereas LXRβ is more ubiquitiously expressed (108; 109). The LXRs bind to the LXR 

response elements (LXRE) which consist of two direct consensus hexanucleotide 

repeats (AGGTCA) separated by four nucleotides (DR4) (110). In order to exert its 

regulatory function, LXR must heterodimerize with the retinoid X receptor (RXR). The 

LXR-RXR heterodimer becomes activated upon binding of LXR and/or RXR agonists 

(110). The natural in vivo ligands are oxidized cholesterol derivatives called oxysterols, 

namely 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, 24(S), 25-

epoxycholesterol, 20(S)-hydroxycholesterol and 27-hydroxycholesterol (111-114). 

Two synthetic agonists have also been identified; T090131719 (Tularik) (115) and 

GW3965 (Glaxo Wellcome) (116). Reported antagonists have been identified in plants 

(117). Sequence divergencies in the E regions of LXRα and LXRβ might suggest that 

the LXRs can bind different ligands, and hence they can potentially be agonized or 

antagonized independently of each other.  

 

Much less is known about the roles of LXRs in human physiology and disease 

compared to what is known about ERs. However, previous studies in rodents have 

revealed a number of roles in animal physiology and particularly cholesterol, lipid and 

glucose metabolism. 

 
 
1.7.2 LXRs Play a Role in Cholesterol and Lipid Transport 

LXRs exert their function by regulating specific target genes in several metabolic 

pathways (118; 119). Studies of LXR knockout (KO) mice, have greatly contributed to 

our understanding of the biological and physiological roles of LXRs. The first 

observation was that LXRα, but not LXRβ, KO mice accumulate large amounts of 

cholesterol esters in the liver after being fed a high-fat cholesterol diet (120; 121). This 

is due to a failure of inducing expression of the CYP7A1 gene, which is the rate-

limiting enzyme in the bile-acid synthesis from cholesterol. In normal mice, LXR 



 

26 

induces the expression of CYP7A1 via binding to an LXRE present in the CYP7A1 

promoter and thereby increases the conversion of cholesterol to bile acids (114). 

However, this seems to be species specific as LXR suppresses expression of CYP7A1 

in primary human hepatocytes (122; 123). This repression is, at least in part, due to the 

direct LXR-induced expression of small heterodimer partner (SHP), a gene that has a 

repressive effect on CYP7A1 via the liver receptor homologue (LRH1; also called FTF 

in rat and CPF in humans) (124-126). 

 

Several studies have shown that LXRs upregulate genes in the family of ATP-binding 

cassette (ABC) transmembrane lipid transporters including ABCA1 (127; 128), 

ABCG1 (129-131), ABCG5 and ABCG8 (132; 133). These ABCs are transporters 

facilitating export of lipids and cholesterol across the lipid bilayer membrane of the cell 

to circulating HDL lipoprotein particles in the blood. LXR-induced expression of 

ABCA1 and ABCG1 induces transport of lipids and cholesterol from peripheral tissues 

to the liver, a process known as reverse cholesterol transport (118; 127-131). Induced 

expression of ABCG5 and ABCG8 leads to decreased cholesterol absorption from the 

intestinal lumen and increased transport of cholesterol from the liver to the bile duct 

(132; 133). Also apolipoproteins which serve as cholesterol acceptors in lipoprotein 

particles are induced by LXRs. ApoE, which facilitates cholesterol efflux from cells 

outside the enterohepatic axis, as well as the ApoC-I/C-IV/C-II gene cluster, which is 

regulating hydrolysis of TGs, are LXR target genes (134; 135).  

 

Taken together, these findings indicate a role for LXRs in promoting an increased 

reverse cholesterol transport, decreased dietary cholesterol uptake as well as increased 

cholesterol secretion. These features are highly beneficial in preventing CVD, which is 

an obvious reason why the LXRs are in focus of such interest in the pharmaceutical 

industry today. 
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1.7.3 LXRs in Lipid and Glucose Metabolism 

 
 
1.7.3.1 The LXRs Induce Lipogenesis in the Liver  

Several observations suggest that the LXRs are key lipogenic factors (119).  

LXRα KO mice displayed significantly lower hepatic, but not plasma, TG levels 

compared to wild type mice when fed a high-cholesterol diet (121). LXRαβ double KO 

mice have reduced basal serum and hepatic TG levels (115). Consistently, wild type 

C57BL/6 mice treated with LXR agonist showed increased plasma and hepatic TG 

levels (136). These mice also showed increased mRNA expression levels of lipogenic 

genes such as sterol regulatory binding protein (SREBP)-1c, acetyl CoA carboxylase 

(ACC), fatty acid synthase (FAS), and stearoyl CoA desaturase (SCD)-1 (115). The 

LXR-mediated upregulation of several of these target genes is mediated by the direct 

binding of LXRs to LXREs present in the respective gene’s promoter (119). These and 

other observations indicate that the LXRs regulate hepatic lipid metabolism via several 

pathways. 

 

 

1.7.3.2 The Role of LXRs in Adipose Tissue 

The role of LXRs in adipose tissue is somewhat unclear. Some observations favor an 

adipogenic role of LXR in adipose tissue, whereas others support a function in 

maintaining the adipocyte phenotype (119). The amount of adipose tissue is, however, 

similar in both young wild type and LXR KO mice, a strong in vivo observation, 

indicating that the LXRs are not important for adipocyte differentiation (137). LXRβ 

has been shown to be necessary for the age-dependent increase in adipocyte size (137). 

LXRβ KO and LXRαβ double KO mice are resistant to a diet-induced weight gain 

(137; 138). This is due to an increased expression of uncoupling protein (UCP) 1 in 

WAT and muscle (137; 138) leading to elevated energy consumption in peripheral 

tissues. This indicates that LXRβ is a very important factor in the development of diet-

induced obesity.  
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1.7.3.3 The Effects of LXRs on Glucose Metabolism 

LXRs regulate basal and insulin-induced expression of the GLUT4 in adipocytes via an 

LXRE in the promoter of GLUT4 (139; 140). Basal expression level of GLUT4 was 

regulated by LXRα, while both paralogs mediated LXR agonist induced expression of 

GLUT4 (139). In addition, the expression profile of GLUT4 was correlated to that of 

LXRα during mouse and human adipocyte differentiation (139). LXRs induce glucose 

uptake in liver and adipose tissue, but also reduces gluconeogenesis due to suppression 

of the gluconeogenic genes PEPCK, G6P and PGC1α (140). This is further 

accompanied by an induced expression of glucokinase, which promotes hepatic glucose 

utilization (140). Recent studies support an important role of the LXRs in the muscle. 

LXR activation promotes glucose and fatty acid uptake, glucose and FA oxidation, 

lipid accumulation, cholesterol efflux as well as mitochondrial respiration in the muscle 

(141). The important role of LXR in these physiological processes was further 

substantiated when muscle cells from T2D patients showed reduced lipid oxidation 

upon LXR activation (141).  

 

LXRβ is the main paralog in pancreatic β-cells and is involved in maintaining basal 

insulin levels in mice (137; 142). LXRs are involved in glucose-dependent insulin 

secretion, as seen in in vitro studies of pancreatic cell lines as well as increased plasma 

insulin levels in mice (142; 143). When LXRβ is deleted in mice, the animals display 

impaired glucose tolerance when fed a normal diet (137; 142). However, when these 

mice are challenged with either low- or high-fat diet, they showed an improved glucose 

tolerance (138). Treatment of diabetic mouse and rat models with synthetic LXR 

agonist improved the glucose tolerance (136; 144; 145). These findings suggest that 

LXRs are crucial for proper insulin signaling and might have a considerable impact on 

overall glucose homeostasis in the body, however, the exact mechanisms are not yet 

fully understood. 
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1.7.4 LXR Variants 

Until today, only a few LXR variants have been described. With the availability of 

single nucleotide polymorphism data bases, it is clear that several LXR variants exist at 

the DNA level. These SNPs have been incompletely studied and until today, only two 

papers regarding the role of LXR SNPs have been published. The first paper suggested 

association of LXRβ SNPs and Alzheimer’s disease (Figure 5) (146) and the second 

that LXR SNPs have a potential role in loin lean and fat in pigs (147).  

 

 

 

 

 
 
 
 
 
 
 

Figure 5. SNPs at the human LXRββββ locus reported by Adighibe et al (146). E1-10 = Exons 1-10. 

SNPs B and D displayed modest association with late onset Alzheimer’s disease. 
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2 AIMS OF THE STUDY 

 
Recent findings have implicated a role for ER and LXR signaling in several human 

disorders including the metabolic syndrome. The overall aim of this thesis was to 

investigate if genetic variations in the ER and LXR genes are involved in the etiology 

of some specific diseases.  

 

The specific aims were: 

I.  To identify and investigate if ERβ gene variants play a role in bulimic disease  

(Paper I). 

 

II. To identify LXRα and LXRβ gene variants and to investigate if identified variants, 

and LXR expression levels are associated with obesity (Paper II). 

 

III. To investigate if ERα gene SNPs or expression levels are associated with obesity 

(Paper III). 

 

IV. To investigate if LXRβ SNPs play a role in type-2 diabetes (Paper IV). 
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3 RESULTS AND DISCUSSION 

 
3.1 Association of ERββββ SNPs with Bulimic Disease (Paper I) 

In this paper we investigated if genetic variations in the ERβ gene could play a role in 

bulimic disease. Recent studies suggest a substantial influence of genetic factors on 

eating disorders (7). The project rationale was based on the impact of estrogens on 

feeding behaviour and the fact that eating disorders are more common among females 

than males. In addition, a region on chromosome 14, where ERβ is located, was linked 

to bulimia nervosa (98). When this study was initiated, only a few ERβ gene variants 

were described and analyzed with regard to frequency, with the focus on their role in 

AN, BN (96; 97) and menstrual disorders (148). In this study we screened for both 

novel and previously identified genetic variants. 

 

Bulimic women and healthy controls were screened for the presence of ERβ gene 

variants using dHPLC. With this technique, we detected a heterozygous point mutation 

in the ERβ hinge region in one bulimic patient. However, follow-up studies of this 

mutant did not support changes in transcriptional potential of the receptor as a result of 

the mutation. It is still possible that this mutation changes the function of the ERβ 

protein or its regulation although we did not detect any differences in this particular 

assay. We used the dHPLC as a technique to identify differences in melting 

temperature between re-annealed PCR products. Since ER variants appear to be rare, 

we assumed that heterozygous mutations would be the most common variants, if any, 

in bulimic women. Therefore, PCR products from heterozygous individuals would 

contain two different PCR products that would re-anneal after strand separation and 

create mismatching dimers. These dimers would then, when analyzed by the dHPLC 

technique, create distinct double peaks. However, we cannot exclude that using this 

strategy, we missed individuals homozygous for a variant. Today, we would instead 

have chosen a sequencing strategy to determine ERβ variants as the cost of DNA 

sequencing has decreased significantly. 

 

We scored three common polymorphisms in the ERβ gene by RFLP. Two ERβ SNPs 

were independently associated with bulimic disease. Both SNPs are located in the  
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3´ UTR of ERβ wild type and ERβ CX. SNPs in this region have been implicated in 

mRNA stability (24). This study suggests that genetic variations in the ERβ could play 

a role in the etiology of bulimic disease. 

 

 

3.2 LXR SNPs and Adipose Tissue Expression Levels in 

Human Obesity (Paper II) 

When this study was initiated, there were no published reports linking SNPs in the 

LXR genes to disease. There were a few reported LXR SNPs in various SNP data 

bases, however, with no information regarding their frequencies. Therefore, we decided 

to pursue a comprehensive effort to identify common polymorphisms in both LXR 

genes including their promoter regions. The proximal promoter was known for LXRα 

and we had in a separate study (Paper IV) identified the LXRβ promoter. The important 

roles of LXRs in metabolism, reverse cholesterol transport and adipocyte 

differentiation, motivated the approach to score LXR SNPs in obesity. In addition, in 

the initial phase of our study, a paper was published that linked the chromosomal 

region which harbours LXRβ to obesity (149).  

 

We pursued the SNP identification study in both non-obese and obese individuals in 

order to identify SNPs that could either predispose to or protect against obesity. 15 

SNPs were identified in the LXRα gene by sequencing, however only one SNP, a 

synonymous C to T substitution in exon 5 (rs2279238), was found in the coding region. 

Interestingly, one SNP (rs11039155) was located four nucleotides upstream of the 

translational start site in a putative important regulatory region for translational 

initiation. However, the different alleles did not display any altered function in in vitro 

translational assays (data not shown) and were therefore not further studied in depth. 10 

SNPs and one polymorphic repeat were identified in the LXRβ gene. The polymorphic 

repeat, called ∆173Gln, was the only identified coding polymorphism and was located 

in exon 6. Another SNP (rs1052533) was located within the deleted sequence in 

∆173Gln.  

 

SNPs with rare allele frequencies of > 5% were genotyped in non-obese (N=559) and 

obese (N=438) females. We did not genotype SNPs in LD with other SNPs as these 

would give little additional information. This analysis suggested that one LXRα SNP 



 

  33 

(rs2279238) and one common haplotype as well as two LXRβ SNPs (rs2695121 and 

LB44732G>A) were associated with obesity phenotypes (P values 0.0075, 0.0014, 

0.008 and 0.02 respectively). In addition there was evidence of interaction between 

LXR alleles in determining body mass index. As PPARγ has been reported to regulate 

LXRα, we genotyped the PPARγ Pro12Ala SNP. The Pro12Ala has been previously 

associated with obesity (150), but did neither associate with obesity nor interact with 

LXR SNPs in our sample. 

 

To further investigate the role of LXRs in obesity, we measured gene expression levels 

in subcutaneous adipose tissue from obese and non-obese females by real-time qPCR. 

As expected, there was a large individual variation in LXR mRNA levels which 

generates rather large standard deviations. Two different primer sets, one N-terminal 

and one C-terminal, were used for each gene. For LXRα, a consistent and significant 

increase in expression was seen in obese individuals with both primer pairs. This 

finding could also be repeated in a second sample set. For LXRβ, a significant increase 

was only seen with the N-terminal primer set, which could not be repeated in a second 

sample set. We concluded that LXRα expression is slightly increased in obesity 

whereas LXRβ is not. When analyzing obese individuals, high LXRα expression 

correlated with increased BMI, waist circumference, percentage body fat, fat cell 

weight, as well as levels of plasma insulin, HOMAIR, and plasma cholesterol 

(unpublished results). To further strengthen our results, we analyzed the expression 

levels of several LXR target genes (SREBP1c, FAS, ABCA1, ABCG1) which all were 

correlated with LXRα expression levels (unpublished results).  

 

We do not know whether increased expression of LXRα is a cause or consequence of 

obesity, however, our observations further support an important role of LXRα in 

adipose tissue. Although positive association was found between LXR SNPs and 

obesity phenotypes in this study, the findings are preliminary and should be repeated in 

separate samples and populations. It would also be of interest to analyze the role of 

LXR SNPs in obese male subjects. The interaction between SNPs in the LXRs in 

determining BMI suggests that individuals carrying specific combinations of LXR 

alleles, perhaps in combination with other yet undefined gene variants or environmental 

factors, are more prone to develop obesity.  
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3.3 Decreased Expression of ERαααα in Human Obesity (Paper III) 

Several observations link estrogen to body weight as described above. In addition, gene 

specific deletion of ERα in mice leads to obesity (73). In this study we analysed if two 

ERα gene polymorphisms predispose to female obesity. When the study was initiated, 

there were no reports describing association of SNPs in ERα with obesity. However, 

during the course of the project, genome wide linkage analysis identified a locus at 

chromosome 6q23-25, a region in which the ERα gene is located, which was linked to 

BMI and waist circumference (67; 68). Later, the ERα SNP rs9340799 was shown to 

contribute to the development of android-type obesity in middle-aged female 

individuals, but to decrease whole-body and abdominal fat tissue of older individuals 

(70). Finally, a recent study showed association of ERα SNPs rs9340799, rs2234693 

and rs1801132 with obesity phenotypes in men (69). 

 

Our study did not support any association between ERα SNPs and/or haplotypes with 

female obesity. Using real-time qPCR analysis we found that expression of ERα was 

higher in subcutaneous fat from non-obese compared to obese women. The negative 

correlation between ERα expression levels and obesity was confirmed in isolated 

adipocytes. Interestingly, expression of ERα increased after diet-induced weight 

reduction. These data confirm previous gene expression profiling results in which 

expression of ERα was up-regulated in adipose tissue from females following modest 

weight reduction subsequent to energy-restricted diets (151). Our data are consistent 

with a protective effect of ERα on human obesity.  

 

We determined ERα promoter usage in adipocytes using both 5´ RACE and real-time 

qPCR. There were differences between the two methods regarding promoter usage 

most likely due to the different material used in each assay. 5´ RACE was performed 

using ready made adipocyte cDNA from Clontech. We could not obtain any 

information regarding genetic background or type of material (adipose tissue/cell line) 

for this sample. Promoter usage using real-time qPCR was performed on subcutaneous 

fat from the same individuals analyzed for ERα mRNA levels. We identified three 

active promoters in subcutaneous adipose tissue. One of these, E2, was previously not 

reported. The two ERα promoters, C and E2, were significantly decreased in 

subcutaneous fat of obese women. Expression of promoter F was detectable in some 
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women but not all. The 5´ RACE assay also suggested that the ERα-46 kD variant 

exists in adipocytes. This variant can be generated via internal ribosome entry and has 

previously been shown to interact and inhibit the longer ERα-66 kD variant. We 

detected ERα-46 kD in differentiated human preadipocytes using western blot analysis.  

 

This study suggests that reduced ERα expression levels could be involved in the 

development of human obesity. However, our results do not allow us to determine if 

decreased expression of ERα is a cause or a consequence of obesity. It has been 

reported that estrogen can decrease ERα promoter A usage in chicken and increase 

promoter F usage in osteoblasts (86). Other studies suggest that in vitro estrogen 

treatment of adipocytes increases both ERα and ERβ expression levels (66). The 

relation between BMI and estrogen levels is unclear as studies show both positive and 

negative association between systemic estrogen levels and body weight (152; 153). 

Local estrogen levels in adipose tissue could of course also be of importance for ERα 

regulation in the adipose tissue. We do unfortunately not have access to any data 

regarding estrogen levels in our sample of women. 

 

The lack of association of ERα gene variants with female obesity described here is 

consistent with a recently published study investigating four ERα SNPs in the 

Framingham Heart Study offspring cohort where no association was found between 

these SNPs and markers of adiposity in women (69). In a follow up study, we have 

performed a comprehensive analysis of ERα SNPs in female and male obesity, which 

supports a small contribution of ERα gene variants to obesity (unpublished results). 

The reduced ERα expression levels are interesting and should preferably be confirmed 

at the protein level. However, western blot on fat is difficult to perform and the 

expression of ERα is relatively low. It also remains to collect adipose tissue biopsies 

from several non-obese and obese women, but the former is difficult to obtain. It would 

also be of interest to determine ERα expression levels in other tissues, such as muscle, 

from the same individuals. As ERβ has been suggested to be diabetogenic in mice, it 

could be of interest to determine ERβ levels in obesity. However, the expression of 

ERβ is very low compared to ERα in fat, suggesting it has a less important role. 

Determining ERβ expression levels is therefore of more interest in, for instance, 
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muscle. The same measurements of ER could also be performed in obese patients with 

impaired glucose tolerance and T2D to see if the differences remain. 

 

3.4 LXRββββ Gene SNPs and Type-2 Diabetes (Paper IV) 

LXRβ has recently been shown to play a role in glucose metabolism where its 

activation is necessary for proper insulin secretion. In this study, we genotyped LXRβ 

gene variants in patients with IGT, T2D and in healthy controls. We originally chose to 

genotype three LXRβ SNPs that were identified in Paper II. This selection was based 

on their gene locations, which indicated that they might cause a change in expression of 

LXRβ or altered the transcriptional activity of the protein. rs17373080 is located in the 

promoter region of LXRβ. rs1052533, as described in Paper II, is located within the 

repeat polymorphism ∆173Gln in exon 6.  

 

The frequency of the rs17373080 G allele was significantly increased in T2D subjects 

compared to non-diabetic controls. The IGT subjects displayed similar allele frequency 

as the controls. No association was found between rs1052533 or ∆173Gln with either 

IGT or T2D. Additionally, one common diplotype G-A was strongly associated with 

T2D. The IGT and T2D groups were both obese, however, no association was observed 

between the IGT group and healty controls, hence, the association was not linked to 

obesity. In order to investigate the putative function at the molecular level of the three 

SNPs, we first needed to identify the exact location of rs17373080. Its location was 

suggested to be the LXRβ promoter region. 5´ RACE on three different tissue cDNA 

libraries showed that no single transcriptional start site was observed in human testis, 

thymus or ovary cDNA libraries but transcription was initiated within a confined 

region. The most 5´ start site was designated +1 and based on this analysis, we 

concluded that rs17373080 was indeed located in the LXRβ promoter region. The  

-244/+1163 region was cloned in front of a luciferase gene reporter. This construct was 

mutated to harbour both rs17373080 alleles. The basal activities of the two alleles, C 

and G, were analyzed using transient transfection assays in three different cell lines. 

There was a trend of higher basal activity of the construct harbouring the C allele, 

which is the most common allele among Caucasians, however it did not reach statistical 

significance. A computational search using the transcription element search system 

(TESS) (http://www.cbil.upenn.edu/tess/) suggested a binding site for the transcription 

factor NF1 overlapping rs17373080. According to TESS, this binding site was lost with 
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the G allele. The members of the NF1 family showed differences in transactivation 

activity on the LXRβ promoter but no difference was observed between the C or G 

alleles. In EMSA, using whole-cell extracts from the mouse MIN6 pancreatic β-cells 

we showed binding of protein to the putative NF1 site. In vitro transcription/translation 

of NF1 members produced bands of the same size as the whole-cell extract, suggesting 

that NF1 can bind to this site. However, there might be other transcription factors 

which could bind this site as well which we did not investigate in this study. 

 

LXRβ cDNA constructs separately harbouring each alleles of rs1052533 and ∆173Gln 

were generated by in vitro mutagenesis. Transient transfection studies using these 

constructs suggested that LXRβ ∆173Gln might have a reduced transactivation 

potential. Cotransfection with various coactivators indicated that the ∆173Gln might be 

associated with impaired recruitment of different transcriptional coactivators. ∆173Gln 

showed lower transcriptional activity when cotransfected with the TIF2 and PGC1α 

coactivators in the MIN6 cell line. This is interesting as LXRβ has been shown to be 

important for proper insulin secretion from the pancreatic β-cells. The region in which 

rs1052533 and ∆173Gln are located contains a repeat of four glutamines in humans of 

which the first one is deleted in ∆173Gln. Sequence comparison revealed that this 

repeat is not conserved between humans and other species, as all other species only 

contain a repetition of three glutamines. ∆173Gln is located within the hinge region, 

which is a flexible loop between the DNA binding and the ligand binding motifs and 

deletion of one glutamine repeat could alter the flexibility.  

 

In conclusion, we show association of one LXRβ SNP with T2D and that the alleles of 

the rs17373080 promoter SNP might affect the expression level of the LXRβ gene. 

Even though the potential functional differences reported in Paper IV are minor, several 

minor changes in one gene or minor changes in several different genes might together 

cause slight functional differences that together could contribute to development of 

disease. 
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4 CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 

 
The aim of this thesis has been to investigate if DNA variants and expression levels of 

four nuclear receptors (ERα, ERβ, LXRα and LXRβ) could contribute to BN and 

metabolic diseases. When the thesis work was initiated, not much was published 

regarding polymorphisms in these receptors but presently this area of research is under 

intense investigation. 

 

Twin and family studies have proved a genetic component behind eating disorders. 

ERβ is expressed in hypothalamus, the area of the brain involved in appetite regulation, 

and has been found to be involved in the anorectic effect of estrogen. We found 

association of two ERβ polymorphisms and bulimic disease. The chromosomal region 

which harbours ERβ has been linked to BN. In order to confirm the role of ERβ 

variants in bulimic disease, our findings need to be repeated in other and preferably 

larger populations.  

 

The contribution of ERα SNPs to obesity remains unclear. Our study did not support a 

role for ERα SNPs in female obesity. The main finding of our study was, however, that 

ERα expression levels are reduced in obesity. Also, ERα expression increased after 

weight reduction. This is consistent with a role of ERα in maintaining body weight. 

Further studies are warranted to investigate the role of ERα regulation in the adipocyte 

and to determine if reduced ERα expression is a cause or consequence of obesity. This 

would include studies of the transcriptional potential and promoter usage of ERα and in 

particular in response to various factors such as adipokines. 

 

Scientists can use our comprehensive characterization of SNPs in the LXRs when they 

pursue their own SNP studies in Caucasian populations. Thorough functional analysis 

of verified SNPs associated with disease should be pursued to resolve the molecular 

mechanisms behind the association to disease. For instance, by doing a computational 

search one can predict if SNPs overlap any specific transcription factor binding sites. In 

addition, it could be of interest to align the suggestive regulatory sequences from 

different species. Transcription factor sites conserved among species are most probably 
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important for gene regulation and should be focused on initially. Data obtained from 

genome-wide ChIP-on-chip studies suggest that transcriptional regulation can occur by 

binding of transcription factors up to 100 kb up- and downstream of the translational 

start site (154; 155). This suggests that one should think of functionally analyzing 

intronic SNPs as well, although this could be difficult to accomplish technically.  

 

We have identified associations between mRNA levels and polymorphisms in certain 

NRs and various diseases. However, these findings are preliminary and need to be 

repeated in independent and larger populations. This suggests that these receptors 

contribute to the etiology of these disorders and potentially that manipulating the 

activity of these receptors might provide novel treatment opportunities for these 

diseases. However, it is important to keep in mind that such treatments will need to 

handle the diverse effects of ERs and LXRs. Therefore, eventual success in using ERs 

and LXRs as targets in metabolic disease is totally dependent on success in identifying 

compunds that specifically target activities of these receptors that would improve the 

desired clinical conditions. However, even so, my studies show association of ER and 

LXR with various disorders which support an important role of these receptors in 

human pathophysiology. Our findings warrants further studies to elucidate mechanisms 

of ER and LXR signaling at the molecular level in these conditions to fully understand 

how these receptors contribute to these diseases. 

 

In summary, our studies of ER and LXR polymorphisms and mRNA levels in 

metabolic disorders have indicated a role of these in disease. We do not know if the 

altered expression levels of ERα and LXRα are a cause or a consequence of obesity. 

Hopefully our studies can contribute to stratify diagnosis and provide therapeutic 

opportunities for these diseases that cause great human suffering. 
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