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ABSTRACT 

Atherosclerosis is the primary cause of cardiovascular events such as angina pectoris 
and myocardial infarction, which together with stroke are responsible for around 50% of 
all deaths in the United States and Europe.  
Usually atherosclerosis develops over several decades and leads to a progressive 
narrowing of arterial vessels. Hypercholesterolemia is an established driving force.   
Therapeutic alternatives are available, but still not all patients reach their treatment 
goals. Therefore there is still a need for new strategies to optimize plasma cholesterol 
levels and reduce the development of atherosclerosis. 
 
This study aims: to explore basic components involved in the metabolism of 
atherogenic lipoproteins such as the very low-density lipoprotein receptor and to 
explore potential new approaches to reduce atherosclerosis. 
 
From our studies the following conclusions could be drawn: 
 
 
 The VLDLR is a strong candidate for mediating VLDL effects on synthesis and 

secretion of PAI-1 in endothelial cells. 
 
 The VLDLR is up-regulated in 3T3-L1 cells during the differentiation into an 

adipocyte-like phenotype, a process mediated by dexamethasone in a time and 
dose dependent manner, which involves a functional glucocorticoid receptor.  It 
is not obligatory associated with the development of an adipocyte-like 
phenotype. 

 
 Cholic Acid (CA) is an important player for the development of atherosclerosis 

since in mice, absence of CA reduces the atherosclerotic lesion area with 
approximately 50%. The atheroprotective effect does not seem to be mediated 
by FXR, but rather due to the absence of CA-dependent micelles in the 
intestine, reducing the cholesterol uptake. 

 
 GC-1, a thyroid hormone receptor β-modulator, reduces atherosclerosis 

development in ApoE KO animals. This could be explained by a decrease in 
ApoB-containing lipoproteins in serum, perhaps secondary to an increased 
bclearance via the LDLR up-regulation and an increased BA synthesis in the 
liver. 

 
Key words: ApoA1, ApoB, ApoE, atherosclerosis, bile acids, cholic acid, cholesterol, 
cholesterol absorption, CYP7A1, CYP8B1, dexamethasone, GC-1, PAI-1, thyroid 
hormone receptor, very low density lipoprotein receptor. 
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1 INTRODUCTION 

Atherosclerosis is the primary cause of cardiovascular events such as angina 
pectoris and myocardial infarction, which together with stroke are related to 
around 50% of all deaths in the United States and Europe1.  
 
The following secondary damage puts survivors in a position of disability with 
reduced life expectancy and quality of life. The prognosis of the victims has 
improved over recent decades due to immediate acute surgical intervention 
to restore organ perfusion in combination with lipid lowering therapy.  
 
In preventive health care, the risk factors taken into consideration for 
development of atherosclerotic disease are high age, previous CVD, high 
LDL cholesterol levels, low HDL cholesterol levels, high apolipoprotein B/AI 
ratio, high triglyceride levels, smoking, diabetes, obesity, heredity and high 
blood pressure2, 3. These factors are also the main targets for primary or 
secondary prevention of disease.  
 
Over the years increased knowledge about the mechanisms for cholesterol 
absorption from the diet, its de novo synthesis, further metabolism and 
eventual excretion from the body has paved the way for several drugs which 
target specific steps in the metabolism of lipoproteins, cholesterol and bile 
acids such as nicotinic acid, cholestyramine, statins and the cholesterol 
absorption inhibitor, ezetemibe.  
Usually atherosclerosis develops over several decades and leads to a 
progressive narrowing of arteries and ischaemic complications. While 
hypercholesterolemia is an established driving force for plaque growth, 
inflammatory cells are important mediators for the development of the 
plaque. 
 
Treatment with HMG CoA reductase inhibitors (statins) has been shown in 
many studies to have an impressive effect on CVD mortality concomitant with 
lowering of total and LDL cholesterol 4-7. The Seven Countries Study could 
show a linear relationship between LDL cholesterol levels and CHD 
mortality8. Further, it was shown that reducing LDL cholesterol levels even 
below the levels of the normal reference interval might be beneficial to 
prevent CVD incidence 9.  
Despite the success of statins and cholesterol absorption inhibitors in 
efficiently lowering cholesterol levels and reducing cardiovascular deaths, 
two thirds of the statin-treated patients still experiences adverse coronary 
events. Also, high-dose statin treatment is less efficacious in LDL cholesterol 
lowering and side-effects leading to decreased compliance are also a 
problem10-12.  
 
The present thesis explores basic components involved in the metabolism of 
atherogenic lipoproteins such as the very low-density lipoprotein receptor 
(VLDLR), which is expressed in the vascular wall as well as in skeletal 
muscle and adipose tissue. To explore potential new approaches to reduce 
atherosclerosis we have experimentally investigated whether elimination of 
the primary bile acid cholic acid or treatment with a thyroid hormone receptor 
modulator could reduce atherosclerosis in an experimental mouse model.   
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2 BACKGROUND 

 

2.1 ATHEROSCLEROSIS  

2.1.1 The Atherosclerotic Lesion 

The atherosclerotic lesion is a complex, slowly developing degenerative 
process, engaging the inner layer of the artery. Eventually the lesions will 
grow and restrict the lumen to chronically obliterate the flow of oxygenated 
blood or causing acute ischemia following rupture of the plaque and 
initiating local thrombus formation. The major cellular composition of a 
lesion varies considerably during atherogenesis, but consists mainly of 
fibroblasts, smooth muscle cells, monocyte-macrophages and T-cells. In 
addition there is an accumulation of extra-cellular debris as well as cells in 
various stages of apoptotic dissolution. 

The initial driving forces for development of a plaque involves 
hypercholesterolemia with a high correlation between high levels of apoB-
containing lipoproteins and plaque progression, probably via endothelial 
dysfunction and LDL retention mediated by heparin sulphate proteoglycans 
and lipid peroxidation 13. 

The vicious circle leads to a loss of tolerance to oxidized LDL, triggering 
CD4+ T-cell mediated inflammation. Oxidized LDL is often endocytosed by 
the scavenger receptor CD36 and entrapped in cytokine-producing 
monocyte-macrophages that ultimately are converted to foam cells, an 
important hallmark of the plaque. Some amount of oxidized LDL therefore 
is secluded from the extracellular space, leaving excess cholesterol 
available for reverse cholesterol transport through the ABCA1-ApoAI 
pathway. Some amount of ox-LDL antigen is also absorbed by dendritic 
cells14.  

Naive T-cells harboured in peripheral lymph nodes may thereafter be 
exposed to antigen presented by migrating dendritic cells and differentiated 
into T effector cells or regulatory T cells. A hypothesis of how 
atherosclerosis is driven suggests that autoimmune effector T-cells grow 
beyond control. Primed effector and regulatory T cells re-enter the lesion 
after adhering to dysfunctional endothelial cells.  Th1 effector cells may, by 
exposure to the original antigen, presented by several cell types such as 
macrophages, B-cells and endothelial cells, proliferate and produce 
proinflammatory cytokines, that promote vascular inflammation and 
progression of atherosclerosis. This process may be further stimulated by 
physical entrapment of activated dendritic cells15.  

Regulatory T-cells may locally modulate this process by secretion of anti-
inflammatory cytokines but the dominance of effector T-cells controls the 
progression of the plaque15-17. In autoimmune diseases such as rheumatoid 
arthritis and systemic lupus erythemathosus (SLE), which are associated 
with an overrepresentation of atherosclerosis, other autoantigens may be of 
importance. The specific autoantigens present in oxidized LDL have been 
proposed to be lipid moieties such as oxidized phospholipids and peroxides 
as well as fragments of apoB-10018. 
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2.1.2 Fibrinolysis  

Fibrinolysis is a well-regulated process occurring in the blood to inhibit 
unwanted clot formation and to help dissolving a thrombus whether it is 
secondary to a wound or otherwise formed.  
 
Plasminogen is a pro-enzyme in the fibrinolytic enzyme system that can be 
converted to the active enzyme plasmin. As a first step, plasmin degrades 
fibrin into soluble fibrin degradation products. The fibrinolytic system in blood 
is regulated by controlled activation and inhibition 19. 
Tissue type plasminogen activator (t-PA), present in the vascular 
endothelium, and urokinase-type plasminogen activator (u-PA) are two 
identified activators of plasminogen. Inhibition of the fibrinolysis may occur 
either at the level of the plasminogen activators by specific plasminogen 
activator inhibitors (PAI-1) or directly at the level of plasmin by 2-antiplasmin 
20. 
PAI-1 is a member of the serine protease inhibitors and is produced 
ubiquitously in a variety of tissues, e.g. adipose tissue, endothelial cells, 
platelets and placenta. The levels measured in plasma can vary widely as a 
response to various stimuli, such as glucose levels, hypoxia, inflammatory 
cytokines, very low density lipoproteins and statins 21 22. High levels of PAI-1 
shift the dynamic balance towards fibrin generation rather than fibrinolysis 
and atherosclerotic lesions have been shown to overexpress PAI-1 23, 24.  
 
Firm evidence have indicated high PAI-1 levels as a risk factor for premature 
CHD25. Other data have indicated that elevated plasma PAI-1 activity is 
genetically determined and may be of particular importance for myocardial 
infarction in young patients, particularly in subjects with hypertriglyceridemia 
26, 27. Diet intervention resulting in reduction of serum triglycerides is 
accompanied by improvement of fibrinolytic function28-30.  
 
An element in position -672 to -657 of the promoter of the PAI-1 gene also 
interacting with a nearby 4G/5G polymorphic site has previously been 
described to respond positively to both VLDL and unsaturated fatty acids 31, 

32. Obesity has been associated with increased plasma PAI-1 activity, mainly 
accounted for by an increased secretion of PAI-1 from adipose tissue 33-38. In 
obese ob/ob mice, several-fold higher levels of PAI-1 have been measured 
compared to lean control mice 39. Weight loss per se has been shown to 
reduce plasma PAI-1 activity and t-PA antigen under circumstances where 
there was no decrease in triglycerides25 . 
 
2.1.3 Mouse models on atherosclerosis 

Mouse is a valid model of comparative physiology for the study of the 
atherosclerotic process. Due to their lipoprotein trait (high HDL and low LDL 
and VLDL), mice are resistant to atherosclerosis. Several gene 
modifications have been introduced to mimic the human lipoprotein trait 
and to make these animals more susceptible to develop atherosclerosis. 

Several models are now available (i.e. apoE-/-, Ldlr-/-, apoE-/-/Ldlr-/-, a 
combination of ApoB100 transgenic with the Ldlr-/-, and mice transgenic for 
the human ApoE3 mutation called ApoE*3-Leiden) 40. In our studies, we 
have used the ApoE KO model due to their ability to rapidly develop 
atherosclerosis. 

ApoE deficient mice have been widely used as an atherosclerotic model for 
more than 15 years, since the morphology of the lesions is comparable with 
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the human counterpart and develops, over the time, from initial fatty streaks 
to complex lesions 40, 41. The model was developed in two separate 
laboratories simultaneously by gene targeting inhibition 42-44. Foam cells 
appear as early as in 2-month-old animals and atherosclerotic plaques 
appear after approximately 3 months of age. A Western-diet accelerates 
this process 43.   ApoE serves as a high affinity ligand for the ApoB and 
ApoE receptor (LDLR) and for the CR receptor and homozygous deletion of 
the ApoE gene results in a pronounced combined hyperlipidemia due to 
accumulation of CR, VLDL and LDL particles in plasma.  

Ldlr deficient mice display a modest elevation of plasma cholesterol levels 
when maintained on regular chow diet, and they develop atherosclerosis 
slowly. High-fat diet feeding strongly elevates plasma cholesterol levels and 
leads to a rapid development of atherosclerosis 40. 

 

2.2  CHOLESTEROL METABOLISM 
 
2.2.1 Lipoprotein metabolism 
 
2.2.1.1 Cholesterol Transport 

Cholesterol, triglycerides and phospholipids are the major lipid components 
in plasma. These lipids are carried in molecular complexes, called 
lipoproteins, with a hydrophilic surface consisting of proteins, free 
cholesterol and phospholipids and a lipophilc core consisting of 
triglycerides and esterified cholesterol.  There are many different types of 
lipoproteins separated from each other due to size, lipid- and protein- 
content.  The main lipoproteins are, in size order with the largest first, 
chylomicrons, VLDL, LDL and HDL. Their structure and function will be 
presented more in detail below. 

Lipoprotein metabolism, acting to maintain body lipid homeostasis, is 
divided into three pathways, the exogenous and the endogenous pathway 
and the reverse cholesterol transport. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of the cholesterol transport 
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2.2.1.1.1 The exogenous pathway 

Cholesterol, triglycerides and FFA are solubilised in the intestine by bile 
acids and mixed micelles are formed which facilitate the enzymatic 
degradation and the luminal transport. The percentage of cholesterol 
absorbed in the intestine correlates with the hydrophobicity of the pool of 
bile salts, which in turn affects the amount of cholesterol solubilised into 
micelles. In the jejunum cholesterol is absorbed through a complex process 
in which the transporter NPC1-L1 (Niemann Pick C1-Like) seems to play a 
major regulatory role. 45-52.  

Within the enterocyte, cholesterol could either be re-excreted by 
ABCG5/G8 transporters or esterified together with fatty acids by the 
enzymes ACAT2 (Acyl coenzyme A: cholesterol acyltransferase 2). The 
cholesteryl esters thereafter are complexed to apolipoproteins (Apo B48, 
ApoC-I and C-III), triglycerides and phospholipids to form the chylomicrons 
(CM), which then are secreted in the lymph in order to reach the blood 
stream bypassing the liver 53,54, 55. 

In the blood, CM acquire ApoE and ApoC-II from HDL, a process that 
confer the ability of CM to bind to heparin sulphate proteoglycans on 
endothelial cells (via ApoE) and to be effectively hydrolysed by lipoprotein 
lipase (via ApoC-II activation). Lipoprotein lipase (LpL) catalyzes the 
hydrolysis of triglycerides resulting in the release of free fatty acids (FFA) 
from the CM. FFA can be absorbed by peripheral tissue, especially adipose 
tissue and skeletal muscle for storage and energy production. The excess 
surface lipids and apolipoproteins resulting from the lipase-induced 
reduction of the CM core volume are transferred to HDL. ApoB-48, together 
with ApoE, remains on a much smaller particle containing esterified 
cholesterol and small amounts of triglyceride in its core. The liver rapidly 
clears this chylomicron remnant (CR) via ApoE-recognising receptors on 
the surface of the hepatocytes. CR binds with high affinity to the LDLR in 
the liver, but there is ample evidence that other lipoprotein receptors such 
as the LDL receptor related protein (LRP), and surface heparan sulfate 
proteoglycans are also involved in the hepatic uptake. CR undergo 
endocytosis, and the liver can use both the fatty acid and cholesterol 
content for the secretion of nascent VLDL, as well as storing it as 
triglycerides and cholesteryl esters56.  See figure 1. 

 

2.2.1.1.2 The endogenous pathway 

In the liver, cholesterol (free and esterified), triglycerides and phospholipids 
can be complexed with ApoB into VLDL particles. VLDL synthesis has been 
proposed as a two-step process. In the first step, immature VLDLs are 
formed in the endoplasmic reticulum by initial lipidation of ApoB by MTTP 
(microsomal triglyceride transfer protein).  Thereafter, (second step) mature 
VLDL is formed by subsequent addition of TG and CE, a process that takes 
place in the Golgi and that may involve a fusion with pre-existing lipid 
droplets 57, 58. There are two variants of VLDL formed. VLDL1 is more TG 
rich and highly atherogenic while the VLDL2 is a smaller particle containing 
less TG57. Once secreted in the blood, VLDL undergoes a number of 
remodelling steps that are similar to the one of CR and that generates IDL 
(or VLDL remnants) and LDL.   
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LDLs, are lipoproteins enriched in cholesterol and contains only ApoB-100 
as apolipoprotein. LDL is internalised into the cells by endocytosis, after 
binding to the LDLR, and degraded in the lysosome, where all the lipid 
components are hydrolysed. See figure 1. Up to 80% of the LDL clearance 
from plasma takes places in the liver 59, 60. In hepatocytes, the cholesterol 
released by lysosomal hydrolysis is used for the membrane stability, bile 
acid synthesis, biliary secretion, VLDL and HDL secretion (see below) and 
for storage (after re-esterification by ACAT2)61. 

As mentioned above, LDL and ApoB play an important role in the 
development of atherosclerosis.  It has been proposed that the sub-
endothelium plays a major role in the retention of ApoB-containing particles 
(i.e. LDL) during the initiation and development of atherosclerosis. This 
retention-process seems to involve charge-dependent binding of ApoB to 
the glucosamino-glycans within the intima57. Oxidation of LDL is believed to 
occur within the intima. During LDL oxidation both lipids and ApoB-100 are 
modified. This modified LDL can be taken up by macrophages, present in 
the arterial wall. This leads to lipid loading of the macrophages62. 

Every LDL particle contains one ApoB molecule. Thus, ApoB levels in 
plasma correlates well with the number of LDL particles, this makes ApoB a 
useful predictor of atherosclerotic development and cardiovascular 
events.63-65.   

2.2.1.1.3 Reverse Cholesterol Transport  

The process by which peripheral cholesterol is returned by HDL to the liver 
for excretion in the bile and finally to the feces, is referred to as reverse 
cholesterol transport (RCT) 66.  The RCT is a very important process in 
cholesterol metabolism and an inverse relationship between 
atherosclerosis and RCT has been described by Ross and Glomset 67. 
They hypothesized that the development of atherosclerotic lesions occurs 
when an imbalance between the deposit and the removal of cholesterol is 
present in the macrophages. This hypothesis has been validated by the 
observation in several studies that the risk to develop cardiovascular 
disease (CVD) increased by elevated LDL-cholesterol (increased 
deposition of cholesterol) and by low HDL-cholesterol (reduced removal) 64.  

The RCT could be divided into three fundamental parts, efflux of cholesterol 
from cells, HDL remodelling and delivery of HDL-cholesterol to the 
hepatocytes. 

There are three known mechanisms of cholesterol efflux, the aqueous 
mediated FC flux, and the active transport by ATP binding cassette (ABC) 
transporters68. It is also suggested that ApoE may have a role in efflux of 
cholesterol by enhancing ApoAI interaction with the vascular wall and 
extracellular matrix69, 70. 

The nascent HDL particle undergoes maturation and remodelling through 
several enzymatic reactions.  Initially, lecithin cholesterol acetyltransferase 
(LCAT) catalyzes formation of CE (mainly cholesteryl linoleate) from FC. 
CE is than stored in the core of the HDL particle, resulting in a shape 
remodelling of the particle from the disc-shaped pre-β-HDL to the spherical 
and mature α-HDL. In the circulation by the action of cholesteryl ester 
transfer protein (CETP), HDL can donate CE to the LDL particles in 
exchange for TG, a process that greatly increases the size of the HDL71. 
Importantly, CETP is not expressed in rodent species. Hepatic lipase, by 
hydrolysing the TG present in HDL, contributes to the regeneration of 
particles that are more prone to be acceptor of cholesterol. HDL can also 
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deliver cholesterol to the hepatocytes via the interaction with the scavenger 
receptor class B type I (SR-B1)72, a process that differently from the LDL-
mediated delivery of cholesterol, does not involve the internalization of the 
lipoprotein73, 74. See figure 1. 

HDL contains ApoAI as the main apolipoprotein that interacts with ABC A1 
in the periphery. Some HDL also contains ApoAII. ApoAII may interfere 
negatively with the ApoAI functions, but the role of ApoAII is much less 
well-understood 71, 75.  

 
2.2.2 Intracellular cholesterol synthesis and regulation 

Cholesterol is synthesized in most cells of the body for their own use, 
although they also obtain cholesterol from circulating lipoproteins. 
Cholesterol synthesis is complex and involves a large number of enzymes 
located both in the endoplasmatic reticulum (ER) and the cytosol. 
Enzymatic deficiencies associated with inborn errors of metabolism occur76. 
The first step in the synthesis is conversion of acetyl-CoA to HMG CoA, 
which then is reduced to mevalonate and CoA by HMG CoA reductase, the 
rate-limiting enzyme in the process. This step is inhibited by an excess of 
cholesterol and the enzyme itself is the target for statins77.  

Sterol regulatory elements binding proteins (SREBPs) are transcription 
factors that regulate cellular cholesterol and fatty acid homeostasis by 
responding to the intracellular levels of cholesterol 78.  In their active form 
they bind as dimers to Sterol Regulatory Elements in the promoter of a 
number of genes. When the cholesterol concentration is high SREBP is 
bound to SCAP (SREBP cleavage activating protein), but when the 
concentration of cholesterol is reduced in the cell SREBP is released and 
traverses from the ER to Golgi and is proteolytically activated by site 1 and 
site 2 proteases. The released aminoterminal fragment is transported to the 
nucleus where they activate genes coding for several enzymes in the 
cholesterol synthesis. Three different variants of SREBPs are described of 
which SREBP-1c regulates the enzymes in fatty acid synthesis while 
SREBP-2 regulates the enzymes involved in the cholesterol synthesis. 
SREBP-1a activates genes in both processes79, but this effect is more 
prominent in cell cultures. 

The nuclear receptor LXR has been shown, both in LXR knockout mice and 
mice treated with LXR agonists to reduce expression of enzymes in the 
cholesterol synthesis in response to dietary cholesterol. The natural ligands 
for LXR are probably oxysterols 80.  

 
2.2.3 Lipoprotein receptors  

The LDLR supergene family consists of at least 15 members in man. Most 
studied are the low MW members of the family, low-density lipoprotein 
receptor (LDLR), apolipoprotein E-receptor 2 (ApoER2) and very low-
density lipoprotein receptor (VLDLR). The high MW receptors are the LDL 
receptor related protein/ α2-macroglobulin receptor (LRP) and epithelial 
glycoprotein330/ megalin (gp330)81. 

The structural characteristics of the individual receptors are to a very large 
extent conserved in several members of the LDL receptor super gene 
family. These proteins are defined as type I membrane proteins, with a 
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large N-terminal extracellular domain, a single transmembrane domain and 
a short cytoplasmic tail.  

All the family members bind extracellular ligands and mediate uptake of 
their ligands by endocytosis in coated pits. Their ligands are degraded in 
the lysosomes and the product is released intracellularly, while the 
receptors return to the cell membrane. 

It is established that ApoE and the so-called receptor associated protein 
(RAP) binds to all of the family receptors. This may also apply for 
lipoprotein lipase (LpL). Other ligands bind either specifically to one of the 
receptors or to a subset of 2-3 receptors81.  

 

2.2.3.1 Low-density lipoprotein receptor (LDLR) 

 The patriarch of the family is the LDLR, which was identified and 
functionally characterized by Goldstein and Brown 198682.  The receptor 
plays a crucial role in the homeostasis of cholesterol by mediating the 
cellular uptake of ApoE- and ApoB100-associated lipoproteins, thereby 
representing an important regulator of plasma cholesterol levels.  Mutations 
in the gene encoding the LDL receptor lead to high plasma cholesterol 
levels (Familial hypercholesterolemia, FH) and to development of 
atherosclerotic lesions at an early age causing premature CVD.  

LDLR are expressed in all mammalian cells, but 60% of all LDLR in the 
body are harbored within the liver. The expression of LDLR is mainly 
regulated by the cellular cholesterol levels via SREBP-2. 83, see above. In 
the absence of sterols, SRE-1 activation will thus enhance transcription, in 
synergy with two closely localized sequences which are relatively weak 
binding sites for the transcription factor Sp1. All three sequences are 
necessary to obtain a high level of transcription in vivo when the cellular 
concentration of sterols is low.  

PCSK9, is a protein that reduces the hepatic expression of LDLR protein in 
mice, thereby decreasing the clearance of circulating LDL cholesterol. 
Since the loss of a functional PCSK9 in humans is associated with lower 
LDL-cholesterol levels, this protease is becoming an attractive target for 
strategies lowering plasma LDL cholesterol levels, either alone or in 
combination with statins84. 

  

2.2.3.2 Very low density lipoprotein receptor  
 

2.2.3.2.1 Structure and distribution of the VLDL receptor. 

The Very low density lipoprotein receptor (VLDLR) of rabbit and human 
was cloned in the early1990’s85, 86. The mature protein consists of 846 
amino acids.  The VLDLR is very well conserved throughout the evolution 
87, 88 85, 89, 90 91. The human VLDLR gene is located on chromosome 9 86, 92 
and the mouse VLDLR gene is located to chromosome 19 89, 90, 93. 

The VLDLR gene structure is strikingly similar to that of LDLR and ApoER2. 
The human VLDLR contains 19 exons spanning approximately 40kB and 
coding for five domains that make up the receptor. Despite the structural 
similarities with the LDLR, the tissue distribution differs considerably. The 
VLDLR is highly expressed in heart, skeletal muscle, adipose tissue, brain 
and placenta but only trace amounts are found in the liver85-87, 89. The 



 

 - 11 - 

VLDLR is expressed in foam cells residing in human and rabbit 
atherosclerotic lesions94-96. In normal rabbit aorta no VLDLR expression 
was detected, but cholesterol feeding of rabbits induced a strong 
expression in macrophages resident in the atherosclerotic lesions95. The 
role of the VLDLR in atherogenesis is however unclear. 

2.2.3.2.2  Ligands of the VLDL receptor 

The VLDLR is similar to other receptors in the LDLR family a multi-ligand 
receptor sharing many of its ligands for instance LpL97 ApoE and RAP98-100 
uPA:PAI-1 complexes, which are part of the fribinolytic system101,102.  Both 
ApoE and LpL enhance the binding of triglyceride-rich lipoproteins to the 
VLDLR97, 103, 104.  However, the VLDL receptor does not, in spite of its 
similarity to the LDL receptor bind to ApoB.  

The receptor-associated protein (RAP) is bound to the VLDLR with high 
affinity as a ligand, although it may play its most important role as an 
intracellular chaperone, since it is mainly found in the endoplasmatic 
reticulum 98-100. 

2.2.3.2.3 Physiological function of the VLDLR in metabolism 

Depletion of the VLDLR in mice induces a reduction of body weight by 10-
15% due to loss of adipose tissue105.  After feeding a high fat diet the 
VLDLR depleted mice remained lean while their wild-type littermates 
became obese106. Also the double knockout mice ob/ob; VLDLR-/- mice 
remained lean compared to the ob/ob littermates. These results indicate a 
physiological function in the delivery of fatty acids into peripheral tissue.  
The VLDLR has been hypothesised to bind large triglyceride-rich 
lipoproteins that could not easily gain access to parenchymal cells in 
tissues supplied with non-fenestrated capillaries, and is involved in the 
delivery of free fatty acids from VLDL and IDL triglycerides to these 
peripheral tissues by facilitating the hydrolysis of triglycerides by LPL rather 
than the uptake of the entire lipoprotein107, 108.  The VLDLR has also an 
important role in triglyceride catabolism via regulation of LpL activity, 
possibly via the transcytosis of LpL from the cells synthesising the LpL to 
the luminal side of the endothelial cell109. 

The function of VLDLR as a lipoprotein receptor appears undisputed since 
adenovirus-mediated gene transfer correct hypercholesterolemia and 
decrease atherosclerosis in a murine model of FH110-112.  

Apart from the metabolic mechanisms, the VLDLR is involved in the 
signalling transduction in the developing cerebellum together with the 
ApoE2 receptor, Dab-1 and protocadherins113, involved in the Reelin-
signalling pathway, which are expressed in the whole brain. The Reelin 
signalling system gives rise to glial cells and neuronal migration 114.  
VLDLR-/-; APOER2 -/- double knockout mice display severe malformations 
of the cerebral cortex and cerebellum with muscle wasting and progressive 
hind limb paralysis as a consequence 113. Mutations in the VLDLR have 
been found in families with severe cerebellar hypoplasia leading to lack of 
coordination of gait and limbs with quadrupedal locomotion as a 
consequence 115, 116.  

 
2.2.3.3 Other receptors in the LDLR family 

LRP is vital since disruption of its gene in mice has demonstrated failure of 
embryonic development 117.  A role for LRP was confirmed in a study where 
the receptor was specifically disrupted only in the liver. This study provided 
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strong evidence that the LRP functions together with the LDL receptor as a 
CR receptor118. 

The ApoE2 receptor is particularly well expressed in the brain, but also in 
testis and placenta. Later studies have pointed at a role in the Reelin-
signalling pathway, important for the development of the brain, together 
with the VLDLR 113. 

Megalin is, in contrast to LRP, expressed in several epithelial cells and is 
very abundant along the endocytotic pathway of proximal kidney tubules. 
Megalin knockout mice exhibit defective forebrain development and 
abnormalities in lung and kidney epithelia, including a marked decrease in 
apical vesicles in the proximal tubule epithelium and the vast majority die 
prenatally 119. Furthermore megaline appearse to be critical for the 
reabsorption of B12/ transcobalamin complex in the proximal tubules of mice 
120. 
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2.3 BILE ACIDS 
 
Bile acids are synthesised in the liver from cholesterol to produce more 
water-soluble molecules, which are active as detergents in the intestinal 
lumen to improve absorption of cholesterol and other lipids. They also 
function as signalling molecules within the lipid and the carbohydrate 
metabolism, interacting with several nuclear receptors121. 
 
2.3.1 Bile Acid synthesis 

The bile acid synthesis occurs in the liver, but some initial steps are located 
in other organs. The major primary BA synthesised are cholic acid (CA), 
chenodeoxycholic acid (CDCA) and in mice muricholic acid. Two pathways 
are responsible for most of the BA synthesis, the classical and the 
alternative pathway. The enzyme CYP7A1, a P450 cytochrome, located in 
the ER, is expressed in the liver and represents the first and rate-limiting 
step in the classical pathway, which is responsible for more than 50% of all 
BA synthesis.  All primary bile acids carry a 7α- hydroxyl group. An 
introduction of a hydroxyl group in 12α-position by CYP8B1 is necessary for 
the synthesis of CA 122. CYP 27, a mitochondrial P450 cytochrome, which is 
distributed in almost all organs, initiates the acidic pathway, but is also 
active within the classical pathway. For an outline of the synthesis pathway 
see figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 Figure 2. Bile acid synthesis (simplified flow chart) 
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2.3.2 Bile Acid transportation 
 
Bile acids are conjugated at their side chains with either taurine or glycine in 
the hepatocytes. Thereafter they are secreted into the bile canaliculi, mainly 
by the bile-salt export protein (BSEP), an ATP cassette binding transporter. 
The bile is stored in the gallbladder. It is released into the duodenum by 
emptying of the gallbladder, induced by the duodenal hormone 
cholecystokinin (CCK), which is released in response to food intake. In the 
intestinal lumen, BA act as detergents to facilitate absorption of dietary fats 
and lipid soluble vitamins. In the distal ileum, approximately 95% of the bile 
acids are taken up by the bile acid transporter protein, IBAT, and further 
transferred to the portal circulation by the organic solute transporters (OST) -
α/β to be retrieved by the hepatocytes via the sodium taurocholate co-
transporting protein (NTCP)123, 124.  This process is denoted as the 
enterohepatic circulation and is described in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The enterohepatic circulation 
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2.3.3 Regulation of the bile acid synthesis and transportation 

The synthesis of BA is highly regulated, as several of the enzymatic steps 
are subjected to various stimuli, which modulate their activities. A number 
of nuclear receptors participate in these processes, like FXR, LXR, SHP 
and LRH-1. 

 The Farnesoid X Receptor (FXR) mediates feedback inhibition of the 
production of BA, and is expressed in the liver, intestine, kidney and the 
adrenal glands. To be active, FXR specifically binds BA and in its activated 
form suppresses the BA synthesis125, mainly by decreasing the expression 
of CYP7A1. In mice, CA is the principal ligand for FXR 126while CDCA 
seems to play the same role in humans127. Many other bile acids like 
muricholic acid and ursodeoxycholic acid (UDCA) are much weaker 
activators. FXR can also affect the transport of BA from the enterocytes in 
the ileum to the portal circulation by modulating the expression of the 
transport proteins ost α/β 123, 128 . Synthetic FXR agonists, mimicking the 
effect of BA have been developed; the most characterized is GW4064 with 
high selectivity and specificity. This compound decreases the hepatic 
CYP7A1 mRNA 123, 128. 

Both CYP7A1 and CYP8B1 production have been shown to be regulated 
by hormones, such as thyroid hormone and insulin. Further, CYP7A1 is up-
regulated by LXR in rodents, which is activated by oxysterols. CYP8B1 has 
been shown in mice to be regulated by PPAR-α during fasting, when the 
mRNA levels are reduced. CYP27 is also regulated but not as strongly as 
CYP7A1 and CYP8B1129. 

FGF15 in mice and FGF19 in humans are peptides expressed in ileum and 
their synthesis is induced by FXR.  These peptides execute their effects in 
an endocrine fashion, binding to the liver receptor FGFR4 and the protein 
β-Klotho, thereby inducing a down regulation of Cyp7a1 and the bile acid 
synthesis. Such a response is precipitated by the presence of BA in the 
distal ileum130, 131. 
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2.4 HORMONAL EFFECTS ON CHOLESTEROL METABOLISM 
 
2.4.1 Glucocorticoids   

Glucocorticoids (cortisol, corticosterone and cortisone) are important 
hormones in the regulation of metabolic homeostasis and the reduction of 
inflammatory response.  They are synthesised in the cortex of the adrenal 
glands and act by binding to their cognate nuclear receptors, interact with 
cis –acting response elements present in the promoter region of different 
genes either to activate or suppress transcription 132.  

Dexamethasone is a synthetic glucocorticoid that modulates the expression 
of proteins involved in gluconeogenesis and the acute-phase response 
during inflammation by changing rates of transcription of individual genes. 
Since an inflammatory process has been indicated as a particular hallmark 
in the formation of the atherosclerotic plaque, anti-inflammatory drugs have 
been evaluated for the treatment of atherosclerosis. Several natural and 
synthetic steroidal compounds, including dexamethasone, have been 
shown to cause hyperlipidemia and to decrease atherosclerotic plaque 
areas in both cholesterol-fed rabbits and Watanabe heritable hyperlipidemic 
rabbits 133. The effect of dexamethasone is paradoxical, since 
hyperlipidemia usually results in atherosclerotic lesions. It has been 
suggested that dexamethasone suppresses the development of aortic 
lesions by inhibiting the recruitment and proliferation of macrophages into 
foam cells.  Dexamethasone has also been shown to regulate other 
important proteins in the lipoprotein metabolism such as ApoA1134, LpL 135 
and scavenger receptors 136, ApoE 137 and the LDL receptors 138. In 
adipocytes, an excess of glucocorticoid increases the amount of stored 
triglycerides due to changes in rates of fluxes of lipids 135.  

O5 
2.4.2 Thyroid hormones  

Thyroid hormones  (T3 and T4) regulate the basal metabolic rate, the body 
temperature, the carbohydrate, lipid, and protein metabolism, and have 
effects on the cardiovascular system.   

Tyroxine or T4 is released from the follicles within the thyroid gland, and 
triiodothyronine (T3) is mostly formed in the target tissue by conversion from 
T4.  Both T3 and T4 are composed of two tyrosine residues linked together 
with iodine on the aromatic rings.  

The cellular action of thyroid hormone is mainly mediated by T3 and to a 
lesser degree by T4. Through selective transport mechanisms, T3 passes 
through the cell to the nucleus where it binds to thyroid hormone receptors 
(TRs).  TRs are a family of nuclear receptors that functions as transcription 
factors and include the TRα and TRβ isosforms. TRα and TRβ are encoded 
by different genes and have different tissue specificity. TRα is 
predominating in the heart and TRβ in the liver. In the heart, T3 increases 
the heart rate and the cardiac output. Differently in the liver, thyroid 
hormones stimulate bile acid synthesis and the uptake of cholesterol from 
plasma, 139-142.  

Since TRβ is the predominant isoform of TR in liver, it has been considered 
as a valuable target for the development of selective TR modulators aimed 
at lowering plasma lipids. In animals, GC-1 and KB141, two hepatic TRβ 
modulators have been shown to reduce plasma lipids without any side 
effects on the heart143-145.  These effects seems to be transferrable to 
humans since a study where human subjects with moderately increased 



 

 - 17 - 

cholesterol levels and body weight were treated with a TRβ analog 
KB2115, showed an decreased LDL cholesterol and an increase in bile 
acid synthesis but no side effects on the heart 146.  

In mice, GC-1 has shown an increased bile acid synthesis and cholesterol 
influx into the liver in both normal and hypercholesterolemic mice by 
increasing the Cyp7a1 activity and the SR-B1 expression 147. Thus this 
selective hepatic TRβ modulator seems to act by stimulation of several 
steps in RCT and is an interesting candidate drug for the treatment of 
dyslipidemia in association to statins 147.  
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3 MATERIALS & METHODS 
 
3.1 CELL CULTURES AND ANIMALS 

Cell Cultures 

Paper I.  Human Umbical Vein Endothelial Cells (HUVEC) cells and a 
mutant Chinese Hamster Ovary (CHO) cell line (A7) overexpressing the 
VLDLR (V7) or transfected with an empty plasmid (C2) were used as 
described. 

Paper II. Adipocytic 3T3 L1 cells and VLDLR overexpressing V7 cells were 
used as described. 

Animals 

Animal experiments were conducted in accordance with accepted 
standards for animal care and approved by Animal Care and Use 
Committees at Karolinska Institutet. 

Paper II, Heart and skeletal muscle from Ldlr-/- mice and liver from balb/c 
mice were used. 

Paper III, 16 male C57Bl/6J Apoe-/-, Cyp8b1-/- and 24 male Apoe-/- mice 
was used 

Paper IV, 60 male C57Bl/6J Apoe-/- mice was used. 

 
 
3.2 PROTEIN EXPRESSION AND ACTIVITY  

 

Labelling of lipoproteins 

Rabbit β-VLDL was isolated and labelled with 125I as described in paper II 

Recombinant protein expression 

Recombinant 39kDa receptor associated protein (RAP) was prepared as a 
fusion protein and purified by affinity chromatography as described in paper 
II. 

Preparation of liver cell membranes  

Preparation of hepatic membrane proteins was performed as described in 
references of paper III and IV. Pools of protein were separated on SDS gels 
and transferred to nitrocellulose as described in paper III and IV. 

Immunoblotting and Ligand blotting 

Ligand blotting using Rabbit β VLDL and rRAP was performed as described 
in paper I and II. 

Immunoblotting for ABC A1 as described in paper III and IV, SR-B1 and 
LDLR as described in paper IV. 
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Measurement of ACAT2 activity  

ACAT activity was measured in microsomes from liver. Pirypiropene A was 
used to differentiate between ACAT 1 and 2 as described in paper III. 

Measurement of 7a-hydroxy-4-cholesten-3-one (C4) and lathosterol in 
liver 

Lipid extract from liver and GC-MS analysis was performed as described in 
references to paper III and IV. 

 
 
3.3 GENE EXPRESSION  

 

Northern analysis 

Total RNA from 3T3-L1 cells were isolated, separated on agarose gel and 
transferred to nitrocellulose filter. cDNA probes of Vldlr gene and the house 
keeping gene Gapdh was radiolabelled with 32P dCTP and used for 
quantification of the mRNA expression as described in paper II. 

Relative Quantitative Real-Time PCR 

Total RNA was extracted and used as template for cDNA synthesis. cDNA 
was used in pools and specific primers was used  for each gene as 
described in paper III and IV. Hprt mRNA was used as the endogenous 
control in all experiments. 

Cloning and analysis of the VLDLR promoter 

The mouse Vldl gene was cloned from a mouse 129 ES cell genomic p1 
cosmid library as described in paper II. 

Reporter gene studies 

3,6 kB, 2,6 kB and 1,6 kB fragments of the VLDLR promoter were 
subcloned into a luciferase gene pGL3 Basic vector transfected to 3T3-L1 
cells and used to study the promoter activity by monitoring the light emitted 
with a luminometer as described in paper II. 

Tissue preparation and quantification of atherosclerotic lesions 

Ascending Aorta was cryosectioned and stained with hematoxylin and oil 
Red-O as described in paper III. 

Measurement of Bile Acids in the Gallbladder 

Individual bile acid concentrations were determined by Gas 
Chromatography as described in paper III. 
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3.4 OTHER USED METHODS 

 

Analysis of serum lipids 

Size exclusion chromatography was used and lipids were analyzed with 
standard enzymatic procedures as described in paper III and IV. 

Measurement of cholesterol in liver skin and aorta 

Lipids from skin and aorta were extracted by a modified Folch method and 
analyzed with GC/MS as described in paper III and IV. 

Determination of intestinal cholesterol absorption 

Cholesterol absorption was assayed by the dual fecal isotope method 
described in paper III. 

Statistical methods 

As described in respective paper I- IV. 
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4 AIMS 
. 

 

 

 

Paper I 

 To study the effect of the VLDLR on VLDL induced PAI-1 

expression in vitro. 

 

Paper II 

 To study the VLDLR expression in vitro in differentiating 

adipocytes and the mechanisms of transcription of the 

VLDLR. 

Paper III 

 To study the effect of cholic acid depletion on atherosclerotic 

development in an ApoE knockout mouse model. 

 

Paper IV 

 To study the effect of the thyroid hormone receptor modulator, 

GC-1, on atherosclerosis development in an ApoE knockout 

mouse model. 
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5 RESULTS  
 
5.1 VLDL ACTIVATION OF PLASMINOGEN ACTIVATOR INHIBITOR-1 

EXPRESSION BY THE VLDL RECEPTOR 

The aim of the study was to investigate the potential role of the VLDL 
receptor in modulating VLDL induced PAI-1 expression in vitro. Endothelial 
cells (HUVEC) were used which are known to express both VLDL and LDL 
receptors on the cell surface.  

 
5.1.1 Serum regulation of LDL and VLDL receptor expression in 

endothelial cells 

VLDL receptor expression in HUVECs did not change in response to 
withdrawal of sterols, whereas LDL receptors were up regulated in 
agreement with what has been shown in the monocytic cell line THP-1 92. 
To test whether lipoprotein receptors modifies the VLDL-induced PAI-1 
secretion by endothelial cells, HUVECs were preincubated with RAP 
followed by incubation with VLDL.  The enhanced PAI-1 secretion caused 
by VLDL was counteracted by addition of the VLDLR antagonist RAP in a 
dose-dependent manner. The stimulatory effect of VLDL on PAI-1 secretion 
was also blocked by addition of anti-VLDLR IgG. 

 
5.1.2 VLDL receptor regulation of PAI-1 

To investigate the potential role of VLDLR in mediating VLDL activation of 
the PAI-1 gene, CHO control cells and V7 cells overexpressing the human 
VLDLR were transiently transfected with 804 bp fragment of the PAI-1 
promoter coupled to a CAT –reporter gene. Cells were then cultured with 
increasing concentrations of VLDL. Addition of VLDL resulted in a dose-
dependent increase in PAI-1 promoter activity in cells overexpressing the 
VLDLR as compared to the control cells. The VLDL induced PAI-1 
promoter activation could be prevented by inclusion of recombinant 
receptor associated protein,( RAP, known as a ligand of the VLDLR and 
LDLR),  in the culture medium, indicating that the enhanced PAI-1 promoter 
activity seen in V7 cells was to a large extent mediated by VLDL-receptors. 

The  PAI-1 promoter activity seen in the VLDLR overexpressing cells (V7) 
in response to VLDL involves induction of a VLDL-inducible factor binding 
to the PAI-1 promoter since incubation with VLDL showed a marked 
enhancement of a VLDL inducible transcription factor, analysed by EMSA, 
in the V7 cells compared to control cells. 

 In summary, these results indicate that the VLDLR is a strong candidate 
for mediating VLDL effects on PAI-1 synthesis and secretion in cells 
expressing the receptor. 

 

5.2 VLDL RECEPTOR REGULATION IN 3T3-L1 CELLS  
 

To differentiate 3T3-L1 cells, a treatment with the combination of 
dexamethasone, insulin and isobutylmethylxanthine (IBMX) for 7 days was 
added to obtain an adipocyte-like cell type.  

 It has previously been shown that VLDLR mRNA was up-regulated during 
the differentiation of preadipocytes 86. In this study we could confirm this 
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and show a simultaneous up-regulation of the VLDLR protein accompanied 
by an induction of β-VLDL binding.  The aim of this study was to investigate 
whether increased expression of VLDLR during differentiation of 3T3-L1 
cells involves specific hormonal regulation.  

  
5.2.1  VLDLR is upregulated by Dexamethasone stimulation 
 

To explore if the individual components of the differentiation medium could 
affect the level of VLDLR expression in 3T3-L1 cells when added 
separately, cells that had been confluent for 48 hours were exposed to 
complete differentiation medium containing insulin, dexamethasone and 
IBMX or to culture medium with the identical concentrations of the 
individual components added alone. 

48 hours exposure to dexamethasone alone but not to insulin or IBMX 
appeared to fully reproduce the stimulatory effect of the complete 
differentiation medium. The up-regulation of the VLDL receptor by 
dexamethasone was shown to be dose dependent as well as time 
dependent. The stimulatory effect was seen already 3-6 hours after addition 
of 1μM of dexamethasone. 

RU-486, which is interfering with the ligand-binding domain of the 
glucocorticoid receptor, completely inhibited the stimulating effect of 
dexamethasone on VLDLR expression.  Dexamethasone treatment alone 
was not sufficient to induce a adipocyte-like phenotyope. 

 

5.2.2 Gene expression of the Vldlr mRNA is regulated by a 
glucocorticoid receptor mediated mechanism. 

 

By Northern blotting Vldlr mRNA a small up-regulation during differentiation 
from preconfluent to confluent cells was found. After 48 hours of incubation 
with dexamethasone a strong induction of the Vldlr mRNA was seen. This 
effect of dexamethasone could be totally blocked by RU-486. These results 
indicate that the dexamethasone-mediated up regulation of VLDLR may be 
transcriptionally regulated by glucocorticoid receptor mediated 
mechanisms. 

To further elucidate the mechanisms of the dexamethasone-mediated 
stimulation of VLDLR levels a 3.5 kBp fragment of the mouse VLDLR 
promoter was cloned and sequenced.  

The transcription start site was localised by primer extension and nine half 
sites for progesterone and glucocorticoid receptors were found 5´ to this 
position. Six of these were located within 1.5 kBp upstream from the 
transcription start site. No consensus DNA cis-acting palindromic element 
specific for glucocorticoid receptor binding was discovered.  Three reporter 
gene constructs were created by subcloning in correct orientation 5´ to a 
luciferace reporter gene into a pGL3 plasmid (3.5kB, 2.6 kB and 1.6 kB). 

Addition of dexamethasone alone to 3T3-L1 cells increased the promoter 
activity 3-4 fold but this effect was statistically significant only for the two 
shorter fragments (1.6 and 2.6 kBp).  The glucocorticoid receptor 
antagonist RU-486 blocked the stimulatory effect induced by 
dexamethasone. 
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In summary, these results indicate that the VLDLR is up-regulated during 
the differentiation of 3T3-L1 cells into an adipocyte like phenotype and 
concomitant to an increased binding of -VLDL. The increased 
transcriptional activation of the VLDLR promoter is mediated by 
dexamethasone in a time- and dose-dependent manner and involves a 
functional glucocorticoid receptor but is not obligatory associated with an 
adipocyte-like phenotype. 

 

5.3 CHOLIC ACID DEPLETION IN APOE KNOCKOUT MICE 
 

After targeted disruption of the enzyme CYP8B1 in mice, CA synthesis is 
abolished. Compared to normal mice CYP8B1 knockouts show 50% 
reduction in their intestinal cholesterol uptake, less accumulation of 
cholesterol esters in the liver, increased bile acid synthesis and pool size 
126,148 .  

To investigate if depletion of CA affects development of atherosclerosis, we 
created a double KO mouse which is prone to develop atherosclerosis but 
unable to synthesize CA (ApoE-/-; Cyp8b1-/-, referred to as DKO). The 
DKO mice were compared to ApoE-/- (referred to as ApoE KO mice). The 
animals were given either control diet for 2 weeks (N2W) or a 0.2 % 
cholesterol-enriched diet for 2 weeks (C2W) or 5 months (C5M). Each 
group consisted of 4 animals. 

 
5.3.1 Depletion of CA reduces the extent of atherosclerotic lesions, 

ApoB containing lipoproteins in serum and intestinal 
cholesterol absorption 

After 5 months of 0.2% cholesterol-enriched diet typical atherosclerotic 
lesions were occurring in the proximal part of the ascending aorta. Within a 
zone of 100 to 800 μm located distally to the aortic valve the lesion area in 
the DKO mice was approximately 50% smaller compared to the ApoE KO 
mice. See figure 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Atherosclerotic lesions in aorta after 5 month of cholesterol-
enriched diet (C5M) 
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A significant decrease in serum total cholesterol was found in DKO mice 
compared to ApoE KO mice for the ApoB containing lipoproteins but not for 
the ApoA1 containing lipoproteins. These differences were observed in all 
diet regimes and were mainly due to the amounts of cholesteryl esters 
(CE), while significant differences in free cholesterol only were seen after 5 
months of cholesterol diet. No significant differences in triglycerides 
between the two models were recorded.  No significant difference was 
observed for the ApoAI containing lipoproteins. See figure 5. 

 

Figure 5. Total cholesterol in serum 

 

A 60% reduction of cholesterol absorption was seen in DKO compared to 
the ApoE KO animals fed a normal diet. After 2 weeks of cholesterol diet, 
both the ApoE KO and the DKO animals absorbed relatively less 
cholesterol but still there was a significant difference between the two 
groups. See figure 6.  

 

 

 

 

 

 

 

 
 
 
 
 
 
           Figure 6. Cholesterol absorption in intestine 
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5.3.2 CA depletion reduces cholesterol content in liver and the 
ACAT2 activity. 

The hepatic cholesterol levels in DKO animals were significantly reduced 
compare to ApoE KO animals after 2 weeks or 5 months of cholesterol 
feeding, mainly due to the cholesterol ester content. ACAT2 activity was 
generally lower in the DKO mice compared to the ApoE KO animals. This 
was especially prominent in the 5 months experiment, where it was two-fold 
higher in the ApoE KO mice. 

 

5.3.3 CA depletion increases the bile acid and cholesterol synthesis 
in the liver 

The rate of BA synthesis, determined as C4 (a marker of the BA synthesis 
activity) and Cyp7a1 mRNA expression in the liver was significantly 
upregulated in DKO animals compared to ApoE KO mice after feeding the 
cholesterol diet for 2 weeks or 5 months. Also when fed normal diet C4 
activity was higher in the DKO compared to ApoE animals but this was not 
the case for the Cyp7A1 mRNA. 

Cholesterol-feeding for 2 weeks or 5 months of the ApoE KO mice strongly 
down-regulated the lathosterol /cholesterol ratio in the liver, reflecting de 
novo cholesterol synthesis. Also mRNA levels corresponding to the 
enzymes HMG-CoA synthase and HMG-CoA reductase were decreased. 
The DKO animals showed a smaller reduction in lathosterol/cholesterol 
ratio and mRNA levels for HMG CoA synthase and HMG CoA reductase 
after cholesterol feeding for 5 months.  In mice fed a normal diet there were 
no differences between the DKO and the ApoE KO animals in either HMG 
CoA reductase and synthase mRNA levels or lathosterol/cholesterol ratio.  

  
5.3.4 The FXR agonist, GW4064, reduces the bile acid synthesis but 

does not affect cholesterol absorption in CA depleted mice  

In order to differentiate between the micellar and FXR-signalling effects of 
CA, groups of DKO mice were treated either with CA or the FXR agonist 
GW4064, a nonsteroidal FXR agonist. Treatment with GW4064 did not 
change the intestinal cholesterol uptake, whereas addition of 0.2% CA to 
the chow markedly enhanced cholesterol absorption (Figure 7). Treatment 
of DKO mice with CA restored total cholesterol levels in all plasma fractions  
to the levels observed in untreated ApoE KO mice. However, FXR agonist 
treatment did not affect the levels of hepatic cholesteryl esters compared to 
vehicle-treated animals. Treatment with CA and GW4064 of the DKO mice 
decreased the mRNA levels for HMG CoA reductase, HMG CoA synthase 
and Cyp7a1, indicating a down regulation of the cholesterol and bile acid 
synthesis. The GW4064 administration also reduced the percentage of 
chenodeoxycholic/α-muricholic acid while the β-muricholate increased.  
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Figure 7. Cholesterol Absorption in Intestine in ApoE KO and DKO 
after treatment with FXR agonist and CA 

 

In summary, this study indicates that CA is an important player for the 
development of atherosclerosis, an effect which could be mediated by the 
reduction in cholesterol absorption from the intestine when CA is absent. 
The atheroprotective effect by CA depletion does not seem to be mediated 
by FXR, but rather due to differences in the development of CA-dependent 
micelles in the intestine. 

 

 
5.4 EFFECT OF GC-1 IN APOE KNOCKOUT ANIMALS 

To elucidate the effect of the Thyroid receptor (TR) selective modulation 
by the synthetic modulator GC-1 on atherosclerosis development, ApoE KO 
mice were treated by oral administration of GC-1 for 1, 10 and 20 weeks. 

 

5.4.1 GC-1 reduces ApoB-containing lipoproteins in serum  

GC-1 reduced total cholesterol levels in animals treated for 1 and 10 
weeks, as a consequence of significant decreases of both the free 
cholesterol (FC) and the cholesteryl ester (CE) content within the apoB- 
containing lipoproteins. See figure 8. Treatment with GC-1 did not affect 
serum triglyceride levels. 

 
 
 
 
 
 
 

 

 

 

Figure 8.  Total cholesterol in serum after 1, 10 and 20 weeks of GC-1 
treatment 
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5.4.2 GC-1 reduces cholesterol in aorta and skin but not in the liver 

After 20 weeks on cholesterol diet, the ApoE KO animal developed severe 
atherosclerosis in the aorta, measured as CE and FC accumulation. GC-1 
treatment significantly reduced both FC and CE in the aortas. No effects 
were observed in animals treated for the shorter periods (See figure 9).  

Accumulation of cholesterol in the skin was evident already after 10 weeks. 
Contrary to the observations made in the aortas, treatment with GC-1 was 
effective in reducing cholesterol accumulation after 10 weeks of treatment, 
but the decrease was limited to CE, and no longer evident after 20 weeks 
of treatment. 

In contrast to the effects in the aorta and skin, GC-1 treatment had no 
effects on the CE content in the liver.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 9. Cholesterol Content in Aorta after 
1, 10 and 20 weeks of treatment 
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5.4.3 GC-1 stimulates bile acid synthesis but not cholesterol 
synthesis 

The gene expression of Cyp7a1 was up-regulated 2-fold after 10 weeks 
and 3-fold after 20 weeks of GC-1 treatment compared to the controls while 
no changes were observed after 1 week of treatment. Bile acid synthesis 
can indirectly be assessed by determination of the hepatic levels of 7α-
hydroxy-4-cholesten-3-one (C4), a precursor in bile acid synthesis. 
Accordingly, we found that GC-1 stimulated bile acid synthesis already after 
one week of treatment.  See figure 10. 

 

 

 

 

 

 

 

 
 
 
 
Figure 10. C4 levels in the liver after 1, 10 and 20 weeks of treatment 

  

 

The hepatic cholesterol synthesis was measured as HMG CoA synthase 
and reductase mRNA expression and lathosterol, a precursor for 
cholesterol. Neither of these indicators showed a regulation after GC-1 
treatment.   

A several-fold increase of LDLR expression was seen after GC-1 treatment 
for 1, 10 as well as after 20 weeks.  

The gene expression of the ATP binding cassette transporter (ABC) A1 
gene (Abca1) which effluxes phospholipids and cholesterol to lipid-free 
apolipoprotein AI (ApoAI), showed a 2-fold increase by GC-1 after 1, 10 
and 20 weeks. The SR-B1 gene expression was also 2-fold up-regulated 
after 20 weeks of treatment with GC-1.  However, the increased mRNA 
expression did not correspond to changes in the protein, since Western blot 
analysis failed to show a relevant increase. See figure 11.  
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Figure 11. Protein expression in liver of AbcA1, 
               SR-B1 and LDL-R 

 

 

In summary, this study indicates that GC-1reduces atherosclerosis 
development. This could be explained by a decrease in ApoB-containing 
lipoproteins in serum perhaps secondary to an increased clearance via the 
LDLR and increased BA synthesis in the liver. 

 



 

 - 31 - 

6 DISCUSSION 
 
6.1 PAPER I & II  

Among patients with the metabolic syndrome and type II diabetes the risk 
of cardiovascular events is increased 3-4 times. Although atherosclerosis is 
the main cause of high morbidity and mortality in these patients, current 
evidence has indicated that also atherotrombosis is an important cause of 
cardiovascular events.  

In type II diabetes and metabolic syndrome the typical dyslipidemia is 
increased triglyceride concentration with an increase of VLDL and CR. 
VLDL and CR have the capacity to activate platelets and the thrombin-
induced coagulation pathways, while HDL is an inhibitor.  VLDL also up 
regulates the plasminogen activator inhibitor –1 (PAI-1) activity, regulating 
the fibrinolytic process 21, 31, and a major source of PAI-1 is activated 
platelets. The mechanism by which VLDL activates platelets is by change 
in lipid composition within the platelet as well as a direct interaction 
between the lipoprotein receptors on platelets and circulating lipoproteins.  

In vitro studies show that VLDL induces a dose dependent increase in PAI-
1 secretion from endothelial cells and HepG2 cells.  The mechanism of the 
effect on PAI-1 by VLDL in HepG2 is to a large extent mediated via the 
LDLR 149. In human umbilical vein endothelial cells (HUVECs), which 
express both the LDLR and the VLDLR, the LDLR has been proposed to be 
involved in the VLDL activation of PAI-1.  The results of Paper I indicate 
that the VLDLR is a strong candidate together with the LDLR for mediating 
VLDL effects in human endothelial cells on the PAI-1 synthesis and 
secretion. The stimulatory effect of VLDL on PAI-1 synthesis and release 
was significantly inhibited by the addition of antibodies against the VLDLR 
and the ligand RAP, which bind with high affinity to the VLDLR. HUVEC 
cells express both the LDLR and the VLDLR but only traces of LRP. By the 
use of antibodies against the LDLR (C7) it has been shown that the effect 
could be mediated by the LDLR 149. In the present study we cannot exclude 
that the LDLR mediates a minor part of the VLDL effect on PAI-1 in HUVEC 
cells, as addition of the anti VLDLR IgG did not completely block the 
stimulatory effects of VLDL. However, RAP that is known to bind to both 
LDLR and VLDLR completely blocked VLDL-induced activity.  

Since VLDLR has an important role in triglyceride catabolism via regulation 
of LpL activity109 it may in vivo lead to an increased lipolysis of VLDL. The 
modulating role of VLDLR in lipolysis makes it a strong candidate in the 
lipid-mediated regulation of PAI-1 synthesis and secretion.   

These results might indicate that the VLDLR could have an important role 
together with LDLR in the fibrinolytic process and the development of 
atherotrombosis and cardiovascular events.   

Paper II was performed in order to investigate whether increased 
expression of VLDLRs during early differentiation of 3T3-L1 cells involves 
specific hormonal regulation.  

VLDLR mRNA has earlier been shown to be up-regulated during the 
differentiation of pre-adipocytes to adipocyte-like cells86. In this study the 
VLDLR protein was shown to increase simultaneously with the mRNA. This 
effect was explained by the presence of dexamethasone used for 
differentiation. In the differentiation medium IBMX and Insulin was added as 
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well but did not increase the levels of the VLDLR by themselves. This lack 
of effect was confirmed in promoter activation studies of the VLDLR 
promoter using the three different hormones. During the differentiation of 
3T3-L1 cells an increased binding of -VLDL to solubilised membrane 
protein was detected, indicating an increased expression of functional 
VLDLRs. Binding and degradation of -VLDL increased during the 
differentiation of 3T3-L1 cells via a mechanism that could not be blocked by 
LDL150. This finding implicated that the increased VLDL degradation may be 
secondary to induction of a LDLR-independent pathway. It therefore 
appears that the induction of VLDLRs may contribute to the lipid 
accumulation of adipocytic 3T3-L1 cells.  This conclusion is supported by in 
vivo findings showing that feeding an atherogenic diet upregulated the 
VLDLR in adipose tissue of mice. Also VLDLR knockout mice fed a high 
caloric high fat diet were protected from obesity by reducing their weight 
gain 106. The physiological role of the VLDLR in adipose cells is not fully 
elucidated, but a possible role for the receptor could be the direct or indirect 
mediation of uptake of triglyceride-rich lipoprotein particles.  

The VLDLR promoter does not contain any classical IR-3 glucocorticoid 
response element. The stimulatory effect of dexamethasone on the VLDLR 
promoter activity might be related to the 9 half sites for the glucocorticoid 
receptors or progesterone receptor response elements. Alternatively the 
glucocorticoid receptor might affect the VLDLR gene by interaction with 
other transcription factors such as AP-1.  

Apo E appears to be required for modulation by VLDLRs to take place. A 
study has reported CCAAT/enhancer binding protein  and nuclear factor 
playing a role as transcription regulators 151. Dexamethasone alone does 
not induce any adipocytic phenotype but regulates VLDLR. Similar findings 
have been shown for retinoic acid, which inhibited the adipocytic 
differentiation of 3T3-L1 cells but up-regulated the VLDLR 90.  

In 2008 a study was published in human mesenchymal stem cell line 
(hMSC-Tert). They showed an up regulation of VLDLR protein and mRNA 
after differentiation. This confirms and shows an importance of the VLDLR 
for human adipocytes. They further showed a reversed correlation between 
CR uptake which was decreased during the differentiation with the up-
regulated receptor expression of LRP and VLDLR. This points also to a role 
of these molecules in adipocyte biology independent of lipoprotein 
internalisation 152. 
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6.2 PAPER III & IV 

There is still a need for new strategies to optimise plasma cholesterol levels 
and reduce the development of atherosclerosis, since far from all patients 
reach their treatment goals, and CVD still represents very common causes 
of death in the industrial countries153. Putative concepts include treatments 
that promote reverse cholesterol transport from peripheral tissues and an 
increased excretion via the liver as well as treatments that inhibit the 
intestinal cholesterol absorption with other mechanisms than ezetimibe 153. 

We have studied two different potential mechanisms of decreasing the 
development of atherosclerosis. One represents the change in bile acid 
composition, by inhibited synthesis of CA. Second, the modulation of 
thyroid receptor β. For both studies ApoE -/- animals was used as a model 
for atherosclerosis since they spontaneously develop atherosclerotic 
lesions40, 41. The intestinal cholesterol absorption is a multifactorial process 
involving a number of proteins, any of which could be a target for reducing 
cholesterol absorption. Earlier studies in our group have demonstrated a 
decrease in intestinal cholesterol absorption after depletion of CA by gene 
disruption of the Cyp8b1 gene in mice. Since CA, via FXR activation 
inhibits the expression of the rate-limiting enzyme in the bile acid synthesis, 
depletion of CA up-regulates the BA production, thereby contributing to a 
faster elimination of cholesterol.  

Using the double knockout mouse, DKO we could show that after 20 weeks 
on western diet, these animals developed 50% less atherosclerotic lesions 
compared to the ApoE KO mice. A 50% reduction in intestinal cholesterol 
absorption was also observed as well as a 50% reduction of the plasma 
level of ApoB containing lipoproteins. Similar to Wang et al 154, treatment 
with an FXR agonist of CA-deficient animals induced a decrease in the 
Cyp7a1 gene expression as well as in the genes regulating the de novo 
cholesterol synthesis in our DKO animals. However, we could not see any 
effects of the FXR agonist on cholesterol absorption. This would suggest 
that the effect of CA depletion primarily would be due to a deficient micellar 
formation in the intestine, rather than by FXR in its role as a factor 
mediating regulation by CA. In a human study, volunteers receiving CA for 
14 days increased the cholesterol absorption as well as the micellar content 
of cholesterol, also indicating that the cholesterol absorption in humans is 
highly dependent on a proper micellar structure 52, 155. 

Since the reduction of intestinal cholesterol uptake in this mouse model 
leads to a decreased development of atherosclerosis, a pharmaceutical 
that inhibits the activity of CYP8B1 could represent a useful tool in the 
treatment of increased cholesterol levels. 

There are nevertheless many differences between mouse and man, since 
for example, regulation of the bile acid synthesis show differences between 
species. One such difference is the ligand-binding domain of FXR, which is 
not strictly conserved between species. Mouse FXR is more responsive to 
cholic acid than its human counterpart148.  

Normal mice have also a plasma lipid profile completely different from the 
human with high HDL and low ApoB containing lipoproteins (VLDL and 
LDL), which seems to make them resistant to atherosclerotic development. 
The ApoE deficient mice also differ from the human situation although they 
have a high level of ApoB-containing lipoproteins. Humans have a relatively 
higher proportion of VLDL particles whereas the ApoE deficient mice mainly 
have lipoproteins derived from the intestine, mainly chylomicron remnants. 
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The disturbed serum lipoprotein profile makes it more difficult to investigate 
minor effects on HDL as an expression for the reversed cholesterol 
metabolism as it is overshadowed by the high level of ApoB containing 
particles. Rodent species also completely lack the CETP enzyme activity in 
plasma. 

As mentioned earlier, GC-1 is a candidate drug for treatment of 
dyslipidimia, due to its ability to increase both the bile acid synthesis and 
the RCT 147. In Paper IV the effects of treatment with a TR β modulator 
(GC-1) on atherosclerosis development were evaluated. Also in this study, 
ApoE KO mice were used.  We monitored the cholesterol content in aorta, 
liver, serum and skin and documented relevant protein and gene 
expression after 1, 10 and 20 weeks of treatment. In 20 weeks old mice 
severe atherosclerotic plaques appeared.  After 20 weeks (28 week old 
mice) of treatment with GC-1 we detected a significant decrease of 
atherosclerosis in the aorta compared to untreated animals. But already 
after 1 and 10 weeks we could see reductions of serum cholesterol in GC-1 
treated animals compared to control animals, but these differences were 
not observed after 20 weeks. Both the bile acid synthesis and the LDLR 
protein were up-regulated after all treatment time points, indicating a higher 
cholesterol clearance from serum, although the ApoB cholesterol levels in 
serum did not differ between treated and untreated groups after 20 weeks. 
Since the liver cholesterol content and the cholesterol synthesis rate was 
not changed, it seems that there is a good accordance between the LDLR -
mediated uptake of cholesterol and bile acid synthesis. Gene expression 
studies demonstrated an increased expression of SR-B1 and ApoA1 
mRNA, which could indicate an upregulated RCT. But these results could 
not be confirmed by studying the protein expression by Western blot. 

We have in these two papers shown a decrease in atherosclerosis 
development and a decrease in serum cholesterol in ApoE KO animals by 
two novel pathways that may be potential candidates for development of 
new drugs for treatment of hypercholesterolemia and atherosclerosis. 
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7 CONCLUDING REMARKS 
 

In the present thesis we have explored basic mechanisms involved in the 
metabolism of atherogenic lipoproteins, including two novel concepts of 
atherosclerosis development. 

 

In the first two papers mechanisms concerning the VLDLR was studied. We 
found that: 

 The VLDLR is a strong candidate for mediating effects on 
synthesis and secretion of PAI-1. 

 The VLDL receptor is up-regulated in 3T3-L1 during the 
differentiation into an adipocyte-like phenotype, concomitant 
to an increased receptor binding of -VLDL. The increased 
transcriptional activation of the VLDLR is mediated by 
dexamethasone in a time and dose dependent manner and 
involves a functional glucocorticoid receptor, but is not 
obligatorily associated with developing an adipocyte-like 
phenotype. 

In paper III and IV decreased atherosclerotic development in ApoE KO 
mice was obtained by two novel approches. We found that: 

 Cholic Acid (CA) is an important player for the development of 
atherosclerosis since absence of CA reduces the 
atherosclerotic lesion area with approximately 50%. The 
atheroprotective effect does not seem to be an effect 
mediated by FXR, but rather due to differences in the 
development of CA-dependent micelles in the intestine, 
reducing the cholesterol uptake. 

 GC-1, a thyroid hormone receptor β modulator, reduces 
atherosclerosis development in ApoE KO animals. This could 
be explained by a decrease in ApoB-containing lipoproteins in 
serum, perhaps secondary to an increased clearance via the 
LDLR and an increased BA synthesis in the liver. 
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8 FUTURE PERSPECTIVES 
 
Paper I and II answered questions regarding basic molecular mechanisms of 
the very low-density lipoprotein receptor and its regulation. To further 
understand the function of the receptor in the lipid metabolism more studies 
need to be done. 
Such work could for example include: 
 

 Experiments to study the regulation of the mouse VLDLR gene and 
protein expression, by other hormones and potential regulators in 
3T3-L1 cells. 

 
 Experiments to study the hormonal regulation of the VLDLR gene and 

protein expression in vivo in adipose tissue, heart and skeletal muscle 
in animal models. 

 
 Experiments to study the effect of PAI-1 regulation in vivo in mouse 

experimental models like VLDLR-/- mice and LDLR-/-; VLDLR-/- 
mice. 

 
 

Paper III focused on how the atherosclerosis development is influenced by 
interactions with the cholesterol absorption by changes in the bile acid 
composition. Future studies may include: 
 

 Studies on the intestinal gene and protein regulation involved in the 
cholesterol metabolism in Cyp8b1 knockout mice. 

 
 Studies on the function and structure of the micelles in the intestine 

when cholic acid is depleted, and the consequences for the 
cholesterol transport through the enterocytes. 

 
 
Paper IV investigated whether thyroid hormone receptor β modulators exert 
effects on atherosclerosis development. Further studies are needed to 
understand the cholesterol lowering effects and evaluate the effects on the 
reverse cholesterol transport.  Such experiments could for example be: 
 

 Studies on intestinal gene regulation in ApoE-/- animals after 
treatment with thyroid hormone receptor β modulators. 

 
 Further studies on the reverse cholesterol transport in an appropriate 

animal experimental model where GC-1 is given orally. 
 

 Clinical studies of atherosclerotic plaque in the carotic vessels with 
ultra sound technique after treatment with a thyroid hormone receptor 
beta modulator like KB2115  (which has already been tested in a 
clinical study146). 
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9 AVHANDLINGEN I KORTHET 
 
Ateroskleros, eller åderförfettning, är den bakomliggande orsaken till 
hjärtinfarkt, kärlkramp och många fall av stroke.  
 
Kolesterol lagras i artärernas kärlväggar och kärlen blir efterhand allt trängre, 
tills blodet inte längre kommer fram. Kolesterol transporteras i blodet som 
delar av lipoproteiner. Lipoproteinet LDL transporterar kolesterol från levern 
ut i kroppen via blodkärlen. En hög nivå av LDL-kolesterol ökar därför risken 
för åderförfettning. Lipoproteinet HDL transporterar kolesterol tillbaka till 
levern. En alltför låg nivå av HDL-kolesterol är därför också en riskfaktor. 
Det finns två erkända sätt att sänka LDL- och höja HDL-kolesterolnivåerna 
och därmed minska risken för hjärtkärlsjukdom. Det ena är att ändra livsstil, 
och det andra är att använda farmaceutisk behandling.  
 
Idag finns det bra läkemedel för att förbättra kolesterolnivåerna, men många 
patienter når inte läkemedelsverkets behandlingsmål. Därför är det viktigt 
med fortsatt forskning kring de bakomliggande orsakerna till förhöjda 
blodfetter och utvecklingen av åderförfettning. 
 
I denna avhandling har vi undersökt bakomliggande molekylära mekanismer 
för kolesterol- och fettransporten i fettceller och regleringen av 
blodkoagulationen. Vi har också genom att använda genetiskt modifierade 
musmodeller studerat möjliga framtida behandlingar. I en studie har vi visat 
att en variant av sköldkörtelhormon både minskar nivåerna av LDL-kolesterol 
och utvecklingen av åderförfettning. I den andra studien undersöktes hur 
gallan påverkar upptag av kolesterol från kosten och hur detta kan utnyttjas 
för att minska nivåerna av LDL-kolesterol i blodet och bromsa utvecklingen 
av åderförfettning.  
 
Dessa studier är endast experimentella och många år av forskning behövs 
både experimentellt och på försökspersoner innan en ny behandling kan 
finnas tillhanda. 
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