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Introduction  

Cardiovascular disease (CVD) is the most common cause of death worldwide 
according to the World Health Organization. Atherosclerosis is an inflammatory 
disease in the artery wall and is the underlying cause for CVD, such as myocardial 
infarction and stroke. Atherosclerotic plaque development progresses slowly 
during many years and begins already at a young age in all people. However, not 
everyone suffers from cardiovascular complications and the disease can stay silent 
throughout our lives. 

Atherosclerotic plaque development occurs at specific regions of the arterial tree 
where there is a disturbance of blood flow, or shear stress. The formation of an 
atherosclerotic plaque is a result from the interplay between inflammation and 
tissue repair mechanisms. The balance between these responses is important for 
regulating the structure and integrity of a plaque. 

In this thesis, I have studied different factors that affect plaque stability and 
vulnerability with focus on tissue repair mechanisms. In paper I we investigated 
diabetes as a risk factor for CVD. In paper II we studied how modulation of 
immune responses affect atherosclerosis during hyperglycemic conditions. In 
paper III we studied the association between androgen deprivation therapy and 
CVD. In paper IV we explored the role of the cytokine IL-22 in atherosclerosis.  

Isaac Newton once stated: “What we know is a drop, what we don’t know is an 
ocean”. With this thesis, I hope to add ‘a drop into the ocean’ of the cardiovascular 
research field.   
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Abbreviations  

α-SMA α-smooth muscle cell actin 

ADT Androgen deprivation therapy 
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LHRH Luteinizing hormone-releasing hormone  

MCP-1 Monocyte chemotactic protein-1 

M-CSF Macrophage colony stimulating factor 

MHC Myosin heavy chain 

MMP(s) Matrix metalloproteinase(s) 

MODY2 Maturity-onset diabetes of the young type 2 

NO Nitric oxide  
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VCAM-1 Vascular cell adhesion molecule-1 
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Background 

 

Figure 1. The structure of a normal healthy artery. The artery wall is made up from three different layers; tunica 
intima, tunica media and tunica adventitia (externa). Image courtesy of Blausen 20141. This image has been used in 
previous dissertations.  

The healthy artery 
The artery wall is a highly-organized structure which consists of three distinct 
layers that are separated from each other by a dense layer of fenestrated elastic 
lamina (Figure 1). Each layer has its own specific function and is made up by 
different cell types and extra cellular matrix (ECM) proteins. 

The intima is the innermost layer closest to the lumen and blood flow. It consists 
of a single layer of endothelial cells that sits upon a basement membrane, and a 
subendothelial ECM that is rich in proteoglycans and hyaluronan. The basement 
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membrane is a thin sheet-like network of ECM that consists of type IV collagen, 
laminin, fibronectin, nidogen, perlecan and proteoglycans2-5. The intima is a 
semipermeable layer that has many important functions including transport of 
fluids and small solutes into and from the blood, regulation of the vasomotor tone, 
and homeostasis3,6. 

The media, which is separated from the intima by the internal elastic lamina, 
consists of several layers of vascular smooth muscle cells (SMCs). Each cell is 
individually surrounded by a basement membrane and the SMCs layers, separated 
by elastic fibers, are in turn embedded in connective tissue composed of 
fibronectin, proteoglycans, fibrillary type I, III and V and type XVIII collagen. 
The collagens provide tensile strength and the elastic fibers between the SMC 
layers allow the vessel to adapt to the pulsatile blood flow. The contractile SMCs 
are responsible for controlling the blood pressure by regulating the vessel diameter 
through vasodilation and vasoconstriction2,3. 

The adventitia, the outermost layer of the vessel wall that is separated from the 
media by the external elastic lamina, constitutes of fibroblasts and ECM proteins 
such as elastin and type I and III collagen2. The vasa vasorum is also present in 
this layer and is made up by a network of small arteries that supply the artery with 
nutrients as well as removes waste products from it7,8. 

Atherosclerosis 

Theories on initiation of atherosclerosis 

Response-to-injury theory 
The ‘response-to-injury’ theory was first described by Ross and Glomset in 19779. 
The hypothesis states that initiation of atherosclerotic pathogenesis begins with an 
injury on the endothelial cells. The injury could be caused by different factors 
including mechanical factors such as shear stress, chronic hyperlipidemia and 
infections, resulting in either endothelial dysfunction or denudation of these cells 
from the underlying connective tissue. This will allow circulating platelets and 
leukocytes to adhere to the injured sites were the connective tissue has been 
exposed9,10. The local adherence of platelets will further trigger aggregation of 
platelets, which will release platelet-derived factors. These factors stimulate 
migration of the SMCs from the media into the intima, as well as proliferation of 
the cells. This leads to production of ECM proteins by the intimal SMCs. If the 
endothelial injury is limited the lesion could regress and heal, leaving only a 
thickened intima behind. However, chronic injury on the endothelial cells will 
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instead lead to progressive SMC proliferation in the intima as well as infiltration 
of lipoproteins at the injured sites and accumulation of lipids in the artery wall9.  

Response-to-retention theory  
Tabas and Williams presented the ‘response-to-retention’ theory in 199511, which 
concludes that the key initiating step in atherosclerosis is the retention of 
lipoproteins. The apolipoprotein B (ApoB)-containing lipoproteins are retained in 
the subendothelial space through electrostatic interactions with the negatively 
charged proteoglycans that are present in the ECM12,13. Retained lipoproteins are 
susceptible for modifications such as oxidation14. Modified lipoproteins induce 
inflammation and are recognized and taken up by macrophages that transform into 
foam cells, hence contributing to the development of atherosclerosis15-17. 

Atherosclerotic plaque development 
Prior to atherosclerotic plaque development a process called diffuse intimal 
thickening takes place in atherosclerosis-prone arteries. Diffuse intimal thickening 
occurs early in the human development and consists of SMCs, elastin and 
proteoglycans18,19. Circulating low-density lipoproteins (LDL) can under normal 
circumstances cross the endothelium and enter the intima due to its small size20. 
However, a greater influx of LDL into the intima could be caused by the presence 
of hyperlipidemia, as well as increased permeability of the endothelium at lesion-
prone sites caused by some kind of injury, such as shear stress20-22. The LDL 
particles bind to proteoglycans in the subendothelial space with high affinity and 
are thereby retained in the intima (Figure 2)12,20,23.  

The trapped LDL particles are exposed to oxidation by metal ions, enzymes and 
reactive nitrogen species24, forming oxidized LDL (oxLDL). OxLDL is 
proinflammatory and will initiate an inflammatory response that promotes 
atherosclerotic plaque development. oxLDL stimulates the endothelium to produce 
and release proinflammatory cytokines and chemokines including monocyte 
chemotactic protein-1 (MCP-1) that recruit monocytes from the circulation25. 
Activated endothelial cells express adhesion molecules, such as vascular cell 
adhesion molecule-1 (VCAM-1), intracellular adhesion molecule-1 (ICAM-1)26, 
P-selectin and E-selectin27 that also attract monocytes and leukocytes, and allow 
them to adhere and migrate into the intima. The cytokine macrophage colony 
stimulating factor (M-CSF) stimulates the monocytes to differentiate into 
macrophages and to proliferate (Figure 2)28,29.  

The accumulated oxLDL is recognized by scavenger receptors and toll-like 
receptors (TLRs) expressed on macrophages in the subendothelial space30,31. 
Scavenger receptors mediate the ingestion of oxLDL particles and the 
macrophages are eventually transformed into foam cells16,32. The inflammatory 
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environment created by the endothelial cells, macrophages and foam cells 
stimulates the SMCs in the media of the vessel wall. The SMCs are normally 
quiescent and kept in a differentiated contractile state in the media. As a response 
to the inflammation the SMCs become activated and switch into a more synthetic 
phenotype that acquire the ability to migrate into the intima, proliferate as well as 
synthesize ECM proteins2,33,34. Together, the SMCs and the newly produced ECM 
proteins build up a fibrous cap that covers and protects the atherosclerotic plaque 
from rupture (Figure 2)2,10,35.  

Figure 2. Schematic figure of atherosclerotic plaque development. 

Vascular repair and SMC phenotypic switching 
Vascular repair is a process that is initiated as a response to an injury of the vessel 
wall, and contributes to development of the atherosclerotic plaque. The SMCs in 
the media of a healthy artery have a differentiated contractile phenotype that has 
an elongated and spindle-shaped morphology. They are normally quiescent and 
have very low proliferative, migratory and synthetic activity. Differentiated SMCs 
have a high expression of proteins associated with contraction, including α-smooth 
muscle cell actin (α-SMA), smooth muscle myosin heavy chain (MHC), 
smoothelin and calponin (Figure 3)33,36. The SMCs display a remarkable plasticity 
and can during pathological conditions switch into a more synthetic 
dedifferentiated phenotype. The synthetic cells are epithelioid or rhomboid shaped, 
and have in contrast to the contractile SMCs a high capacity of migration, 
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proliferation and production of ECM proteins. Valid markers for synthetic SMCs 
are debated and the cells are rather recognized by the downregulation of proteins 
associated with contraction (Figure 3)36,37. Hence, the SMCs in the atherosclerotic 
plaque is a heterogeneous population that can express different degree of 
contractile proteins36.  

The inflammatory environment in the atherosclerotic plaque promotes SMC 
phenotypic switching. For instance, oxLDL has been shown to induce modulation 
of SMCs by suppressing α-SMA and MHC gene expression38. Activated 
endothelial cells and macrophages secrete PDGF that downregulates SMC markers 
as well as stimulates SMC migration and proliferation33. PDGF also stimulates the 
SMCs to release matrix metalloproteinase-2 (MMP-2), which degrades ECM in 
the plaque to aid the migration of the cells39,40. SMC migration is important for 
tissue repair, but degradation of ECM can simultaneously destabilize the plaque.  

Once the modulated SMCs have migrated into the intima they begin to proliferate 
and produce ECM proteins, such as type I collagen and elastin, resulting in a 
protective fibrous cap2,35,41. This response promotes plaque stabilization but the 
recruited SMCs can at the same time contribute to growth of the atherosclerotic 
plaque.  

 

Figure 3. Smooth muscle cell phenotypic switching and the expression of proteins associated with contraction. 
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The vulnerable atherosclerotic plaque  

Plaque rupture 
Acute cardiovascular complications, such as myocardial infarction and stroke, are 
mainly caused by the rupture of an atherosclerotic plaque and results in thrombus 
formation (Figure 4). A vulnerable plaque is more prone to rupture and is typically 
characterized by a thin fibrous cap, consisting of few SMCs and ECM proteins, 
abundance of macrophages and presence of a lipid-rich necrotic core41-43. The 
balance between these features regulates the plaque integrity. Thinning of the 
fibrous cap is caused by a combination of SMC paucity and degradation of ECM 
proteins that confer stability to the plaque. The small number of SMCs is a result 
from a decline in cell proliferation as well as increased apoptosis, which in turn 
leads to the reduction of ECM synthesis43,44. Weakening of the fibrous cap is also 
caused by the heavy infiltration of macrophages, which is the main source for 
production of matrix metalloproteinases (MMPs) that degrade the connective 
tissue in the fibrous cap45,46.  

Accumulation of macrophages promotes plaque vulnerability in several ways. As 
mentioned above, macrophages produce matrix degrading enzymes and are also 
responsible for the formation of the lipid-rich necrotic core through their formation 
of foam cells together with the aggregated extracellular oxLDL16,44. Furthermore, 
macrophages enhance the inflammation through their release of cytokines and 
other molecules that attract more inflammatory cells to the site of injury47.  

Apoptosis and necrosis of plaque cells give rise to the lipid-rich necrotic core. 
Apoptotic cells are initially cleared by the phagocytic macrophages. However, in 
advanced atherosclerotic plaques there is a defective clearance of 
apoptotic/necrotic cells, a process known as efferocytosis. Apoptotic cells that are 
not rapidly engulfed by the lesional macrophages become leaky and swollen and 
will go into ‘secondary’ necrosis. The release of inflammatory mediators, such as 
oxLDL, together with cellular debris from the necrotic cells will further trigger 
inflammation and apoptosis of neighbouring cells. Thus, this contributes to 
enlargement of the necrotic core and destabilization of the atherosclerotic plaque48-

51.
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Figure 4. Scematic figure of rupture of an vulnerable atherosclerotic plaque that results in the formation of a 
thrombus. 

Plaque erosion 
The second main cause behind the formation of a thrombus, which initiates acute 
cardiovascular events, is plaque erosion15. The phenotype of eroded plaques is 
different from those where the fibrous cap ruptures. Eroded plaques are associated 
with loss of endothelial cells, a fibrous cap that is rich in SMCs and proteoglycans, 
few inflammatory cells and the presence of a lipid-rich core is rare (Figure 5)52. 
Little is known about the underlying mechanisms for plaque erosion. Recent work 
by Quillard et al suggests that endothelial cell apoptosis and the following 
denudation, depends on activation of Toll-like receptor-2 (TLR-2) expressed on 
the cells53. Disturbed blood flow has been shown to cause overexpression of TLR-
2 on endothelial cells54. Activation of TLR-2 induced ER stress, release of reactive 
oxygen species (ROS) and apoptosis of endothelial cells. Furthermore, 
accumulation of neutrophils has also been found to be present at the regions of 
plaque erosion, which impair the adherence of endothelial cells from their 
underlying basement membrane through their release of MMPs. Together, these 
events will expose the underlying connective tissue and trigger thrombus 
formation53.   
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Figure 5. Scematic figure of plaque erosion that results in the formation of a thrombus. 

Lipids and lipoproteins  
The elevation of plasma cholesterol, defined as hyperlipidemia, is a known risk 
factor for development of atherosclerosis and cardiovascular disease (CVD)55,56. 
Patients with familial hypercholesterolemia are more prone for atherosclerotic 
plaque development independent of the presence of other cardiovascular risk 
factors57-59. Cholesterol is a component of cell membranes and a precursor for 
steroid hormones and vitamin D. The circulating cholesterol originates mainly 
from endogenous synthesis, and not from the diet. Cholesterol and triglycerides 
are hydrophobic lipids and need to be transported in the hydrophilic circulation by 
lipoproteins. Lipoproteins consist of a hydrophilic coat, which is made up from 
apolipoproteins, phospholipids and free cholesterol, that covers the hydrophobic 
core60. 

Triglycerides are packed and carried in the circulation by chylomicrons and very 
low-density lipoproteins (VLDL), while cholesterol is packed and transported by 
high-density lipoproteins (HDL), intermediate-density lipoproteins (IDL) and low-
density lipoproteins (LDL)60. All lipoproteins contain apolipoprotein (Apo)-B except 
HDL61. ApoB has two isoforms; the complete ApoB-100, and the shortened form 
ApoB-48. ApoB-100 is synthesized in the liver, while ApoB-48 is synthesized in the 
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intestine in humans. Because the proteins are expressed at specific locations in the 
body, they are building blocks for different lipoproteins. ApoB-100 is a part of the 
liver-derived lipoproteins VLDL, IDL and LDL. The function of these lipoproteins 
is to transport lipids in the circulation. ApoB-48 is a part of the intestine-derived 
chylomicrons and their remnants, which are responsible for the transport of dietary 
cholesterol and triglycerides from the intestine into the blood62. In contrast to 
humans, ApoB-48 is synthesized in both the liver and in the gut in mice. Thus, 
ApoB-48 is a part of chylomicrons, VLDL, IDL and LDL12. 

 
Figure 6. Structure of a low-density lipoprotein (LDL) particle. 

LDL – the ‘bad cholesterol’  
In humans, LDL is the main carrier for cholesterol in plasma63. The LDL particle 
is built up of only one ApoB molecule together with surface lipids left from 
VLDL, which covers the hydrophobic core of cholesterol esters (Figure 6)12,64. The 
total level of plasma cholesterol is implicated in CVD and elevation of LDL is 
particular of interest60. The LDL receptor regulates the levels of the circulating 
LDL in plasma and is important for the clearance of plasma cholesterol. ApoB is a 
ligand for the LDL receptor, which is expressed by the hepatocytes in the liver. 
Ingestion of high levels of cholesterol leads to overproduction of lipoproteins and 
an impaired clearance of cholesterol from the bloodstream. The result of this is 
hypercholesterolemia65.   
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Because of its small size, LDL can cross the endothelium of the vessel wall. ApoB 
has binding sites for the negatively charged proteoglycans in the subendothelial 
space. Hypercholesterolemia can cause a greater influx of LDL into the intima. At 
place, LDL can be retained in the subendothelial space where it subsequently can 
become modified and initiate development of atherosclerosis20. LDL is considered 
as the major atherogenic lipoprotein and is often referred to as the ‘bad 
cholesterol’. HDL on the other hand, is recognized as the ‘good cholesterol’ and 
high levels of it is correlated with protection from CVD66.  

ApoB-100 – a target for the immune system  
As previously mentioned, the retention of LDL particles in the vessel wall is one 
of the key initiating step in atherosclerosis. The trapped LDL can become 
modified through different reactions such as oxidation12. oxLDL are 
proinflammatory particles that give rise to new epitopes that are recognized by the 
immune system. Several studies have shown that both humans and animals have 
circulating autoantibodies against different epitopes of oxLDL67-69. Moreover, the 
levels of autoantibodies against oxLDL are associated with the severity of 
atherosclerosis and the risk for CVD68,70,71.  

ApoB-100 is the only protein component in LDL64. It has been shown that ApoB-
100 is responsible for the retention of LDL in the intima of the vessel wall through 
its interaction with proteoglycans72. In addition to promoting atherosclerotic 
plaque development, modified epitopes on ApoB-100 are highly immunogenic and 
responsible for autoantibody production by the immune system. Peptide number 
210 (p210) on ApoB-100 (ApoB amino acids 3136-3155) is one of the main 
targets on oxLDL and high levels of autoantibodies against p210 have been found 
in human plasma71. High levels of autoantibodies against native p210 have been 
shown to be correlated with less coronary atherosclerosis and a reduced risk for 
CVD73-76. It has also been shown that increased autoantibody levels against native 
p210 were associated with less coronary artery disease in patients with type 2 
diabetes. Patients that suffered from microvascular complications had on the other 
hand high levels of autoantibodies against modified p21077. Furthermore, 
immunization with native p210 peptide in ApoE-deficient mice resulted in 
autoantibody production against the peptide and reduced atherosclerosis78. 
Collectively, this suggests that immune responses against the native ApoB-100 
p210 peptide mediates atheroprotection.  
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Diabetes and Cardiovascular Disease 

Diabetes is one of the leading causes of death worldwide, and about 422 million 
people suffer from the disease today according to the World Health Organization.  

Diabetes can be divided into two main types: type 1 diabetes (T1D) and type 2 
diabetes (T2D). T1D is an autoimmune disease that generally develops in children 
or young adults, but the age is not a limiting factor. This type is characterized by 
the destruction of the pancreatic β-cells that produce insulin to regulate the levels 
of blood glucose. The destruction of β-cells results in insulin deficiency that in 
turn will cause chronic hyperglycemia (Figure 7)79,80.  

T2D is the most common type of diabetes and is associated with several risk 
factors including genetic factors, obesity, increasing age and poor diet. It is 
characterized by defective insulin secretion due to β-cell dysfunction and insulin 
resistance. The response to insulin-stimulated uptake of glucose is initially 
compensated by insulin production. However, as the disease progresses the insulin 
production can no longer meet the demand which eventually results in 
hyperglycemia and development of T2D (Figure 7)81-83. 

 
Figure 7. Under normal healthy conditions the pancreatic β-cells secrete insulin that regulates the uptake of glucose 
from the blood, resulting in a normoglycemic state. In type 1 diabetes, the β-cells are destroyed by the immune 
system. This leads to decreased insulin secretion and in turn a decreased uptake of glucose from the blood, resulting 
in hyperglycemia. In type 2 diabetes, there is an initial compensation in insulin production through expansion of the β-
cells. As the diseses progresses, insulin resistance develops and the β-cells can no longer can meet the demand. 
Thus, prolonged exposure of high glucose levels results in β-cell failure and hyperglycemia. 
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Vascular complications in diabetes 
Diabetes is a well-known risk factor for CVD and increases the risk 2- to 4-fold in 
both men and women, independent of the type of diabetes83-85. Diabetes is 
associated with oxidative stress, inflammation, formation of advanced glycation 
end products (AGEs) and ER stress, which most likely are contributing factors for 
the development of both micro- and macrovascular complications82,86,87. Yet, the 
underlying mechanisms behind the increased CVD risk in diabetics are still 
unclear.  

Hyperglycemia can cause tissue damage in several ways. Glucose can react with 
proteins and lipids and form AGEs, which can impair different cellular activities88. 
AGEs are found in plasma and accumulate in the vessel wall and other tissues with 
age, and have been shown to be associated with endothelial dysfunction in 
diabetes. For instance, AGEs induce oxidative stress and expression of adhesion 
molecules on endothelial cells, and increase vascular permeability88-90. Together, 
these events can contribute to and accelerate development of atherosclerosis. 
Diabetes is also associated with low-grade inflammation and it has been assumed 
that the disease aggravates inflammation in atherosclerotic plaques, hence 
increasing the risk for development of CVD85,91. This notion is supported by a 
study where coronary artery lesions from diabetics exhibited more infiltration of 
macrophages and larger lipid-rich cores compared to non-diabetics92.   

A study that challenges the view of inflammation being the main cause for 
increasing CV risk in diabetics, was recently performed by Edsfeldt and 
coworkers93. In this study, impaired fibrous repair is implicated as a possible 
contributor for inducing plaque vulnerability in diabetics. The authors 
demonstrated that carotid endarterectomy plaques from patients with T2D, 
contained less collagen and elastin, as well as decreased levels of platelet-derived 
growth factor (PDGF) and MMP-2. All these factors have important roles in the 
tissue repair response. Collagen and elastin are ECM proteins produced by the 
vascular SMCs and confer stability to the plaque2. PDGF is a growth factor 
released by platelets that stimulates recruitment, proliferation and production of 
ECM proteins of SMCs94. MMP-2 is involved in tissue repair by promoting SMCs 
migration95. Furthermore, no difference in inflammatory markers, including the 
levels of proinflammatory cytokines, infiltration of macrophages or lipid content 
in plaques, could be observed between diabetics and non-diabetics. However, 
symptomatic plaques from non-diabetics were shown to have increased 
inflammation compared to asymptomatic plaques from non-diabetics. Thus, this 
suggests that impaired fibrous repair is a stronger driving factor than inflammation 
for inducing plaque vulnerability in diabetics.  
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Androgen Deprivation Therapy and 
Cardiovascular Disease 

Prostate cancer is today the second most common cancer type in men worldwide, 
with an incidence that is associated with aging96. Huggins and Hodges described 
for the first time in 1941 that the growth of prostate cancer is dependent on the 
androgen testosterone97. This discovery led to the first breakthrough for one of the 
current treatments for advanced prostate cancer, namely androgen deprivation 
therapy (ADT).  

Testosterone is produced by the testes and released into the circulation, while 
prostatic tissue locally produces its own androgens through the transformation of 
steroid precursors into active dihydrotestosterone (DHT)98. Small amounts of 
testosterone are also produced by the adrenal glands99. Androgens regulate the 
development and function of the prostate gland through binding to the androgen 
receptor (AR)100. The testes produce androgens during fetal development to 
develop the prostate gland that matures until the end of puberty. The prostate 
gland is unique in that it continuous to grow throughout life. Androgens are 
mitogenic factors that stimulate cell division; hence they can favour the 
development of cancer101,102.   

Until the 1970s, the treatment for advanced prostate cancer based on Huggins and 
Hodges discovery, was orchiectomy and hormonal treatment with estrogen to 
supress the production of testosterone. Today, medical castration is the most 
preferred option for androgen deprivation as it has similar effects to surgical 
castration103,104.  

The male hypothalamic-pituitary-gonadal axis 
The production of testosterone is regulated by the male hypothalamic-pituitary-
gonadal (HPG) axis (Figure 8). The system is stimulated by the gonadotropin-
releasing hormone (GnRH), also recognized as luteinizing hormone-releasing 
hormone (LHRH), which is released by neurons in the hypothalamus regularly in a 
pulsatile manner. GnRH reaches the anterior pituitary through the hypothalamic-
hypophyseal portal system, where it binds to the GnRH receptor. This stimulates 
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the release of luteinizing hormone (LH), follicle-stimulating hormone (FSH) and 
adrenocorticotropic hormone (ACTH) from the pituitary. LH stimulates the 
Leydig cells in the testes to produce and release testosterone, while ACHT 
stimulates the adrenal glands to produce small amounts of testosterone. FSH is on 
the other hand responsible for the stimulation of sperm production in the testes. 
The HPG axis is regulated by testosterone through its negative feedback 
mechanism on both the hypothalamus and the anterior pituitary. This inhibits 
further stimulation of the system and in turn the production of testosterone99.  

Figure 8. The male hypothalamic-pituitary-gonadal axis regulates the prodcution of testosterone. GnRH is produced 
and released by the hypothalamus and stimulates the production of LH and FSH in the anterior pituitary. LH 
stimulates the Leydig cells in the testes to produce testosterone. Testosterone exerts negative feedback on the 
hypothalamus and pituitary, resulting in inhibition of further testosterone production.  
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Androgen deprivation therapy  
Induction of medical castration and the resulting suppression of testosterone can 
be achieved by targeting the HPG axis. Schally and coworkers described the 
structure of the endogenous GnRH in 1971, and they further showed that long-
term administration of synthetic GnRH agonists resulted in inhibition of 
testosterone production. This discovery laid the foundation of the current ADT104.  

GnRH receptor agonists versus antagonists 
The GnRH receptor is a G-coupled transmembrane protein that mainly is 
expressed in the pituitary, but also in other organs such as breast, prostate, thymus, 
kidney and in lymphocytes105. Binding of GnRH to its receptor activates a signal 
transduction that results in expression and synthesis of gonadotropins, LH and 
FSH106.  

Medical castration can be induced by targeting the GnRH receptor. There are two 
classes of drugs that do so: GnRH receptor agonists and GnRH receptor 
antagonists. The mechanism of action for the GnRH receptor agonists versus 
antagonists is different, but the outcome is the same, i.e. suppression of 
testosterone levels. GnRH agonists, such as Leuprolide, are analogues to the 
endogenous GnRH and bind to the GnRH receptor more potently than the natural 
hormone. This results in an intense stimulation of the receptor and release of LH 
and FSH, causing an initially surge in testosterone production. However, 
overstimulation of the GnRH receptor will eventually lead to desensitization and 
downregulation of the receptor. Thus, the production of LH will be inhibited, and 
in turn testosterone will be reduced to castrate levels101,104.  

GnRH receptor antagonists, such as Degarelix, bind directly to the GnRH receptor 
but without activating it. This results in an instant inhibition of release of LH and 
FSH and consequently a rapid suppression of testosterone production, without 
producing any testosterone surge101,104.       

Both the GnRH receptor agonists and antagonists are administrated as a depot 
injection. The initial testosterone surge that is stimulated by the GnRH receptor 
agonists lasts around 2-4 weeks before the GnRH receptors have become 
downregulated and a castrate level is achieved. This causes a ‘clinical flare’ that 
are complications associated with the flares of testosterone, such as bone pain, 
spinal cord compression, compression of a nerve root and blockage of one or both 
ureters101,104. In contrast, the effects of the GnRH receptor antagonists are 
immediate and a castrate level is achieved within 1-3 days, without producing any 
clinical flare107.  
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ADT and cardiovascular risk 
There is a growing body of literature that suggest that ADT is associated with an 
increased cardiovascular risk. The underlying mechanisms behind this side effect 
are incompletely understood, but metabolic complications such as obesity, insulin 
resistance, hyperglycemia and dyslipidemia have been reported to be related to 
ADT treatment. These are factors that may contribute to an increased risk for 
development of both diabetes and CVD108-110. 

Interestingly, several population-based studies describe that an increased 
cardiovascular risk is observed in patients treated with GnRH receptor agonists, 
which suggest that there might be a difference in treatment effects between GnRH 
receptor agonists and antagonists108,111-114. In a recent study by Albertsen et al, the 
risk for cardiovascular events was assessed in patients that had been treated with a 
GnRH receptor agonist compared with patients treated with a GnRH receptor 
antagonist115. The analysis, performed on pooled data from six prospective trials, 
showed that treatment with a GnRH receptor antagonist lowered the risk for a 
cardiovascular event or death by 56 % compared to men that have been treated 
with a GnRH receptor agonist. The increased risk could be observed within 1 year 
of treatment and was only reported for men with pre-existing CVD. The presence 
of a history with an earlier cardiovascular event seems to be of importance since 
an increased cardiovascular risk after ADT has been previously reported116,117. 
This suggests that ADT destabilizes already established atherosclerotic plaques, 
and increases the risk for plaque rupture which may cause a cardiovascular event.  
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The Role of IL-22 in Atherosclerosis 

Interleukin-22 (IL-22) is a cytokine that was discovered in the mouse by 
Dumoutier and coworkers in 1999, and was first called IL-10-related T cell- 
inducible factor (IL-TIF)118. It was later named IL-22 when the human orthologue 
of the cytokine was identified. IL-22 belongs to the IL-10 related cytokine family 
and share a 22 % amino acid identity with IL-10. Although IL-22 and IL-10 share 
some similarity in structure, they have different biological functions. For instance, 
IL-22 does not exhibit the same anti-inflammatory properties as IL-10. 
Furthermore, they bind to different receptors which have different expression 
patterns119.   

Production of IL-22 and the IL-22 receptor  
IL-22 is mainly produced by Th17 cells120 but Th22 cells121, type 3 innate 
lymphoid cells (ILC3)122 and activated T-cells119 do also secrete the cytokine. IL-
22 is highly expressed during the differentiation of naive T cells into Th17 cells, 
and the expression is regulated by the cytokines IL-23, TGF-β, TGF-α, IL-6 and 
IL-1β120. The expansion and establishment of the IL-22 producing Th17 cells has 
been shown to primarily be stimulated by IL-23120,123.  

The IL-22 receptor (IL-22R) is a heterodimeric receptor that consists of the two 
subunits, IL-22R1 and IL-10R2119,124 (Figure 9). The distribution of the expression 
of the two receptor subunits is different. IL-10R2 is also a receptor component in 
IL-10 signaling and is expressed in both cells of hematopoietic origin and non-
hematopoietic origin. The IL-22R1 is in contrast not expressed on immune cells, 
but is found in other cell types of the skin, lung, liver, colon, pancreas, breast and 
prostate125,126. This suggests that the immune system produce IL-22 to regulate 
epithelial tissue responses.  

IL-22 binding protein (IL-22BP), or IL-22R2, is a single-chain soluble receptor for 
IL-22 that has a much higher affinity for IL-22 than the transmembrane receptor 
IL-22R1. IL-22BP regulates IL-22 by inhibiting its biological activity (Figure 
9)126-128.  IL-22BP has been found to be expressed in breast, lymphoid and gut 
tissue and is mainly produced by dendritic cells127,128. 
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Figure 9. The IL-22 receptor consists of two subunits, IL-22R1 and IL-10R2. IL-22 binding protein (IL-22BP) is a 
soluble receptor for IL-22 and regulates its activity by inhibiting it from binding to the IL-22 receptor. 

IL-22 in atherosclerosis and other diseases 
The main physiological function of IL-22 appears to be regulation of immunity, 
inflammation, tissue repair and protection at epithelial barrier surfaces129.  

The role of IL-22 in atherosclerosis is still not fully known. It has been found that 
patients that suffered from acute myocardial infarction have elevated levels of IL-
22 in plasma compared to controls130. Furthermore, carotid plaques from 
symptomatic patients have also been shown to have a remarkable rise in IL-22 
compared to asymptomatic patients131. IL-22 has been shown to be involved in 
atherosclerosis in ApoE-/- mice. Rattik and coworkers demonstrated that IL-22 
affects SMC phenotype and that IL-22 deficiency reduces plaque formation in 
ApoE-/- mice132. 

Other diseases 
IL-22 has been implicated in several inflammatory diseases, including malaria, 
psoriasis and rheumatoid arthritis. In malaria IL-22 seems to have a protective 
role. In a mouse model of experimental malaria, IL-22 deficiency resulted in a 
more severe malaria outcome and an increased Th1 pro-inflammatory response133.  
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IL-22 has also been shown to have a pathological role in psoriasis. Psoriatic 
patients have increased levels of circulating IL-22 and IL-22 mRNA has been 
found to be upregulated in psoriatic skin lesions compared to normal skin134. 
Furthermore, neutralization of IL-22 with an antibody has been shown to inhibit 
progression of the disease in a mouse model of psoriasis135.  

Patients with rheumatoid arthritis have also increased serum level of IL-22 
compared to controls and is also related to disease activity136. Immunization of 
type II collagen induces rheumatoid arthritis in mice. Treatment of type II collagen 
in IL-22 deficient mice has been shown to reduce the incidence of the disease, 
which indicates that IL-22 has a pro-inflammatory role in this model137. 

IL-22 has also been implicated in wound healing. A major complication in 
diabetes is impaired wound healing. Treatment with IL-22 in diabetic mice 
enhances closure of diabetic wounds by increasing re-epithelialization, 
vascularization and tissue granulation138. Fibroblasts are also important for skin 
wound repair through their production of ECM. IL-22 seems to regulate fibroblast 
function and IL-22 deficiency results in defective ECM production, wound 
contraction and tissue granulation139.  

The functional subunit of the IL-22R, IL-22R1, is normally not expressed on 
hematopoietic cells but has been found to be expressed on immune cells during 
pathological conditions. For instance, it has been shown that circulating 
monocytes and tissue macrophages express the IL-22R in patients with Sjögren’s 
syndrome140. Furthermore, CD4+ T cells has also been shown to be express the IL-
22R1 in arthritic mice141. 
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Main Methods  

Mouse models of experimental atherosclerosis 
Experimental atherosclerosis was studied for the first time in rabbits in 1908. 
Ignatowski found that a cholesterol-rich diet consisting of full-fat milk, eggs and 
meat, resulted in plaque development in the aorta of the fed rabbits142. Since then, 
many other animal species have been used to study atherosclerosis including birds, 
pigs, dogs, monkeys, hamsters and guinea pigs143.  

Today, mice are the most common animal model for studying experimental 
atherosclerosis although there are some important differences between mice and 
humans. Unlike humans, mice do not develop atherosclerosis spontaneously. Mice 
carry the majority of their plasma cholesterol on HDL in contrast to humans that 
carry around 75% of their plasma cholesterol on LDL. Hence, a regular chow diet 
does not induce development of atherosclerosis in mice of most strains. 
Furthermore, mice do not express the enzyme cholesteryl ester transfer protein 
which is responsible for the transfer of cholesterol esters from HDL to VLDL and 
LDL144.   

Diet 
Mice are normally resistant to atherosclerosis but by manipulating the diet 
atherosclerosis can be induced in mice of the C57BL/6 strain144. The standard 
atherogenic diet for rodents is the ‘Western diet’, which is similar to a regular 
American diet. It consists of maize starch, cocoa butter, casein, glucose, sucrose, 
cellulose flour, minerals, and vitamins; 17.2% protein, 21% fat [62.9% saturated, 
33.9% unsaturated and 3.4% polyunsaturated], 0.15% cholesterol, 43% 
carbohydrates, 10% H2O, and 3.9% cellulose fibers.  

The ApoE-deficient mouse 
The apolipoprotein E (ApoE)-deficient mouse was created in 1992 and is a widely 
used model for experimental atherosclerosis145. ApoE is a glycoprotein and a 
protein component of all lipoproteins except for LDL. Similar to ApoB, ApoE is a 
ligand for the LDL receptor. Lipoproteins that contain both ApoE and ApoB bind 
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to the receptor with a much higher affinity than LDL which only contains 
ApoB146,147. ApoE mediates the clearance of chylomicrons and its remnants, as 
well as VLDL and IDL from the bloodstream through binding to the LDL 
receptors that are expressed in the liver65,145.   

The ApoE-deficient mouse has a normal development but the ability to clear 
lipoproteins from the circulation is severely impaired. This results in 
hypercholesterolemia and ApoE-deficient mice have a five-fold increase in plasma 
cholesterol compared to control mice on chow diet. Mice normally carry 
cholesterol on HDL, but ApoE-deficient mice have a shift in plasma lipoproteins 
from HDL to remnants of chylomicrons and VLDL. The fractions of IDL and 
LDL are also highly elevated144,145,148. Thus, ApoE-deficient mice develop 
atherosclerosis spontaneously even on a normal chow diet. When the mice are 
challenged with a western diet the cholesterol levels increase 15-18-fold and 
accelerate the development of atherosclerosis148,149.  

Like humans, the ApoE-deficient mouse develop lesions in the aorta, aortic arch, 
aortic root, at vascular branching points and at bifurcations. The plaque 
morphology is comparable to the human plaque and consists of foam cells, SMCs, 
EMC, fibrous caps and necrotic cores. ApoE-deficient mice that are fed a western 
diet also develop more advanced lesions in comparison to mice fed a chow diet149.   

The LDL receptor-deficient mouse 
The LDL receptor-deficient mouse is a model for familial hypercholesterolemia. 
These mice lack the expression of the LDL receptor that is important for the 
clearance of IDL and LDL from the circulation. This results in a two-fold 
elevation of plasma IDL and LDL compared to wild-type mice150. The LDL 
receptor-deficient mouse does not develop atherosclerosis spontaneously on chow 
diet in contrast to the ApoE-deficient mouse. However, they are responsive to 
changes in diet and develop similar atherosclerotic lesions as ApoE-deficient mice 
when they are fed a western diet144,151.    

Advantages and limitations of the atherosclerotic mouse model 
There are many advantages with the use of mice as a model for experimental 
atherosclerosis. They are easy to handle and the cost for maintenance is relatively 
low. They are also easy to breed, susceptible for genetic manipulations and many 
inbred strains are available. Mice have also a short generation time and the 
development of atherosclerosis is accelerated. Furthermore, the lesion progression 
in mice is comparable to humans and the plaques contain similar cell types as well 
as oxLDL. Although the fibrous cap generally is thicker in human lesions, fibrous 
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caps do also develop in mouse lesions and are made up from SMCs and ECM 
proteins such as collagen and elastin144,152.  

Plaque rupture is the cause for acute cardiovascular complications such as 
myocardial infarction and stroke. A major limitation with the mouse as a model 
for experimental atherosclerosis is that plaque rupture is not observed. A possible 
explanation for this is that the small vessel diameters in mice cause increased 
surface tension that in turn prevent plaques from rupturing144. Other disadvantages 
with the use of mice are technical difficulties due to their small size, as well as the 
limited plaque tissue material that is available for performance of different 
analyses152. 

Mouse models of experimental diabetes 
The common outcome for T1D and T2D is high glucose levels, although the 
mechanisms involved behind the two types are different. T1D can be chemically 
induced in mice by destroying the insulin producing β-cells, but there are also 
genetic mouse models for T1D. There are both obese and non-obese mouse 
models for T2D diabetes that reproduce the characteristic insulin resistance and/or 
β-cell dysfunction for this type of disease.  

The heterozygous glucokinase ApoE-deficient mouse 
The combined heterozygous glucokinase ApoE-deficient mouse (ApoE-/-GK+/-) 
is a model that resembles human T2D driven cardiovascular disease153. The ApoE-
/-GK+/- mouse has an impaired expression of the glucokinase (GK) enzyme, 
which is responsible for the conversion of glucose to glucose-6-phosphate. GK 
regulates the blood glucose levels in two ways; by determining the rate of glucose-
stimulated insulin secretion by the pancreatic β-cells, and by regulating the 
frequency of glucose utilization and glycogen synthesis in the liver. Thus, 
impaired GK activity results in decreased insulin secretion and increased blood 
glucose levels. In humans, a heterozygous inactivating mutation in the GK gene 
causes maturity-onset diabetes of the young type 2 (MODY2). MODY2 is 
characterized by early-onset of the disease and persistent hyperglycemia. 
Activating mutations of GK result, on the other hand, in hyperinsulinemic 
hypoglycemia154.  

The ApoE-/-GK+/- mouse has significantly higher blood glucose levels compared 
to the normoglycemic ApoE-/- mice on a chow diet, and the glucose levels further 
increase when the mice are fed a western diet. An important characteristic of these 
mice is that the blood glucose levels are stable in contrast to other diabetic mouse 
models. Thus, the age of the mice is not a limiting factor and the study population 
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can also be decreased since there are small variations in the glucose levels between 
the mice. Most importantly, the total cholesterol and triglycerides levels are not 
affected by the impaired GK activity meaning that the lipid levels are comparable 
with the ApoE-/- control mice. The ApoE-/-GK+/- mouse develop advanced 
atherosclerotic plaques that are characterized by features such as necrotic cores, 
thin fibrous caps, cholesterol clefts and few macrophages153.  

Other T2D mouse models 
Many mouse models for T2D are associated with obesity since this is a 
contributing factor for the disease. The obese-hyperglycemic (ob/ob) mouse is a 
model for severe obesity155. These mice lack the expression of the hormone leptin 
that is mainly secreted by adipocytes. Leptin regulates food intake and energy 
cost. Thus, leptin deficiency results in abnormal food intake and obesity156. The 
ob/ob mouse is also insulin resistant, hyperlipidemic and has an expansion in the 
growth of the pancreatic islands157. This model represents a milder form of 
diabetes since the β-cells continue to release insulin and there is no complete β-
cell dysfunction155.   

The db/db mouse is another common model for T2D. The db/db mouse has an 
autosomal recessive mutation in the db gene which encodes for the leptin 
receptor158. Similar to the ob/ob mice, these mice have an increased food intake. 
They become obese and develop metabolic abnormalities such as hyperglycemia, 
hyperinsulinemia and insulin resistance. A disadvantage with this model is the 
short life span of these mice155,159. 

The role of shear stress in atherosclerosis 
Atherosclerotic plaques develop at specific regions of the arterial tree. Caro and 
coworkers showed for over 50 years ago that the distribution of atherosclerotic 
plaques is associated with shear stress and blood flow patterns160. Today, it is well-
established that plaques preferentially develop at regions of lowered shear stress, 
and at regions of disturbed or oscillatory blood flow161,162.  

Shear stress is a parallel frictional drag force that is exerted on the endothelium of 
the vessel wall. Shear stress is determined by the blood flow rate, blood viscosity 
and vessel diameter and is expressed in the unit dynes/cm2. Normal shear stress, or 
undisturbed laminar shear stress, is mainly observed in straight sections of the 
artery. Laminar shear stress is atheroprotective and important for maintaining a 
normal physiological state of the vasculature by inhibiting inflammation, 
coagulation, thrombus formation, hypertrophy and proliferation, and by promoting 
fibrinolysis162. Atherosclerosis is also inhibited in regions of high shear stress160. 
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Lowered shear stress and disturbed or oscillatory blood flow are on the other hand 
related to atherogenesis. Atherosclerotic plaque formations are typically observed 
at the inner area of curvatures and upstream of stenoses, where lowered shear 
stress occurs. Plaques do also develop at regions of oscillatory blood flow, such as 
downstream of stenoses and at bifurcations (Figure 10). Lowered shear stress is 
associated with several atherogenic properties such as enhanced endothelial 
permeability and uptake of LDL from the circulation, increased oxidative stress 
and increased adherence and infiltration of inflammatory cells161,162. 

 

Figure 10. Atherosclerotic plaque development is observed in the inner curve of the aortic arch, where there is a low 
shear stress. Oscillatory blood flow occurs at bifurcations and does also give rise to plaque formations.  

The shear stress modifying cast 
The shear stress modifying cast was developed by Cheng and coworkers to induce 
experimental atherosclerosis in mice163. This method is based on the observations 
that atherosclerotic plaque formations occur at specific regions of the arterial tree; 
more specifically at regions of lowered shear stress and disturbed or oscillatory 
blood flow as discussed above. By placing the cast around a straight vessel that 
normally is protected from atherosclerotic plaque development, changes in shear 
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stress pattern can be induced. The cast creates a gradual stenosis of the common 
carotid artery. Upstream, or proximally, to the cast a lowered shear stress occurs 
and induces an advanced plaque phenotype (Figure 11). The advanced plaques are 
characterized by accumulation of macrophages and lipids. These plaques also 
contain fewer SMCs and EMC proteins. Downstream, or distally, to the cast an 
oscillatory blood flow occurs and induces a fibrous plaque phenotype (Figure 11). 
The fibrous plaques are rich in SMCs as well as ECM, and contain less 
inflammatory cells and lipids. High shear stress occurs within the cast and is 
protective from atherosclerotic plaque development.  

Figure 11. Schematic drawing of the shear stress modifying cast in the top panel. Low shear stress is induced 
proximally to the cast and give rise to plaques with an advanced phenotype. Distally to the cast, oscillatory blood flow 
induces plaques with a fibrous phenotype. No plaque formation occurs in the control artery where there is a laminar 
undisturbed shear stress164. Representative images of an advanced and fibrous plaque are seen at the lower panel.  
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Histology  
The main focus of this thesis has been to study atherosclerotic plaques induced by 
the shear stress modifying cast in the carotid artery. Plaques in the aorta and in the 
aortic root have also been analyzed in some studies. There are many advantages 
with the use of the shear stress modifying cast. By using the cast, alterations in 
shear stress pattern can be induced in a controlled manner, which generates 
plaques with two different phenotypes in the same artery; advanced and fibrous 
plaques. Because the carotid artery is a straight vessel all the sections are similar 
which makes it easy to quantify the analyses. Furthermore, it enables us to study 
the plaque composition of the two different phenotypes in contrast to en face 
preparations of the aorta, which only give information about the overall plaque 
burden.      

Frozen or paraffin-embedded carotid plaques have been sectioned and different 
plaque components have primarily been analyzed through immunohistochemistry. 
This method has been chosen because of the limited plaque material that is 
available. Other histological techniques such as Masson’s Trichrome and Oil red 
O staining have also been used to study collagen and lipid contents in plaques, 
respectively.  
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Aims and Key Findings 

Paper I 

Aim  
To study how hyperglycemia affects tissue repair responses on existing 
atherosclerotic plaques with different phenotypes, advanced and fibrous, in ApoE-
/-GK+/- and ApoE-/- mice. 

Key findings  
Hyperglycemia did not affect the size of the formed atherosclerotic plaques 
(Figure 12A and 12B). No effects on tissue repair responses could either been 
observed between the hyperglycemic and normoglycemic mice, including cell 
proliferation (Figure 12C), smooth muscle cell content (Figure 12D) or the 
expression of collagen (Figure 12E), elastin (Figure 12F) and several other ECM 
proteins.  
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Figure 12. Hyperglycemia does not affect the atherosclerotic plaque size (A and B), cell proliferation (C), smooth 
muscle cell content (D), type I collagen content (E) or elastin content (F) in either the ApoE-/- or diabetic ApoE-/-GK+/- 
mice.  
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Paper II 

Aim  
To study how immunization with the native apoB-100 peptide 210 (p210) affects 
atherosclerosis during hyperglycemic conditions in ApoE-/-GK+/- and ApoE-/- mice. 

Key findings  
Immunization with native apoB-100 p210 resulted in antibody production against 
the p210 peptide, without affecting lipid levels or inflammatory cytokines in 
hyperglycemic ApoE-/-GK+/- mice. The induced p210 antibody response was 
associated with inhibition of atherosclerosis in both ApoE-/- mice (Figure 13A and 
13E) and the diabetic ApoE-/-GK+/- mice (Figure 13B and 13D). 

Figure 13. Immunization with native ApoB-100 p210 inhibits atherosclerosis in the aortic arch for both the ApoE-/- 
mice (A) and diabetic ApoE-/-GK+/- mice (B). No reduction in plaque burden can be observed in the descending aorta 
for the ApoE-/- mice (C), while ApoB-100 p210 immunization reduces atherosclerosis in the descending aorta in 
ApoE-/-GK+/- mice (D). The subvalvular plaque size is significantly reduced in ApoE-/- mice (E), but not in the ApoE-/-
GK+/- mice (F) after immunization with ApoB-100 p210.   
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Paper III 

Aim  
To study the effects of treatment with a GnRH receptor agonist and a GnRH 
receptor antagonist on existing plaques with different phenotypes, advanced and 
fibrous, in ApoE-/- mice.  

Key findings  
Mice treated with the GnRH receptor agonist leuprolide had more necrotic-like 
areas (Figure 14A and 14C) and increased macrophage content (Figure 14B) in the 
fibrous plaques compared to mice treated with the GnRH receptor antagonist 
degarelix, or untreated control mice. No difference could be observed in the 
advanced plaques between the treatment groups. The GnRH receptor was also 
found to be expressed in the atherosclerotic plaque and was mainly expressed by 
CD3 positive T-cells.  

 

Figure 14. Treatment with the GnRH receptor agonist leuprolide increases necrosis (A) and macrophage content (B) 
in the fibrous plaques. Representative images of advanced and fibrous plaques from the different treatment groups. 
The bottom right image is showing a large necrotic-like area in a fibrous plaque from a leuprolide treated mouse (C).  
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Paper IV  

Aim  
To study if IL-22-deficiency affects the development of advanced and fibrous 
atherosclerotic plaques differently in ApoE-/- mice.  

Key findings  
IL-22 deficiency did not affect the size of the formed atherosclerotic plaques, but 
the advanced plaques had less necrotic areas compared to ApoE-/- mice (Figure 
15A and 15B). The advanced plaques from IL-22-deficient mice had also a higher 
content of contractile smooth muscle cells positive for myosin heavy chain 11 
(Figure 15C), smoothelin (Figure 15D), calponin (Figure 15E) and α-smooth 
muscle actin (Figure 15F). These effects were not seen in the fibrous plaques. 
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Figure 15. IL-22 deficiency results in less necrotic areas in the advanced plaqes (A and B) . IL-22 deficiency 
promotes SMC differentiation and the advanced plaques contained more SMCs positive for myosin heavy chain 11 
(C), smoothelin (D), calponin (E) and α-smooth muscle actin (F) in advanced plaques compared to ApoE-/- mice.  
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Results and Discussion 

In this thesis, we have studied how tissue repair responses and atherosclerotic 
plaque stability are affected by different factors. We have investigated how 
hyperglycemia, as well as the cytokine IL-22, affect tissue repair responses in an 
atherosclerotic mouse model. We have also investigated how ADT affects plaque 
stability, and how immunization with an ApoB-100 peptide affects atherosclerosis 
during hyperglycemic conditions.  

Advanced and fibrous plaques 
In paper I, III and IV we have used a shear stress modifying cast (described in 
methods) to induce atherosclerotic plaque formations with two different 
phenotypes in the carotid artery in mice. In paper III, we found that ADT only had 
an effect on the fibrous plaque phenotype, while in paper IV we showed that IL-22 
deficiency only affected the advanced plaque phenotype. This suggests that not all 
plaques are affected in the same way. Therefore, I would like to dedicate a section 
where this model and the two different plaque phenotypes that are induced by the 
cast are discussed in more detail.  

The shear stress modifying cast reproduces the shear stress patterns that are 
observed at certain regions of the arterial tree that give rise to atherosclerotic 
plaque formations. Proximally to the cast, a lowered shear stress is induced due to 
the stenosis that is formed by cast. This will give rise to plaques with an advanced 
phenotype, consisting of high macrophage infiltration, lipid cores and few SMCs 
and ECM proteins. Distally to the cast, an oscillatory flow pattern occurs and gives 
rise to a more fibrous plaque phenotype. The fibrous plaques have typically a high 
SMC content and dense ECM, while the amount of macrophages and lipids are 
more limited. The fibrous plaques are also generally smaller than the advanced 
ones. The advanced plaque phenotype has similar morphology to a vulnerable 
plaque, while the fibrous plaques are considered as more stable. As mentioned 
previously, plaque rupture is not observed in mice. The plaques that develop in the 
low shear stress region are therefore referred to as ‘advanced plaques’ and not 
vulnerable plaques.  
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Shear stress is important for maintaining a normal vascular homeostasis but can 
also be involved in pathophysiological conditions. The blood flow patterns are not 
similar throughout the entire vascular system. For instance, in straight vessels 
where there is a laminar blood flow and a high shear stress, development of 
atherosclerotic plaques is inhibited. Changes in blood flow and shear stress 
patterns can however induce endothelial dysfunction and development of 
atherosclerosis. The endothelial cells are exposed for different hemodynamic 
forces and act as sensors that respond differently depending on the shear stress that 
is exerted on them162,165. Low and reciprocating shear stress is known to upregulate 
genes in endothelial cells that promote atherogenesis. For instance, MCP-1 is 
upregulated in these regions and is important for the recruitment and infiltration of 
monocytes into the intima. PDGFs are also upregulated and stimulates SMC 
migration into the intima165. Furthermore, low shear stress downregulates the 
expression of endothelial nitric oxide synthase (eNOS), which produces nitric 
oxide (NO). NO inhibits inflammation, apoptosis, proliferation, thrombosis and is 
also a potent vasodilator162. Thus, the reduced bioavailability of NO promotes 
atherogenesis.  

The shear stress modifying cast was created by Cheng and coworkers163. They 
studied the effects of low shear stress and oscillatory blood flow on plaque 
formation and composition. Except a marked difference in plaque morphology as 
discussed above, they also showed that atherogenic genes were mainly upregulated 
in plaques from the low shear stress region. VCAM-1 and intracellular adhesion 
molecule-1 are both important for mediating cell adhesion of circulating 
leukocytes and were found to be upregulated 3-fold compared to controls. In the 
oscillatory flow region VCAM-1 was only 50% upregulated compared to controls. 
C-reactive protein, an important marker for inflammation166, was also upregulated
3-fold in low shear stress plaques and 2-fold in oscillatory flow plaques compared
to controls. Furthermore, vascular endothelial growth factors were upregulated 5-
fold in only plaques from the low shear stress region. The proinflammatory
cytokine IL-6 was also found to be increased by 14-fold in the low shear stress
plaques and 2-fold in the oscillatory flow plaques compared to controls.

Vascular repair 

Hyperglycemia does not affect tissue repair responses in the plaque    
In a recent study by Edsfeldt and coworkers93 they reported that symptomatic 
plaques from T2D patients were characterized by impaired tissue repair compared 
to symptomatic plaques from non-diabetics. The plaques had decreased collagen 
and elastin content, which are ECM proteins that are essential for providing plaque 
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stability. Furthermore, the symptomatic plaques had also reduced expression of 
PDGF and MMP2 that are important factors for mediating tissue repair. 
Inflammatory markers such as macrophages, lipids and proinflammatory cytokines 
and chemokines, were also compared between the groups. Interestingly, they did 
not find a difference in inflammatory markers in plaques between diabetics and 
non-diabetics, while a difference between symptomatic and non-symptomatic 
plaques for only non-diabetics was observed. Based on these results they suggest 
that plaque vulnerability in diabetics is primarily caused by an impaired tissue 
repair in the plaque rather than increased inflammation. 

This hypothesis is further investigated in paper I, where we have analyzed how 
tissue repair responses in atherosclerotic plaques are affected in a diabetic mouse 
model. We used the ApoE-/-GK+/- mouse that is a model that resembles human 
T2D driven cardiovascular disease153 with ApoE-/- mice as controls. By using the 
shear stress modifying cast, advanced and fibrous plaques were induced in the 
carotid artery. Hyperglycemia did not affect the size of the formed plaques in 
neither the carotid artery nor in the aortic root. Several factors important for tissue 
repair were investigated including SMCs, cell proliferation and the expression of 
different ECM proteins such as collagen and elastin. The amount of macrophages 
and T cells and lipid content in plaques, as well as proinflammatory cytokines and 
circulating monocytes and regulatory T cells (Tregs) were also analyzed. In the 
present study, we could not find any difference in tissue repair mechanisms 
between the hyperglycemic and normoglycemic mice. Furthermore, similarly to 
the results in the study by Edsfeldt et al, we did not find a difference in 
inflammatory markers between the hyperglycemic ApoE-/-GK+/- mice and 
normoglycemic ApoE-/- mice. This supports the hypothesis that inflammatory 
responses are not enhanced in symptomatic plaques from diabetics and suggests 
that other mechanisms rather than inflammation are involved in inducing plaque 
vulnerability in patients with T2D. 

What is important to point out is that the ApoE-/-GK+/- mouse is a model for T2D 
where the effects of hyperglycemia per se can be studied. These mice have a stable 
hyperglycemic profile that is not progressive and not affected by the age of the 
mice. This is a limitation with the use of some T2D mouse models where the 
disease is progressive or unstable and does not reflect the human situation155,157. 
Many diabetic animal models are also associated with diabetes-induced elevation 
of plasma cholesterol levels167-170, which makes it hard to study the effect of 
hyperglycemia on atherosclerosis per se. The ApoE-/-GK+/- mice have 
comparable lipid levels to the ApoE-/- mice and is therefore an appropriate model 
for studying the effects of hyperglycemia153. 

Hyperglycemia did not independently affect tissue repair mechanisms or 
atherosclerotic plaque development in the present study. Our results are supported 
by studies made in both animals and humans, where elevated glucose levels per se 
have not been sufficient to accelerate atherosclerosis. For instance, Reaven and 
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coworkers showed that hyperglycemia did not increase atherosclerosis in diabetic 
LDL receptor-deficient mice compared to controls. Notably, the plasma 
cholesterol levels were also similar between diabetic and non-diabetic mice171. In a 
study with diabetic atherosclerotic minipigs, elevated glucose levels were not 
enough to accelerate atherosclerosis.  The content of macrophages and collagen in 
the plaques were also similar between the hyperglycemic and normoglycemic pigs. 
The hyperglycemia did not alter the cholesterol levels in this study172. Individuals 
with an impaired function in the glucokinase enzyme have mild hyperglycemia 
from birth, and despite elevated glucose levels these patients have not an increased 
risk for development of microvascular and macrovascular complications compared 
to controls. Interestingly, these individuals have also similar lipid levels as the 
common population173.  

Summary and future perspectives  
In summary, our results together with several other studies demonstrate that 
hyperglycemia per se does not promote atherosclerosis. We further show that 
tissue repair responses not are affected by hyperglycemic conditions, and suggest 
that other factors than hyperglycemia may be more important in inducing diabetic 
plaque vulnerability. Future studies are needed to confirm our findings. It would 
also be interesting to continue to investigate the hypothesis that impaired tissue 
repair responses are the cause for plaque vulnerability in diabetics in other animal 
models of diabetes. 

IL-22 and the phenotypic modulation of smooth muscle cells in 
advanced plaques 
In paper IV, we studied the role of IL-22 in atherosclerosis and how it affects 
advanced respectively fibrous plaques. The shear stress modifying cast was used 
on ApoE-/-IL-22-/- and ApoE-/- mice to induce plaque formations in the carotid 
artery. We found that IL-22 deficiency had an effect on the advanced plaques and 
resulted in a higher content of contractile SMCs and less necrotic areas compared 
to ApoE-/- mice with an intact IL-22 expression.  

We suggest that IL-22 has a role in tissue repair through the regulation of SMC 
phenotypic modulation. The transition of quiescent contractile SMCs in the media 
of the vessel wall, into a more synthetic phenotype is a crucial step for the repair 
response174. Synthetic SMCs have for instance a higher ability of proliferation and 
migration and synthetic activity compared to contractile SMCs36. In this study, the 
advanced plaques from the IL-22 deficient mice contained more SMCs that were 
positive for several markers associated with contraction, including myosin heavy 
chain 11, smoothelin, calponin and α-smooth muscle actin compared to ApoE-/- 
mice. Valid markers for synthetic SMCs are debated, but they are recognized by 
the downregulation of contractile proteins36. Rattik et al reported similar results in 
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their study where IL-22 deficiency was found to upregulate mRNA expression of 
contraction associated proteins, such as α-actin and caldesmon, in arteries from 
ApoE-/-IL-22-/- mice. In addition, SMCs stimulated with IL-22 in vitro had 
reduced mRNA expression of α-actin and caldesmon132. Together, this suggests 
that IL-22 is involved in modulation of SMCs and thereby also maybe involved in 
mediating tissue repair.  

The properties of synthetic SMCs are important for promoting plaque stability, 
however synthetic SMCs can also accelerate atherosclerotic plaque growth and 
disease progression. Similar to macrophages, SMCs release proinflammatory 
cytokines and chemokines, such as TNF-α, IL-1α and IL-1β, that enhance the 
inflammatory environment in the plaque175. A general view is that macrophages 
are the main source of foam cell formations in plaques. However, both lineage-
tracing and non-lineage-tracing techniques have revealed that foam cells also 
originate from vascular SMCs. Wang and coworkers showed that foam cells in 
plaques from ApoE-/- mice fed a western diet, were mainly derived from SMCs176. 
Evidence from a human study has also shown that 50% of foam cells in human 
coronary lesions originate from SMCs177. When foam cells undergo apoptosis or 
necrosis they give rise to lipid- and necrotic core formations, which contribute to 
plaque vulnerability16. Thus, synthetic SMCs can also contribute to the formation 
of a lipid-rich core as well as plaque necrosis.  

Our results showed that the advanced plaques from IL-22 deficient mice exhibited 
less necrotic areas compared to the ApoE-/- control mice. Since the same plaques 
also had a higher content of contractile SMCs, we suggest that the lack of IL-22 
expression keeps the SMCs in a differentiated contractile state. This will in turn 
prevent SMC modulation into a synthetic phenotype, and thus inhibit stimulation 
of inflammation, foam cell formations and plaque progression. This hypothesis is 
supported by a study where myocardin, a transcriptional co-activator, was shown 
to inhibit SMC inflammatory activation by protecting the contractile 
noninflammatory SMC phenotype178. Ackers-Johnson et al demonstrated that 
expression of myocardin mRNA was downregulated in neointimal lesions and that 
this was accompanied with downregulation of contractile SMC markers. 
Furthermore, myocardin deficiency accelerated plaque progression in ApoE-/- 
mice. Taken together, by keeping SMCs in a contractile state atherosclerotic 
plaque progression may be attenuated. 

IL-22 has a role in tissue repair and is thought to be secreted by immune cells to 
regulate tissue responses. The expression of the IL-22 receptor subunit IL-22R1 is 
normally restricted to epithelial cells on tissues such as the skin, liver, colon, 
pancreas and lung126. However, during pathological conditions the IL-22R1 have 
been found be expressed on immune cells like macrophages in patients with 
Sjögren’s syndrome140. SMCs have previously been shown to express the IL-22 
receptor132. We investigated the expression of the IL-22R1 and showed that the 
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receptor was expressed in atherosclerotic plaques from both mouse and human. 
We further demonstrated that SMCs in plaques that were positive for both MHC-
11 and α-SMA also expressed the IL-22R1. There was an overlap between α-
SMA positive cells and IL-22R1, while MHC-11 positive SMCs did not seem to 
express the receptor to the same extent. MHC-11 is considered one of the most 
specific markers for differentiated SMCs in contrast to α-SMA36. This suggests 
that SMCs with a more dedifferentiated phenotype express the IL-22 receptor.   

The effect of IL-22 deficiency was only observed in the advanced plaque 
phenotype in our model. A possible explanation for this is that the fibrous plaques 
generally contain less inflammatory cells than the advanced plaques163. Since IL-
22 is produced by activated immune cells the bioavailability of IL-22 in the 
fibrous plaques may be lower, and could perhaps not exert any effect in these 
plaques because of this.  

Summary and future perspectives  
In summary, IL-22 deficiency appears to promote differentiation of SMCs and 
attenuates advanced plaque progression in our model. For future experiments, we 
are planning to investigate if treatment with IL-22 promotes SMC 
dedifferentiation into a more synthetic phenotype in vitro. We will study if 
proteins associated with contraction are upregulated in cultured cells without the 
presence of IL-22, by performing western blots to study protein expression as well 
as analyze mRNA expressions. Furthermore, we would also like to investigate 
how tissue repair mechanisms such as SMC migration and proliferation are 
affected by IL-22 treatment in cultured cells. 

Immunization with a ApoB-100 peptide inhibits 
atherosclerosis in diabetic mice  
Retention of LDL in the artery wall and the subsequent modifications of these 
particles are crucial for initiation of atherosclerosis. Different epitopes of oxLDL 
are highly immunogenic. ApoB-100 is the protein component of LDL and both 
native and modified peptides of ApoB-100 have been found to induce immune 
responses. Circulating autoantibodies against different epitopes of oxLDL is 
present in both animals and in humans67,69. For more than twenty years ago it was 
demonstrated that immunization in rabbits with both native and modified LDL 
resulted in specific antibody production. This response was accompanied with 
reduced atherosclerosis179,180. This suggests that immune responses against oxLDL 
are beneficial and that they are involved in mediating atheroprotection.  
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In a study where human plasma was screened for autoantibodies against different 
ApoB-100 peptide sequences, high levels of autoantibodies were found against 
peptide number 45 and 210 (p45 and p210, respectively)71. Several studies have 
demonstrated that high levels of autoantibodies against p210 are associated with 
reduced coronary atherosclerosis as well as a lower risk for CVD73-76. High levels 
of autoantibodies recognizing native p210 peptide have also been shown to be 
related with less coronary artery disease in T2D patients77. The native p210 
peptide has also been described to exert an atheroprotective effect in immunized 
ApoE-/- mice78. Taken together, the native p210 peptide on ApoB-100 is a highly 
immunogenic epitope that induces immune responses that have a role in 
atheroprotection.    

In paper II, we studied the effects of immunization with native human apoB-100 
p210 peptide on atherosclerosis in a diabetic mouse model. The same diabetic 
mouse model that was used in paper I, the ApoE-/-GK+/- mouse together with 
ApoE-/- control, was used in the present study as well. ApoB-100 p210 was 
conjugated to pan-DR helper T cell epitope (PADRE), a highly immunogenic 
peptide that aids the induction of an antibody response. Immunization with p210-
PADRE resulted in peptide specific IgG antibody production. This response was 
accompanied with inhibition of atherosclerosis in both the diabetic ApoE-/-GK+/- 
mice and ApoE-/- control mice. P210-PADRE immunization reduced the plaque 
burden in both the aortic arch and the descending aorta in the diabetic ApoE-/-
GK+/- mice. No significant reduction in plaque area could be found in the 
subvalvular plaques, although a strong tendency towards a reduced plaque size 
was observed in these mice. Immunization with P210-PADRE was found to 
inhibit atherosclerosis in the aortic arch, as well as in the aortic root, in ApoE-/- 
mice. This indicates that immunization with p210-PADRE mainly affects early 
plaque development in diabetic mice.  

Our findings are supported by previous studies where the effects of immunization 
with ApoB-100 peptides have been evaluated in atherosclerotic mouse models. 
Fredrikson et al demonstrated that immunization with different ApoB-100 peptide 
sequences, including the p210 peptide, resulted in inhibition of atherosclerosis in 
the descending aorta in ApoE-/- mice78. However, no effect was observed in the 
aortic root in contrast to the present study. A possible explanation for this 
difference may be that the induced antibody response against the p210 peptide was 
20-fold higher in our study. This strong response was likely caused by the p210 
peptide conjugation to PADRE. Immunization with native p210 and p45 has also 
been reported to exert an atheroprotective effect in the aorta in LDL receptor-
deficient mice expressing human ApoB-100181. However, this effect was not 
related with induction of peptide specific antibodies in this model. Some studies 
have reported similar results and suggest that immunization with ApoB-100 
peptides activates regulatory T cells that instead mediate the atheroprotective 
effects182,183. Except for a decrease in IL-6 in ApoE-/- mice, we did not find any 
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systemic effect on inflammatory or anti-inflammatory cytokines in the current 
study. Thus, we propose that the observed inhibition of atherosclerosis was 
mediated by the induced antibody response and not by regulatory T cells in our 
study.  

We further investigated how the composition of plaques from the aortic root was 
affected by the immunization. Macrophage-, SMC-, and lipid contents, as well as 
necrotic areas, were analyzed in the subvalvular plaques. Immunization with p210-
PADRE had no effect on the relative content of any of these plaque components. 
However, immunization with p210-PADRE reduced the total content of CD68 
positive macrophages for both the diabetic ApoE-/-GK+/- mice and the ApoE-/- 
mice, suggesting that macrophages might be a target for the induced antibodies. 
This notion is supported by a study where treatment with p210 antibodies inhibited 
accumulation of lipids in macrophages in vitro, as well as reduced the macrophage 
content in subvalvular plaques in ApoE-/- mice184.  

The mechanisms of action behind the atheroprotective effects that are observed 
after immunization with ApoB-100 peptides are not fully understood. The plasma 
cholesterol and triglycerides levels in the present study were similar between the 
ApoE-/-GK+/- and ApoE-/- mice, which suggest that lipid lowering in the 
circulation is not the main effect of the immunization. As discussed previously78, a 
possible mechanism is that the induced antibodies bind to circulating oxLDL and 
help to clear them from the circulation before they could enter the vessel wall and 
cause damage. It is also possible that the antibodies facilitate the removal of 
aggregated oxLDL in the intima through binding to Fc receptors on macrophages.  

Summary and future perspectives  
In summary, immunization with human native ApoB-100 p210 peptide induces a 
peptide specific antibody response, which is associated with inhibition of 
atherosclerosis in both diabetic ApoE-/-GK+/- and ApoE-/- control mice. This is 
the first time the effects of ApoB-100 peptide immunization have been 
demonstrated in a diabetic model. Future work should aim towards to continue to 
investigate the underlying mechanisms for the observed atheroprotection after 
ApoB-100 peptide immunizations. Moreover, it is also important to evaluate the 
effects of immunization with ApoB-100 peptides in human studies.     

Treatment with a GnRH receptor agonist induce 
atherosclerotic plaque vulnerability  
ADT is the first-line treatment for men with advanced prostate cancer. ADT can 
be achieved in two ways; by surgical removal of the testes or by chemical 
castration. Independent of the method, the result is suppression of testosterone 
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levels that in turn inhibits progression of the prostate cancer. Medical castration is 
however the most preferred option, but lately it has become evident that ADT is 
associated with cardiovascular side effects. More specifically, treatment with 
GnRH receptor agonists compared to a GnRH receptor antagonist, has been shown 
to be related with an increased risk for development of CVD. In a large study with 
pooled data from randomized phase III trials, it was shown that treatment with 
GnRH receptor agonists doubled the number of cardiovascular events compared to 
GnRH receptor antagonist treatment. This effect was only observed in men that 
previously have suffered from a cardiovascular event. The cardiovascular side 
effects could be observed already within a year of treatment115. This suggests that 
ADT affects already pre-existing plaques since atherosclerotic plaque 
development normally occurs during several years.  

Men with CVD have lower levels of testosterone compared to healthy controls185-

187. ADT supresses testosterone production and is associated with metabolic 
complications such as obesity, insulin resistance and dyslipidemia that are known 
cardiovascular risk factors108. Keating and coworkers compared the incidence of 
diabetes and CVD in patients treated with either a GnRH receptor agonist or 
orchiectomy. Interestingly, the results showed that men treated with orchiectomy 
had a higher risk for development of diabetes, while CVD were not accelerated. 
On the other hand, patients treated with a GnRH receptor agonist had a higher 
incidence for both diabetes and CVD111. Thus, low testosterone levels per se do 
not seem to be the cause for the observed increased cardiovascular risk in patients 
treated with ADT.  

In paper III, we investigated the short-term effects of treatment with the GnRH 
receptor agonist leuprolide or the GnRH receptor antagonist degarelix on existing 
atherosclerotic plaques in ApoE-/- mice. The shear stress modifying cast induced 
advanced and fibrous plaques and the mice were treated with drugs for a period of 
four weeks. The dose of the drugs was similar to the dose given in the clinic, but 
was ten-fold higher based on weight. The results showed that ADT did not affect 
the overall plaque burden in the aorta. The plaque area of the advanced 
respectively fibrous plaques in the carotid artery was neither affected by the 
treatments. We did however find an effect of ADT in the fibrous plaques. The 
fibrous plaques from mice treated with the GnRH receptor agonist contained more 
macrophages as well as more necrotic areas compared to GnRH receptor 
antagonist treated mice, or untreated controls. In a study by Hopmans et al, they 
demonstrated that subvalvular plaques from leuprolide treated LDL receptor-
deficient mice also exhibited more necrosis compared to degarelix treated mice, 
which is in line with our study188. Both accumulation of macrophages and 
presence of necrotic cores are characteristics of a vulnerable plaque47. This 
suggests that GnRH receptor agonist treatment destabilizes the fibrous plaques in 
our study, and could be an explanation for the increased risk for development of 
CVD that is observed in the clinic.  
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The fibrous plaques are generally rich in SMCs and ECM proteins and contain less 
inflammatory cells and lipids163. Since SMCs are the most abundant cell type in 
the fibrous plaques, we speculated that the viability of SMCs was affected by the 
GnRH receptor agonist treatment. Hence, causing the increased necrotic-like areas 
that were observed in the fibrous plaques. To investigate this hypothesis, we 
treated human coronary SMCs with the GnRH receptor agonist or antagonist in 
vitro. Apoptosis, necrosis and viability were analyzed but were not affected by the 
GnRH receptor agonist or antagonist treatment. Although we could not detect any 
direct effect of the drug treatments on SMC viability in vitro, the results can not be 
directly translated into the situation in vivo. Atherosclerosis is a complex disease 
where many different cell types are involved. It is possible that the viability of the 
SMCs is affected indirectly by the response from other cells in the plaque. In the 
future, it would be interesting to investigate how GnRH receptor agonist and 
antagonist treatment affect SMCs in co-culture systems with macrophages or T 
cells. 

The fact that GnRH receptor agonist treatment is associated with an increased 
cardiovascular risk in the clinic, together with our findings that only GnRH 
receptor agonist treatment induced plaque vulnerability in the fibrous plaques in 
the mouse, suggest that activation of the GnRH receptor is important. GnRH 
receptor agonists bind to the GnRH receptors and overstimulate the pathway 
initially before the receptors become downregulated and testosterone production is 
suppressed to castrate levels. Thus, there is an initial surge in testosterone 
production with GnRH receptor agonist treatment that causes a so called ‘clinical 
flare’. The clinical flare are complications that are related with the testosterone 
surges and include side effects such as bone pain, spinal cord compression and 
blockage of one or both ureters. In contrast, the GnRH receptor antagonist blocks 
the GnRH receptor and immediately inhibits further stimulation of the pathway 
and production of testosterone, without producing any surge of testosterone101,104. 
The GnRH receptor is primarily expressed in the pituitary but is also found in 
other tissues such as breast, prostate and thymus105. We investigated if the GnRH 
receptor was expressed in the atherosclerotic plaque through immunofluorescence 
staining. The GnRH receptor was found to be expressed in plaques and was 
mainly expressed by CD3 positive T cells. Our finding is supported by previous 
studies where cultured T cells have been shown to express the GnRH receptor. 
Moreover, stimulation of the receptor with GnRH resulted in activation and 
increased proliferation of the T cells189,190. Taken together, we propose that T cells 
may be involved in the destabilizing effect of atherosclerotic plaques that is seen 
after GnRH agonist treatment.  

Summary and future perspectives 
In summary, the fibrous plaques from mice treated with the GnRH receptor 
agonist resulted in increased accumulation of macrophages as well as the presence 
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of necrotic areas. Based on these findings, we suggest that treatment with GnRH 
receptor agonists could induce plaque vulnerability. Future studies should aim 
towards elucidating the underlying mechanisms behind the observed necrosis in 
plaques from GnRH receptor agonist treated mice. We have also demonstrated that 
the GnRH receptor is mainly expressed by T cells in the atherosclerotic plaque. 
The next step would be to analyze how T cells are affected by GnRH receptor 
agonist and antagonist treatment in vitro, and how the T cells in turn affect other 
cell types in the plaque.  
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Concluding Remarks 

The work in this thesis has focused on plaque stability and vulnerability, as well as 
tissue repair responses. Atherosclerotic plaque development is a process that 
occurs during several decades. However, the disease can stay unnoticed and does 
not always give rise to cardiovascular complications. The composition of the 
plaque is an essential determinant for the plaque integrity. Stable plaques are 
characterized by a high amount of smooth muscle cells and extracellular matrix 
proteins and contain less inflammatory cells and lipids. Changes in any of these 
factors can lead to destabilization of the plaque and in turn, the risk for plaque 
rupture. Hence, it is important to understand how the plaque phenotype can predict 
the risk for a cardiovascular event and sequentially, find potential treatment targets 
in the future.  

We have investigated how diabetes, ADT and the cytokine IL-22 affect plaque 
stability and tissue repair responses. Moreover, we have studied how immune 
responses can be modulated to treat experimental atherosclerosis during 
hyperglycemic conditions.  

To summarize, the results from paper I-IV in this thesis have shown the following: 

• Hyperglycemia does not affect tissue repair responses or development of 
atherosclerosis in injured carotid arteries in ApoE-deficient mice.  

• Immunization with ApoB-100 p210 induces a peptide specific antibody 
response. This response is associated with reduction of atherosclerosis in 
both hyperglycemic and normoglycemic mice.  

• Treatment with a GnRH receptor agonist results in increased accumulation 
of macrophages and the presence of necrotic cores in fibrous plaques in 
ApoE-deficient mice. 

• IL-22 deficiency results in increased content of contractile smooth muscle 
cells, as well as less necrotic areas, in advanced plaques in ApoE-deficient 
mice.  

 

  





65 

Populärvetenskaplig Sammanfattning 

Den vanligaste dödsorsaken i Sverige och i övriga världen är hjärt- och 
kärlsjukdom. Hjärt- och kärlsjukdom är ett samlingsnamn för sjukdomar som 
drabbar just hjärtat och blodkärl, och resulterar i exempelvis hjärtinfarkt, stroke 
och kärlkramp. Några kända faktorer som ökar risken för att drabbas av dessa 
sjukdomar är högt kolesterolvärde, högt blodtryck, högt blodsocker samt övervikt, 
men även genetiken spelar en betydande en roll.  

 

Figur 1. Bilden till vänster visar ett friskt kärl som är uppbyggd av tre lager: initima, media och adventitia. Bilden till 
höger visar ett kärl med ett åderförkalkningsplack som har brustit och orsakat en blodpropp som täppt till kärlet. Källa: 
Modifierad bild från Blausen 20141.  

Den bakomliggande orsaken till hjärt-och kärlsjukdom kallas ateroskleros, mer 
vardagligt känt som åderförkalkning. Ateroskleros är en inflammatorisk sjukdom i 
kärlväggen. Kärlväggen är uppbyggd av tre olika lager: intima, media och 
adventitia (Figur 1). Blodkärlen kan liknas vid ihåliga rör som förser alla kroppens 
delar med syrerikt blod. Precis som grenarna i en trädkrona förgrenar sig, så måste 
även blodkärlen svänga och förgrena sig för att få tillgång till alla kroppsdelar. Där 
blodkärlen bildar krökar och förgreningar kan ett sänkt blodflöde eller virvlar och 
turbulens uppstå, vilket irriterar kärlväggen. I blodcirkulationen finns kolesterol, ett 
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fettaktigt ämne, som lättare kan ta sig in i kärlväggen vid de irriterade områdena. 
Till följd av detta kan kolesterolet fastna och ansamlas inne i kärlväggen och 
därmed ge upphov till inflammation. Kroppen tolkar inflammationen som en signal 
på att någonting är fel och försöker reparera skadan inne i kärlväggen genom att 
angripa det ansamlade fettet. Som en del av läkningsprocessen så rekryteras celler 
från immunförsvaret från blodet och glatta muskelceller från kärlväggen. Med tiden 
kommer skadan i kärlet att utvecklas till ett så kallat plack som utgörs av olika 
celler, fett och bindväv (Figur 1). Bindväven produceras av de glatta 
muskelcellerna och tillsammans bildar de ett skyddande lock som kapslar in placket 
och stabiliserar det, vilket förhindrar att dess innehåll exponeras för blodflödet. 
Placket buktar ut från kärlväggen som en bula och kan göra blodkärlen trånga och 
hindrar på så sätt blodet från att flöda helt fritt, men ger oftast inte upphov till några 
märkbara symptom. Den största faran är om ett plack brister så att dess innehåll 
kommer ut i blodet. Blodet börjar då levra sig och en blodpropp kommer att bildas 
där placket brustit (Figur 1). Blodproppen kan täppa till kärlet så att blodet 
förhindras från att färdas vidare. Om detta sker i ett av hjärtats kranskärl kan det 
resultera i en hjärtinfarkt. Blodproppen kan också lossna och transporteras vidare 
med blodet och då blockera ett mindre kärl i exempelvis hjärnan, vilket orsakar en 
stroke. Ett så kallat ’stabilt plack’ har mindre risk att brista, medan ett ’skört plack’ 
är mer instabilt. Risken ökar då det sköra placket brister så att det bildas en 
blodpropp, vilken i sin tur kan ge upphov till komplikationer. 

Ateroskleros är en sjukdom som utvecklas långsamt under många år och börjar 
redan i ung ålder hos alla människor. Trots detta är det inte alla människor som 
drabbas av hjärt- och kärlsjukdom. Hur kommer det sig att bara vissa plack brister 
och orsakar komplikationer? Vad gör ett plack mer stabilt eller skört? I min 
avhandling har jag fokuserat på att studera faktorer som påverkar stabilitet och 
instabilitet av aterosklerotiska plack med fokus på reparationsmekanismer.  

Studie I  
Diabetes är en vanlig folksjukdom som ökar risken för hjärt- och kärlsjukdom. 
Både typ 1 och typ 2 diabetes är förknippat med ett förhöjt blodsocker 
(hyperglykemi), vilket ökar inflammation i kroppen samt skadar blodkärlens 
funktion. Man har länge trott att en högre grad av inflammation i kroppen hos 
diabetiker även orsakar en ökad inflammation i de aterosklerotiska placken, vilket 
skulle göra de mer sköra och benägna att brista. På senare tid har dock studier 
visat att det är en försämrad reparation av vävnaden i plack hos diabetiker jämfört 
med icke-diabetiker som kan vara en bidragande orsak till uppkomsten av 
plackskörhet hos diabetiker.  

I denna studie har vi använt en diabetisk musmodell som utvecklar 
aterosklerotiska plack för att undersöka hur ett högt blodsocker påverkar 
reparationsmekanismer i plack. Kolesterolnivåerna mellan de diabetiska och icke-
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diabetiska mössen är likvärdiga i denna modell, vilket gör det möjligt att urskilja 
och enbart studera effekten av ett förhöjt blodsocker på själva plackutvecklingen. 
Studien visar att endast förhöjt blodsocker inte påverkar läkningsprocessen i plack, 
utan tyder på att andra mekanismer också är involverade. Denna studie bidrar till 
att få en bättre förståelse för de bakomliggande mekanismerna till den ökade 
risken för hjärt- och kärlsjukdom hos diabetiker.   

Studie II  
Ansamling av kolesterol i kärlväggen har en avgörande roll i utvecklingen av ett 
aterosklerotiskt plack. Denna studie är en uppföljning på studie I där vi har använt 
oss av samma diabetiska musmodell. Eftersom diabetiker har en ökad risk för att 
drabbas av hjärt- och kärlsjukdomar har vi i denna studie undersökt om vi kan 
skapa ett skyddande antikroppssvar, och om detta har någon effekt på 
plackutveckling. Detta gjorde vi genom att behandla diabetiska möss med ett 
specifikt protein som finns uttryckt på kolesterol i plack (apoB-100 p210). Studien 
visar att behandling med proteinet apoB-100 p210 hos diabetiska möss inducerar 
ett antikroppssvar, vilket resulterar i mindre plackutveckling. Detta fynd är viktigt 
då det visar att det är möjligt att skapa ett skyddande immunsvar hos diabetiska 
möss. Med vår studie hoppas vi att på sikt kunna bidra till en ökad kunskap kring 
utvecklingen av nya behandlingsmetoder mot hjärt- och kärlsjukdom.  

Studie III 
Prostatacancer är den vanligaste formen av cancer hos män i Sverige idag. 
Tumörutvecklingen i prostatan påverkas av hormonet testosteron då 
prostatacancercellerna behöver detta för att växa. Avancerad prostatacancer 
innebär att prostatacancercellerna har börjat sprida sig, metastasera, till andra delar 
av kroppen. En av dagens behandlingsmetoder för avancerad prostatacancer är att 
man inducerar en medicinsk kastrering genom hormonell behandling i form av 
testosteronsänkande läkemedel. Den första typen av läkemedel verkar genom att 
överstimulera produktionen av testosteron så att systemet blir så pass utmattat att 
det till sist slutar producera hormonet. Den andra typen av läkemedel blockerar 
istället direkt signalsystemet som aktiverar testosteronproduktionen i testiklarna, 
vilket resulterar i en omedelbar hämning av fortsatt testosteronproduktion.  

På senare tid har studier visat att behandling med den första typen av läkemedel är 
associerat med en ökad risk för hjärt- och kärlsjukdomar, såsom hjärtinfarkt och 
stroke. Uppkomsten av de kardiovaskulära biverkningarna har dokumenterats 
redan inom ett år efter påbörjad behandling. Därför tror man att 
läkemedelsbehandlingen påverkar redan befintliga plack eftersom plackutveckling 
normalt sätt sker under en längre period. I denna studie har vi behandlat möss, som 
spontant utvecklar ateroskleros, med respektive läkemedel. Studien visar att plack 
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från den grupp av möss som blivit behandlade med läkemedlet som först 
överstimulerar testosteronproduktionen innan den hämmas, innehöll mer döda 
tomma områden i placket, så kallade nekrotiska områden. Placken från samma 
behandlingsgrupp innehöll även fler inflammatoriska celler. Både inflammation 
och nekros gör plack mer sköra och instabila och ökar risken för att de ska brista. 
Fynden från denna studie är viktiga och skulle kunna ge en förklaring till varför 
den ena typen av läkemedel ger en högre risk för män med prostatacancer att 
insjunka i hjärt- och kärlsjukdom.  

Studie IV  
Kärlväggen är till största delen uppbyggd av glatta muskelceller vars funktion är 
att reglera blodtrycket i kroppen genom cellernas förmåga att kunna spänna sig 
och slappna av. Vid en kärlskada, som vid ateroskleros, påverkas de glatta 
muskelcellernas normala funktion. Cellerna aktiveras och tappar sin förmåga att 
kunna dra ihop sig och att slappna av för att istället börja dela sig för att bilda fler 
celler. Cellerna börjar även att producera bindväv för att reparera den pågående 
skadan. Tillsammans bildar de glatta muskelcellerna och bindväven ett skyddande 
lock som stabiliserar och kapslar in placket. Placktillväxten kan dock samtidigt 
förvärras genom att de glatta muskelcellerna bidrar till en ökad inflammation.  

I denna studie har vi undersökt hur signalproteinet IL-22, som utsöndras av 
immunceller, påverkar de glatta muskelcellernas funktion i läkningsprocessen av 
ett aterosklerotiskt plack. Vi använde oss av en musmodell som saknar förmåga att 
producera IL-22 för att kunna studera betydelsen av detta signalprotein i 
ateroskleros, samt hur det påverkar tillväxten av sköra respektive stabila plack. 
Studien visar att frånvaron av IL-22 resulterar i att plack innehöll en ökad mängd 
av glatta muskelceller med sina normala muskelegenskaper bevarade och mindre 
nekrotiska områden. Detta tyder på att IL-22 har en viktig roll i regleringen av de 
glatta muskelcellernas egenskaper samt att avsaknaden av IL-22 kan göra plack 
mer stabila. Denna studie bidrar till att få en bättre förståelse för hur cellerna i ett 
plack regleras av den omgivande miljön och hur detta i sin tur kan påverka 
utvecklingen av plack. 
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