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Introduction

Stability is Key in Atherosclerosis

Atherosclerosis is the underlying disease behind cardiovascular events such as
myocardial infarction and stroke. Atherosclerotic plaques begin to build up at an early
age and continue to progress throughout our lives, but do not necessarily give any
symptoms. Why is it that some atherosclerotic plaques cause clinical symptoms and
others remain silent a lifetime?

The main focus of my thesis has been to study atherosclerotic plaque stability and
vascular repair in an experimental mouse model. Atherosclerosis occurs at sites with
disturbed blood flow and is a dysfunctional chronic inflammatory disease of the
arterial wall. Arterial inflammation, repair mechanisms and their mediators play
important roles for the stability of a plaque.

There are risk factors that can destabilize plaques making them more prone to rupture
and subsequently cause clinical events. In this thesis I will lead you through androgen
deprivation therapy and diabetes as cardiovascular risk factors. We will also explore
the vulnerable plaque and factors that affect vascular repair.

11



12



Original Papers

IL.

III.

IV.

Anki Knutsson, Sabrina Hsiung, Selvi Celik, Sara Rattik, Ingrid Yao
Mattisson, Maria Wigren, Howard I. Scher, Jan Nilsson, Anna Hultgardh-
Nilsson. Treatment with a GnRH receptor agonist, but not the GnRH receptor
antagonist degarelix, induces atherosclerotic plaque instability in ApoE-/- mice.
Scientific Reports, Article number: 26220 (2016) doi:10.1038/srep26220

Anki Knutsson, Sabrina Hsiung, Anna Rox4, Ellen Andersson, Sara Rattik,
Uwe Rauch, Jakob Larsson, Jan Nilsson, Anna Hultgirdh-Nilsson. /2-22
deficiency reduces progression of advanced atherosclerotic carotid plagues in ApoE
deficient mice. Manuscript.

Anki Knutsson, Sabrina Hsiung, Oscar van der Have, Jakob Larsson,
Vignesh Murugesan, Uwe Rauch, Jan Nilsson and Anna Hultgardh-Nilsson.
Decreased elastin content correlates with increased growth of carotid lesions in
diabetic Akita mice. Submitted manuscript.

Anna Wendt, Inés G. Mollet, Anki Knutsson, Victor Strevens-Bolmgren,
Anna Hultgardh-Nilsson, Maria F. Gomez and Lena Eliasson. Osteopontin
affects insulin vesicle localization and Ca2+ homeostasis in mouse pancreatic beta
cells. Submitted manuscript.

13



Papers not included in this thesis

IL.

III.

14

Bond AR, Hultgirdh-Nilsson A, Knutsson A, Jackson CL, Rauch U.
Cartilage oligomeric matrix protein (COMP) in murine brachiocephalic and
carotid atherosclerotic lesions. Atherosclerosis. 2014 Oct;236(2):366-72. doi:
10.1016/j.atherosclerosis.2014.07.029.

Engelbertsen D, Rattik S, Knutsson A, Bjérkbacka H, Bengtsson E, Nilsson
J. Induction of T helper 2 responses against human apolipoprotein B100 does not
affect atherosclerosis in ApoE-/- mice. Cardiovasc Res. 2014 Jul 15;103(2):304-
12. doi: 10.1093/cvr/cvul3l. Epub 2014 May 27.

Shami A, Knutsson A, Dunér P, Rauch U, Bengtsson E, Tengryd C,
Murugesan V, Durbeej M, Gongalves I, Nilsson J, Hultgirdh-Nilsson A.
Dystrophin deficiency reduces atherosclerotic plaque development in ApoE-null
mice. Sci Rep. 2015 Sep 8;5:13904. doi: 10.1038/srep13904.



Abbreviations

a-SMA
ADT
AGE
ApoB
ApoE
ATP

CD

CvD
DHT

EC

ECM
eNOS
FoxP3
FSH
GnRH
HDL
HFD
HSPG
IDL
IFN-y

IL
IL-10RA2
IL-22BP
IL-22R
IL-22RA1
IL-22RA2
ILC
iNOS

L

smooth muscle a-actin
androgen deprivation therapy
advanced glycation end products
apolipoprotein B
apolipoprotein E

adenosine triphosphate

cluster of differentiation
cardiovascular disease
dihydrotestosterone

endothelial cell

extracellular matrix

endothelial nitric oxide synthase
forkhead box protein 3
follicle-stimulating hormone
gonadotropin-releasing hormone
high-density lipoprotein

high fat diet

heparan sulfate proteoglycan
intermediate-density lipoprotein
interferon gamma

interleukin

IL-10 receptor alpha 2

IL-22 binding protein

IL-22 receptor

IL-22 receptor alpha 1

IL-22 receptor alpha 2

innate lymphoid cell

inducible nitric oxide synthase

ligand

15



LDL
LDLr
LH
LHRH
LOX
LRP1
MHC
MMP
NO
NOS
OPN
oxLDL
PDGF
RORYt
SMC(s)
SLRP
STAT3
STZ
T1D
T2D
TGE-p
Th cell
TIMP
TNF-a
VCAM
VEGF
VLDL

16

low-density lipoprotein

LDL receptor

luteinizing hormone

luteinizing hormone-releasing hormone
lysil oxidase

LDLr related protein 1

major histocompatibility complex
matrix metalloproteinases

nitrogen oxide

nitric oxide synthase

osteopontin

oxidized LDL

platelet-derived growth factor
retinoid-acid receptor-related orphan receptor gamma t
smooth muscle cell(s)

small leucine-rich repeat proteoglycan
signal transducer and activator of transcription 3
streptozotocin

type-1 diabetes

type-2 diabetes

tumor growth factor-f

T helper cell

tissue inhibitor of MMPs

tumor necrosis factor alpha

vascular cell adhesion molecule
vascular endothelial growth factor

very low-density lipoprotein



Background

Tunica media

Tunica externa Tunica intima

Smooth muscle i v ‘ Endothelium

External elastic

membrane Internal elastic

membrane

Figure 1. A healthy artery wall made up up three distinct layers. Image courtesy of Blausen 2014".

Atherosclerosis

The healthy artery

More than just pipes that carry fluid

Arteries transport blood from the heart supplying the body with oxygen and
nutrients. The walls of the arteries are well adapted to their function; the vascular
extracellular matrix (ECM) provides the mechanical properties needed such as
elasticity, compressibility and tensile strength. As the heart pumps blood into the
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arteries their elasticity allows them to stretch and accommodate much of the stroke
volume. During diastole, the elastic fibers recoil and the arteries help push the blood
onward. Except for giving the artery its mechanical properties, the ECM provides a
ground for biological processes”. The vascular ECM is composed of collagens,
proteoglycans, elastin and glycoproteins; each playing an important part in cell
adhesion, migration and proliferation and is crucial in the repair process of an injured
artery. The ECM exists in a balance that gives the arteries their unique properties. To
maintain a healthy artery, a balance between synthesis and degradation of the ECM is
necessary. If this balance is broken it can give rise to an altered ECM prone to
vascular disease.

The structure of the artery wall consists of three distinct layers separated from each
other by a dense layer of fenestrated elastin; the intima, media and adventitia. Each
layer has a distinct function and arrangement of cells and ECM (figure 1).

The intima, the innermost layer facing the lumen, consists of an endothelium that sits
upon a basement membrane. The basement membrane is a compartment of
connective tissue enriched in laminins, fibronectin, hyaluronan and types IV and VIII

collagen”.

The media consists of vascular smooth muscle cells (SMCs) with an ECM consisting
of collagen types I, III, V and XVIII, proteoglycans and fibronectin. In the healthy
arterial wall, fibrillar collagen type I and III provide the tensile strength, while
proteoglycans and hyaluronan give the arterial wall viscoelasticity, making the vessel
sustainable to compression’. The contractile capacity of SMCs control the vascular
tone and hence the blood pressure. The SMC can also exist in a synthetic phenotype
to assist in rapid vascular tissue repair, as is discussed on page 20 under the section
'vascular repair’.

The adventitia, the outermost coat, is composed of fibroblasts, nerves and small blood
vessels incorporated in an ECM of collagen types I and III, elastic fibers and vasa

Vasora3’6.

Atherogenesis and vascular repair

Hypotheses on the initiation of the atherosclerotic plaque

There are hypotheses as to what happens at the very beginning of atherogenesis.

Ross and Glomset” proposed the 'response-to-injury’ hypothesis where the initial step
in atherogenesis is endothelial denudation that alters the adhesiveness for leukocytes
and platelets. Shear stress then aids the desquamation of endothelium. The resulting
injury causes adherence and aggregation of platelets at the site. Degranulating
platelets release mitogenic factors that result in intimal proliferation of SMCs. This
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results in the synthesis of new ECM proteins by synthetic SMCs and often the
deposition of intracellular and extracellular lipids.

The 'response-to-retention' hypothesis was presented by Tabas and Williams in
1995%°. This hypothesis concludes that lipoprotein retention is the initiating step in
the development of atherosclerosis. The retention of lipoproteins within the arterial
wall is tightly linked to proteoglycans of the ECM. Apolipoprotein B-100, a protein
associated with LDL, is retained within the arterial wall in areas with diffuse intimal
thickening rich in proteoglycans; for example in areas of disturbed shear stress.
Retained lipoproteins are susceptible to modifications such as oxidative or
enzymatic'’. Modified lipoproteins gain new epitopes, such as oxidized
phospholipids, that are recognized by scavenger receptors as well as toll-like receptors.
This activates and promotes the production of inflaimmatory cytokines and

chemokines!'!"??.

The concept of oxidative-modification hypothesis focuses on native lipoproteins not

15, Modified lipoproteins, however, are readily internalized by

being atherogenic
scavenger receptors on macrophages that in turn initiate the cascade of events leading

to atherosclerosis.

Atherosclerotic plaque development

Independent of what actually happens at the very start of atherosclerosis, the outcome
is the same.

In the atherosclerosis prone artery there is an alteration of the composition of the
ECM and a diffuse intimal thickening appears, consisting mainly of SMCs, elastin
and proteoglycans'®". Lipoproteins, such as LDL particles, invade the intima and
adhere to proteoglycans'®. Monocytes present in the vascular wall clear LDL through
LDL receptors. Proteoglycans, having a high affinity for lipoproteins, retain
lipoproteins in the intima'”. Changes to the endothelium, such as altered shear stress,
increase permeability and allows for a greater influx of LDL to the intima®***. The
retained LDL particles are susceptible to modification by oxidation or enzymes that in
turn release phospholipids that can activate the endothelial cells of the intima. The
expression of adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-
1), E-selectin and P-selectin, are upregulated in activated endothelial cells and
25 Activation of the intimal
endothelial cells can also be caused by patterns of hemodynamic flow, in particular

contribute to monocyte and platelet adherence

low shear stress or oscillatory shear stress. These are found in the inner curvatures of
arteries or near bifurcations respectively”.

LDL receptors on monocytes and macrophages do not recognize modified LDL, but
scavenger receptors do. The scavenger receptors do not have a negative feedback
mechanism meaning that macrophages can continue to ingest modified LDL until
they become foam cells”**. The macrophages secrete high levels of proinflammatory
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cytokines, growth factors and proteases that augment the ongoing inflammation and
alter the environment and the composition of the ECM”.

The SMCs of the media, that are kept differentiated in a healthy artery by the
surrounding ECM, are all of a sudden surrounded by a cocktail of cytokines, growth
factors, proteins and proteases”®. This environment promotes a shift from a
differentiated contractile state to modified SMC that gains the ability to migrate,
proliferate and synthesize ECM proteins™®?'.

A cap rich in collagen, synthesized by SMCs, covers the atherosclerotic plaque, giving
it stability and protection against rupture. Simultaneously as it is being built, the
fibrous cap is exposed to matrix degrading enzymes produced by the cells of the
723 The balance between cap synthesis and degradation is
essential for keeping the plaque stable.

atherosclerotic plaque

Vascular repair

The process of atherosclerotic plaque development as a response to injury has a close
resemblance to that of wound healing that goes through the phases of inflammation,
proliferation and remodeling®. In the initial steps of plaque development, as
described above, activation of the endothelium recruits immune cells to the site of
injury. SMCs are very plastic and can switch phenotypes’. In the media of an
uninjured artery, the SMCs are contractile and express proteins involved in
contraction, such as a-actin and myosin heavy chain. The contractile phenotype is a
sign of a healthy artery, and thereof are contractile proteins widely used as markers for
differentiated SMCs. Cytokines and growth factors, such as platelet derived growth
factor (PDGF), released by activated endothelial cells and macrophages promote the
modulation, or phenotypic switch, of the SMC®'. During the switch to a synthetic
phenotype, the SMCs lose much of their myofilaments, a-actin and have a higher
number of Golgi apparatus and endoplasmic reticulum’. The modulation alters the
protein expression of the SMCs that start to produce ECM components, growth
factors and matrix-degrading enzymes. Synthetic SMCs are considered de-
differentiated®”. It is important to point out that modulated SMCs are a
heterogeneous population. They can linger in an intermediate differentiated state, and
be both contractile and synthetic at the same time**. The modulated synthetic SMCs
can migrate from the media to the intima and produce various ECM proteins such as
elastin and collagen that build the protective fibrous cap.

20



The vulnerable plaque

A vulnerable atherosclerotic plaque is a high-risk plaque that can form a thrombus,
either by rupture or erosion. The phenotype of a plaque prone to rupture includes a
thin fibrous cap, a large lipid core, the accumulation of macrophages, a fissured
fibrous caps and high-grade stenosis”’. Erosion causes endothelial denudation that
exposes the subendothelial ECM. Damage to the atherosclerotic plaque exposes the
highly thrombogenic plaque content to the blood stream resulting in thrombus
formation®. Plaque ruptures account for about 60-80% of coronary artery events
whereas endothelial erosion accounts for 20-40%.

Plaque rupture and erosion

Plaque rupture

The protective fibrous cap covering the atherosclerotic plaque is subjected to
degradation (figure 2). It consists mainly of collagen type I, and SMCs that synthesize
and maintain the matrix proteins of the fibrous cap. Matrix metalloproteinases
(MMPs) produced by macrophages compromise the tensile strength of the fibrous
cap’>¥. It is crucial that there is a balance between synthesis and breakdown is
necessary to maintain the integrity of the fibrous cap. Studies have shown that lesions
of fatal thrombi in coronary arteries contain a reduced amount of mature cross-linked
collagen and higher levels of collagen-degrading enzymes®”. The accumulation of
macrophages in a plaque naturally increases the grade of inflammation and as a result
increased production of matrix degrading enzymes that thin the fibrous cap®***!. A
vulnerable plaque is also characterized by having a lipid-filled necrotic core. The lipid
core is created by 1) the extracellular trapping of LDL particles, like explained in the
response-to-retention-hypothesis, and 2) from apoptotic/necrotic macrophages
leaving behind a pool of extracellular lipids and cellular debris®**. Defective
efferocytosis, the clearance of the apoptotic cells, further triggers plaque necrosis*. A
large lipid core is often accompanied by a thin fibrous cap”.

Plaque erosion

Plaques with endothelial erosion differ phenotypically from those that are prone to
rupture. They tend to lack the large lipid core and contain fewer inflammatory cells
(figure 2). Proliferating SMCs are found along with a matrix rich in proteoglycans
and hyaluronan, and neovascularization®. The two very different phenotypes of ‘a
vulnerable plaque’ suggest that the pathologic mechanisms may differ between these
two conditions. The inciting action that causes endothelial erosion has recently been
pointed towards innate immunity. Endothelial cells express the Toll-like receptor-2
(TLR-2)® that upon ligand binding results in endothelial cell production of reactive-
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Figure 2. Atherosclerotic plaque development. The top figure shows the initiation of a plaque to the breakdown of the
fibrous cap. The bottom figure shows the initiation of a plaque that ends with endothelial denudation.
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oxygen species, ER stress and apoptosis*. Neutrophils are found at sites of endothelial
erosion and studies have found them to augment the initial endothelial cell reaction
to TLR-2 binding. Plaques with endothelial denudation have been found to be rich in
hyaluronan that is one of the ligands to TLR-2. Quilard and coworkers have shown
in vitro that TLR-2 agonism increased the activity of MMP-2 and -9 that are type IV
collagenases that could degrade the basement membrane to which endothelial cells
attach. As the endothelial cells die they release tissue factor and expose the
subendothelial matrix to the blood stream, resulting in thrombi formation.

Lipids and cholesterol

Elevated plasma cholesterol is an independent risk factor for the development of
atherosclerosis. Patients with familiar hypercholesterolemia have accelerated lesion
748 Cholesterol and triglycerides
are essential in various biological processes and in order to be transported in the

formation even in the absence of other risk factors

aqueous circulation they need to be packaged as lipoproteins due to their
hydrophobic nature (table 1).

ApoB is the major protein component of all lipoproteins except HDL*. It occurs in
plasma as two main isoforms, ApoB-48 and ApoB-100. Posttranscriptional RNA
modification of ApoB-100 results in ApoB-48. The expression of ApoB-48 is limited
to the availability of the mRNA editing enzyme. In humans, ApoB-48 and ApoB-100
are synthesized exclusively in the gut and liver, respectively. ApoB-48 is present on
the intestine derived lipoproteins chylomicrons and the chylomicron remnants.
ApoB-100 is synthesized in the liver and present on the liver derived lipoproteins
VLDL and IDL®. In mice, however, the mRNA editing enzyme is active both in the
liver and interstine’'. The main ApoB produced in any location in mice is ApoB-48.
Since mice express ApoB-48 in the liver ApoB-48 is expressed on VLDL, IDL and
LDL>.

ApoE is a glycoprotein component of all lipoproteins, with the exception of LDL.
Both ApoB and ApoE are ligands to the LDL receptor on hepatocytes in the liver that
clear chylomicrons and very low-density lipoprotein remnants (figure 3)>>. ApoE can
also bind the LDL receptor-related proteins (LRP1) and heparin sulfate proteoglycans
(HSPG)***°. The LDL receptor has a much higher affinity for ApoE compared with
ApoB*. These receptors mediates lipid metabolism and cholesterol homeostasis™ .
Table 1 summarizes the five human lipoproteins in regard to their lipid components,

apolipoproteins and origin.

In the methods section on page 39, ApoE will be further discussed.
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Table 1. Summary of human lipoproteins and their content, apolipoprotein types and origin.

Chylomicron triglycerides ApoA-I-Il, -IV Intestine
ApoB-48
ApoC-1,-11,-lll
ApoE

VLDL triglycerides ApoB-100 Liver
ApoC-1,-11,-1ll
ApoE

IDL Cholesterol esters ApoB-100 VLDL
ApoC-1,-11,-1ll
ApoE

LDL Cholesterol esters ApoB-100 IDL

HDL Cholesterol esters ApoA-I-Il, -IV Liver, interstine

Phospholipids ApoC-1,-11,-11l
ApoE
Lipoproteinsooo @
QO Q

©

1 LDL receplor
recycling

®

o
®>

Endosome

LDL receptor@
® @
Lysosomal ~
degradation‘ )
N

Figure 3. A schematic drawing of the LDL receptor and lipoprotein interaction. LDL receptors are synthesized and
transported to the cellmembrane. Upon binding a lipoprotein containing ApoB or ApoE, the receptor is internalized in a
clathrin-coated vesicle. The lipoprotein is subjected to lysosomal degradation and the receptor is transported back to
the cellmembrane. ApoE has a higher affinity for the LDL receptor compared with ApoB. LRP1 and HSPG are two
other lipoprotein receptors that are ainternalized in the same manners as the LDL receptor upon ligation with ApoE.

.
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Androgen Deprivation Therapy

In 1941 Huggins and Hodges discovered that prostate cancer is an androgen-sensitive
malignancy”®. Despite the years that have passed since the discovery, research is still
being conducted to better understand and improve androgen deprivation therapy
(ADT). The two major androgens in men are testosterone and dihydrotestosterone
(DHT). Testosterone is mainly found in the circulation while DHT is the primary
androgen in prostatic tissues. About 95% of the circulating testosterone is produced
by the Leydig cells of the testis and the remaining 5% in the adrenal glands™.

The growth and function of the prostate gland is regulated by androgens. Androgens
are produced during fetal development by the testes to develop the prostate gland that
continues to mature until the end of the puberty. The prostate continues to grow
throughout life. Cell division is stimulated by androgens and can therefore assist in

the development of cancer®.

The most effective way of lowering testosterone levels is surgical castration that results
in rapid and continuous testosterone suppression. However, most patients prefer
chemical castration that has similar effects on the malignancy. There are various drug
targets for suppressing testosterone in the treatment of androgen sensitive prostate
cancer. To understand the targets, we have to understand how testosterone is

produced (figure 4).

The male hypothalamic-pituitary-gonadal axis

Gonadotropin-releasing hormone (GnRH), also known as luteinizing hormone-
releasing hormone (LHRH), is produced and released by the hypothalamus in the
brain by GnRH-expressing neurons in a pulsatile fashion®. GnRH is a hormone that
controls the production of androgens including testosterone in men, and estrogen in
women. When the hypothalamus is stimulated by neurotransmitters such as
dopamine and norepinephrine, GnRH is released and reaches the anterior pituitary
gland through the hypothalamic-hypophyseal portal blood system. The anterior
pituitary gland expresses GnRH receptors and responds to GnRH by producing
luteinizing ~ hormone  (LH), follicle-stimulating ~ hormone  (FSH)  and
adrenocorticotropic hormone (ACTH). LH stimulates testosterone production in the
testes and ACTH stimulates testosterone production in the adrenal glands.
Testosterone regulates the hypothalamic- pituitary-gonadal axis through its negative
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feedback on both the hypothalamus and the pituitary. This inhibits further
stimulation of the pathway and the production of hormones.

Male HPG Axis

/1" Hypothalamus

Ve

Anterior
pituitary

o ¥ o

W@
v Vv

N

Testes
\ 4

Figure 4. The male HPG axis and the production of testosterone. GnRH is produced in the hypothalamus and
stimulates the anterior pituitary to release LH and FSH. LH stimulates the tesosterone production in the testes.
Testosterone, by a negative feedback mechanism, controls the release of GnRH. A GnRH receptor antagonist blocks
the GnRH receptors in the anterior pituitary diminishes the production of testosterone. A GnRH receptor agonist binds
the receptors in the anterior pituitary and by over-stimulation the GnRH receptors they are desensitized. Figure
courtesy of Hiller-Sturmhofel, S.Bartke, A%,

Targeting GnRH receptors

Agonasts and antagonists both lower testosterone levels

The GnRH receptor is a class I G-protein coupled receptor. GnRH receptors are
heterotrimeric G proteins of the Gg1: family that activate phospholipase C with

consequent Ca®* mobilization and activation of protein kinase C isozymes®.

The pulsatile fashion of release of GnRH from the hypothalamus is necessary for the
secretion of gonadotropin®. Homologous receptor desensitization is achieved by
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constant activation of the G protein coupled receptor family®’. This is the target
mechanism of GnRH receptor agonist. A constant release of GnRH suppresses
gonadotropin and can thereby be utilized as a treatment for androgen sensitive
prostate cancer. GnRH receptor agonists such as leuprolide are given as a
subcutaneous injection that forms a depot. The depot continuously secrets the GnRH
receptor agonist and desensitizes the receptor. This results in lowered testosterone
levels. However, before the GnRH receptors are desensitized, there will be a surge of
testosterone as a result of the GnRH receptor stimulation by the injected agonist. As
the effect of leuprolide wears off, follow up injections result in small flares of
testosterone levels.

The antagonist Degarelix occupies the GnRH receptor without activation. The effects

of Degarelix are immediate. Testosterone levels reach that of castration within 1-3

days and are sustained with follow up injections®.

PHARNAGEUTIGALS

.
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Pulver og vazske til injeksjonsvaaske, opplasning

degarelix /degareliksi

Endast for subkutan anvandning./
Vain ihon alle./
Kun til subkutan bruk.
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ADT and cardiovascular disease

The influence of ADT on the cardiovascular system has been viewed as modifications
of traditional cardiovascular risk factors. Current collected data, predominantly from
usage of GnRH receptor agonists that have been used for decades, demonstrates an
association between ADT and increased LDL and triglyceride levels, increased insulin
resistance and decreased glucose tolerance, decreased lean body mass and increased fat
mass; however, the fat accumulation seems to be subcutaneous rather than visceral®
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72 These changes of cardiovascular risk factors during ADT can affect and accelerate
atherosclerosis, possibly leading to a cardiovascular event. Besides affecting
atherosclerotic risk factors, ADT has been associated with both arterial and venous
thromboembolic events, including deep vein thrombosis, pulmonary emboli, arterial
thrombosis and stroke’”*. The effect of ADT on the cardiovascular risk factor blood

pressure is unclear. Interestingly, ADT enhances vascular endothelial function”.

The GnRH receptor antagonist versus GnRH receptor agonists and
cardiovascular risk

Albertsen and coworkers have suggested that ADT may be an independent risk factor
for cardiovascular events. Emerging clinical data is pointing in the direction that there
may be a difference in cardiovascular risk between the treatment with a GnRH
receptor agonist and the GnRH receptor antagonist. GnRH receptor antagonist
treatment halved the number of cardiac events within the first year of treatment in
men with pre-existing cardiovascular disease (CVD), compared with GnRH receptor
agonists according to an analysis of pooled data from randomized phase III/IIIb
trials”. In the study, men with pre-existing CVD treated with the GnRH receptor
antagonist had a 56% lower risk of suffering from a cardiovascular event than men
treated with a GnRH receptor agonist. The absolute risk reduction is about 8.2%.

177

Rosario et al”” put this reduction of cardiovascular events nicely into perspective:

"The magnitude of this risk reduction can be put into context by considering
treatments intended to reduce risk in populations at high risk of CV events. For
example, the landmark 4S simvastatin study demonstrated a 34 % relative risk
reduction versus placebo over 5.4 years’™

However, such a reduction was not seen in men without pre-existing CVD. The
mechanisms of action that could contribute to increased cardiovascular risk with
GnRH receptor agonist treatment, remains unclear. The observations with increased
cardiovascular risk within months of ADT initiation and the main cardiovascular
effects being observed in patients with pre-existing CVD"”®, suggests that existing
atherosclerotic plaques are directly affected by ADT, rather than altered metabolic
factors. As previously described, myocardial infarction and stroke are caused by
rupture of an atherosclerotic plaque leading to the formation of an occluding
thrombus or emboli®'.
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Interleukin-22 in atherosclerosis

The very specific role that IL-22 plays in atherosclerosis is yet to be determined.
We do know that IL-22 has been found in abundance in carotid plaques from
symptomatic patients®’. Patients with acute myocardial infarction have also been
found with a remarkable rise in IL-22 plasma levels, compared with patients with
angina and controls®. IL-22 deficiency has previously shown to attenuate plaque

formation in ApoE" “mice®.

In 1999 when Dumoutier and coworkers first discovered IL-22 in the mouse, it was
named IL-10-related T cell-inducible factor, since it is part of the IL-10 related
cytokine family®. IL-22 and IL-10 share a 22% amino acid homology, but they exert
different effector functions. This is most probably due to the different expression
pattern of their respective receptors®®. IL-10 is a cytokine well studied in
atherosclerosis. IL-10 inhibits the release of proinflammatory cytokines and matrix
degrading enzymes, and is thought of as atheroprotective®®®. The role that IL-22

plays seems to be the link between immunity and tissue repair.

IL-22 is involved in tissue repair and protection. Anti-apoptotic proteins, such as,
BelxL, Mcl-1 and Bdl-2, are induced by IL-22 via the activation the STAT3
signaling pathway”™. c-myc, cyclin D1, and Rb2, proteins involved in the cell cycle
and cell proliferation, are thought to be downstream of the IL-22 signaling
pathway’"”?. The role of IL-22 in tissue repair has been studied in various tissues. IL-
22 is considered as a survival factor for hepatocytes via activating the STAT3
pathway”. In a mouse model of inflammatory bowel disease, IL-22 has shown
protective and even to exert therapeutic effects’. IL-22 is involved in a wider range of
9699, rtheumatoid arthritis'®'*?

diseases such as malaria®, psoriasis and is a mediator in

would healing®1%31%,
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IL-22 production and the IL-22 receptor

IL-22 production and regulation

T cells, Th17 cells and ILC3

IL-22 is mainly produced by a subset of immune cells such as Th17'%, activated T
cells*, and innate lymphoid Type 3 cells (ILC3)'"".

The major producers of IL-22 in mice are Th17 cells'®. Differentiation of naive T

cells to the Th17 lineage requires stimulation with the cytokines IL-6, IL-1p and
TGEF-B. IL-23 is then crucial for the continued expansion of the Th17 cell?®'%1%,
While TGF-B is required for the differentiation of T cells to the Th17 lineage,
‘optimal’ concentrations are needed for maintaining IL-22 expression since TGF-p
above a certain level suppresses IL-22 production®*'?. IL-22 secretion by T cells and
ILC3s is regulated by IL-1pB, IL-23 and the agonists of the aryl hydrocarbon receptor
(AhR).

IL-22 receptors

Membrane bound IL-22 receptor

The IL-22 receptor is a type-2 cytokine receptor composed of two subunits, IL-
22RA1 and IL-10R2 (figure 5)"'*'"". IL-22 first binds to IL-22RA1, and then IL-
10R2 binds the IL-22/IL-22RA1 complex''*. IL-22RA1 is absent in immune cells but
is highly expressed in the skin, pancreas, small intestine, lung, colon, kidney and
liver®”'®. IL-10R2 is ubiquitously expressed on both hematopoietic and non-

hematopoietic cell lineages.

In a normal physiological state, the IL-22 receptor complex (IL-22RA1/IL-10R2) is
not expressed on cells with a hematopoietic origin and therefore IL-22, unlike other

cytokines, does not directly regulate the immune cells®”'*.

A growing body of evidence is suggesting that IL-22RA1 can be expressed on immune
cells during pathological states. In a mouse model of arthritis CD4+ cells have been
found to express IL-22RA1'". Circulating monocytes and tissue macrophages from
patients with Sjogren's Syndrome have found to express functional IL-22RA1"®.

Soluble IL-22 receptor

Besides being regulated by growth factors and cytokines, IL-22 is regulated by a
soluble receptor named IL-22 binding protein (IL-22BP) also called IL-22RA2 (figure
4)%11 TL-22BP has a much higher affinity for IL-22 than the membrane bound IL-
22RA1. IL-22BP is mainly produced by dendritic cells and is an important regulator
of IL-22'"7.
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’ IL-22

IL-22BP

Figure 5. Schematic drawing of the IL-22 receptor complex, made up of two subunits, IL-22RA1 and IL-10R2. Here
also showing IL-22BP that can regulate the bioavailable IL-22 levels by binding IL-22, leaving it unavailable to the IL-
22 recptor.
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Vascular complications in diabetes

According to the International Diabetes Federation, the prevalence of diabetes in
persons between the ages of 20-79 in Sweden is 4.7%. Today, 1 in 11 people
worldwide suffer from diabetes and that number is projected to rise to 1 in 10 by the
year 2040.

In a broad overview, diabetes can be divided into two subtypes: diabetes type 1 (T1D)
and diabetes type 2 (T2D). T1D is an autoimmune disease where the insulin
producing B-cells of the pancreas are destroyed, resulting in insulin dependence. In
T2D, glucose homeostasis is affected by genetic or lifestyle factors'®, such as high
BMI'?. A characteristic of T2D is insulin resistance. Initially there is an increase in
insulin secretion to compensate the increased insulin demand that over time subsides
resulting in hyperglycemia''®'*.

Diabetes is associated with a 2- to 3-fold increased risk of cardiovascular disease
including acute myocardial infarction and stroke'”'. Independent of what type of
diabetes; it is a risk factor for CVD. Diabetics have a higher incidence and severity of
atherosclerosis, where both microvascular and macrovascular complications occur
more frequently compared to the non-diabetic population'*'?%. The underlying
mechanism behind the increased risk for CVD among diabetics, however, remains
incompletely understood. Certain risk factors for CVD are present in diabetics
including endothelial oxidative stress, formation of advanced glycation end products
(AGE), dyslipidemia and disturbed platelet homeostasis.

Low-grade systemic inflammation and endothelial dysfunction have been seen as the
culprits in diabetes that lead to vascular complications''**. Much of the current
research is focused on inflammation in diabetes. Atherosclerosis is an inflammatory
disease and parallels are drawn between chronic low-grade inflammation and
accelerated atherosclerosis in diabetics. A study performed almost two decades ago
showed that specimen from diabetics taken from endarterectomies performed to treat
symptomatic coronary artery disease, had larger lipid cores and a higher grade of

macrophage infiltration compared with non-diabetics'”’.

More recently, Edsfeldt and coworkers published a study that pointed to impaired
fibrous repair responses rather than inflammation causing plaque vulnerability in
diabetic patients'*®
responses in symptomatic and non-symptomatic carotid plaques from diabetic and

. Their study compared inflammatory markers and fibrous repair
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non-diabetic patients. Edsfeldt et al have reported that impaired fibrous repair
responses, rather than increased inflammation, drives atherosclerotic plaque
vulnerability in diabetics. In their study, plaques from diabetics had a lower content
of ECM proteins critical for maintaining plaque stability, like collagen and elastin, as
well as tissue repair factors such as platelet-derived growth factor (PDGF) and
MMP2. They did not find a difference in inflammatory markers in plaques from
diabetics and non-diabetics. Interestingly, in the non-diabetics group, symptomatic
plaques had an increase in inflammatory markers compared with asymptomatic. This
was not seen in plaques from diabetics between the asymptomatic and symptomatic
groups.
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Pancreatic islets and osteopontin

One might wonder how a paper on islet cell exocytosis ends up in a thesis concerning
atherosclerosis. It is a long, but interesting, story.

I had a project regarding the effects of osteopontin (OPN) deficiency on
atherosclerotic plaque development in an ApoE” mouse model where we induced
diabetes using streptozotocin (STZ). Our question was:

‘Does osteopontin-deficiency affect the atherosclerotic plaque progression in an STZ-
induced diabetic mouse model?’

Type 1 diabetes is an autoimmune disease that leads to B-cell destruction'”. In
pathological states, such as T1D and atherosclerosis, OPN is upregulated in blood
serum'. By using ApoE” and ApoE”"OPN mice we wanted to investigate the effect
of OPN-deficiency on atherosclerotic plaque development in diabetic and non-
diabetic mice using a shear stress modifier. Previous studies using OPN knockout

mice have shown that OPN deficiency attenuates plaque development™"'%.

Streptozotocin (STZ)

STZ is an antibiotic that was originally found in soil bacteria. It has a structural
resemblance to glucose and can enter the pancreatic islets. STZ is highly toxic to K-
cells and is used to treat metastatic cancer of the islet cells. In experimental situations,
it is used to induce hyperglycemia and T1D".

We encountered an unexpected problem with ApoE”OPN”" mice suffering from
severe hyperglycemia and dehydration after STZ treatment. The mice had to be
euthanized and the study was put on hold. The experiment was repeated with similar
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results. Interestingly, given the same dose of STZ, only 60% of the control-ApoE™
mice developed diabetes. Taken together, ApoE””OPN” mice are much more
susceptible to STZ-induced diabetes.

At the initial stages of diabetes there is an infiltration of macrophages and T cells in
the islets causing inflammation knows as insulitis. The cytokines produced by the
immune cells contribute to B-cell dysfunction and destruction’®>'**, OPN is a
glycoprotein produced by various cell types such as epithelial cells, T cells,
macrophages and SMCs and has been shown to mediate various tumors survival
through PI3-K/Akt signaling pathway'”'?. In addition, OPN expression is induced
by a multiple factors such as cytokines associated with acute phase inflammation like
IL-1B and TNF-a and hyperglycemia, hypoxia and angiotensin-II'*’. It also activated
in the islets and lymph nodes in non-obese diabetic mice'*'. Previously it has been
shown that OPN is essential for the immune response in the islets to pivot toward the
142

protective Th2 profile'.

An important mechanism of STZ-induced diabetes, which could have importance in
human Type 1 diabetes, is overproduction of NO by iNOS that is induced by
cytokines*!'*®. Katakam et al suggested that OPN has a protective role by mediating
an endogenous negative feedback loop against NO in the islets. NO is hypothesized
to affect B-cell function by inducing apoptosis and suppressing glucose-stimulated

insulin release!®®'®,

We could speculate on the importance of OPN for islet survival, or we could do an
actual experiment. We teamed up with the Islet Cell Exocytosis group at Lund
University in Malmé and ran a pure islet study using our OPN deficient mice.
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Figure 6. This image shows the location and structure of the pancreas. Beta cells are found in the pancreatic islets.
Image courtesy of Blausen 2014".

Islets of Langerhans

The islets of Langerhans are groups of specialized cells in the pancreas that make and
secrete hormones (figure 6). Paul Langerhans who discovered them in 1869 thought
that they looked like small islets, hence the name islets of Langerhans. There are five
cell types in an islet: alpha cells that make glucagon that raises the blood glucose level,
beta cells that make insulin to lower glucose levels, delta cells that make somatostatin,
PP cells that make pancreatic polypeptide, and epsilon cells that produce ghrelin'4

Insulin is the primary glucose-lowering hormone in the body and the release is
triggered by glucose. A mechanism referred to as the ’stimulus-secretion coupling
pathway’ of the beta cells, is a Ca** dependent release of insulin'. As described in
figure 7, glucose crosses the beta cell membrane via glucose transporters. Inside the
beta cell, glucose is metabolized resulting in an ATP increase that triggers the closure
of the ATP-sensitive potassium channels in the cell membrane. This results in a
depolarization of the cell membrane, leading to the opening of voltage-gated Ca®™
channels. The increase in Ca®* signals for insulin-containing vesicles to fuse with the
cell membrane and release their insulin content'*®. However, prior to fusing with the
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cell membrane, the vesicles have to be transported close to the cell membrane. This is
exerted through a cascade of events collectively called docking and priming'*'".
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Figure 7. A schematic drawing of the beta cell and the release of insulin. Upon stimulation with glucose, the beta cell
produces ATP. ATP-sensitive potassium channels close, leading to the depolarization of the cell membrane and the
opening of the voltage dependent calcium channels. The increase of intracellular ca® signals the insulin containing
vesicles to fuse with the cell membrane and release insulin. Insulin can then act on insulin receptors, for example on a
muscle cells, as drawn above. Stimulation of the insulin receptor allows glucose to enter the cell. Insulin regulates
lipid, protein and glucose metabolism as well as the growth and gene expression of a cell.

Osteopontin and islets

OPN has been described as a protective protein for islets in T1D and has been found
upregulated in both pancreatic islets and ducts during beta cell destruction using STZ
in rats. In the same experiments, OPN weakened the STZ-induced cytotoxicity in
51 OPN, known as an anti-apoptotic factor,
has shown to prevent apoptosis as well as stimulate cell proliferation in human beta
5215 In contrast, genome wide association studies of single nucleotide
polymorphisms in humans has suggested that the gene encoding OPN to be
associated with an increased vulnerability to the development of type 1 diabetes>*'>>.
In type 2 diabetes OPN is suggested in the involvement in adipose tissue
inflammation and 32, These contrary findings need further
evaluation. OPN is indeed a pleiotropic and versatile protein.

part via an NO regulatory mechanism

cells

insulin resistance
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Main Methods

Mouse models of atherosclerosis

Diet

The ‘western diet’ also called a high fat diet (HFD), is a standard experimental rodent
food that mimics the components of a typical North American diet. It contains 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). It smells like a chocolate dessert you want to eat! Perhaps because the
chocolate company Cloetta delivers the cocoa butter.

The ApoE deficient mouse

Mice do not develop atherosclerosis naturally; they are in fact highly resistant to
plaque development due to their lipid profile. Mice, unlike humans that carry most of
their plasma cholesterol on LDL, carry cholesterol mainly on HDL"™®. Mice do not
express the cholesteryl ester transfer protein that transfers cholesterol ester from HDL
to VLDL and LDL; which is considered an anti-atherogenic factor'’. In the ApoE
deficient mouse model, despite the great increase in total plasma cholesterol levels, the
HDL levels are halved compared with wild type control mice. The triglyceride levels
are approximately 68% higher than those of normal animals. Taken together, ApoE
deficient mice have a shift in plasma lipoproteins from HDL to remnants of
chylomicrons and VLDL; a highly atherogenic lipid profile.

ApoE is a glycoprotein component of all lipoproteins, with the exception of LDL,
and a ligand to the LDL receptor, LRP1 and HSPG that are present on various cell
types such as hepatocytes in the liver that clear chylomicron remnants and IDL
(figure 3)°. In the ApoE deficient mouse lipoprotein particles recirculate and
accumulate in the blood stream, leading to hyperlipidemia'>*'*®
increases 5-fold in the ApoE deficient mouse on a normal chow diet compared with
wild type mice, and a striking 15-18-fold on a western diet**">’.

. Plasma cholesterol
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The atherosclerotic lesion progression in the ApoE deficient mouse is similar to that
of other animals and humans; involving the same cell types'”. Plaques spontaneously
develop in areas of disturbed stress like the aorta, aortic arch and in the subvalvular
regions"”'*, Atherosclerotic plaque progression is greatly accelerated when the ApoE

deficient mouse is fed a western diet'™.

Shear stress

Shear stress is defined as the frictional drag force that liquid flow exerts on the vessel
wall and has the unit dynes/cm?, Newton/m?* or Pascal. Shear stress can be laminar,
pulsatile or disturbed, and is determined by flow rate, vessel diameter and fluid
viscosity. The endothelium lining the vasculature is directly subjected to the force and
patterns of shear stress. It is important to keep in mind that shear stress is involved in
both normal physiologic and pathophysiologic vascular biology. Shear stress
modulates many factors involved in the protection or disease progression in the
arteries, such as vasoactive compounds, growth factors, and factors of the coagulation
cascade, ECM and inflammation. The pathogenesis of the atherosclerotic plaque is
affected by lowered disturbed shear stress or oscillatory shear stress. Low shear stress
reduces endothelial repair processes and increases the permeability of lipoproteins,
heightens leukocyte adhesion and reactive oxygen species. In straight sections of an
artery, unidirectional laminar flow resides that creates an environment that promotes
a healthy artery with anti-inflammatory, antithrombotic, anticoagulative,

profibrinolytic and antihypertrophic properties'®'.

Modifying shear stress experimentally

The shear stress modifier, better known as ‘the cast’

The experimental and controlled development of atherosclerosis

Based on observational studies showing that plaques usually develop in regions near
bifurcations or along the inner curvature of the arteries, Cheng et al developed a
‘shear stress modifier’; a perivascular plastic cast, that alters shear stress leading to
development of atherosclerotic plaques (figure 8)*. When the blood reaches the
proximal end of the cast, the shape of the cast creates an area of low shear stress,
leading to the formation of plaques with an advanced phenotype. Inside the cast shear
stress is high and no plaque development is seen due to atrophy of the SMCs in the
media. Distally to the cast oscillatory shear stress is created that promotes a plaque
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with a more fibrous phenotype. In the discussion, under the section ‘the advanced
and fibrous plaques’ on page 47, shear stress is further discussed.

This model enables us to retrieve two plaques with different phenotypes on the same
artery, in the same mouse. We place the cast on the right common carotid artery and
use the left as a control. The carotid is a nice straight artery and allows for great cross
sections that make quantifications reliable.

Low shear stress Oscillatory shear stress

Laminar undisturbed shear
stress

Figure 8. The shear stress modifying cast seen in blue in the top picture. The cast creates an area with lowered shear
stress proximally to the cast and one area with oscillatory shear stress distally to the cast. The resulting plaques are
phenotypically different. Lowered shear stress induces plaques with a more advanced inflammatory phenotype.
Oscillatory shear stress promotes plaques with a fibrous, more stable plaque phenotype.
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Neointimal hyperplasia

The experimental neointimal thickening

Neointimal hyperplasia can be induced by placing a non-occlusive plastic tubing
(internal diameter, 0.51mm; length, 3mm) around the mouse carotid artery (figure
9)'2, This method serves to imitate the balloon angioplasty method that has been
used to denude endothelial cells to provoke neointima hyperplasia and vascular
remodeling in rats'’; a method that cannot be used in mice due to the size of the
mouse carotid. The resulting neointima consists mainly of SMCs and ECM. This
type of lesion does not contain lipids and the degree of inflammation varies with time
after cast placement!®>1¢416,

We used this cast on 25-week old Akita and wild type mice for the duration of 7
weeks to study the effects of hyperglycemia on vascular repair mechanisms in the
absence of lipids.

A
v

Figure 9. The non-occlusive injury inducing cast and an example of the resulting lesion visualized by at Masson’s
trichrome stain.
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Aims and Key Findings

Paper I

Aim

To study the effects of a GnRH receptor antagonist and a GnRH receptor agonists on
existing atherosclerotic plaques in ApoE” mice using a shear stress modifier.

Key findings

Four weeks after drug administration we detected that mice treated with the GnRH
receptor agonist leuprolide had plaques with increased necrosis-like areas and
macrophage infiltration compared with those untreated or treated with the GnRH
receptor antagonist degarelix (figure 10). This effect was only seen in fibrous plaques
formed in the oscillatory shear stress region. We also located the GnRH receptor in
the atherosclerotic plaque.
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Figure 10. Increased necrosis-like areas (A) and macrophage (B) areas in leuprolide treated mice. (c) representative
images of plaques with advanced and stable phenotype, bottom right image showing a stable plaque from a leuprolide
treated mouse with necrosis.
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Paper II

Aim

To study how IL-22 deficiency affects advanced and fibrous atherosclerotic plaque

development in ApoE™ mice using a shear stress modifier.

Key findings

IL-22 deficient mice developed smaller and less advances plaques in the low shear
stress region of the cast where advanced inflammatory plaques arise. These plaques
contained more contractile SMCs per plaque area and lacked necrotic-like areas

(figure 11).
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Figure 11. IL-22 deficiency attenuates advanced plaque formation (A). IL-22 deficient mice had more contractile
SMCs per are (B) and lacked necrosis (C). Representative images of plaques from ApoE™ and ApoE™IL-22"".
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Paper III

Aim
Atherosclerotic plaques from subjects with diabetes have been reported to contain

reduced amounts of stabilizing fibrous components. The aim of this study was to
investigate if diabetes affects vascular repair responses.

Key findings

Hyperglycemia due to impaired B-cell function does not affect vascular repair
responses (figure 12).
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Figure 12. Expression of proteins involved in tissue turnover. Representative images and analyses of LOX (A),
uPARAP (B), fibromodulin (C), lumican (D), and versican (E).
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Paper IV

Aim

To investigate the role of OPN in insulin secretion we characterize islets of
Langerhans from OPN deficient mice with respect to morphology, Ca** handling and
capacity to secrete insulin. OPN has previously been implicated in the development
of insulin resistance.

Key findings
Lack of OPN resulted in a reduced number of docked insulin granules. Ca®* clearance

was also altered in islets from OPN” mice, but insulin secretion was not affected in
islets from OPN”" mice compared with islets from WT mice (figure 13).
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Figure 13. Ca®" clearance in islets from (A) WT and (B) OPN™ mice, showing an altered clearance in OPN™.

(C) OPN™ mice have fewer docked insulin granules. (D) Insulin secretion is not altered in OPN™ mice.
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Discussion and Future Perspectives

The aim of this thesis has been to investigate plaque vulnerability and vascular repair
processes. We studied ADT and its effects on plaque vulnerability, and IL-22 in tissue
repair, both in a mouse model of atherosclerosis where we alter shear stress to induce
plaques with advanced or fibrous phenotypes. To investigate vascular repair
mechanism in hyperglycemia per se, without the involvement of dyslipidemia and
subsequent inflammation, we have induced carotid lesions in the Akita mouse. After
having to discard a study using diabetic OPN deficient mice, we have isolated and
tested OPN deficient beta cells to gain a better understanding of the role of OPN in
beta cell function.

Atherosclerotic plaque vulnerability and vascular repair

ADT is a cardiovascular risk factor for men with CVD where drug interactions
destabilize the existing atherosclerotic plaque. IL-22 is a cytokine unlike other
cytokines with its limited receptor expression on non-immune cells, linking immunity
and tissue repair processes.

The advanced and fibrous plaques

The shear stress modifier, described on page 41, gives rise to two separate plaques
with different phenotypes. The plaque formed proximally to the cast, in low shear
stress, has high macrophage content, limited ECM, a thin fibrous cap and most often
lipid cores. It is generally larger than the plaques formed distally to the cast. In our lab
we have referred to this plaque as a ‘proximal plaque’ or an ‘inflammatory plaque’ or a
‘low shear stress plaque’. It has been difficult to decide on a term that describes the
plaque and does not confuse the reader. The plaque phenotype is that of a vulnerable
plaque, but we do not know for certain that it actually is vulnerable. We have chosen
to refer to this plaque as an advanced plaque.

The plaque formed distally to the cast, in a region with oscillatory shear stress, has a
dense ECM and higher SMC content than the advanced plaques. Large lipid cores are
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uncommon. This plaque has a phenotype of a stable plaque, but we do not know that
it is stable. We have chosen to refer to this plaque as a fibrous plaque.

It is important to keep in mind that these plaques are very different from one another.
Hemodynamic forces, particularly variations of shear stress regulate physiological and
pathologic aspects of vascular endothelial function. The characteristics of shear stress
can be a determinant of protection as well as susceptibility and development of
atherosclerosis. Endothelial cells are sensitive to variations in the characteristics of
flow that generate shear stresses; our cast model with low and oscillating shear stress
give pathologic changes in the artery wall that lead to atherosclerosis. Shear stress is a
force upon the endothelial cells and a mechanical stimulation that communicates via
the cytoskeleton to the ECM, intracellular junctions and the nuclear membrane'*.

Depending on the type of shear stress, the endothelial cells will react subsequently.

The inventors of the cast model’®'®” have studied the effects of low shear stress and
oscillatory stress on plaque formation. Cheng and coworkers found a 3-fold
upregulation of VCAM-1 and intercellular adhesion molecule-1 in the lowered shear
stress region compared with controls. In the oscillatory shear stress region VCAM-1
was only upregulated by 50%. C-reactive protein expression was increased by 3-fold
and 2-fold in the lowered shear stress region and oscillatory shear stress region
respectively compared with controls. The vascular endothelial growth factor was
increased by 5-fold in the lowered shear stress lesions exclusively. Interleukin 6 (IL-6)
was increased by 14-fold in the lowered shear stress and by 2-fold in the oscillatory
shear stress region compared with controls. IL-6 inhibits endothelial nitric oxide
synthase (eNOS) activation'®®. NO is an endothelium-dependent vasodilator of the
underlying SMCs that promotes the inhibition of platelet adhesion and platelet
aggregation. Low shear stress also has the specific expression of KC (CXCL1), IFN-y—
inducible protein—10 (IP-10) and fractalkine.

Taken together, the manners in which low shear stress and oscillatory shear stress
stimulate and activate the vascular wall give rise to plaques with very different
phenotypes.

The GnRH receptor antagonist is associated with lower
cardiovascular risk

Fibrous plaques and ADT

It is terrible enough to be given a prostate cancer diagnosis without having to deal
with the potential risk of a cardiovascular disease as a side effect to the treatment.
Men with preexisting CVD are more susceptible for cardiovascular events during
ADT. However, treatment with a GnRH receptor antagonist more than halves the
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number of cardiovascular events in treated patients with preexisting CVD compared
with GnRH receptor agonists.

Testosterone is found to be involved in vascular health; men with CVD generally
have lower testosterone levels. Low testosterone levels affect several cardiovascular risk
factors including cholesterol levels, endothelial dysfunction and inflammation'®'”".
ADT, by lowering testosterone levels, heightens traditional cardiovascular risk factors

such as insulin resistance; dyslipidemia, hypertension and increases body fat mass™.

GnRH receptor agonist treatment results in testosterone flares before the GnRH
receptors are desensitized. These flares have been the postulated as a potential
cardiovascular risk factor as high testosterone levels increase angiogenesis in the
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atherosclerotic plaque'”’, increases platelet aggregation'’* and neutrophil migration

The effects that testosterone depletion has on body composition accumulate over time
and with them, so do the traditional risk factors. Interestingly, a study has shown that
men who undergo orchiectomy have an increased risk for developing diabetes, but
not myocardial infarction, coronary heart disease or sudden cardiac death'”*; making
ADT the culprit and not testosterone. As a support of this, cardiovascular events can
appear in close proximity to the start of ADT treatment. It has been suggested that
ADT perhaps directly affects the atherosclerotic plaque in a manner that destabilizes
existing atherosclerotic lesions, accounting for the short-term adverse effect of ADT.

In our study, paper I, we investigated the short-term effects of ADT. We treated male
ApoE” mice with preexisting atherosclerosis with GnRH receptor antagonists and
agonists for the duration of four weeks. The drugs we used are the same as in the
clinic, but we gave a ten-fold higher dose based on weight. Flat preparations of the
aortas show that ADT did not affect the over all plaque development; all mice had the
same plaque burden. Mice given the GnRH receptor agonist gained weight compared
with the untreated mice. In contrast, mice given the GnRH receptor antagonist, lost
weight compared with the untreated mice. This phenomenon is seen in the clinic as
well. Triglycerides and cholesterol levels were similar between the treatment groups.

We did not see any effects of ADT in the advanced plaques, only in the fibrous
plaques. In the fibrous plaques we saw an increase in necrosis in mice treated with a
GnRH receptor agonist, as well as an increase in macrophages compared with
untreated or GnRH receptor antagonist treated mice. Histologically it appears that
the cells ‘expressing the macrophages cell marker’ have expanded and undergone
apoptosis/necrosis in GnRH receptor agonist treated mice. It is now accepted that
SMCs in atherosclerotic plaques can take on a macrophage like behavior and express
macrophage markers such as CD68 and F4/80'”°. If the macrophages were the cells
most affected by GnRH receptor agonist treatment, we would expect to see an effect
of ADT on the advanced plaques that are macrophage rich. It is a possibility that the
affected cells in the fibrous plaque are SMCs expressing macrophage markers that we
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cannot detect due to the lack of markers that detect modulated SMCs. Indeed, we
analyzed human coronary SMCs in vitro together with GnRH receptor agonist and
antagonist and found their viability or rate of apoptosis not to be affected by the
drugs. The in vivo situation in the plaque with on-going inflammation, various cell
types and perhaps an altered matrix, is a much more complex situation than the petri
dish hosting only one cell type. In vivo the SMCs may be affected by the drugs
directly or indirectly. Another possible reason that we only see an effect in the fibrous
plaques could be that the ECM-rich fibrous plaques hosts a different subtype of
macrophage compared with the advanced plaque, a subtype that may be less
responsive to ADT, compared with the advanced plaque. Moreover, we cannot
exclude that the low and oscillatory shear stresses affect the uptake of the GnRH
receptor drugs differently. A very important detail is our staining for the GnRH
receptor in the plaques where we found them to colocalize mainly with T cells. Only
occasionally we found macrophages or SMCs that expressed the receptor. We tested
the plasma for cytokines involved in inflammation and T helper responses, but found
them to be similar between the groups. It appears that the GnRH receptor agonists
and antagonist act directly on the GnRH receptors in the plaque. Perhaps the T cells,
in response to ADT, locally regulate the cells of the plaque.

There are quite a few questions left to answer that we could not pursue in the present
study. For this study, we used male ApoE” mice that are known to develop less
atherosclerosis in comparison to female mice that we normally use. On top of this,
the males in this experiment developed much less atherosclerosis compared with the
mice that we normally work with in our shear stress modifying model. This left us
with very limited amounts of material to work with. Cryosections of the plaque tissue
could give us answers regarding the influx and efflux of lipids that may be influenced

176 However, the fibrous plaques from mice treated with the

with testosterone levels
GnRH receptor agonist were difficult to section. The plaques collapsed after
sectioning, leaving a smear along the media. This problem was not experienced with
the advanced plaque, or any of the plaques of the other groups. We speculate that this
artifact is related to the increased amount of necrosis in the plaques and hence,

making them difficult to cryosection due to the lack of tissue structure.

We are curious as to what happens in the plaques of GnRH receptor agonist treated
mice that leaves such necrotic cores. The only way to find out is to repeat the
experiment and adding an additional time point, and prolong the cast experiment to
generate more plaque tissue. In our new study we treat the mice for two, or four
weeks. We are hoping that the two-week time point will give us a clue as to what is
happening before the onset of necrosis. We have also taken precaution and pretreated
our frozen samples in order to give more rigidity to the samples that lack a sturdy
structure.
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We have found the GnRH receptor to be expressed mainly on T cells. How do
GnRH receptor agonists and antagonist affect the T cell? An in vitro experiment is
planned to elucidate this question. And in turn, how do GnRH receptor stimulated T
cells affect macrophages and SMCs?

Advanced plaques and IL-22

In paper II we studied advanced and fibrous plaques from ApoE” and ApoE” IL-22"
mice. We found that IL-22 deficient mice had smaller advanced plaques that were’
less advanced’, meaning that they had no necrotic cores and a higher percentage of
contractile SMCs. We did not detect any differences in the fibrous plaques between
the two genotypes.

Part of what makes IL-22 intriguing is the limited expression of the receptor subunit
IL-22RA1. In a normal physiological state, the IL-22 receptor complex (IL-
22RA1/IL-10R2) is not expressed on cells with a hematopoietic origin and therefore,
IL-22, unlike other cytokines, does not directly regulate the immune cells. IL-22RA1
is expressed in tissues such as liver, skin, intestine, colon, kidney, pancreas and
lungs®”. This gives the immune system a target that is not itself, linking tissue repair
and immunity. In our study we have seen limited expression of IL-22RA1 in the
media of uninjured carotid arteries. After cast placement, IL-22RA1 is abundantly
expressed throughout the media. IL-22RA1 is also expressed throughout the plaque.
To find out what cells express also the receptor subunit in the plaque, we double
stained IL-22RA1 with myosin heavy chain for SMCs, CD31 for endothelial cells,
CD68 and F4/80 for macrophages. We found the IL-22 receptor subunit on SMCs,
both in the media and plaque. A few occasional endothelial cells expressed the
receptor. Surprisingly, we also found CD68 and F4/80 cells to express IL-22RA1
since cells of the hematopoietic origin are thought not to express the receptor.
However, studies are emerging where IL-22RA1 is found on immune cells under
"¢, As mention previously, SMCs
in atherosclerotic plaques can take on a macrophage like behavior and express
macrophage markers such as CD68 and F4/80'°. However, we have not yet
distinguished between macrophages expressing IL-22RA1 and macrophage-like SMCs

pathological conditions, such as Sjégren’s syndrome

in the plaque material.

The advanced plaques from IL-22 deficient mice were significantly smaller and
contained more contractile SMCs compared with the controls. Our hypothesis is that
IL-22 facilitates the phenotypic modulation of SMCs and that quiescent SMCs are

atheroprotective '’

As discussed earlier, low and oscillatory shear stress activate the endothelial cells, and
the subsequent response with cytokine release and upregulation of receptors differ
depending on the type of shear stress. The developing plaques emerge from different
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cascades of events and differ from one another in respect to cell content, degree of
inflammation and ECM content, as previously described. A potential mechanism
explaining why the effect of IL-22 deficiency is restricted to advanced plaques could
be that collagen, found in abundance in the fibrous plaques, modulate the SMCs
phenotype in the fibrous plaques. A study has shown that collagen IV and collagen I
differentially affect smooth muscle phenotypic modulation through various
pathways'”®. The type of collagen surrounding the SMCs in the fibrous plaque may
be a stronger determining factor for the SMCs fate than IL-22 deficiency. Fibrous
plaques contain less inflammatory mediators and immune cells than the advanced
plaques; activated immune cells produce IL-22. Thus, the amount of bioavailable IL-
22 in the fibrous plaques may be lower than in the advanced lesions and this could
explain the lack of effect in the fibrous plaques between the genotypes.

The SMC:s are often overlooked as solely do-gooders because of their contribution to
plaque stability with their ECM production. A SMC can be proinflammatory'”.
Activated SMCs aid in the recruitment and maturation of inflammatory cells and
release chemokines such as CCL2, CSF-1, IL-6 and CX3CL1 that enhance the
ongoing inflammation. The release of proinflammatory cytokines and the effect of
cytokine signaling on SMC growth and migration have been well described by Raines

and coworkers, if you would like to further indulge in the subject'™.

A study by Ackers-Johnson proposed myocardin to protect the contractile,
noninflammatory SMC phenotype; and loss of myocardin permitted SMC
modulation and inflammatory activation. Myocardin-null mice develop larger
atherosclerotic plaques. Taken together, there are indications that keeping SMCs
quiescent attenuates plaque formation. Our IL-22 deficient mice developed
significantly smaller advanced plaques compared with the controls and had a larger
content of contractile SMCs. IL-22 has previously been reported to induce migration
and proliferation of pulmonary SMCs'*"'** and Rattik et al have found contraction-

associated proteins such as a-actin, caldesmon and vinculin mRNA in the arteries
from ApoE”1L-22" mice. In vitro, SMCs stimulated with IL-22 had reduced mRNA

expression of a-actin and caldesmon®".

To further investigate our hypothesis that IL-22 deficiency promotes a contractile
SMC phenotype, we are planning on running iz vitro experiments. We would like to
study if IL-22 affects the migration and proliferation of SMCs in culture. We will run
western blots to analyze the protein expression of markers of the synthetic and
contractile SMC in our cultured cells, as well as investigate the mRNA expression.
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Hyperglycemia and vascular repair

In paper III we have studied the effects of hyperglycemia on vascular repair. The basis
for our study Edsfeldt and coworkers study that pointed to impaired fibrous repair
responses rather than inflaimmation causing plaque vulnerability in diabetic
patients'”. They compared inflammatory markers and fibrous repair responses in
symptomatic and non-symptomatic carotid plaques from diabetic and non-diabetic
patients. Edsfeldt et al have reported that impaired fibrous repair responses, rather
than increased inflammation, drives atherosclerotic plaque vulnerability in diabetics.
In their study, plaques from diabetics had a lower content of ECM proteins critical
for maintaining plaque stability, like collagen and elastin, as well as tissue repair
factors such as platelet-derived growth factor (PDGF) and MMP2. They did not find
a difference in inflammatory markers in plaques from diabetics and non-diabetics.
Interestingly, in the non-diabetics group, symptomatic plaques had an increase in
inflammatory markers compared with asymptomatic. This was not seen in plaques
from diabetics between the asymptomatic and symptomatic groups.

Using the cast described on page 42, we induced intimal hyperplasia in the carotid
artery of female diabetic Akita mice and WT controls. The mice were fed a regular
chow diet. We wanted to eliminate dyslipidemia to study vascular repair in a setting
with only hyperglycemia.

In Edsfeldts study, diabetics had less of the stabilizing matrix proteins collagen and
elastin. In our study, we did not find a difference between the hyperglycemic and
normoglycemic mice. The neointima formation was the same between the groups.
We quantified various ECM proteins, receptors and enzymes involved in vascular
repair and remodeling such as collagen, elastin, versican, fibromodulin, lumican,
AGE, uPARAP and lysyl oxidase (LOX). We also looked at cleaved collagen using an
antibody from Ibex that detects collagenase cleaved collagen I and II. It appears that
without dyslipidemia, hyperglycemia does not affect vascular repair processes.

The Akita mouse and our cast model of neointima formation are well established and
documented. Due to unexpected events, we do not have glucose measurements from
our mice. We have measured the plasma insulin levels and they are significantly lower
in the Akita mice. This should reflect their hyperglycemia.

As a continuation to this project, we have recently completed, but not analyzed, a
study using mice heterozygous for glucokinase on an ApoE” background. We would
like to study if hyperglycemia, together with dyslipidemia, affects tissue repair in
advanced and fibrous plaque phenotypes.
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Osteopontin and beta-cell function

Our study showed that OPN deficiency in the mouse pancreatic beta cells results in
negative alterations of beta-cell physiology that appear to be compensated for in a
healthy physiological state. In the OPN” mouse we detected three important
alterations in the beta cells: elevated Ca®* levels, morphological modifications of the
endoplasmic reticulum and altered insulin vesicle localization. These findings indicate
that reduced levels of OPN could in the long run be a factor contributing to
development of beta cell failure.

The OPN deficiency has been reported to protect from insulin resistance that is
associated with changes in adipocyte biology and adipose tissue inflammatory status.
In the development of HFD-induced insulin resistance, OPN is emerging as a key
mediator ">, OPN has shown to impair differentiation and insulin sensitivity of
primary adipocytes and to induce inflaimmatory signaling'®‘. OPN mRNA and
protein expression is upregulated in adipose tissue from obese mice and humans'®'%.
Despite the collection of data supporting the potential of OPN as a therapeutic target
for obesity-induced complications, the potential risk of beta cell defects should be
considered due to our findings. In addition, looking outside the field of insulin-
resistance, OPN has been described as a protective protein for islets in T1D. OPN is
an anti-apoptotic factor that has shown to prevent apoptosis as well as to stimulate
cell proliferation in human beta cells'*>'*. One study has suggested that soluble OPN
can in a variety of situations help beta cells survive an otherwise lethal insult.
Furthermore, it has been shown that OPN is drastically increased in rat islets after
STZ administration, a phenomena that might represent an endogenous mechanism to
protect the islets against cytotoxicity perhaps in part in due to NO regulatory
mechanism'*>"". In one of our studies mentioned earlier, mice deficient of OPN did
not survive STZ treatment, a treatment that was well tolerated by WT mice,
suggesting a protective role of OPN against insults to the beta cell.

We have a few question left to answer. Can pancreatic islets from older OPN” mice
compensate for the alterations in their beta cells? Do glucose levels change with age in

OPN"”" mice?

It appears that OPN has a protective role in the survival of pancreatic islets and that
OPN is the culprit in the decrease of insulin sensitivity. These contrary findings need
further evaluation. OPN is indeed a pleiotropic and versatile protein.
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Summary in Swedish

Populirvetenskaplig Sammanfattning

Frisk karlvagg

Blodpro
Plack propp

Glatta
Intima ~ muskelceller Adventitia
‘tapet’  'vagg’ fasad’

Figur 1.

Bilden till vanster visar hur en artar ar uppbyggd. En artér har tre lager: intima, media och adventitia. En karlvagg kan
likanas vid en husvégg dar man har tapet, vagg och fasad. Bilden till héger visar hur ett aderforkalkat karl kan orsaka
en blodpropp som tapper till blodkarlet. Bild: Blausen 2014".

Alla drabbas av hjirtkirlsjukdom pa négot vis. Antingen har man sjilv haft en
hjirtinfarke eller stroke, eller si 4r man anhorig tll nigon har drabbats. Den
bakomliggande sjukdomen kallas for ateroskleros, eller dderférkalkning som man i
folkmun siger. Hjirtkirlsjukdom 4r den vanligaste dodsorsaken i virlden.

Kirlviggen bestdr av tre olika lager: intima, media och adventitia (figur 1). Den kan
liknas vid en husvigg som ir uppbyggt av tre lager: tapet, vigg, och fasad. Nir blodet
pumpas ut frdn hjirtat ska det leverera syre bade upp till huvudet och ner till fotterna,
vilket innebidr att kirlet méste boja och forgrena sig. Precis vid forgreningar och
krokar uppstar det turbulens och virvlar i blodet. Dessa typer av blodfléden kan
irritera och leda till inflammation i kirlen. Inflammationen sker inte i sjilva
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blodbanan, utan i kirlviggen, i intiman (figur 1). I de irriterade omradena i kirlen
har kolesterol frin blodet littare att ta sig in i kirlviggen dir det ansamlas och
hirsknar med tiden. Kroppen som har en utmirke férmdaga att sjilvlika forsoker
reparera skadan i kirlviggen och bryta ner det ansamlade fettet. De glatta
muskelcellerna som finns i median i kirlviggen (figur 1) aktiveras av skadan och
producerar bindviv som en del av likningsprocessen. Likt ett sir pa huden som
limnat kvar ett irr, bildas irr inuti kirlviggen. Arret i kirlviggen kapslar in fett och
den pagiende inflammationen i ett fors6k att dolja skadan. Detta gor att en bula
bildas, ett sa kallat plack, som minskar kirlets halrum dir blodet transporteras. Det ir
sillan ett plack vixer sig sd stort att det tdpper till hela kirlets halrum. Faran med
plack dr att de kan brista, och di kommer innehallet i kontakt med blodet som
blixtsnabbt bildar en blodpropp som stoppar blodflodet (figur 1, héger bild). Detta
hinder i till exempel hjirtats kranskdrl nar man far en hjirtinfarke (figur 2). Vi kallar
svaga plack som har hog risk for att brista f6r 'skora plack’. Plack som har mindre
risk for att brista kallar vi for “stabila plack’.

Figur 2
Bilden visar hur aderférkalkning bildats vid en forgrening i ett kranskarl i hjartat. Denna typen av plack kan vara tyst
och inte ge symptom, eller orsaka hjartinfarkt eller karlkramp. Bild: Blausen 2014".

Ateroskleros bérjar redan i unga ar och pagir livet ut hos alla minniskor. Varfor
drabbas bara vissa av hjirtkirlsjukdomar sa som hjirtinfarkt och stroke? Varfor brister
vissa plack, men andra inte? Det finns riskfaktorer som kan bidra till att plack littare
brister. I min avhandling har vi undersokt diabetes och testosteronsinkande
likemedel som riskfaktorer for att drabbas av hjirtkirlsjukdom, samt hur proteinet
IL-22 paverkar de glatta muskelcellernas forméga att delta i likningsprocessen.
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Studie I

Prostatacancer idr den vanligaste cancerformen hos min i Sverige. Prostatacancer ir
testosteronkinsligt, och en del av behandlingen bestar av att sinka testosteronhalten i
kroppen f6r att hindra cancerns framfart. P4 marknaden finns tva typer av likemedel.
Ett som stimulerar testosteronproduktionen si mycket att systemet blir utmattat och
testosteronhalten sjunker. Ett annat relative nytt likemedel blockerar signalerna for
testosteronproduktion. Det ir tidigare kidnt att testosteronsinkande likemedel r en
riskfaktor for hjirtkirlsjukdom, speciellt for min med redan dokumenterad
hjirtkirlsjukdom. Nir man sinker testosteronhalten hos en minniska minskar
insulinkinsligheten, fettmassan i kroppen okar och muskelmassan minskar. Dessa dr
traditionella riskfaktorer for hjirtkirlsjukdom och man har spekulerat i om effekten
av likemedlet pa kroppssammansittningen och en 6kad plackbildning kan ha varit
orsaken bakom den 6kade risken for hjirtkirlsjukdom. Det som talar emot detta ir
att manga patienter insjuknar redan inom ett dr efter pabérjad behandling och
plackutveckling 4r en langsam process som kan stricka sig over decennium.
Medelildern for diagnos av prostatacancer dr 68 ar, en dlder d4 man redan har
utvecklade plack i kirlen. Detta skulle kunna tyda pa att testosteronsinkande
likemedel péverkar befintliga plack i kirlen och gor dem skéra. Studier har visat att
den typ av likemedel som forst stimulerar testosteronproduktionen innan den sinker
den, orsakar 56% fler incidenter av hjirtkirlsjukdom 4n det likemedel som
omedelbart blockerar testosteronproduktionen.

Figur 3.

Pa bilden till vanster ar karlvaggen utritad med gula linjer. Den rdda linjen visar blodbanan. All vavnad mellan den
roda och den innersta gula linjen ar plack. Har ar ett exempel pa ett plack som innehaller strukturer (de vita, tomma
omradena markerade med den svarta pilen) som skulle kunna tyda pa att de &r mer skora. Den svarta pilen visar
omradet av cellddd. Bilden till hdger ar identiskt utan stodlinjer som doljer strukturerna.

I var studie fann vi stora 'hal' i plack frin den grupp av moss som behandlats med den
p grupp
typ av likemedel som initialt stimulerar testosteronproduktionen for att sedan sjunka
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(figur 3). "Hélet’ som uppstar bidrar till att placket blir skort eftersom vivnaden som
kapslar in placket har blivit tunnare och det ir storre risk for att det spricker. Exakt
vad likemedlet gor som orsakar hélen i placken vet vi inte. Vi har utdkat studien for
att forsoka forstd hur testosteronsinkande likemedel péverkar befintliga plack i
kirlen. Med vir studie hoppas vi kunna bidra till att patienter fir den sikraste
behandlingen vid prostatacancer med avseende pé risken for hjirtkirlsjukdom.

Studie I1

De glatta muskelcellerna i ett kirl (figur 1) har stor betydelse for likningen av
kirlskador. Precis som andra musklerceller i kroppen kan de spinna sig eller slappna
av, och kan dirmed hjilpa till med att reglera blodtrycket i kroppen. Vid en skada i
ett kirl sker det en inflaimmatorisk process. Inflaimmationen paverkar de glatta
muskelcellerna si att de tappar sina muskelegenskaper. Istillet fér att jobba som
muskelceller, bérjar de glatta muskelcellerna att producera bindviv for att reparera
skadan och kapsla in inflaimmationen i kirlet. Man har tidigare bevisat att glatta
muskelceller som behaller sina muskelegenskaper hindrar ett dderférkalkningsplack
fran att vixa. Samtidigt som de glatta muskelcellerna kan lika och reparera skador, sa
kan de ocksid paskynda placktillvixten genom att forvirra det inflammatoriska
tillstinder i kirlet.

I vér studie har vi tittat pa ett signalprotein som heter IL-22. IL-22 produceras av
inflammatoriska celler och kommunicerar bland annat med glatta muskelceller. Man
har tidigare sett att vid utebliven IL-22-utsondring bildas det mindre
aderforkalkningsplack. I var studie ville vi underséka om frinvaro av IL-22 péaverkar
placktillvixten av biada skora och stabila plack. Vi upptickte att IL-22 paverkar
uppbyggnaden av skéra plack, men inte stabila plack. Vi upptickte ocksi att skéra
plack utan IL-22 hade fler glatta muskelceller med sina muskelegenskaper i behall.
Detta tyder pa att frinvaro av IL-22 gor det svarare for glatta muskelceller att tappa
sina muskelegenskaper, vilket ger mindre placktillvaxt.

Denna studie bidrar till att forstd hur olika celler som finns i plack samverkar och
paverkar utvecklingen av hjirtkirlsjukdom.
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Studie I11

Diabetiker har en mycket hogre risk att drabbas av hjartkarlsjukdom jamfort med
icke-diabetiker. 1 Sverige har 4.7% av befolkning ndgon form av diabetes.
Tidigare studier har visat att diabetiker har en hogre grad av inflammation i
kroppen, vilket man har trott dkar risken for att plack ska bli skora. En ny studie
visar att plack frdn diabetiker innehdller mycket mindre bindvdv som stabiliserar
plack och skyddar dem frén ruptur. Vi har gjort en studie dir vi undersdker om
hoga blodsockervirden hos moss péverkar ldkningen av en kérlskada samt
bindvévens struktur vilket skulle kunna forklara varfor diabetiker oftare dn icke-
diabetiker drabbas av hjartkérlsjukdom. Intressant nog sd fann vi inget sddant
samband. For att undersoka saken vidare har vi har ytterligare en studie som pagar
dir vi upprepar studien om sérlédkning i kérl hos diabetiska mdss. Skillnaden i
detta forsok dr att vi har inkluderat hoga blodfetter eftersom detta ofta drabbar
diabetiker och ddarmed béttre aterspeglar miljon i kdrlen hos en diabetiker.

Studie IV

Osteopontin ir ett protein som har olika funktioner i kroppen varav en funktion ir
att reglera immunforsvaret. I en studie som foranledde studie III ville vi undersoka
effekten pa adderférkalkning vid diabetes vid avsaknaden av osteopontin. Betaceller
kallas de insulinproducerande cellerna som finns i bukspottskorteln och tidigare
studier tyder pd att osteopontin ir viktigt fér att dessa celler ska fungera normalt,
alltsd producera insulin (figur 4). Osteopontin visade sig var sa viktigt for betacellerna
i méss med diabetes att det inte gick att genomf6ra studien. Detta fynd ledde till en
ny studie dir undersoker osteopontins betydelse for betacellernas funktion.

I samarbete med en forskargrupp i Malmé som ir specialister pa betaceller utforde vi
studie IV. Vi fann att avsaknaden av osteopontin gav betacellerna defekter i sin
struktur och funktion, som intressant nog inte gav utslag pa insulinproduktionen. De
forindringar vi hittade i betacellerna péverkade inte insulinproduktionen under
normala férhédllanden, men vid tror att den kan péaverkas vid sjukdom, som till
exempel kronisk inflammation. Detta maste undersokas vidare.

Denna studie dr viktig ddrfor att osteopontin dr en av bovarna i dramat kring
insulinresistens. Didr undersdks det om man skulle kunna sld ut effekten av
osteopontin for att oka insulinkinslighet. Var studie visar att om man slar ut
osteopontin kan betacellerna fa defekter som eventuellt slir ut insulinproduktionen.
Dessa motstridiga fynd behover utforskas nirmare.
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Bukspottskorteln

Betaceller

Figur 4.
Insulinproducerande betaceller visas i den nedersta bilden, som i sin tur finns i bukspottskorteln som visas i den 6vre
bilden. Bild: Blausen 2014".

Forskning

Forskning om ateroskleros handlar om att hitta mekanismer som paverkar plackets
tillviixt och uppbyggnad. I fokus finns forstis en 6nskan om att finna de mekanismer
som ger placket dess benigenhet att ge symptom som till exempel hjirtinfarke eller
stroke.
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