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Chapter 1

INTRODUCTION

Cardiovascular disease due to atherosclerosis is still the number one cause of death 
in the Western World. Atherosclerosis is a chronic disease in which inflammation of 
the vessel wall may result in luminal narrowing due to increased plaque volume, 
causing ischemia of the target organ.1 Besides medical therapy, treatment options 
include percutaneous coronary intervention or vascular surgery. However, twenty 
percent of these patients is not eligible for revascularization. The arterial obstruction 
may be circumvented by collateral arteries that increase in size in response to 
atherosclerotic obstruction and are capable to restore blood flow distally to the 
obstructed artery. Thus, a large group of patients with atherosclerotic disease could 
benefit from pharmacological stimulation of collateral artery growth (i.e. 
arteriogenesis).2 
Besides chronic luminal narrowing, acute rupture of an atherosclerotic plaque and 
subsequent thrombus formation lead to more severe and irreversible effects when 
cardiac or brain tissue is deprived from oxygen and nutrients due to obstruction of 
a feeding artery.3 Recent studies have shown that proteins that stimulate arteriogenesis 
may aggrevate atherosclerotic plaque formation. 
Most ideally, factors should be identified which stimulate arteriogenesis without 
detrimental effects on atherosclerotic plaque progression or stability. 

Plaque stability
Protection against the acute effects of atherosclerosis consists of stabilization of 
atherosclerotic plaques which are prone to rupture. Unstable plaques are histologically 
defined as rich in atheroma with a poorly developed fibrous cap and an increased 
inflammatory state as defined by the amount of intraplaque macrophages and pro-
inflammatory cytokines.4 Furthermore they show an increased amount of intraplaque 
thrombus and a higher number of intraplaque capillaries, as compared to more stable 
plaques. The mechanisms which lead to more stable plaques are insufficiently well 
understood, although some pharmacological agents, like statins stabilize 
atherosclerotic plaques. 5-8. 

Arteriogenesis
Arteriogenesis refers to the increase in diameter of pre-existing collateral vessels 
after arterial occlusion. This physiological process shares many characteristics 
with the pathophysiological process of atherosclerosis, as these are both 
inflammation driven.1,9 
Arteriogenesis is a multifactorial process, in which increased shear stress levels lead 
to activation of the endothelium, resulting in expression of adhesion molecules. 
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Circulating monocytes adhere to these activated endothelial cells and transmigrate 
through the vascular wall. They locally provide growth factors (e.g. TGF-beta, b-FGF) 
and cytokines (e.g. MCP-1, GM-CSF), thereby stimulating the proliferation of vascular 
smooth muscle cells and endothelial cells and the recruitment of additional 
inflammatory cells. Eventually this results in an increased vessel diameter, restoring 
blood flow to the organs at risk.9-11. 

Arteriogenesis and atherosclerosis
An important issue in this context is the effect of these growth factors on 
atherosclerotic disease. For instance, MCP-1 treatment of atherosclerosis prone 
mice  (ApoE knock-out mice) resulted in an increased arteriogenic response, however, 
atherosclerotic plaque formation was severely increased as well (Figure 1).  Besides 
this increase in total plaque volume, MCP-1 treatment led to decreased smooth 
muscle content of the plaque, which potentially is associated with less stable plaques. 
These findings stressed the importance of analyzing the effects of potential 
arteriogenic therapies on atherosclerotic disease, both the contribution to total plaque 
volume as well as plaque stability characteristics. 

Signaling pathways in atherosclerosis and arteriogenesis
Of interest in atherosclerosis are cascades with stimulatory effects on fibrosis and 
smooth muscle cell proliferation thereby contributing to plaque stabilization.4 In 
arteriogenesis, pathways which are involved in cellular proliferation might significantly 
increase collateral artery growth.  

Figure 1A. ApoE knock out control mice. 1B and 1C ApoE knock-out mice treated with MCP-1 showed 
increased atherosclerotic plaque volume, as compared to the control mice.
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Different components of the vascular wall are involved in inflammatory signaling and 
were focus of our research: elements of the extracellular matrix (hyaluronic acid), 
proteins involved in adhesion of circulating cells and metabolization of the extracellular 
matrix (CD44) and growth factor (TGF-beta) and cytokine (Interferon-beta) 
signaling.
The growth factor TGF-beta is of interest as a potential candidate for collateral artery 
growth stimulation, although its effect on plaque stability is controversial.7, 12 Caution 
is warranted with growth factor therapy in stimulation of arteriogenesis due to 
potential systemic side effects, especially on plaque stability. TGF-beta has the 
potential to regulate important cellular processes that can influence the development 
and progression of atherosclerosis, such as remodeling of the extracellular matrix 
and regulation of SMC proliferation.13, 14 Its pleiotropic effects are mediated via its 
downstream transcription factors, such as SMAD-proteins, and EGR-1 14-18. The 
TGF-beta signal transduction pathway is abundantly expressed by endothelial cells 
(ECs), smooth muscle cells (SMCs), macrophages and T cells in human atherosclerotic 
and restenotic lesions, and is also rapidly upregulated during vascular injury.6, 19  

TGF-beta is involved in extracellular matrix homeostasis and inhibition of TGF-beta 
signaling in an atherosclerotic mouse model significantly inhibits collagen synthesis 
in atherosclerotic plaques, thereby reducing plaque stability.20

In arteriogenesis, the adhesion molecule CD44 contributes to effective collateral 
artery growth, although the mechanisms are not completely understood.26 The 
function of CD44 is influenced by the expression of ten alternatively spliced exons 
(v1-v10), with unknown individual roles in arteriogenesis.27 The variant exon number 
three, CD44v3 binds heparan sulphate and facilitates preservation of growth factors.28 
Thus this exon might be involved in growth factor signaling stimulating vascular 
smooth muscle cell and endothelial cell mitosis, contributing to effective development 
of collateral arteries. The extraceullular matrix component hyaluronic acid is a ligand 
of the adhesion molecule CD44 and it might influence atherosclerotic disease. It is 
known to be involved in monocyte migration and thus might stimulate the accumulation 
of inflammatory cells thereby providing plaque destabilizing effects. On the other 
hand smooth muscle cell migration and mitosis is increased upon pericellular 
accumulation of hyaluronic acid, thus demonstrating the dual effects of this molecule. 
The close entanglement of CD44 and hyaluronic acid is further demonstrated by the 
fact that CD44 is also involved in degradation of hyaluronic acid.25 Hyaluronic acid 
provides different signaling stimuli and in its full length form it is anti-inflammatory, 
whereas its degradation products stimulate inflammation.21,22

Influencing the balance in favor of the full length hyaluronic acid form might provide 
a therapeutic goal for plaque stabilization.
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Scope of this thesis
The research field of candidate pro-arteriogenic molecules should include investigation 
of the effects of these proteins on atherosclerotic disease progression and plaque 
stability, since the patient group which will benefit from pro-arteriogenic therapies 
has underlying atherosclerotic disease.  
In chapter 2 an overview is provided on the extracullar matrix component hyaluronic 
acid in atherosclerosis. Hyaluronic acid is well known for its dual actions in 
inflammation; full length hyaluronic acid negatively influences inflammatory stimuli 
whereas breakdown products of hyaluronic acid stimulate inflammation. We describe 
the differences between low molecular weight hyaluronic acid and high molecular 
weight hyaluronic acid. Low molecular weight HA promotes angiogenesis, TLR-2 
and TLR-4 stimulation and inflammatory cytokine release, whereas high molecular 
weight HA exerts opposing effects on plaque stabilization by inhibition of angiogenesis. 
Reduction of the synthesis of low molecular weight HA variants by local inhibition of 
hyaluronidase activity might provide a therapeutic target for plaque stabilization 
therapy.In chapter 3 we describe how hyaluronic acid metabolism is increased in 
atherosclerotic plaques, compared to plaques with a more stable phenotype. In 
chapter 4 we analyze the association of the growth factor TGF-beta and its 
downstream signaling pathway and plaque stability characteristics. TGF-beta is well 
known for its stimulatory effect on collateral artery development. In fact, in a pre-
clinical trial, a TGF-beta eluting stent was recently proven to be a successful pro-
arteriogenic agent.  However, the correlation of this growth factor and atherosclerotic 
plaque stability has been controversially discussed. We analyze TGF-beta and its 
co-receptor, endoglin and the downstream effector molecules SMAD2/3 and EGR-1. 
We provide evidence for a plaque stabilizing role of the growth factor and its 
downstream molecules. In Chapter 5, a recently discovered transcription factor 
Foxp1, which is stimulated by TGF-beta, was analyzed on its correlation with plaque 
stability. We show an increased expression in fibrous plaques compared to 
atheromatous plaques. In chapter 6 we analyze in detail the role of the hyaluronic 
acid receptor CD44 in arteriogenesis and we provide evidence for the involvement 
of its variably spliced region in arteriogenesis. Chapter 7 and 8 focus on the role of 
the cytokine interferon-beta in arteriogenesis. This is of interest as inhibition of a 
pro-inflammatory cytokine potentially affects plaque stability in a beneficial way. 
Thus, this molecule would be an optimal candidate for the stimulation of arteriogenesis 
without potential harmful effects of plaque stability. Chapter 7 concerns the 
investigation of differently expressed molecular pathways in patients with a well 
developed collateral artery network compared to patients with poor collaterals. Our 
results point towards the involvement of interferon-beta in the development of an 
efficient collateral artery network, thereby executing an inhibitory role in this process. 
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In chapter 8 we describe how in the absence of the interferon-beta receptor 
arteriogenesis is increased and we analyze potential mechanisms for this 
observation. 
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