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1. INTRODUCTION 

Inflammation is the body's reaction to invasion by an infectious agent, antigen challenge or 

even just physical damage. The inflammatory system can be activated by innate and adaptive 

immune defense mechanisms. The innate response, which does not improve on repeated 

contact with the same infectious agent, relies on phagocytes and by antimicrobial factors such 

as complement and acute phase proteins. The adaptive response includes large populations of 

lymphocytes, each with their own antigen specificity. Adaptive immune responses, both 

humoral and cellular, are characterized by the creation of a memory that confers protection 

upon renewed infectious contacts. 

The inflammatory response serves to attract leukocytes and plasma molecules to sites of 

infection or tissue damage. The principal effector mechanisms are an increase in vascular 

permeability and enhanced migration of leukocytes across the local vascular endothelium and 

towards the site of inflammation. The migration of cells is a complex process that depends on 

the type of cell population that is involved and the type of interaction with the endothelium 

The pattern of migration is also determined by the activation state of cells: Resting or naïve 

lymphocytes tend to migrate across endothelial venules into lymphatic tissues, whereas 

activated lymphocytes tend to migrate to inflammation sites. Inflammatory mediators, including 

cytokines and chemokines (chemotactic cytokines), are released by various cells in immune 

reactions, or following tissue damage, and contribute to cellular activation and migration. 

Studies on inflammatory processes traditionally aim at acute or chronic diseases with gross 

clinical signs of inflammation. In the last two decades inflammatory responses have also been 

studied in association with vascular disease, that has less obvious clinical symptoms and signs 

of inflammation. As a result, the role of inflammatory mediators in atherosclerosis is now well 

defined1 but the contribution of inflammation to venous thrombosis and restenosis remains less 

well studied. In this introduction we will focus on the relation of inflammatory mediators with 

atherosclerosis, venous thrombosis and restenosis. 

In addition, special attention will be paid to elevated homocysteine levels, which have been 

established as a new risk factor for atherosclerosis and venous thrombosis. The background of 

the association between hyperhomocysteinemia and vascular disease is still unclear. As 

inflammation plays an important role in vascular disease it was postulated that inflammatory 

processes may be involved in the development of vascular disease in hyperhomocysteinemic 

individuals. 

2. INFLAMMATORY MEDIATORS 

2.1 CYTOKINES 

Cytokines form the words of a language that enables communication between cells. At 

nanomolar-to-picomolar concentrations these mediators regulate the survival, growth, 



12 Chapter 1 

differentiation and effector functions of various cell types (reviewed in reference 2). Cytokines 

are pleiotropic (they act on many different target cells) and frequently influence the action of 

other cytokines in an additive, synergistic or antagonistic manner. Besides their pleiotropic 

effects, cytokine actions are often overlapping, i.e. similar biological responses can be achieved 

by different types of cytokines Instead of being stored in glands as preformed molecules, like 

hormones, they are rapidly synthesized and secreted by cells upon stimulation. Most cytokines 

exert their effects at short distances (between adjacent cells) and are present in serum in small 

concentrations. In this introduction we focus on the most important proinflammatory 

cytokines, i.e. interleukin-1 ß and tumor necrosis factor a, and the 'secondary' cytokine 

interleukin-6, as these three cytokines play a central role in multiple effector functions and 

cellular interactions in inflammation and immune response. 

2.1.1. Interleukin 1 

Interleukin 1 (IL-1), a major mediator in the pathogenesis of chronic and acute inflammatory 

diseases, regulates proliferation, differentiation and activation of various cells (reviewed in 

reference 3). The IL-1 gene family exists of three members: IL-lot, IL-lß and IL-1 receptor 

antagonist (IL-IRA). Although similarities exist between IL-la and IL-lß, the latter cytokine 

is a different molecule in many respects. The main function of IL-lß is to induce inflammatory 

reactions in response to infection, by inducing other proinflammatory cytokines and 

chemokines and by up-regulating cell adhesion molecules. IL-la is primarily a regulator of 

intracellular events and a mediator of local inflammation. IL-IRA strongly resembles IL-lß but 

lacks an agonistic effect and is therefore considered to be a major endogenous IL-lß 
4 

antagonist. Next to being a potent activator of vascular cytokine production and adhesion 

molecules, IL-1 also regulates other important vascular cell functions, such as nitric oxide 

production. 

Two distinct IL-1 receptors have been characterized. Type I receptor transduces a signal 

and was found to be present on T lymphocytes, fibroblasts, and endothelial cells. ' The type II 

receptor does not transduce a signal and functions as a sink for IL-lß ('decoy' receptor). The 

type II receptor is expressed by B lymphocytes, monocytes and neutrophils. Vascular smooth 

muscle cells also express specific IL-1 binding sites. 

2.1.2. Tumor necrosis factor a 

The cytokine tumor necrosis factor (TNFa) was named after its ability to cause hemorrhagic 

necrosis of tumors by induction of thrombosis of tumor-feeding vessels. TNFa is produced by 

many cells, predominantly by monocytes, and is present in a soluble and a membrane-bound 

form, both of which trigger a variety of biological activities. ' TNFa has been characterized 

as a highly proinflammatory cytokine that is involved in the induction of fever, insulin 

resistance, bone resorption, anemia and sepsis. Of relevance for vascular disease are the 
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abilities to recruit circulating cells and induce the activation of both endothelial cells and 

humoral blood coagulation. 

TNFa mediates its responses via two cell surface receptors, TNFR1 (p55) and TNFR2 
12 13 (p75), which are found on essentially all nucleated cells. ' TNF receptors can, similarly to 

TNFa, be proteolytically cleaved from cell surfaces by a process called shedding. P75 is 

involved in mediating the effects of TNF by facilitating binding of soluble TNF to TNF 

receptor P55 through a mechanism of ligand passing. In addition, because P75 is primarily 

activated by membrane bound TNF, it is involved in TNF responses that result from cell-cell 

interactions. 

2.1.3 Interleukin 6 
Interleukin 6 (IL-6) was originally identified as a factor that induces immunoglobulin 

production in B lymphocytes. It soon became apparent that IL-6 is a typical pleiotropic 

cytokine exerting a variety of biological effects on cells of the immune and hematopoietic 

systems as well as cells outside these systems (reviewed in references 16-18). IL-6 is 

commonly produced at local tissue sites and released into the circulation in almost all situations 

of homeostatic perturbation, including endotoxemia, trauma and acute infections. Besides its 

contribution to the generation of immunity against chronic infections, IL-6 is an important 
19 inducer of hepatic acute phase proteins such as CRP, fibrinogen and factor VIII. The direct 

involvement of EL-6 in inflammatory responses has further been unraveled using various in 

vitro and in vivo models (reviewed in reference 20). In IL-6 gene knock-out mice, it was 

shown that IL-6 is critically required to control the extent of local or systemic acute 

inflammatory responses, by controlling the level of proinflammatory, but not of anti-
21 inflammatory, cytokines. Together these properties of IL-6 act to restore homeostasis. 

IL-6 target cells express a low affinity receptor (IL-6R) devoid of transducing activity and a 
22 

soluble form of this receptor (sIL-6R) can be shedded from the membrane or formed by 
23 

alternative mRNA splicing. Most soluble receptors for cytokines compete with their 

membrane bound counterpart for the binding of the ligand and therefore are antagonists, but 

the soluble IL-6 receptor, when complexed with IL-6, exhibits agonistic biological activities. 

The IL-6-IL-6R complex induces homodimerization of a signal-transducing component, 

gpl30, in the cell membrane of target cells. Gp 130 is also shared by IL-6 related cytokines 

such as leukemia inhibitory factor, oncostatin M, ciliary neutrophic factor, and IL-11 (reviewed 

in reference 25). 

2.2 CHEMOKINES 

A large family of 8-to 10 kD structurally homologous cytokines share the ability to stimulate 

leukocyte movement (Chemotaxis) and have collectively been called chemokines, a contraction 

of chemotactic cytokines (reviewed in references 26-28). They have been subdivided into 
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families based on the relative position of their cysteine residues. Two of at least four of these 

families, the a- and ß chemokines, have been described extensively. In a-chemokines, one 

amino acid separates the first two cysteine residues (cysteine-X amino acid-cysteine, CXC) 

while in the ß-chemokines these cysteine residues lie adjacent to each other (CC). Of these two 

families, TL-8 (CXC) and MCP-1 (CC) have received most attention, in respect to their role in 

vascular disease. 

2.2.1. Interleukin 8 

Interleukin 8 (IL-8), which is a member of the CXC chemokine family is produced by a variety 

of cells, including monocytes, T-lymphocytes, neutrophils, fibroblasts, endothelial cells, and 

epithelial cells (reviewed in reference 29). The most abundant form of naturally occurring IL-8 
• 30 

is composed of 72 amino acids, while the predominant form secreted by activated endothelial 

cells is an N-terminal extended variant of 77 amino acids. Although the longer variant is less 

potent than the shorter form in attracting and activating neutrophils in vitro, the potency in 

vivo is similar, perhaps due to proteolytic processing to the short form. As IL-8 is prestored in 

Weibel-Palade bodies of microvascular endothelial cells, this chemokine may thereby provide a 
32 33 

rapid way for specific activation of neutrophil adhesion at sites of inflammation. ' Other 

functions of IL-8 include chemoattraction of T-lymphocytes, induction of tissue factor, 

stimulation of the acute phase response and adhesion of monocytes. 

IL-8 receptors belong to the family of seven transmembrane G-protein coupled receptors 

(reviewed in reference 38). Of the two structurally homologous receptors, expressed on 

neutrophils, CXCR1 selectively binds to IL-8, whereas CXCR2 binds to IL-8, neutrophil 

activating protein-2 and MGSA (melanoma growth stimulating factor). The Duffy antigen of 

red blood cells is a promiscuous chemokine binding protein that binds several chemokines 

including IL-8. Despite the high degree of homology between CXCR1, CXCR2 and Duffy 

antigen, they appear to be recognized and activated by IL-8 through different mechanisms. 

2.2.2. Monocyte Chemotactic protein 1 

Monocyte chemotactic protein 1 (MCP-1), a member of the C-C subfamily of chemokines, is 

expressed on vascular endothelium, vascular smooth muscle cells, monocytes and fibroblasts 

(reviewed in reference 26). TNFot, IL-Iß, DFNy and endotoxin have all been shown to increase 

MCP-1 mRNA levels in cultured endothelial cells and fibroblasts. The major function of MCP-

1 is to attract monocytes to the site of inflammation. Furthermore, MCP-1 is believed to 

promote inflammation by directly activating specific macrophage effector cell activities, 

including ß2 integrin expression, and tumoricidal activity. It was also suggested that MCP-1 

has anti-inflammatory properties in vivo. Pre-treatment with anti-MCP-1 antibodies lead to a 

significant increase in endotoxin-induced mortality in mice, which was reduced upon the 

administration of recombinant MCP-1. 
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MCP-1 binds to 3 different chemokine receptors: CCR1, CCR2 and CCR4 (reviewed in 

reference 38). While CCR2 and CCR4 can mediate leukocyte responsiveness and Chemotaxis 

to MCP-1, CCR1 does not transduce secondary signals in response to MCP-1 binding in vitro. 

Monocytes and lymphocytes express CCR2, which is important in modulating the immune 

response as in CCR2 deficient mice monocyte recruitment to sites of inflammation is impaired, 

while neutrophil recruitment remains intact. ' 

Table 1. Vascular disease associated cellular sources of inflammatory mediators. EC, 
endothelial cells; SMC smooth muscle cells; Mono, monocyte; Mtp, macrophage; ?, unknown 
expression; - , little or no expression; + increasing degrees of expression. 

EC SMC Mono/Mcp 

Cytokines 

IL-lß + ++ 

IL-IRA - ? + 

IL-6 + + +++ 

TNFa + + +++ 

Chemokines 

IL-8 +++ + + 

MCP-1 +++ + + 

2.3 ACUTE PHASE PROTEINS 

The acute phase response is characterized by fever and changes in vascular permeability, along 

with changes in the biosynthetic, metabolic and catabolic profiles of many organs, and is 

considered a physiological response to infection and trauma (reviewed in references 19 and 

44). Acute phase proteins (APP) have been defined as plasma proteins which are synthesized at 

an increased rate (positive APP) or decreased rate (negative APP) of at least 25 percent during 

inflammatory disorders. Albumin, transferrin and Factor XII are examples of negative APPs. 

Positive human APPs include members of the coagulation and fibrinolytic system, like 

fibrinogen, plasminogen, tissue plasminogen activator and plasminogen activator inhibitor 1, as 

well as members of the complement system and participants in the inflammatory response. The 

best-known (positive) APP is C-reactive protein (CRP). 

2.3.1. C-reactive protein (CRP) 

C-reactive protein (CRP) is a member of the pentraxin family which consists of proteins with a 

characteristic pentameric organization of identical subunits (for reviews see references 46-48). 

CRP was originally named for its ability to bind the C-polysaccharide of Pneumococcus. The 
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acute phase protein CRP is produced in the liver, and is widely used as an indicator of 

inflammation. CRP can recognize some foreign pathogens as well as phospholipid constituents 

of damaged cells, by its ability to bind to phosphocholine. When bound to one of its ligands, 

CRP can activate the complement system and promote phagocytosis of injured cells and tissue 

debris. Other functions of CRP include the prevention of neutrophil adhesion, and the 

stimulation of IL-IRA synthesis, which may explain the finding that mice that produce large 

amounts of CRP are resistant to endotoxemia. Furthermore, CRP may induce tissue factor 
52 expression in monocytes. In view of this spectrum of biological effects, it seems likely that 

CRP has a pathophysiological role in inflammation. 

3. INFLAMMATION AND COAGULATION 

The blood coagulation cascade has the ability to amplify a small initiating stimulus into a large 

fibrin clot (reviewed in reference 53). Upon vascular injury the extrinsic pathway of blood 

coagulation is initiated when blood is exposed to tissue factor in the sub-endothelial space. 

Tissue factor binds to activated factor VII, and this complex activates factors IX and X of the 

intrinsic coagulation pathway. Factor IX activates factor X, a reaction accelerated by a 

cofactor, factor VIII. Activated factor X converts prothrombin to thrombin (factor Ha), a 

reaction which needs phospholipid surfaces and is accelerated by factor V. Thrombin then 

cleaves fibrinogen to generate fibrin monomers, which polymerize and crosslink to form a 

stable clot. The coagulation mechanism is further amplified by the feed back loop of the 

activation of factor VIII and V by thrombin. Several regulators keep control of this cascade, 

such as antithrombin III which inhibits the activity of the serine proteases, and thrombomodulin 

to which thrombin has to bind before activating protein C, which in turn cleaves activated 

factors VIII and V in the presence of its cofactor protein S. 

Although fibrin formation is a crucial process in blood coagulation, fibrin has a temporary 

role and needs to be resolved in order to resume normal tissue architecture and function. The 

fibrinolytic system takes care of the degradation of fibrin; plasminogen is converted into 

plasmin, which cleaves fibrin. The conversion of plasminogen is mediated by plasminogen 

activators such as tissue-type plasminogen activator (t-PA) and urokinase plasminogen 

activator (u-PA). The proteolytic activity of plasmin is inhibited by ct2-antiplasmin. The 

fibrinolysis is further regulated at the level of plasminogen activator inhibitors (PAI), of which 

PAI-1 is the most prominent inhibitor of t-PA and u-PA. 

The association between inflammation and coagulation activation has been studied 

extensively in the context of severe complications such as disseminated intravascular 

coagulation (DIC), multi organ failure and sepsis. The mechanisms behind the communication 

between coagulation and inflammation pathways have been partly resolved showing two 

pathways, one in which proinflammatory mediators may regulate coagulation activation, the 

other in which products from the coagulation cascade may affect inflammation (figure 1). 
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These two pathways are discussed separately. In addition the effect of the thrombotic process 

itself on inflammation during the pathogenesis of venous thrombosis is described. 

3.1. INDUCTION OF COAGULATION ACTIVATION BY INFLAMMATORY MEDIATORS. 

Various clinical situations such as sepsis, cancer and heat stroke, which are associated with 

DIC, may lead to life-threatening thrombotic and hemorrhagic complications. These 

disorders are associated with release of various cytokines which may activate the coagulation 

system and/or induce changes in tissue type plasminogen activator (t-PA) and plasminogen 

activator inhibitor 1 (PAI-1). The effects of cytokines on coagulation activation have been 

studied in different in vitro, animal and human models. ' 

In vitro, IL-1 and TNFa exert a net procoagulant effect in endothelial cells, by enhancing 

tissue factor, down-regulating thrombomodulin, suppressing the release of t-PA, and inducing 

the secretion of PAI-1. " In dogs the infusion of TNFa causes microvascular thrombosis, 

and in humans, TNFa activates coagulation as reflected by an increase in factor X activation 

peptide followed by an increase in prothrombin fragment Fl+2. In endotoxin-treated animals 

t-PA or PAI-1 responses are inhibited by IL-IRA and by antibodies directed against TNFa, but 

not by antibodies to IL-6. ' 

Several studies have implicated IL-6 as a potential mediator of coagulation activation. In 

humans, infusion of IL-6 results in the rise of plasma concentrations of Fl+2 and TAT 

complexes, while fibrinolysis is not affected. Administration of anti IL-6 to chimpanzees 

leads to an attenuation of endotoxin induced coagulation activation, whereas the fibrinolysis 

remains unaltered. Recently it was shown that IL-6 causes increased production and surface 

expression of tissue factor by monocytes in vitro. " Furthermore, in the liver IL-6 induces the 

production of the factor VIII and fibrinogen (reviewed in reference 16), as well as C-reactive 

protein (CRP) which has been suggested to contribute to thrombosis by inducing monocytes to 
52 express tissue factor. 

IL-8 and MCP-1 contribute to the formation of a procoagulant surface by triggering firm 
-in 

adhesion of monocytes to vascular endothelium, and inducing Chemotaxis of both neutrophils 

and monocytes. Additionally, IL-8 and MCP-1 have been shown to induce tissue factor 
. • .. 35,68 expression on monocytes in vitro. 

3.2. COAGULATION ACTIVATION AND THE INDUCTION OF INFLAMMATORY MEDIATORS. 

The molecular basis of the interface between coagulation and inflammation has been subject of 

several studies that demonstrated that proteases of the clotting and fibrinolytic cascades, in 

addition to their role in hemostasis, transduce intracellular signals and modulate immune-

inflammatory responses. Furthermore, various anticoagulants have shown to attenuate 
70 71 

inflammation in animal models of sepsis, ' and coagulation activation of whole blood ex 
72 73 

vivo generates a proinflammatory cytokine response. ' These studies suggest coagulation 
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activation to be a strong inducer of inflammation. The components of coagulation activation 

that are involved in the induction of inflammatory processes are discussed in further detail. 

The role of thrombin as a link between coagulation and inflammation is apparent from a 

variety of data. The proinflammatory activities of thrombin may result from its ability to co-

stimulate the release of inflammatory cytokines such as IL-1, EL-6, MCP-1 and TNFct by 

leukocytes and IL-8 and MCP-1 by endothelial cells. Indeed, coagulation-induced cytokine 

production is attenuated by inhibitors of thrombin generation (e.g. Tissue Factor Pathway 

Inhibitor (TFPI)) or activity (e.g. hirudin).72 Thrombin stimulates IL-6 and IL-8 production by 

cultured mononuclear cells and endothelial cells, an effect that could be mimicked by thrombin 

receptor agonist peptide. This suggests a functional role of thrombin receptor in the 

inflammatory response to coagulation activation. Furthermore the coexistence of thrombin and 

IL-8 at the site of inflammation can lead to amplification of an IL-8 cellular response as 

thrombin is capable of activating neutrophil degranulation through the cleavage of a major 
75 

form of leukocyte and endothelial cell-derived IL-8 into a more potent form. 

The anticoagulant zymogen protein C, becomes a serine protease of the natural 

anticoagulant pathway, when activated by the thrombin/thrombomodulin complex. The protein 

C/protein S anticoagulant pathway has been suggested to be another link between coagulation 

and inflammation. Animal studies have shown that activated protein C (APC) may play a role 

in inflammation by modulating the effects of cytokines such as TNF and by blocking neutrophil 

activation.77"79 The role of APC in inflammation was supported by observations that the 

upregulation of IL-6 and IL-8 by APC in endothelial cells in an IL-1 dependent manner, is 
so 

enhanced by protein S, the cofactor of APC. 
Factor Xa plays a central role in the coagulation cascade by catalyzing the conversion of 

81 

prothrombin to thrombin on vascular cell surfaces. The effects of factor Xa on the 

inflammatory response in endothelial cells require both its catalytic and y-carboxyglutamic acid 
89 8^ 

containing domain and are not mediated by thrombin. In addition to its mitogenic and 
84 

signaling properties, binding of factor Xa to effector cell protease-1 (EPR-1) contributes to 

leukocyte activation. In rats, the factor Xa induced acute inflammatory response is mimicked 
85 

by EPR-1 derived peptides, corresponding to the receptor binding site for factor Xa. The 

role of EPR-1 in the factor Xa induced cytokine production was recently questioned, as 

addition of anti-EPR-1 antibodies failed to inhibit the factor Xa stimulated production of IL-6, 
8? 

IL-8 and MCP-1. The mechanism for factor Xa induced proinflammatory responses in 

endothelial cells remains to be determined. 
3.3. VENOUS THROMBOSIS AND INFLAMMATION 

Inflammatory processes are likely involved in the pathogenesis and in the occurrence of late 

sequelae of deep venous thrombosis, such as chronic venous insufficiency, with resultant skin 
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stasis changes, and post-phlebitic syndrome, which both contribute to significant disability and 

patient morbidity. ' 

In a rodent model of stasis-induced venous thrombosis a proinflammatory response in the 

venous wall, characterized by early neutrophil infiltration and subsequent 
88 

monocyte/macrophage extravasation was observed, which confirmed previous findings of a 
on 

relationship between venous thrombosis and vein wall inflammation. In this model venous 

thrombosis elicits an inflammatory response accompanied by increased plasma concentrations 

of TNFoc, IL-6, BL-8 and MCP-1, resulting in activation and extravasation of neutrophils and 

monocytes, and amplification of thrombus formation. ' Inhibition of inflammation before the 

thrombotic event, using anti-TNFa or anti-P-selectin antibodies, may decrease the detrimental 

vein wall changes contributing to thrombus formation. ' Furthermore, neutralization of the 

anti-inflammatory cytokine IL-10 increased vein wall inflammation after venous thrombosis, 

while administration of recombinant IL-10 decreased inflammation and thrombus weight. In 

humans, inflammation has been shown by magnetic resonance venography in the acute phase of 
94 venous thrombosis. Measurement of inflammatory mediators (CRP or soluble TNF receptor) 

has been suggested as a diagnostic tool for deep venous thrombosis and pulmonary 
95 96 97 98 

embolism, ' although the reliability of these measurements remains questionable. ' 

4. INFLAMMATION AND ATHEROSCLEROSIS 

Atherosclerosis is a complex disease that leads to a variety of clinical manifestations, including 

peripheral vascular disease, coronary artery disease and stroke. Hypercholesterolemia, 

hypertension, diabetes, smoking, and to a lesser extent several other factors are known to 

increase the risk of atherosclerosis. The pathogenesis of atherosclerosis is multifactorial and 

involves endothelial denudation, smooth muscle cell proliferation, activation and 

transformation of monocytes. 

The widely accepted 'response to injury' hypothesis proposes that an initial insult to the 

arterial wall triggers atherogenesis and plaque formation. The initial steps involve endothelial 

cell activation and dysfunction, which occurs as a result of exposure to high levels of low-

density lipoprotein (LDL), its transportation from circulation to the arterial wall, and its 

subsequent oxidative modification. The production of chemotactic factors attracts circulating 

monocytes and T lymphocytes to the activated endothelium, and subsequent transmigration 

into the arterial intima. Monocytes in the intima then transform into macrophages that 

accumulate substantial amounts of oxidized lipids, which appear as foam cells. The localized 

production of growth factors and cytokines by these and other cells stimulates smooth muscle 

cell migration from media to intima where they proliferate, accumulate lipids, and elaborate the 

extracellular matrix. 

Many of the criteria of a chronic inflammatory process are applicable to atherosclerosis, and 

substantial evidence points towards involvement of the immune system in atherogenesis 
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(reviewed in reference 99). The earliest atherosclerotic plaque, the so-called fatty streak, which 

is commonly found in children, is an inflammatory lesion consisting of just monocyte-derived 

macrophages and T-lymphocytes. Smooth muscle cell proliferation subsequently occurs and 

becomes a prominent feature at later stages. Hence, inflammatory cells, in large part by virtue 

of their ability to produce cytokines, importantly determine the formation of atherosclerotic 

plaques. In the following paragraphs the involvement of the inflammatory mediators IL-1, 

TNFa, IL-6, IL-8 and MCP-1, in atherosclerosis is reviewed. 

4 .1 . INFLAMMATORY MEDIATORS INVOLVED IN THE DEVELOPMENT OF ATHEROSCLEROSIS 

In atherosclerotic plaques, expression of IL-1 and TNFa mRNA and protein, has been 

detected.100"102 IL-1 and TNFa are thought to be involved in atherosclerosis by their capacity 

to induce the production of various cytokines in EC, including IL-6, IL-8 and MCP-1 and IL-1 

itself Furthermore, IL-1 and TNFa induce cytoskeletal changes in the endothelium that result 

in increased vascular permeability. ' Both increased permeability, and the induction of 

endothelial adhesion molecules expression, such as E-selectin play an important part in the 

local inflammatory reaction mediated by IL-1 and TNFa. 

Interleukin 6 protein and gene expression are present in human atherosclerotic plaques, and 

the source cells include macrophages and smooth muscle cells. ' Furthermore, an increase 
107 

in plasma IL-6 levels has been detected in patients with atherosclerosis. Stimulation of the 
endothelium by IL-1 and TNFa leads to BL-6 production, which may contribute to the 

19 development of atherosclerotic lesions by the induction of acute phase protein production, 

enhancement of leukocyte adherence to endothelial cells, coagulation activation, 
35 • 109 

increased tissue factor expression, and the induction of MCP-1 in mononuclear cells. 

Chemokines not only mediate cellular migration, but also growth and activation of 

leukocytes and other cells present in atherosclerotic lesions (reviewed in reference 110). At 

different stages of the human atherosclerotic process, IL-8 is expressed by lesional 

macrophage-derived foam cells as well as other cell types. The capacities of IL-8 as a 

potent endothelial chemoattractant, growth factor and trigger for firm adhesion of 
37 

monocytes under flow conditions underlie its role in atherosclerosis. Furthermore, CXCR-1, 

one of the BL-8 receptors, which can be detected in atherosclerotic tissue, serves to recruit 

macrophages into atherosclerotic lesions, and is therefore a factor that is involved in the 

progression of such lesions. 

MCP-1 is abundantly present in macrophage-rich areas of atherosclerotic lesions. In cell-
117 

culture MCP-1 synthesis is up-regulated by oxidized lipids and by a variety of cytokines. 

MCP-1 has been suggested to be a candidate protein for orchestrating vascular monocyte 
n o 

recruitment. The importance of MCP-1 was shown in mice with increased susceptibility to 

atherosclerosis. Apolipoprotein E-deficient mice that were also deficient for CCR2, the 

receptor for MCP-1, showed a significant reduction in atherosclerotic lesions, despite the 
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presence of hypercholesterolemia similar to apoE deficient controls.119 '120 Furthermore, 

deletion of the MCP-1 gene confers protection from macrophage recruitment and 

atherosclerotic lesion formation in apoB transgenic mice, which have a lipoprotein profile 

similar to patients with premature atherosclerosis.121 

Blood platelets are also involved in atherosclerotic inflammation. Under pathological 

situations, such as atherosclerosis, direct contact of platelets with subendothelial smooth 

muscle cells, due to endothelial injury, induces EL-6, IL-8 and MCP-1 production of 

endothelial and smooth muscle cells, as well as smooth muscle cell proliferation.122"124 

Cytokine production of the endothelial and smooth muscle cells, but not smooth muscle cell 

proliferation, was induced by platelet-derived IL-1 . 1 2 5 ' 1 2 3 

4.2. ANTI-INFLAMMATORY TREATMENT OF ATHEROSCLEROSIS 

The possibility that inflammatory processes contribute to the development of atherosclerosis 

led to studies analyzing the effect of anti-inflammatory treatment on the outcome of vascular 

disease. The evidence derived from intervention studies to support a role inflammation in 

atherosclerosis is still limited to studies using aspirin, certain antibiotics and lipid lowering 

agents. 

Of the various anti-inflammatory agents used clinically, acetylsalicylic acid (aspirin), which 

has anti-inflammatory as well as anti-platelet properties,126 has the longest track record. In the 

Physician's Health Study, among 15,000 male US physicians, treatment with aspirin reduced 

the risk of the first myocardial infarction by 44%.1 2 7 The effect of aspirin was greatest among 

men with the highest base-line concentration of CRP, a long-term inflammation marker that 

was shown to predict the risk of coronary artery disease. This finding suggests that not only 

the anti-platelet effects of aspirin but also its anti-inflammatory effects may have clinical 

benefits in preventing cardiovascular disease. 

Recent data suggest that certain bacterial and viral agents, in particular Chlamydia 

pneumoniae, Helicobacter pylori and cytomegalovirus, may play a role in cardiovascular 

disease (reviewed in 128 and 129). Various potential causative explanations for the association 

between infection and atherosclerosis have been reported. Some involve direct effects on the 

arterial wall, like endothelial injury or dysfunction, smooth muscle cell proliferation and local 

inflammation, but most involve indirect effects in the circulation through chronic inflammation 

or changes in known cardiovascular risk factors (such as lipids or homocysteine)(reviewed in 

reference 128). The evidence for C. pneumoniae as a potential causative agent is strongest. A 

small study using the anti-Chlamydial antibiotic azithromycin, in survivors of myocardial 

infarction, showed a decrease in selected markers of inflammation and anti-chlamydial 

antibodies as well as an apparent reduction in coronary artery disease events.130 In a larger 

randomized secondary prevention trial, using antibiotic therapy for 6 months, no evidence of 

event reduction or fall in antibody titers was observed, while a reduction of markers of 

inflammation in those receiving antibiotics was found.131 Large secondary prevention trials are 
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under way that may reveal whether treatment of C. pneumoniae modifies the pathogenesis of 
* I32 

coronary artery events. 

Today, the most common treatment of patients with clinically severe atherosclerosis 

involves lipid-lowering therapy. This therapy, in particular the use of statins (HMG-CoA 

reductase inhibitors), does not only reduce LDL cholesterol levels but it also reduces 

inflammatory cells within the atherosclerotic plaque. In addition, the increased adhesiveness of 

monocytes of hypercholesterolemic patients to cultured endothelial cells is diminished 

(reviewed in reference 133). Recently, treatment of patients with a history of myocardial 

infarction with statins was shown to reduce CRP levels, suggesting that this treatment 

attenuates the effect of inflammation on coronary risk. 

5. RESTENOSIS AND INFLAMMATION 

Percutaneous transluminal coronary angioplasty (PTCA) has become a well-established 

technique for myocardial revascularization of patients with coronary artery disease. 

Angiographic restenosis remains the major limitation of this method and occurs in 30-50% of 

the patients. ' Most of these patients will present recurrent angina and need a new 

revascularization procedure. To reduce restenosis, stents have been developed that can hold 

the artery against deforming stress with the hope that they might break the vicious cycle of 

arterial stenosis. Nevertheless, 15 to 25% of the patients develop in-stent restenosis within 6 

months. 

In-stent restenosis and restenosis after balloon angioplasty involve different mechanisms. 

Restenosis after PTCA is caused by a combination of (angiographically unnoticed) intimai 

dissection of the artery, early and late recoil, thrombus formation, lack of compensatory 

enlargement of the vessel opposite the atherosclerotic plaque, cellular proliferation and 

intercellular matrix formation. In contrast, restenosis after stenting is a more homogenous 
138 

process, and results almost exclusively from intimai hyperplasia. Serial intravascular 
ultrasound studies after stent placement showed a uniformly distributed neointimal tissue 

139 
accumulation over the length of the stent which may lead to loss of vascular lumen. 

Inflammatory cells from the circulation and adventitial vasa vasorum migrate into the thrombi 

which form over stent struts, followed by smooth muscle cell migration to and proliferation 

within the neointima. ' Both the rate and duration of cell proliferation and the 

contribution of mononuclear cells after stenting exceed those accompanying balloon injury 

144 
alone.142 '143 

The role of inflammation in restenosis has been described using a cascade model. 

Mechanical injury, blood coagulation or acute local thrombosis first activate cytokine 

production of macrophages and/or smooth muscle cells within the lesion. Next, the acute 

cytokine expression induces the generation of a secondary, self-contained and continuing 
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autocrine and paracrine growth factor and cytokine expression by lesional cells that could 

account for the lagtime between injury and restenosis. Once macrophages are activated, the 

expression of IL-1, TNFa, and platelet-derived growth factor (PDGF) among others, could 

provide a cytokine cascade and derange smooth muscle cell behavior to induce proliferation 

and vascular stenosis. 

The healing process after initial arterial injury that leads to neointimal hyperplasia may last 

for weeks or months and involves smooth muscle cells, endothelial cells and extracellular 

matrix (reviewed in reference 146). Studies of the response of normal vessels to intervention 

have shown increased production of different cytokines by endothelial cells, smooth muscle 

cells, and macrophages. However, these results may not apply directly to the situation of 

angioplasty of atherosclerotic lesions. Leukocytes, which are scarce in the normal vessel wall, 

comprise a major cellular component of atherosclerotic plaques. Injury, from balloon inflation 

or stent placement, to lesions rich in activated macrophages, may elicit hyperplasia by 

mechanisms distinct from those defined in normal arteries. 

The pathways through which inflammatory processes contribute to the development of in-

stent restenosis are still unclear. Better understanding of this mechanism could lead to new 

approaches to obtain an optimal balance in the processes that take place after coronary stent 

placement, and may contribute to reduction of in-stent restenosis. 

6. HOMOCYSTEINE 

6.1. HOMOCYSTEINE METABOLISM 

Homocysteine is a sulfur-containing amino acid formed out of methionine (figure 2). 

Activation of methionine by ATP results in the formation of S-adenosylmethionine, the 

principal methyl group donor, involved in the methylation of DNA and proteins in the cell. 

These methylation reactions result in the formation of S-adenosylhomocysteine, which is 

hydrolyzed in homocysteine and adenosine. Homocysteine is further metabolized by one of two 

pathways: transsudation and remethylation. In the transsudation reaction, homocysteine 

irreversibly condenses with serine to cystathionine, a reaction catalyzed by the vitamin B6 

dependent enzyme cystathionine ß-synthase (CS). Subsequently, cystathionine is hydrolyzed to 

cysteine by the enzyme y-cystathionase. In the remethylation pathway, catalyzed by methionine 

synthase (MS), methionine reforms from homocysteine when a methyl group is donated by N-

5-methyltetrahydrofolate (MTHF) which is formed of methylenetetrahydrofolate, in a reaction 

catalyzed by the enzyme methylene tetrahydrofolate reductase (MTHFR). Alternatively the 
methyl group may be donated by betaine a reaction catalyzed by betaine-homocysteine 

methyltransferase. The MTHF reaction takes place in most tissues whereas the reaction via 

betain occurs in the liver. Several B-vitamins serve as co-enzymes in the homocysteine 

metabolism (folate as methyl donor, vitamin B6 as co-enzyme of CS and vitamin Bn as 

coenzyme of MS). If one or more of the homocysteine metabolizing pathways is inhibited due 
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to enzyme defects or certain vitamin deficiencies, homocysteine accumulates, thereby causing 

an increased plasma homocysteine concentration. 

6.2 CAUSES OF HYPERHOMOCYSTEINEMIA 

Hyperhomocysteinemia is defined as mild (15-24 |j.mol/L), moderate (25-100 umol/L) and 

severe (> 100 umol/L), based on the total homocysteine plasma concentration. Severe 

hyperhomocysteinemia or homocystinuria is most frequently caused by homozygous deficiency 

of CS, which has a prevalence in the general population of approximately 1 in 335,000.149 

Individuals with CS deficiency may suffer from skeletal abnormalities, ectopic lens, premature 

vascular disease, thromboembolism and mental retardation. About 5-10% of cases with 

severe hyperhomocysteinemia are caused by inherited defects of remethylation, in particular 

homozygous deficiency of MTHFR. ' Major determinants of mild or moderately elevated 

plasma homocysteine include diet (vitamin intake) and renal function. In particular, the 

combination of a mutation in the MTHFR gene and low folic acid levels seems to contribute to 

elevated homocysteine levels. ' Furthermore, hypercholesterolemia, cigarette smoking, 

arterial hypertension, antibiotics, coffee and alcohol consumption can influence the 

homocysteine level. 

6.3 MEASUREMENT OF HOMOCYSTEINE 

Of the total concentration homocysteine in plasma approximately 1% is free (reduced), 30% is 

oxidized to disulfides (e.g. homocystine) and 70% is bound to albumin. Analysis of plasma 

homocysteine usually refers to the measurement of total homocysteine. Upon treatment of 

serum or plasma with a reluctant all homocysteine species are converted into reduced 

homocysteine, which can be quantitated directly by various methods. Such assays are 

usually performed using chromatographic techniques such as high performance liquid 

chromatography or gas chromatography with mass spectrometry. Recently an enzyme 

immunoassay for homocysteine has become available. Samples for testing need to be 

handled properly, kept on ice and centrifuged within two hours, because the plasma 

homocysteine concentration may increase ex vivo through the continuous release of 

homocysteine by blood cells. 

In the past mild hyperhomocysteinemia was thought to be identical to decreased CS-

activity. To identify subjects with decreased CS-deficiency the methionine loading test was 

developed. Although several studies determined that heterozygote CS deficiency is not 

frequently the explanation for elevated homocysteine concentrations, the methionine loading is 

still used in clinical practice and research. However, the added value of the methionine loading 

test to measurement of basal homocysteine levels remains unclear. 
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7. HOMOCYSTEINE AND VASCULAR DISEASE 

7.1. HOMOCYSTEINE AS A RISK FACTOR FOR VASCULAR DISEASE 

The analysis of the association between homocysteine and vascular disease started from the 
159 

observation that patients with CS deficiency frequently suffer from vascular disease and the 

description of the vascular pathology in patients with homocystinuria. In 1976 Wilcken and 

Wilcken published the first report that coronary artery disease is associated with an abnormal 

homocysteine metabolism, in the next 20 years many studies reveal that elevated 

homocysteine is an independent risk factor for cardiovascular disease (reviewed in reference 

162-164). 

A meta-analysis of a large number of studies on homocysteine and cardiovascular disease 

concluded that homocysteine is an independent graded risk factor for coronary, cerebral and 

peripheral arterial disease, and that an estimated 10 percent of the risk of coronary artery 

disease in the general population is attributable to homocysteine. Increasing evidence 

suggests that elevated homocysteine is also associated with acute arterial thromboembolic 

events and with increased risk of arterial thrombosis in patients with systemic lupus 

erythematosus. Clinical studies in patients with venous thrombosis provided the a strong 

evidence in favor of a thrombotic effect of homocysteine. In a meta-analysis, which 

encompassed 8 studies on venous thrombosis, the pooled odds ratio was 2.8. 

The genetic background of the relationship between mildly elevated homocysteine levels and 

vascular disease is unclear. The first studies in vascular patients concluded that an abnormal 

homocysteine response after methionine loading was due to heterozygosity for CS 

deficiency ' ' but subjects with heterozygous mutations of the CS gene have no increased 
171 

risk for cardiovascular disease and later studies indicated only a low percentage of carriers 
179 17^ 

of this CS mutation among patients with vascular disease. ' The prevalence of the 

common 844ins68 insertion in the CS gene is somewhat higher in patients with vascular 

disease but is not associated with elevated homocysteine levels. 

The homozygous C677T mutation of MTHFR was initially reported to be associated with a 

threefold increase in cardiovascular risk. After this report several studies of the frequency of 

C677T MTHFR reports have been published, but meta-analyses of these studies respectively 

confirmed and contradicted previous findings, questioning the relevance of this mutation 

in relation to cardiovascular disease. So far no sufficient data are present to conclude whether 

MTHFR mutations are associated with venous thrombosis. 

Besides the relationship of hyperhomocysteinemia and vascular disease, elevated levels of 

homocysteine have been shown to be associated with other diseases, such as neural tube 

defects, renal failure, spontaneous early placental loss, and Alzheimer disease. 
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7.3 POTENTIAL MECHANISM 

The mechanism behind the association between hyperhomocysteinemia and vascular disease 

has been subject of various in vitro and in vivo studies (reviewed in references 177 and 162). 

Many of the in vitro studies have shown an effect of homocysteine on viability and function of 

cells including activation of factor V, inhibition of tissue plasminogen activator binding, 

impaired generation of nitric oxide, induction of tissue factor, and enhanced collagen 

production. The few in vitro studies, in which low concentrations of homocysteine were used, 

have reported an induction of the affinity of Lp(a) for plasmin modified fibrin surfaces178 and 

of DNA synthesis of smooth muscle cells, and inhibition of the endothelial cell cycle.180 In 

patients with severe hyperhomocysteinemia lipid peroxidation was not increased suggesting 

that the enhanced risk of atherosclerosis in these patients is not due to lipid peroxidation.181 

In primates, diet-induced hyperhomocysteinemia decreased vascular relaxation in response 

to various stimuli and inhibited thrombomodulin-dependent protein C activation of aortic 
182 

endothelial cells. In contrast, the activated protein C plasma levels are not decreased in 

patients with hyperhomocysteinemia and are even increased in patients with recurrent venous 

thrombosis, a finding which makes it less likely that the protein C pathway is involved in 

homocysteine induced thrombosis. 

Most of the mechanisms that have been proposed to explain the homocysteine induced 

effects, keep the free sulfrrydryl group of homocysteine, which upon auto-oxidation 
184 

generates reactive oxygen species, responsible. It should be emphasized that the effects of 

long-term but modest increases of plasma homocysteine in vivo are difficult to mimic by short 

term in vitro studies. Another problem is that in most of the reported studies non-physiological 

conditions in the presence of high (1-10 mmol/L) concentrations of free homocysteine were 

used. It should be noted that in mild hyperhomocysteinemia, which is associated with an 

increased risk of cardiovascular events, the total homocysteine concentration varies from 10-30 

umol/L of which only 1% is present in the free, reduced form. Furthermore, the biological 

effects of homocysteine often are not specific and could be mimicked by other sulftiydryl group 

containing molecules such as cysteine, which in humans is present at a concentration 25-

fold higher than homocysteine. 

Apart from the oxidant mechanism, several other pathways have been suggested. The 

biological effects of homocysteine may be caused by specific receptors, either located 

intracellularly or associated with the plasma membrane, that are coupled to phospholipase 

activity and diacylglycerol production. Furthermore, cellular hypomethylation which occurs 

at low homocysteine concentrations was suggested to mediate homocysteine-specific 
1 HO 

effects. Methylation regulates gene expression and modifies protein function but cannot 

occur without the action of methyltransferase. Homocysteine may specifically mediate cellular 

methylation through its efficient conversion into S-adenosyl homocysteine (SAH), which is a 

potent inhibitor of methyltransferase. 
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In vivo studies in humans showed that high homocysteine plasma levels inhibit the 
187-189 

endothelium-dependent flow-mediated dilation of the brachial artery. 

7.4 TREATMENT OF HYPERHOMOCYSTEINEMIA 

Several B-vitamins act as co-enzymes in the homocysteine metabolism. Supplementation with 

these vitamins led to lowering of homocysteine levels. Treatment of hyperhomocysteinemia 

with vitamin supplementation (using folic acid, vitamin B6 and B]2) is effective, safe and 

inexpensive. Folic acid alone, folic acid combined with vitamin Bi2 and B6 and the combination 

of vitamin Bö and Bn have all been shown to reduce elevated plasma homocysteine 

concentrations, with normalization within four to six weeks. 

To date, large studies on the preventive effect of vitamin supplementation regarding the risk 

of cardiovascular disease have not been reported. In a small study group treatment with 

vitamins was shown to halt the progression of atherosclerosis. Moreover, therapy with the 

active form of folic acid was shown to improve the in vivo endothelial cell function in familial 
192 

hypercholesterolemia patients, possibly through the reduction of nitric oxide. 

8. SUMMARY 

Inflammatory mediators have an important intermediate role in the onset and development of 

vascular disease. The role of inflammation in the onset of venous thrombosis remains to be 

clarified but it is obvious that inflammatory mediators and activation of coagulation factors are 

strongly associated. The localization of (chemotactic) cytokine expression in atherosclerotic 

plaques together with various transgenic and knockout models points towards a key role of 

inflammatory mediators in cardiovascular disease. Future studies will show whether 

modulation of the inflammatory response is useful in preventing atherosclerosis. With respect 

to restenosis it seems likely that inflammatory processes are involved in intimai hyperplasia but 

this will need further study. 

Mildly elevated plasma levels of homocysteine are a risk factor for atherosclerosis and venous 

thrombosis. The increase in homocysteine concentration may be caused by mutations in genes 

responsible for components of the methionine metabolism, antibiotics, insufficient vitamin 

intake, impaired renal function, smoking, hypertension and alcohol consumption. Although 

hyperhomocysteinemia can be effectively treated with vitamin supplementation, the preventive 

effect of treatment of mildly elevated homocysteine levels on the risk of cardiovascular 

complications remains to be shown. Several putative mechanisms have been described that may 

explain the association between elevated homocysteine and vascular disease but their 

physiological relevance is questioned. 
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The lack of an unequivocal mechanism together with the absence of an association between 

vascular disease and the MTHFR mutation, which is associated with elevated homocysteine 

levels, suggests that mildly elevated homocysteine is rather a consequence than a cause. 

9. AIM OF THE STUDY 

The aim of the study was to analyze the role of inflammatory mediators in vascular disease, and 

the interaction with homocysteine. In chapter 1 and 2 the association between inflammatory 

mediators and venous thrombosis was investigated. Chapter 3 describes the sequence analysis 

of the two exons of the CRP gene in order to unravel the genetic background of CRP levels. In 

chapter 4 we determined the genetic influence of IL-6 in the occurrence of in-stent restenosis. 

In chapter 5 the effect of elevated levels of homocysteine on the production of inflammatory 

mediators was determined in vitro. The association between homocysteine and inflammatory 

mediators in patients with premature atherosclerosis was analyzed in chapter 6, and in healthy 

volunteers in chapter 7, together with the effect of homocysteine lowering. Finally, we studied 

the effects of experimental endotoxemia in human volunteers on the homocysteine plasma 

concentration in order to test the hypothesis that increases of homocysteine plasma levels may 

be secondary to inflammation. 
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