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11 The circulatio n and vascular-relate d disease s 
Thee mammalian body comprises an extensive system of blood vessels that provides close 

contactt herween the flowing blood and its organs and t i^ues. Transport of blood between 

alll  tissues and specialized organs ihat have various tasks like oxygenation, uptake of 

nutrientss and de wasting, is the main function of the circulation. The higher blood 

pressuree in arteries, which earn oxygen-rich blood directly from the heart to the tissues, 

necessitatess a different build of arteries compared to veins. The arterial vessel wall is build 

upp from various layers of different cell types that provide the vessel with its elastic 

propertiess (Fig. I). Vascular smooth muscle cells (SMC) are the most prevalent cell type in 

thee vessel wall and organize in a compact layer called the media. The media is surrounded 

byy rhe adventitia, a layer of fibrous tissue composed of fibroblasts and extracellular matrix. 

Att the luminal side of the media, a single layer of endothelial cells attached to the internal 

elasticc lamina is covering the intima. The normal healthy endothel ium forms a tight seal 

betweenn the blood stream and underlying arterial vessel wall. Thus, the endothel ium has 

ann important barrier function specifically regulating the rrans-endothelial transport of 

numerouss substances and migration of leukocytes. In addition to its barrier function, (he 

endothel iumm also cooperates with the medial vascular smooth muscle cells to regulate 

bloodd pressure. Endothelial cells are able to control vascular tone based on its 

environmentall  condit ions by producing and sccredng substances that atleet smooth 

musclee cell contractility, e.g. endothelial nitric oxide synthase (eNOS)-derived nitric oxide 

(NO)) (review Andrews etal, 2002). 

Variouss vascular-related diseases are known ihat may compromise the functionality of a 

bloodd vessel. The backgrounds of these diseases can either directly involve a dysfunction 

inn the haemostatic balance or the derailed homeostasis of the vessel wall. As a result ot the 

vitall  role of the circulation, particularly that of the coronary arteries, vascular disease 

FIGUREE 1 - Build of arteries and 
veins.veins. The most inner layer of both 
arteriess and veins is the tunica interna. 
whichh is composed of a single layer of 
endotheliall cells that are attached to a 
subendotheliall layer of multiple matrix 
proteins.. Separated from the tunica 
internaa by the internal elastic lamina is 
thee tunica media, which is primarily 
composedd of contractile vascular 
smoothh cells. Finally, the most outer 
layerr is the tunica externa, also called 
adventitia,, which is separated from the 
mediaa by the external elastic lamina 
andd is mainly composed of connective 
tissuee and fibroblasts. The main 
differencess between these vessels are 
thee exclusive presence of valves in 
veinss and the substantially thicker 
tunicatunica media of the arteries that 
providess elasticity, as well as facilitates 
thee regulation of vascular tone. Capillary y 
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frequentlyy has fatal consequences. Acute clinical complications occur when substantiallv 

diminishedd or even obstructed blood flow causes a decreased availability of oxygenated 

bloodd to the surrounding tissues, resulting in localized tissue ischemia and consequently 

necrosiss of the affected tissue. A pathological imbalance in the processes that lead to die 

formationn or break down of a blood clot lies at the basis of various vascular diseases and is 

oftenn the effector of prime clinical manifestations in a later stage of the disease. 

Thee biochemistry of the enzymatic pathways that lead to the formation (coagulation), 

preventionn of the formation (anticoagulation) and break down (fibrinolysis) of blood clots 

hass been well-studied and is explained in detail below. Although various 

thrombotic/thrombolyticc disorders exist that give rise to these vascular complications, a 

mainn part of this thesis wilJ focus on the most prevalent vascular disease in the Western 

world,, i.e. atherosclerosis. Mainly characterized by abnormal fatty deposits in the inner 

layerr of the vessel wall, atherosclerosis leads to the formation of weak areas (plaques) in 

thee vessel wall that may ultimately rupture, thus triggering the local formation of a blood 

clott (Ross et a/., 1993). During the chronic development of atherosclerosis, die local 

haemostaticc balance can already be moderately disturbed, resulting in the formation of 

micro-thrombii  in these areas. The formation of a lumen-occluding thrombus after the 

rupturee of an atherosclerotic plaque is, in contrast to thrombotic disorders, generally not 

relatedd to a dysfunctional haemostatic balance, but merely a rational measure of the body 

too handle the plaque rupture-induced local damage to the vessel wall. 

Thee endothelium fulfill s a dual and central role in maintaining bodi blood vessel patency 

byy regulating haemostasis on its lumenal (apical) side, and by coordinating vessel wall 

homeostasiss on its basolateral side. These two central features of endothelial function, and 

theirr complex relations, constitute the major theme of this thesis. Dysfunction of the 

endotheliumm can have profound effects on both these aspects, which results in thrombosis 

orr bleeding disorders and vascular diseases such as atherosclerosis, respectively (Ross et a/., 

1993;; Cïimbrone et a/., 2000), The next paragraphs of this chapter will give a detailed 

introductionn to our current understanding of the molecular mechanisms behind blood 

coagulation,, vascular homeostasis and adierosclerosis. Following chapters will describe the 

studiess that were undertaken to unravel novel aspects of the comprehensive (celh) 

biologicall  pathways that are involved in both these processes, in view of the central and 

dynamicc role of the endothelium. 
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22 Haemostasi s 
tnn order to main min u normal blood flow, the systems that control initiation ant) 

preventionn of blood clot formation, named coagulation and anticoagulation respectively, 

aree carefully regulated. Unnecessary activation of the coagulation or fibrinolyti c system or, 

oppositely,, a reduction of their potency, leads to thrombosis or bleeding disorders and can 

havee severe clinical consequences. 1'nder normal haemostatic condit ions, procoagulanr 

andd anticoagulant pathways are unbalanced such that anticoagulation prevails. The ke\ 

enzymee central to both these pathways is the serine protease thrombin (Rosenberg et «/., 

I987) .. Its proteolytic capacities are focalized to locations in the circulation where a quick 

responsee to sudden vascular injury is of vital importance. 

2.11 Coagulatio n and anticoagulatio n 

Injuryy of the endothel ium leads to exposure of the subendothelial matrix to the blood 

stream.. The multimeric protein von VX illebrand factor (vYXT) is produced by the 

endotheliumm and secreted into this matrix layer. Circulating platelets bind vYXT', resulting 

inn the formation of a primary platelet plug (Marcus et <;/., 1993). In addition, the 

coagulationn cascade is triggered subsequently by the exposure of the cell surface protein 

tissuee factor (TF), which is expressed by various vascular cells, including the endothelium 

(Nemcrson,, 1966). This cascade comprises a series of zymogen activations in which the 

activatedd form of a clotting factor catalyzes the activation of the next factor (waterfall 

theory)) (Nemerson, 1966; Aird, 20(12) (Fig. 2). This sequential activation of inactive 

precursorr enzymes and cofactors results in an amplification of the initial coagulant trigger. 

Thee cont inuous presence of these inactive precursors in the blood stream primes the 

coagulationn pathway for a prompt and focalized response to vascular injury. During the 

finall  stage of the cascade, active thrombin is formed after activation of its precursor, 

prothrombinn (Jackson et a/., 1981.)). Thrombin, in turn, cleaves two pepude bonds in 

fibrinogen,, producing fibrin monomers that polymerize to form an insoluble clot that 

supportss the primary platelet plug (Teuton et , 1991). The activity of thrombin is not 

confinedd to till s primary function, however. Platelet activation and aggregation is also 

mediatedd by the thrombin-catalyzed hydrolysis of the platelet thrombin receptor, and 

endothclial-celll  actuat ion by thrombin (Walz ef a/., 1986) can lead to product ion/secret ion 

off  (\<i.  plasminogen activator inhibitor I (PAI-1), tissue-rvpe plasminogen activator (t-R-\j 

andd thrombomodul in (TMj . In addition, thrombin exerts a positive feedback on the 

coagulationn cascade via activation of the cofactors V, VII I and XI , therein amplifying 

locall  thrombin generation (Fenton et a/., 1991). Thus, the coagulation cascade constitutes a 

powerfull  mechanism in which very small amounts of initial factors are sufficient to trigger 

thee cascade and offer a rapid ami focalized response to trauma. 
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Coagulation Coagulation 

Extrinsic Extrinsic 
pathway pathway 

Intrinsic Intrinsic 
pathway pathway 

APC C 

FIGUREE 2 - Simplified scheme of 
coagulation,coagulation, anticoagulation and 
fibrinolysis.fibrinolysis. The coagulation cascade 
comprisess a series of serine protease 
zymogenn activations, in which a 
proteasee catalyses the activation of 
thee next. The extrinsic pathway 
requiress the transmembrane protein 
tissuee factor (TF), which is exposed to 
thee blood stream upon tissue damage. 
Thee intrinsic pathway is independent 
off TF and utilizes additional clotting 
factorss upstream, which mediate 
proteolyticc activation of factor X. In 
thee final stages of the pathway that 
aree common to both the extrinsic and 
intrinsicc coagulation route, the 
prothrombinasee complex, which is 
composedd of factor X3, cofactor Va, 
phospholipidss and Ca2', catalyses the 
conversionn of prothrombin (II) to 
activee thrombin (lla). In addition, lla 

exertss positive feedback on the 
intrinsicc pathway by activating factor 
XI.. Finally. soluble fibrinogen 
monomerss (I) are proteolytically 
cleavedd by factor II,, resulting in the 
locall accumulation of insoluble fibrin 
(la)) strands that form the major 
constituentt of a clot together with 
platelets.. The clot is further 
reinforcedd by the cross-linking of fibrin 
byy factor Xllla, resulting in a stable fibrin network. Anticoagulation entails the blockage of the coagulation 
cascadee by the cofactor activity of the endothelial transmembrane protein thrombomodulin (TM). The 
coagulantt activities of factor lla are disabled when it binds TM, converting it into an efficient proteolytical 
activatorr of protein C (PC). Activated protein C (APC) subsequently inactivates the cofactors Va and Vllla by 
proteolyticall cleavage. In addition, the proteases of the coagulation cascade are inhibited by serpins such as 
antithrombinn III (ATIII). The fibrin network is broken down into fibrin degradation products (FDP) by the 
fibrinolyticc system, involving the proteolytic activity of plasmin. Plasminogen is converted into plasmin by the 
serinee protease t-PA. The main physiological inhibitor of t-PA is the serpin PAI-1, whereas plasmin can be 
directlyy inhibited by v,-antiplasmin (>2AP). APC, t-PA, plasmin and coagulation factors II, VII, IX and X are 
serinee proteases, whereas TF, TM and the factors V and VIII are cofactors. 

PC C 

Anticoagulation Anticoagulation 

PAI-1 1 

Fibrinolysis Fibrinolysis 

Inn contrast to its procoagulant functions, thrombin is also able to act as an anticoagulant 

enzymee and is in this way responsible tor shutting down the coagulation cascade. I pon 

bindingg thrombomodul in (TM), an cndothelial-cell membrane protein exposed to the 

bloodstream,, thrombin becomes a potent activator of" the zymogen protein C (F.smon / 

til..til..  ]982). Activated protein C, together with another endothelial-cell membrane cofactor, 

proteinn S, subsequently inactivates factors V, and VTI1„ , the two pivotal cofactors in the 

coagulationn cascade, thereby inhibiting prothrombin activation through negative feedback 

(Fig.. 2) (Esmon, L993). The cofactor TM thus alters the specificity of thrombin for 

procoagulantt substrates and converts the enzyme into an activator of the anticoagulant 

proteinn C. The second major anticoagulant mechanism invokes inhibition of thrombin by 

thee serine protease inhibitors (serpins) antithrombin 111 (ATIII ) (Rosenberg e I til., 1973), 

heparinn cofactor II (Tnllefsen d til, 1982) and protease nexin I (Gronke efa/., 1987). ATII I 
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alsoo blocks other serine- proteases in the coagulation cascade, namely, factors XII , . XI.,, 

IX jj  and X.v ( iKcosaminoglvcans, t-.£. heparin, stimulate these interactions and are thought 

too hind both thrombin and ATI IT to the surface of endothelial cells ('Preissner, 199H). 

Therefore,, an intact endothel ium provides a potent ant i - th iuml iouc surface due to the 

presencee of both TM and glycosaminoglycans on its luminal surface, and by physically 

separatingg the blood stream from the sub-cndothelial procoagulant Y \ \ T \ 

2.22 Fibrinolysis : the plasminoge n activato r syste m 

Afterr repair of a damaged vessel wall and surrounding tissues, remaining blood clots need 

too be dissolved in order to alleviate the local obstruction of the blood flow. Clot lysis is 

carriedd out by the serine protease plasmin that cleaves multiple specific peptide bonds in 

thee fibrin matrix, resulting in soluble fibrin degradation products thereby purging the 

support ingg fibri n network of the clot (Dano ct e//., 1085). Active plasmin is formed from its 

inactivee zymogen plasminogen by the specific proteolytic action of t-PA (Fig. 2). Another 

potentt native activator of plasminogen is urokinase-tvpe plasminogen activator (u-PA). In 

contrastt to t-PA, u-PA is not involved in clot Ivsis, but its presence and activity is confined 

too tissues. Proteolysis ot matrix proteins bv u-PA-derived plasmin is needed in processes 

likee tissue repair and cell migration. In recent years, it has become evident that u-PA plavs 

ann important role in controll ing the migration of vascular SMC (|ackson et ai., 1992), in 

additionn to the matrix-degrading capacity of the various metalloproteinases that are found 

inn the sub-endothelial vascular tissue. Thus the plasminogen activator system is of major 

importancee on both sides of the endothel ium; in the blood stream ft-PA) and the 

(atherosclerotic)) vessel wall (u-PA). The activity of hoth t-PA and u-PA is controlled bv 

theirr main physiological inhibitor, plasminogen activator inhibitor 1 (PAI-1), also a 

memberr of the serpin family (Kruithof et ai, 1984; Pannekoek <7 , 1086). 

2.33 Connection s betwee n coagulation , anticoagulatio n and 

fibrinolysi s s 

Inn recent years, the connections between the different pathways involved in coagulation 

andd fibrinolysis have been the target of numerous studies. Similar to the wav that 

thrombinn connects coagulation and anticoagulation by means of the thrombin-specihe 

modulatorr TM , also a link between coagulation and fibrinolysis was recently discovered. 

Thee plasma protein thrombin-activatable fibrinolysis inhibitor (TAh'I), like protein C 

activatedd by the thmmbin-TM complex, seems able to indirectly inhibit plasminogen 

activation,, thereby delaying clot lysis (Bajzar d £/Z. 1995 & 1996;. Yet another important 

connectionn was made when it was found that PA I-1 is also able to directly inhibit 

thrombinn when either vitronectin ( Y \ j (Hhrlich ct ah, 199(1) or heparin (Hirl ic h ct <v/. 
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1991)) are present as a cofactor. It is apparent that the thrombin/PAI-1 interaction is likely 

nott of importance in controlling coagulation and fibrinolysis in the blood stream, due to 

thee overwhelming amounts of other serpins, like AT1II. Recent experiments, however, 

havee demonstrated that this interaction is of great significance in the tissue remodeling 

processess that occur in vascular (re)stenosis and atherosclerosis. Both prothrombin and 

activee thrombin have been identified in the intirna, whereas PAI-1 and VN are produced 

byy vascular SMC (Lupu et aL, 1993; Tipping ei aL, 1993; Stoop et aL, 2000). Endothelial 

cellss produce PAI-1 as a response to various cytokines and general stress factors (van 

Hinsberghh et aL, 1988). Moreover, expression of TM was previously demonstrated on 

neointimall  SMC in some human atherosclerotic lesions. As recent in vitro data revealed 

thatt TM can inhibit the interaction between thrombin and PAI-1 (Ehrlich et aL, 1991; 

Re2aiee ei aL, 1999), a potential novel role for TM is implied in vessel wall biology. The 

uniquee specificity of thrombin for its target substrates, inhibitors and cofactors makes the 

thrombin/PAI-11 interaction rather unique and unlikely to be coincidental. In order tea 

obtainn such a high degree of specificitv, thrombin comprises numerous surface-exposed 

regionss that are involved in binding its target proteins, independendy from the active site 

(Guillinn ei aL, 1995; Stubbs ei aL, 1993). These structural aspects of thrombin and PAI-1 

functionn constitute a substantial part of the research that is presented in this thesis and are 

discussedd in the following section. 
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33 Structura l aspect s of thrombin-PAI- 1 interaction s 

3.11 Thrombi n structur e 

AA substantial number of X-ray crystallography studies (Bode et a/., 1989) have shown that 

thrombinn is an ellipsoid shaped molecule, characterized by a canyon-like active site cleft. 

Itss active site consists of a standard catalytic triad as present in all serine proteases. This 

triadd encloses residues His43, Asp99 and the highly reactive serine Ser205 (all numbers are 

thrombinn numbering). After a nucleophilic attack by the oxygen atom of the hydroxvl 

groupp of Scr205 on the carbonyl carbon atom of the target peptide bond, a transient 

tetrahcdrall  intermediate is formed (Wilmouth et a/.t 2001). The proton hereby released 

fromm the serine residue is donated to His43, which in turn relavs the developed positive 

chargee to the negativelv charged Asp99 for stabilization bv mutual electrostatic interaction. 

Thee catalytic triad owes its catalytic efficiency to this so-called 'charge relay network1 

(Strver,, 1988). In subsequent steps, this proton held by the protonated form of His43 is 

donatedd to the nitrogen atom of the susceptible peptide bond, which is thus cleaved. The 

amine-containing,, C-terminal fragment of the target protein diffuses away, thereby 

completingg the acylation stage of the reaction. In the following deacylation steps, the 

chargee relay network obtains a proton from a nascent water molecule, thereby generating a 

hydroxybionn that subsequently launches a nucleophilic attack on die C-terminal carbonyl 

groupp of the N-terminal peptide of the initial target protein which is now7 part of the 

esterbondd with the active site Scr2U5. Again a transient tetrahedral intermediate is formed. 

Afterr His43 has donated a proton to the oxygen atom of Ser205, the resulting N-terminal 

peptidee is released and diffuses away thereby restoring the Ser205 hydroxy] group of the 

protease. . 

Thee majority of die regions diat make thrombin so specific for its target proteins are 

locatedd in or close to the active-sire cleft, wrhich is spanning a large part of the surface of 

thee molecule. A positively charged patch, named anion binding exosite II , is located far 

fromm the active site cleft and is thought to be involved in binding the cofactor heparin 

(Churchh v/ a/., 1989) and the chondroitin sulphate moiety of TM (Mathews et ui, 1994). 

Anotherr positively charged patch referred to as the anion binding exosite I or variable 

regionn 2, directly interacts with hirudin (Rydel et ai, 1990), fibrinogen (.Lewis cf al, 1987), 

heparinn cofactor II (Rogers et a/., 1992), the thrombin receptor (Vu eta/., 1991) and TM 

(Mathewss d a!., 1994). Relative to this exosite, on the opposite, top side of the binding 

cleft,, a surface exposed loop named variable region 1 (VRl) is present, predominantly 

enclosingg positively charged amino acids. In describing the specificity of proteases, use is 

madee of a model in which the active site is considered to be flanked on one or both sides 

bvv specificity subsites, each able to accommodate the sidechain of a single amino acid 

residuee (Berger et , 19~<lj. These sites are numbered from the catalytic site, S1...S// 

towardss the N-tcrminus of the substrate, and S1\..S«' towards the C-rerminus. The 
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residuess in the target substrate or inhibitor they accommodate are numbered PF . .P / ;, and 

P1 \ . .P« ',, respectively. In thrombin, VR1 is located very close to the active site and in 

numerouss studies it was indicated that for some substrates and inhibitors, P' residues close-

too the PI -PI' scissile bond (possiblv) directly interact with residues in the VR 1 loop (I.e 

Bonniecc et </L 1991; Madison <-/,//, 1990a; Horrevoets rid, 1993). 

3.22 Thrombin-thrombomoduli n structur e 

Ass mentioned earlier, 'I'M is an endothelial-cell t ransmembrane protein, responsible for 

thee procoagulant to anticoagulant switch in thrombin. This thrombin receptor contains a 

lectin-likee amino-terminal domain, six epidermal growth htctor-like repeats fF.GF 1 -6), an 

O-linkcdd sugar domain, a single t ransmembrane domain and a short cytoplasmic tail 

(Lismon,, 1995). A stretched chondroinn sulphate moiety is located in the ( )-linked sugar 

domain,, causing at least a 5-fold increase in the affinity for thrombin, possibly bv 

interactingg with the anion binding exosite II of thrombin. The major interaction with 

thrombin,, however, is mediated through binding of F GF 5 and 6 ot TM to the anion 

bindingg exosite I of thrombin ("Mathews (>t ai, 1994), The crystallographic model or a 

complexx between a peptide from the fift h epidermal growth factor domain (FGF-5) of 

TMM and thrombin indicated the involvement of two residues in the VR1 loop ot thrombin 

inn binding of the FGF-5 peptide. Firstly, Gln389 was shown to interact with Ik-414 ot 

FJGP-55 via hydrogen bonding, and secondly, Tvr413 of FGF-5 was shown to be 

sandwichedd between Phc34 and Tyr76 from the VR1 loop and exosite 1, respectively 

(Mathewss et a!., 1994; Tsiang et a/., 1995). The latter interaction was suggested to be the 

primee source of the specificity of the TM- thrombin interaction (Mathews et <//., 1994). 

Bindingg of thrombin to the TM receptor disables its coagulant activity by removing its 

specificityy for procoagulant substrates. Instead, the th romb in /TM complex becomes a 

potentt activator of protein C as a result of a 1 800-fold increase in kCj,/K\\, mainly caused 

bvv the enhancement of kCM. Therefore, the stimulating effect ot TM seems to be based on 

ann increase of catalytic efficiency towards protein C, since the affinity (K\{) is nearly 

unaltered.. For many years it was thought that TM somehow alters the conformation ot the 

activee site of thrombin, thereby weakening repulsive interactions between acidic residues 

P 3 / P 3'' and G l u l 9 2 / G l u 39 in protein C and thrombin, respectively. These were based on 

variantt studies like thrombin F39K that, like TM , had a stimulating effect on protein ('. 

activationn (Lc Bonniec et <//.„  1991). Although the effect of these charge reversals is 

considerablyy smalier than the cofactor effect ot TM , a partial contribution of an 

electrostaticc repulsion between Glu39 in thrombin and the P.V residue in protein (. was 

herebyy demonstrated to be partially responsible for the inefficient activation of protein C 

byy thrombin alone. Intriguing new data on the structure of the thrombin-TM complex, 

however,, has now demonstrated that there are no significant conformational changes in 

thrombinn upon binding to TM (Fucntcs-Prior / (//, 2000). Therefore, the supposed 
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aliustcricc effect nf ' I 'M on protein (. activation by thrombin has been revisited. Apparently, 

TMM binding endows thrombin with a new extended binding template along which protein 

(.1(.1 can bind, thus providing an optimal alignment or the susceptible pept ide bond of 

proteinn C with the active sire of thrombin. 

Inn addition to the described effect on protein ('. activation, the pro to anticoagulant switch 

off  thrombin also involves prevent ion of the binding in the active site cleft of thrombin of 

prucoagulantt substrates like fibrinogen and factors V, YII I and XI that convey positive 

feedbackk on the coagulation cascade. The effect of TM on the binding of various seqiins 

too thrombin has been studied. The physiological inhibitor of thrombin, AT'111, inhibited 

thee t h r o m b i n TM complexes several fold more efficient, which is also considered an 

anticoagulantt effect (Hofstcenge vt <y/., 1986). In marked contrast, the rate of the reaction 

off  thrombin with PAT ] is decreased bv the presence of TM (hhrlich et a/., 1991; Rezaic, 

1999).. At the highest feasible TM concentrat ions an inhibitory effect of 10-fold can be 

attained.. The mechanism by which TM regulates the specificity ot thrombin for substrates 

andd inhibitors other than protein C is largely unknown, but is likely to involve either steric 

hindrancee (competition) or an allostcric effect on catalysis. 

3.33 PAI-1 structur e 

Ass outiined earlier, PAI-1 is a member of the supcrfamilv of serine protease inhibitors 

(Pannekockk d (//., 1986), and is the most important physiological inhibitor of t-PA and 

u-PAA (Kruithof c/ ai, 1984), This family of inhibitors shares a common backbone 

structure,, which is evolutionallv highly conserved despite amino-acid sequence diversion, 

andd includes proteins that no longer act as inhibitors, like ovalbumin. The 3D-structure of 

PAI-11 (Mortonen i't a/., 1992) features two distinct characteristics being three large 

P-sheetss that constitute the center of the molecule and a solvent-exposed mobile reactive 

centerr loop (RCL), highly similar to the other serpins. Still, a distinction exists as the PAI-1 

structuree seems meta-stable, in contrast to all other serpins, since it can exist in both an 

activee and latent torm. The largest of the three p1-sheets covers nearly the whole 

molecule'ss surface and encloses five strands in the active conformation of PAI -1, as seen 

inn other serpin structures. In the latent PAI-1 conformation, however, the intact RCL is 

partiallyy inserted in this central [i-shects resulting in a more energetically favorable, relaxed 

situationn that has lost all its inhibitory abilities (Mottoncn etui, 1992). 
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3.44 Thrombi n and PAI-1: the structura l serin e protease-serpi n 

interactio n n 

3.4.11 Serine protease-serpi n interaction s 

Inn the active conformation the PAI-] RCL, consisting of the residues P I -PI 4, functions as 

"bait11 tor the catalytic center of the target serine protease. After formation of a 1:1 

stoichiometricc complex, a covalent bond is formed between the reactive-sire serine of the 

proteasee (SCT2()5) and the PI residue of the RCL of PAI-1. Upon cleavage of the P l - P l' 

peptidee bond (scissile bond), the N-terminal end of the RCL (residues P14 to PI) rapidly 

insertss as a sixth strand into (i-shect A (Mottonen et a/., 1992; Lindahl d a/., 199(1). Studies 

onn other serine protease and serpin family members have made this a plausible mechanism 

forr SDS-stable complex formation upon inhibition. A number of studies have been 

performedd on die sequence requirements in the RCL of PAI-1 tor recognition of 

plasminogenn activators. The results indicate that residues P17 to PI ', with the exception of 

P I,, are merely minor contr ibutors to protease specificity (Tucker <</ f//, 1996). Sequence 

al ignmentss have shown the serpin superfamily to he most divergent within the P I' to P9' 

regionn or the RCL. The functional signitlcance of these residues was suggested and studied 

accordinglyy (Tucker S/Ö/., 1996). 

Al thoughh the catalytic interaction between serpin and protease primarily involves the 

RCL-catalyticc site interaction, additional specificity in the serpin-protease pair is obtained 

bvv interactions in regions that lie outside the active site of the enzyme. As with its 

substrates,, diversity in affinity7 can be achieved by surface-exposed loops of the various 

proteases,, including thrombin. Within the family of serine proteases involved in 

haemostasis,, VR1 sequences van' in length a n d / or composi t ion in terms of hydrophobic, 

basic,, acidic or uncharged residues. In t-PA, several mutat ions within the YR1 have 

indicatedd a major contribution of tlii s loop to the rate of inhibition bv PAI-1 (Madison ft 

<i/.,<i/.,  1990b). A charge reversal of three arg.in.inc residues (Arg298, 299 and 304) to glutamic 

acidd residues, each independently resulted in a 60-fold decrease in the inhibition rate by 

PA1-1,, whereas the simultaneous replacement of two of these residues lowered the 

inhibitionn rate even 2800-fold. These findings are most likely the result of electrostatic 

repulsionn between VR1 of t-PA and the RCL of PAI -1, but in order to understand them 

moree information about their interacting partners in the target protein is needed. On basis 

off  3D structure analysis of a trvpsin-bovine pancreatic trypsin inhibitor complex (trypsin-

BPTI),, it was therefore suggested that YR1 residues of t-PA interact directly with the P' 

partt of the RCL of PAI-1 by means of salt bridge formation. Reversing charge of the RCL 

residuee CJ1U350, likelv to be repulsive to the charge reversal at Arg304 in t-PA, gave rise to 

aa PAJ-1 variant with a normal wild type t -PA/PAl -1 like inhibitory action towards this 

t-PAA variant R304K. The removal of these repulsive interactions and restoration of a salt 
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bridgee between these mutated residues in t-PA and PAl-t was given as an explanation tor 

thiss result (Madison et ai., 1990a). 

3.4.22 Thrombi n variabl e region- 1 

Variouss studies have indicated the importance of the VR1 ioop of thrombin in 

determiningg its specificity towards specific substrates and inhibitors, PAI-1 in particular. 

First,, a thrombin subsutution variant, denoted thrombin-VR],PA, was constructed in 

whichh the entire VR1 (Phc34 to Leu40; thrombin numbering) was replaced by the 

correspondingg sequence (Phe294 to Phe 305; chymotrypsinogen numbering) of t-PA that 

iss inhibited by PA1-1 with a second-order rate constant of 2-H.r M-V . In contrast to 

thrombin,, which is poorly inhibited by PAI-1 in the absence of cofactors (1.1-10' M's '), 

thrombin-VRl,! 'AA is inhibited 2000-fold faster (2.2-10*  M l s ') (Horrevoets et ai, 1993). 

Thiss result presents an important role for the VR1 loop in both thrombin and t-PA, and 

potentiallyy in other serine proteases, in modulating the interaction with PAI-1. Thrombin-

VRpPAA (j1{j  n o t show any change in the rate of inhibition by ATIII , neither with nor 

withoutt the cofactor heparin. Therefore, it seems plausible that inhibition of thrombin by 

ATII II  is not mediated in any way by the VR1 loop. On the contrary, the inhibition rate of 

thrombin-VRl'PAA by the serpin heparin cofactor II (HC1I) was 3-fold lower than with 

wild-typee thrombin, possibly due to the incompatibility- of the t-PA VR1 loop for HCII in 

termss of shape and/or charge composition. Recently, using a technique to identify phagc-

displayedd PAI-1 mutants that inhibit thrombin-VRlt,1A at least 100-fold slower, a PAI-1 

mutantt (R350K |P4'j) was characterized that inhibited thrombin-VRlt1>A 150-fold slower 

(Madisonn et ai, 1990a). The decrease in inhibition rate could thus be explained by an 

clectrc)staticc repulsion between Arg304 of the protease and Lys35U (P4') of the serpin, 

takingg into account the fact that Arg304 is the only basic residue in that part of the V"R1 

loop.. Second, several studies have shown that Glu39 of thrombin, which is located in the 

VR11 loop, restricts the specificity of thrombin for substrates with a nonaddic (positively 

chargedd or uncharged) residue at the P3' position (he Bonnicc et ai, 1991). Studies using 

shortt synthetic peptides of human protein C, which is a poor substrate for thrombin, 

confirmedd that a positively charged residue at P3' increases the rate of peptide cleavage by 

thrombin.. Furthermore, the restriction imposed by the acidic P3' residue of protein C 

couldd be partially relieved by a charge reversal of Glu39 in the VR1 of thrombin (Le 

Bonniecc et ai., 1991). Finally, structural data of thrombin in complex with fibrinogen Aa 

(Stubbss et a/.t 1992) or hirudin (Rydel et ai, 1990) indicated the existence of an interaction 

betweenn the P3' residue and Glu39 (S31) in the VR1 of thrombin. 
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3.55 Kineti c aspect s of thrombin-PAI- 1 interactions : 

suicid ee substrat e mechanis m 

Thee inhibition of thrombin bv PAI-1 was proposed to proceed via a 'suicide substrate' 

mechanismm (van Meijer ei ai., 1997). This mechanism offers an explanation for the 

observedd formation of SDS-stable (covalent) thrombin/PAI-1 complexes, and the 

simultaneouss occurrence of cleaved PAI-1 in a SDS-PAGF analysis of the 

thrombin/PAl-11 inhibirion reaction. The suicide substrate mechanism features a branched 

pathwayy (Fig. 3), in which a number of common steps ultimately split up to form cither 

SDS-stablee enzyme-inhibitor complexes (suicide branch) or cleaved inhibitor together with 

thee active enzyme (substrate branch). First, enzyme (H) and inhibitor (1) form a reversible 

non-covalentt Michaeiis complex with a bimolecular rate constant k\ and a unimolecular 

dissociationn rate constant k \. This enzyme-inhibitor complex (FI) can either dissociate 

(k(k \) or proceed into an irreversible intermediate (FT) with rate constant k?_. At this point 

thee pathway branches and F,I' can convert to the free active enzyme (F) and cleaved 

inactivee inhibitor (I* ) with rate constant k4. These latter complexes (F.-P) can ultimately 

(veryy slowlv for the thrombin/PAI-1 reaction) dissociate into free active enzyme and 

cleavedd inactive inhibitor (I* ) with rate constant Zr>. Thus, the suicide substrate pathway 

ultimatelyy leads to die complete cleavage of the inhibitor and recycling ot the active 

protease.. The suicide branch of the pathway merely constitutes an alternative relatively 

stablee transitory intermediate that delays this ultimate outcome and temporarily inhibits 

thee protease. The product distribution between the two pathways, namely inhibitor 

cleavagee end enzyme inhibition, is termed the partition ratio (r = k^/k*). The apparent 

stoichtometryy of the reaction, 1 + r, thus states the number of inhibitor molecules 

requiredd to inhibit one enzyme molecule. The apparent second-order rate constant of 

inhibitionn is a function of all the individual steps k] of k--,. It is conceivable that after 

dockingg of the serpin, the ensuing conversion to the covalent, SDS-stable complex FT is 

thee actual attack of the protease's reactive center serine on the inhibitor's PI residue, as 

elaboratedd in the next paragraph. It should be noted that wild-type thrombin is very poorly 

inhibitedd by PAI-1. Only when the cofactors VN or heparin are present, or when the VR1 

loopp of thrombin is replaced with that of t-PA, the inhibition rates become 

(physiologically)) relevant. 

Thee suicide substrate mechanism comprises a series of conversions of reactants into 

variouss intermediates, which are ultimately converted to the product of the reaction. Fach 

individuall  step in this mechanism is kinetically described by a rate constant, which 

describess the concentration-dependent conversion rate of the species in time. In addition, 

eachh step describes a prominent molecular conversion that involves an inter- or intra-

molecularr chemical or conformational event. F'vcn though the suicide substrate 

mechanismm describes the minimal number of events that are necessary to explain the 
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FIGUREE 3 - The branched pathway of a suicide substrate mechanism. The inhibitor (I) forms a reversible 
Michaeliss type complex (El) with its target proteinase (E), characterized by the bimolecular association rate 
constantt ( M and the dissociation rate constant (A ,). Subsequently, an intermediate irreversible complex is 
formedd (El'), that can convert with a rate constant A0 into the SDS-stable complex (El"), or it can react 
accordingg to a substrate mechanism, resulting in the release of free enzyme together with cleaved, inactive 
inhibitorr (I*) with the rate constant kt. The partition ratio (r = kJk.-.) represents the number of catalytic 
turnoverss per inactivation event, where 1 + r is the apparent stoichiometry. Finally, the stable complex E-l' 
dissociatess with a rate constant k< according to the substrate branch. For both thrombin and t-PA, <tj is 
negligiblyy small. 

experimentallyy determined kinetics of the protease-serpin inhibitory interaction, the exact 

molecularr events that are behind each step are nor yet known in full detail. In the inidal 

bimolecularr step the protease-serpin Michaelis complex is formed from both tree species 

(A'I) .. This Michaelis complex is formed and held together by ionic and hydrophobic 

interactionss between surface-exposed patches of amino acids on both proteins. At this 

dockingg stage, the serpin is recognized by the protease as their interaction sites are 

compatiblee and facilitate a high association rate as well as a low dissociation rate. In detail, 

thiss specific event would likelv involve electrostadc steering of the serpin RCI, to the 

substrate/ inhibi torr binding cleft ot the protease, the subsequent insertion of the RCI. PI 

residuee into the primary specificity pocket of the serine protease, and further tightening of 

thee inidal complex by electrostat ic/hydrophobic interactions. In the next stage the inidal 

complexx is converted to an irreversible intermediate by the acdve site of the protease. It 

hass been suggested bv some studies that this event involves the formadon of the acvl-

enzymee intermediate via the nucleophilic attack of the protease Ser205 residue on the 

carbonvll  carbon atom ot the target serpin P l - P l' pepdde bond. In the intermediate EI ', 

thee original C-terminus of the K-tcrminal peptide of the serpin is covalentlv attached to 

thee catalydc serine of the protease (Wilmouth et <•//., 2001). It should be noted that in this 

pardcularr mechanism we consider the formation of this covalent intermediate to include 

dislocationn of the N-terminus of the serpin C-rerminal peptide from the acdve site, thus 

renderingg this conversion irreversible. This is in contrast with studies that assume 

reversibilityy o f this step, implying that the EI ' species consists of the tctrahedral 

intermediatee that is formed earlier in the acvlation process. Finally, at the point were the 

mechanismm branches, a distinct structural event in the EI ' intermediate decides the 

distributionn of this complex over the two branches and determines the ou tcome of the 

reaction.. This distinct event likelv involves the inserdon ot the RCL of PAI-1 in its central 

J3-sheet,, an event that has been demonstra ted to occur even in the covalent serine 

protease-serpinn complex. Depending on the rate of insertion, the complex can be either 

y y 
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t rappedd in the covalent state (hist insert ion) or deaeylarion o t rhe acvl-cnzvme in termediate 

cann comple te p r io r to l oop inser t ion leading ro rhe release ot cleaved inh ib i to r and tree 

act ivee cn/.vme (.slow insert ion) . D u r i n g fast l o o p inser t ion , the extreme con fo rma t i ona l 

changee in the serpin l ikelv disrupts the active site ot" protease such that deacylat ion cannot 

comp le tee and consequent ly an SDS-siable covalent comp lex is fo rmed (Lawrence tl <//, 

199.S).. T h i s is in l ine w i t h the f i nd ing that bo th cofactors and temperature in f luence rhe 

s to ich iomet rvv of" the react ion, supposedly by phvsical lv or thermodynamica l ly i n f l uenc ing 

thee rate o f l oop inser t ion (Van Mei jer vl n/., ]{')'-)~). 

3.66 Functiona l aspect s of the thrombin-PAI- 1 interactio n 

Ac t i vee t h r o m b i n , PA1-1 ani l Y N have been demonst ra ted in the arterial vessel wall ( L u p u 

atat ill., 1993; T i p p i n g el <//., 199.>; S toopp t>t ///., 2()l)l I). A n impor tan t aspect that is responsib le 

t o rr the increase of atherosclerot ic lesion v o l u m e and the f o rma t i on o f a p laque-stabi l iz ing 

f i b rouss cap is ihe m ig ra t ion o f vascular S M C in to the nco in t in ia l area, l i v e n t hough the 

exactt c o n t r i b u t i o n o f the various factors that are i n v o k e d in S M C migrauon is not ent i re ly 

unde rs tood ,, some basic mechanisms o f cell m ig ra t ion applv. (.ell migrat ion involves die-

breakk d o w n o f su r round ing extracel lular mat r i x and the t imed release and f o r m a t i o n of 

cel l-cel ll and cel l -matr ix contacts. In add i t ion to the invo lvement o t var ious mat r i x 

meta l loprote inases,, the earlier i n t roduced p lasminogen act ivator system also plavs a 

n o t e w o r t h yy role in the process o f extracel lular mat r i x degradat ion, P lasmin, w h i c h is 

p r imar i l yy activated bv u-PA in the vessel wa l l , is able to proteolyt ical lv degrade mat r i x 

p ro te ins ,, faci l i tat ing the d i s rup t ion o f ce l l -matr ix contacts. T h e act iv i ty o t u-PA is focused 

too the leading edge o f the cell d u r i n g m ig ra t ion by its b i nd ing to the u-PA receptor (u-

P A R ) ,, wh ich is expressed o n the cell surface o f S M C (Tig. 4) f N o d a - H e i n y t-l a/., 1995). I n 

add i t i on ,, u -PAR has been demonst ra ted to f unc t i on as an extracellular mat r ix receptor by 

b i n d i n gg to the extracel lular mat r ix c o m p o n e n t V N (Wei ii ai, 1994), w h i c h is also the 

targett fo r the integr ins o c ^ v - (review Hvnes , 1992). T h e in teract ion o t bo th u P A R and 

a v ^^ w i t h V N can be prevented by the b i n d i n g o f PA1-1 to Y N (Kanse vl , 1996; 

Stefanssonn vl ii/., 1996). ( h e r the recent years, a nove l rok- emerged to r t h r o m b i n in cell 

p ro l i f e ra t ionn and migra t ion processes that occur in the vessel wal l (Naka j ima dm/., 1994; 

Pat tersonn el til., 2001), Ma in ly p roduced by the l iver, coagulat ion cascade zvmogens l ike 

p r o t h r o m b i nn are s o m e h ow able to pass the endo the l i um and accumulate in the sub-

endothel ia ll space. In the atherosclerot ic p laque, resident macrophages and toam cells 

abundant lyy express T I ; (T i pp ing vl ///., 19K9), thus p r o m o t i n g rhe p r o d u c t i o n o t act ive 

t h r o m b i nn f r o m p r o t h r o m b i n . T h r o m b i n has several direct effects on S M C pro l i fe ra t ion 

,md,md m ig ra t ion , h i rst , it can b ind to the var ious types of t h r o m b i n receptors that are 

expressedd bv S M C and thereby induce p ro l i fe ra t ion bv proteo ly t ic cleavage ot the receptor . 

Second,, in the presence o f Y N , t h r o m b i n is able t o inactivate PA I -1 i n v i r tue ot the 

increasedd s to ich iomet rv o f the r h r o m b i n - P A I - 1 - Y N inh ib i t i on react ion, Hna l l v , PA1 1 is 
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thee primary inhibitor ol both free and u-PAR-bound u-PA. Particularly under 

inüammatorvv conditions, all vascular cell types produce and secrete PAI I 'review Smith, 

1996a).. Therefore, in the presence of VN, PAI-1 is able to inhibit thrombin and thus 

reducee thrombin-mediated SMC proliferation. ()n the otiiei hand, inhibition of thrombin 

b\\ PAI-1 is done at the expense ol PAI-l cleavage, preventing PAI-1 to disrupt u-PAR 

.\nd.\nd XvpVmediated adhesion of SMC to VN. The inhibidon of u-PA by PAI-1 decreases 

plasminn production and thereby reduces activation of matrix metalloproteinases by 

plasmin.. Studies trom our laboratory have demonstrated the presence .md colocalization 

off  active thrombin, PAI-1 and Y \ in the human atherosclerotic vessel wail (Stoop el a/., 

2000).. In addition, recent studies have revealed that PAJ-l/VN complexes inhibit 

thrombin-mediatedd SMC proliferation in vivo, as evidenced by the use of a carotid artery? 

Ligationn model in PAI 1 and VN knockout mice (de Waard et al., 2002). 

FIGUREE 4 — The role of thrombin and the plasminogen activator system in the vessel wall. Plasminogen 
activationn in the vessel wait is catalyzed by u-PA. The receptor for u-PA, denoted u-PAR, is expressed on 
vascularr SMC and focalizes u-PA activity to the cell surface. Formed by the focal activity of u-PAR-bound u-PA. 
plasminn proteolytically degrades numerous matrix proteins, together with the matrixmetalloproteinases 
(MMPs).. The activity of u-PA is inhibited by PAI-1, which is produced by vanous cell types in the vessel wall. 
Furthermore,, u-PAR functions as an adhesion receptor by its ability to bind either the integrins /,:;>,:, or VN. 
Thee latter interaction is competed by the binding of PAI-1 to VN. Macrophages (MO) that have invaded the 
vessell wall express the cell surface procoagulant tissue factor (TF). Thrombin, which is formed from 
prothrombinn by the TF pathway, has a dual role in the vessel wall. First, it exerts a mitogenic effect via the 
proteolyticallyy activatable thrombin receptor (TR) on the SMC surface. Due to the absence of the native 
inhibitorr of thrombin (ATIII) in the vessel wall, the mitogenic activity of thrombin is efficiently inhibited by the 
PAI-1/VNN complex. Second, the high stoichiometry of the thrombin/PAI-1/VN reaction results in substantial 
cleavagee of PAI-1 for each inhibited thrombin molecule. The resulting decreased availability of PAI-1 affects 
thee local activity of the plasminogen activator system and counteracts competition between PAI-1 and u-PAR 
forr binding VN. as cleaved PAI-1 loses its high affinity for VN. Thus, the plasminogen activator system is 
involvedd in cell migration/vessel wall remodeling by degrading extracellular matrix proteins. Thrombin exerts 
aa mitogenic activity on SMCs and has potential effects on cell migration by controlling vascular PAI-1 levels. 
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3.77 Studie s on the thrombin-PAI- 1 interactio n 

Thee endothelium has a major role in maintaining homeostasis of blood vessels and its 

inabilityy to comply with this vital task will lead to vascular disease. The presence of the 

primaryy effector of (anti-)coagulation, thrombin, is not limited to the lumcnal 

compartmentt but has recently been demonstrated in the subendothclial compartment of 

thee vessel wall (Smith et at, 1996a, 1996b; Stoop el al, 2000). A functional role of 

thrombinn and PAI-1 in the vessel wall has been established and forms the basis tor the 

studiess described in Chapters 2 and 3. Studies on the structural prerequisites for the 

efficientt inhibition of thrombin by PAI-1 (/VN) and the inhibitory etfect of TM were 

performedd to supplv a firm mechanistic background for these interactions. Understanding 

off  the kinetics of these mechanisms will help to predict their kinetic outcome at the 

concentrationss of these components that are observed in various (patho-)physiological 

settings. . 
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44 Vascula r biolog y of atherosclerosi s 

4.11 Dysfunctio n of the endothelia l barrie r in atherogenesi s 

The-- endothel ium functions as an anticoagulant harrier, selectively regulating the passage ot 

nutrients,, waste products, leukocytes, and many other factors or which some have heen 

discussedd previously. As a result or this pivotal role, a dysfunction in one or more ot these 

processess is considered the priming event of atherosclerosis. Many excellent recent 

reviewss have described the full complexity of these events, and a kil l description is 

thereforee not warranted in this general introduction. After a brief introduction, only the 

specificc biochemical and cell biological mechanisms relevant tor this thesis, wil l be 

discussedd in great derail and as such wil l focus on endothelial function in the 

(patho-)phvsiologyy of atherosclerosis. 

4.22 Lipid-induce d inflammatio n of the vesse l wal l 

Thee pathology of atherosclerosis is the leading cause of death in the Western world. 

Briefly,, it involves an unwanted accumulation of lipids in the intima of the vessel wall ot 

thee large arteries, thereby triggering local inflammation (Fig. 5). The chronic character ot 

thee inflammatory reaction causes the affected intimal area to slowly expand, forming a so-

calledd 'neointima1 or 'plague1 that is mostly composed of lipid-laden macrophages and 

foamm cells, smooth muscle cells, excessive extracellular matrix deposits and minerals 

(calcium)) (review Ross, 1999). The initiation and rate of placjue progression depends on 

thee presence of various risk factors, which wil l be discussed in more detail later. O ne 

majorr risk factor is the presence of elevated levels of low-density l ipoproteins (LDI. ) in the 

plasma.. An LD L particle is composed of various lipids (e.g. cholesterol) and proteins 

(e.g.(e.g. apolipoprotein B), and transports cholesterol from the intestine and liver to the 

peripherall  tissues that need it to repair damaged cell membranes or to produce steroid 

hormoness and vitamin D. In contrast, high-density l ipoprotein (HDL) particles transport 

cholesteroll  from the peripheral dssues back to the liver for secretion or recycling. Whereas 

LD LL is considered as the prime atherogenic lipid carrier, I IDL is credited a beneficial role 

inn cholesterol transport, owing to its reverse transportat ion of cholesterol from the tissues 

too the liver (review Libbv, 2001). As part of its natural purpose, LD L is actively 

transportedd across the capillar}- endothelium by the endothelial cells to reach the sub-

endotheliall  vascular dssue. This process is substantially augmented in arteries, only it 

elevatedd levels of LDI . are present in the plasma, resulting in the accumulation of relatively 

highh levels of LDI , in the inrima of the vessel. The settling of LDI . in the intima ultimately 

resultss in oxidation a n d / or glvcosvlation ot its lipids and lipoproteins. ThN event is 

consideredd a ' threat' to the surrounding vascular cells, which subsequently instigates an 

inflammatoryy response (Ross, 1999), 
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macrophagee accumulation formation of fibrous-cap formation plaque rupture thinning of fibrous cap hemorrhage from plaque 
necroticc core microvessels 

FIGUREE 5 — The four main stages of atherogenesis. (A) Endothelial dysfunction. Endothelial dysfunction 
leadss to the expression of adhesion molecules on the apical side of the endothelium, followed by the 
adherencee and extravasation of circulating leukocytes. (B) Fatty streak. Leukocytes and T-cells are activated 
andd secrete multiple inflammatory cytokines. Monocytes differentiate into macrophages and scavenge intimal 
fatt deposits, leading to the formation of lipid-laden foam cells. Vascular SMC dedifferentiate, migrate into the 
intimaa and proliferate, resulting in the formation of a neointima. (C) Advanced complicated lesion. The lesion 
furtherr develops and increases in volume by the accumulation of macrophages/foam cells, and by the 
formationn of a necrotic core and fibrous cap. (D) Unstable fibrous plaque. Thinning of the fibrous cap leads to 
destabilizationn of the plaque. Subsequent plaque rupture triggers coagulation resulting in the rapid formation 
off a thrombus that (partially) occludes the vessel. Obstruction of blood flow leads to anemia and subsequent 
necrosiss of the tissues that rely on this vessel for blood supply. (Adapted from Ross er al.. 1999) 

Multipl ee cytokines produced in the intima by various vascular cell types trigger the 

endothel iumm to produce and target a variety of t ransmembrane leukocyte adhesion 

moleculess to the luminal side of its cell surface (review Huo et al., 2001). The in vivo 

expressionn of the adhesion molecules intercellular adhesion molecule 1 (ICAM-1) , vascular 

celll  adhesion molecule 1 (VCAM-1) , and P- and F.-sclcctin has been demonstrated on the 

endothel iumm covering atherosclerotic lesions in all stages. Peripheral blood monocytes that 

comee in contact with the surface of these activated endothelial cells are slowed down as 

iheyy quickly adhere to P- and E-selectin, thereby causing the monocyte to roll over the 

endotheliall  cell surface. Subsequently, the monocyte is tightly bound by ICAM- 1 and 

VCAM-1 ,, through its exposed integrins leukocyte function antigen 1 (LFA 1; 

CD11 l a / C D 1 8; ai.pN integrin) and lymphocyte ligand very late antigen 4 (VI.A-4 ; CD4()d; 

1X4(3]]  integrin). In response to the monocyte chemoattractant protein 1 (MCP-1), which is 
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expressedd in the intima, adhered monocytes cross the endothelial cell lavcr via the inter-

cndotheliall  tight junctions (diapedesis), utilizing among others die platelet-cndothelial cell 

adhesionn molecule 1 (PECAAF1; CD31). Once monocytes ha\'e reached the sub-

endotheliall  intima they transform into lipid ingesting macrophages and start scavenging 

thee abundantly present modified LDI . deposits. The differentiation of monocytes into 

macrophagess and the stimulation of macrophage mitosis are regulated by the macrophage 

colony-stimulatingg factor (MCSF), which is ahundandy expressed in the lesion. The 

excessive,, uncontrolled uptake of lipids by the macrophages transforms rhem into lipid-

ladenn foam cells, one of the primary constituents of the early fatty streak. Foam cells are 

trappedd in the intima, by nature of their extreme phenotype, resulting in the expansion of 

thee intimal area into a neointima. During this process, multiple cytokines and growth 

factorss are produced and secreted by the macrophages, endothelial cells, SMC and resident 

T-cells,, which perpetuates the inflammatory response (Ross, 1999). At later stages, 

necrosiss or roam cells will contribute significantly to the volume of the acelkilar lipid core 

off  the mature plaque. 

Meanwhile,, growth factors and cytokines induce medial SMC to dedifferentiate and 

migratee into the neointima, primarily in the area covering the lipid core, thus further 

increasingg the cellular volume of the plaque. Eventually, collagens secreted bv these 

neointimall  SMC will form a fibrous cap that encloses the fatty, fibrotic and partly calcified 

coree of the plaque. The highly connective tissue- and SMC-rich cap provides stability to 

thee generally loose and vulnerable farry core (review I.jbbv et a/., 1996). Persistence of the 

inflammatoryy conditions stimulates macrophages and SMC to produce a variety of matrix 

metalloproreinases,, which are able to break down the plaque-supporting connective tissue 

ott the fibrous cap. The resulting, instable plaque architecture makes the lesion prone to 

rupture.. Sudden changes in blood pressure, for instance, might result in rupture of such an 

unstablee plaque leading to exposure of the sub-endothelial space to the blood stream. 

Macrophagess and foam cells abundantly express the transmembrane protein TF, which is 

thee initiator of the intrinsic coagulation cascade (Tipping e/ a/., 1989). When TF' in the sub-

endotheliall  space comes in contact with procoagulants in the blood stream, a thrombus is 

quicklyy formed. In addition, the dysfunctional endothelium covering a lesion expresses 

reducedd levels of cNOS, resulting in lowered NO production (Fukuchi d <//., 1999). I,ow 

NOO levels aggravate thrombus formation by promoting the aggregation of platelets. 

Dependingg on the location of the clot, e.g. the coronary arteries, and the percentage of the 

vessell  occlusion, this event can lead to an infarction and manifest itself clinically. 
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4.33 Hemodynamic s 

4.3.11 The foca l natur e of atherosclerosi s 

Soo far, various factors have been identified that are associated with an increased risk for 

cardiovascularr disease (CVD), -atherosclerosis in particular. These risk factors are high 

serumm LDL cholesterol, diabetes, smoking, hypertension, obesity, sedentary lif e style, and 

aa family history of C VD (Vogel, 1997). Most of these risk factors have in common that 

theyy are blood-borne or somehow related to the blood stream and thus exert their 

disadvantageouss effects in a systemic way. Atherosclerotic lesions, however, are not found 

throughoutt the entire vasculature at an equal degree. Rather, early lesions are found 

exclusivelyy in the arteries and al specific and reproducible positions in the arterial tree. In 

thee early seventies, pathologists linked the reproducibility and focalify of atherogenesis to 

thee occurrence of local variations in the type of blood flow (Caro el al., 1969). Lesions had 

aa significantly higher tendency to develop near irregular geometries of the artery, e.g. 

curvaturess and bifurcations. Later studies on the in vivo flow patterns at these sites have 

demonstratedd that lesion formation is associated with a turbulent type ol blood flow, 

whereass at sites of laminar flow the artery seemed protected against atherosclerosis (Fig. 6) 

(Friedmann et al., 1975). These differences in die mechanical forces that are exerted on the 

FIGUREE 6 - Laminar and turbulent arterial blood flow. Flow behavior in a human left main coronary artery 
wass measured ex vivo. The specimen was fixated and perfused with a solution containing latex particles. The 
liness show the complete traces of all latex particles between their time of entry and departure of the vessel. 
Measuredd flow rates were used to calculate the local wall shear stress (dyne/cm'), as indicated in the figure. 
Disturbedd flow is observed when the main coronary artery branches into the left anterior descending, 
intermediatee and left circumflex branch (trifurcation). Laminar flow, generating a high wall shear stress, is 
observedd before the trifurcation and at the inner walls after the trifurcation. In contrast, at the outer wall, 
complexx flow patterns are observed that generate lower endothelial shear stresses. The low shear stress sites 
correlatedd well with increased vessel wall thickness, as seen in the figure, and with the presence of early 
lesionss in the tissue sections that were taken afterwards. (Adapted from Asakura et al.. 1990) 
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vessell  by the flow and pressure of circulating blood, known as hemodvnamics, are 

primarilyy ot significance for the endothelium. The flow of blood along the endothelium 

gene-ratess a frictional force, or shear stress, on the endothelial cells. Shear stress is defined 

ass the tangential torce exerted in the flow direction on a luminal area, i.e. d \ n e / c m-

(~~ 0.1 \ / m - ) . Magnitudes ot shear stress in the human arteries, veins and capillaries can 

rangee trom 1 to locally >100 dyne/cm-, with an average of 15 dvne /cm2 for the larger 

arteries.. The highlv unordered, random behavior of turbulent flow generates a low average 

shearr stress, whereas laminar flow generates high shear stresses on the endothelium. On 

basiss ot the relation ot these contrasting types of flow with the presence or absence of 

atheroscleroticc lesions, shear stress was hypothesized to have a protective effect on the 

endotheliall  cell. Lowered shear stress, at sites of turbulent flow, is believed to cause the 

locall  endothelial dysfunction, resulting in an increased sensitivitv for the svstcmic risk 

factorss thereby rendering these sites predisposed for lesion formation. A number of sites 

inn the larger human arteries are particularly susceptible to these events due to these 

alterationss in local hemodynamics. Atherosclerotic lesions are found in almost all 

individualss in the carotid arteries, the coronary arteries and the iliac arteries at the aorta 

bifurcation.. L'sing various techniques, turbulent flow patterns have been observed at these 

sites,, both in vivo and c.\ viva. The type of flow, and thus the level of endothelial shear 

stress,, imposes a predefined map over the arterial vasculature predicting where 

atherosclerosiss wil l develop focal! v, when provoked bv the appropriate svstemic risk 

factors. . 

Inn addition to shear stress, the endothel ium is exposed to other biomechanical forces like 

stretchh and hydrostatic pressure (Chien el at., 1998). The individual contr ibut ions of these 

forcess and their involvement in the effects of shear stress have not been studied in great 

detail.. An accumulation of the various biomechanical forces is likclv to increase the 

complexityy ot the endothelial response in vivo. The lower complexity of the currendv 

availablee in rilro  flow model systems onlv partlv isolates these different forces, as a pressure-

hass to be applied to a flow system in order to generate shear stress. 

4.3.22 The atheroprotectiv e forc e of shear stres s 

Twoo hypotheses on the protective effect of shear stress have been put forward, hirst, the 

rheologicc effect ot turbulent flow might influence mass transfer, i.e. the uptake and /or 

trans-endotheliall  t ransport ot various substances, particularly atherogenic factors like LDL 

cholesteroll  (Giro el a/., 19"7! ; Friedman el at, W 5 j . Alternatively and most robustly 

supported,, shear stress might protect against atherosclerosis bv directly altering endothelial 

genee expression (Davies, 1995; Resnick el at., 1995). Fven though the first hypothesis is 

likelyy to somehow contr ibute to endothelial function, the hypothesized atheroprotective 

effectt that shear stress exerts via modulating endothelial gene expression is supported bv 

ann impressive number of studies. Various examples of shear stress-induced genes are 
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knownn that, on the basis of their function, are likely to serve a protective role against 

atherosclerosis,, e.g. Mn-superoxide dismutasc (Mn-SOD), eNOS, and a diversity of 

proteinss that handle oxidative stress (Topper et til., 1996). Inversely, some genes that are 

knownn to be involved in die initiation and progression of atherosclerosis are 

transcriptional!vv repressed by shear stress, e.g. YCAM-1. In addition, the expression of 

variouss pro/anticoagulant and fibrinolytic proteins that are produced by the endothelium 

arcc regulated bv shear stress, e.g. TF, t-PA, TM and PAI-1 (review Davics, 1995). 

Variationss in shear stress are able to cause a locally disturbed haemostatic balance by 

creatingg differences in the expression levels of haemostatic proteins. This concept is in line 

withh the observation of micro-thrombi at regions of turbulent flow and on atherosclerotic 

lesionss in viva (Born et <•//, 1981). Finally, turbulent flow induces endothelial cell turnover, 

suggestingg the ability of elevated shear stress to regulate the expression and/or activity or 

celll cycle proteins (Davits et al, 1986). Indeed, the cyclin-dependent kinase inhibitor p21 

(Sdil/Cipl/YVafl)) was later demonstrated to be responsive to shear stress, thus providing 

aa mechanism bv which flow directly induces endothelial cell cycle arrest (Akimoto vt al., 

2(100). . 

Thee relatively straightforward early concept of the high /m//.r low shear-stress regions has 

beenn extended over the recent vears. Steep shear-stress gradients can be found at regions 

wheree flow abrupt!v transits from turbulent into laminar. These gradients are now thought 

too have an even larger and possibly more exclusive effect on endothelial gene expression 

comparedd to the differences that arc found bv directly comparing turbulent and laminar 

floww (DePaola et al, 1992). The exact way in which shear stress contributes to the 

pathogenesiss of atherosclerosis has appeared even more complex. Considering the tact 

thatt even at bifurcations lesions are not always found at the expected sites, differences in 

floww and the resulting effects need to be accurately assessed. This necessitates the need of 

aa method that enables determination of shear-stress differences in vivo and the direct 

effectss of the observed differences on endothelial function. So far, in studies on shear 

stresss that are performed in vitro, hi riro  validation of the identified targets in human 

materia]] can onlv rely on indirect evidence. As an alternative, animal models are available 

inn which flow is locallv manipulated bv making structural alterations to an artery (Gait et 

ill,ill,  1993; von der Thusen et al, 2001). It must be noted, however, that in the complex hi 

vivovivo setting of an animal model, it is difficult to isolate the sole effect of the flow 

manipulationn from potential side or indirect effects of the operative procedure itself. 

4.3.33 In vitro flow model system s 

Thee studv of the effects of shear stress on endothelial cells hi vitro has necessitated the 

needd of flexible model systems that permit culturing of cells under practically manageable 

conditions.. Various types of devices have been constructed based on three basic principles 

(Fig.. 7) . First, culruring of endothelial ceils on the facing sides of two parallel plates 
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endotheliall cells 
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endotheliall cells 

FIGUREE 7 - Flow devices for the in vitro application of shear stress. Schematic representations of the 
threee most frequently used devices to expose, e.g. endothelial cells, to shear stress in vitro. (A) Parallel-plate 
flowflow chamber. Cells are cultured on the facing surfaces of two parallel plates that form a flow cell. The flow 
off medium through the cell generates an almost uniformly distributed fluid shear stress on the plate surfaces. 
Byy changing the flow rate or cell height shear-stress levels can be varied. (B) Artificial capillaries. Cells are 
culturedd on the inside walls of hollow fibers. These fibers can be made of porous material, allowing the polar 
culturingg of cells with a separate subcellular compartment. Multiple fibers can be combined and placed in a 
floww path to increase the area available for shear exposure. The shear-stress level can be controlled by the 
floww of medium through the fibers, and is of uniform magnitude throughout the entire capillary. (C) Cone-
plateplate viscometer. Cells are cultured in a standard petri dish on which a cone is centered. Rotation of the low-
anglee (-0.5 ) cone in the culture medium generates a circular flow in the culture dish. This type of flow 
generatess a wide gradient of shear stresses from the center to the outside of the plate. Shear stress can be 
controlledd by the rotating speed of the cone, or less conveniently, the angle of the cone. 

enabless the application ot various shear stress levels by the flow of culture medium 

betweenn these plates, i.e. parallel plate flow cell (Levesque et a/., 1985) (Fig. 7A). This 

systemm allows the visual or microscopic analysis of the cells during the flow experiment. 

Second,, an alternative to this method is the culturing of endothelial cells in a (capillary) 

tube,, more closely resembling the conditions in an actual blood vessel (Nordon el til., 

1997)) (Fig. 7B). Like the parallel plate flow device, this flow system produces an identical 

levell  ot shear stress over the entire length of the tube, but cells are more difficult to seed 
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andd microscopic analysis is not feasible. Both these systems allow an easy control of the 

constantt shear stress level and also enable the application of pulsatile flow, Finally, the 

cone-platee viscometer is a frequendy used apparatus, but is technically more diftïcult to 

constructt and operate (Dewey ei a/., 1981). Cells are grown on a culture dish and flow is 

generatedd by a ven*  small-angle rotating cone that is positioned in die culture medium 

direcdyy over, but not touching the cells (Fig. 7C). The main disadvantage of this technique 

iss the generation of a wide gradient of shear stress over me enure surface of the dish, 

causingg individual cells to experience different levels of shear stress. For the flow 

experimentss described in this thesis, both the parallel plate and capillars' flow systems were 

routinelyy used. 
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55 Modulatio n of endothelia l gene expressio n 

5.11 Major signalin g and transcriptiona l pathway s in 

endothelia ll  cell s 

Too date, an impressive number of studies has and is still being performed to identity the 

signall  transduction routes and transcription factors involved in the regulation of common 

andd specific endothelial genes. So far, tlic results have revealed the existence of multiple 

routess that are common to all cell types and more unambiguous routes that are related to 

specificc cell responses such as those involved in inflammation. The most well known 

examplee of signal transduction, principally devoted to inflammatory gene regulation, is the 

TNF-a/IL-lJ33 receptor route leading to activation of the inflammatory-specific 

transcriptionn factor N F - KB (review Boone et a/., 2002). However, the inflammatory 

response,, and thus the N F - KB transcriptional regulation route, is essential for the 

coordinationn of inflammation in many tissues and cell-tvpes. The unique role of the 

endotheliumm in mediating the recruitment of leukocytes from the blood stream to the 

inflamedd tissues necessitates the endothelial-specific transcriptional regulation of certain 

inflammatoryy genes, e.g. leukocyte adhesion molecules. Additional transcription factors and 

theirr signal transduction routes have been shown to work independently or cooperatively 

withh N F - KB in regulating the transcription of inflammatory genes, most importandv 

activatingg protein 1 (AP-1; composed of c-Fos/c-Jun dimers) and Spl, which will be 

discussedd in more detail below (Banks et a/., a/., 1998). Unique combinations of these, and 

possiblyy unknown factors, are involved in the stimulus and endothelial-specific regulation 

off  inflammatory genes. In contrast to the regulation of the transcriptional pathways of 

N F - K BB and AP-1, Spl is a ubiquitously expressed nuclear factor that plays a key role in 

maintainingg basal transcription of 'house-keeping' genes. However, recent evidence points 

r<>> a more important function for Spl in mediating 'cross-talk' between selected signaling 

cascadess to regulate the target genes that respond to these pathways (Papanikolaou et #/, 

2000;; Samson et a/., 20Ü2). Signal transduction occurs principally via a consensus 

mechanismm that starts at a cell surface receptor, transmembrane protein or intracellular 

factor/receptor,, which binds a signaling molecule and recruits accessory proteins from the 

cytoplasmm (big. 8). The signals that trigger the formation of these complexes might 

thereforee originate either extracellularlv (e.g. cytokines) or intracellular '̂ (e.g. metabolites). 

Complexess of these proteins ultimately result in the activation of a kinase that specifically 

phosporylatcss a target transcription factor or its inhibitor. Various intracellular signaling 

moleculess have been implicated in these activation routes, e.g. ions like Ca2\ and short-

livedd radicals such as the superoxide anion and nitric oxide (review Suzuki et r//, 1997). 

Phosphorylationn of a transcription factor leads to its activation and translocation to the 

nucleus,, where it hinds to response elements in the promoters of many target genes. 

Finally,, functional combinations of standard and specific transcription factors trigger the 
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formationn of the RNA polymerase II complex resulting in transcription of the gene from 

itss transcription start site. Alternatively, as for N F - K B , phosphorylat ion of the inhibitor of 

aa transcription factor leads to its dissociation, followed by the translocation of the now 

activatedd transcription factor to the nucleus upon exposure of a nuclear localization signal 

(Boonee el aL, 2002). In addidon, various hormones are able to traverse the cell membrane 

andd directly bind a nuclear transcription factor, which also functions as a receptor (nuclear 

ho rmonee receptor), tiiereby activating transcription (review Aranda el a/., 2001). The 

differentt mechanisms described thus far enable the transcriptional regulation of so-called 

immediate-earlyy genes (not requiring de novo protein synthesis), utilizing signal transduction 

routess and transcription factors that are already available in the absence of a specific 

stimulus.. Alternatively, if the induction of a gene requires the prior synthesis of an 

additionall  ur accessory transcription factor, die transcriptional response of this gene is 

delayed.. Our current knowledge of gene regulation thus enables multiple levels at which 

stimulus-specificc gene regulation can be accomplished, A single stimulus can bind a 

receptorr composed of different monomers, recruit different accessor)' proteins, and 

activatee various kinases, ultimately leading to activation of different combinat ions of 

transcriptionn factors. An additional level of diversity is achieved bv the transcriptional 

regulationn of novel transcription factors that in turn have a (smaller) subset of late-

expressedd target genes. The presence, organization and spacing of multiple different 

transcriptionn factor binding sites in a single promoter represents the ultimate level at 

whichh die basic expression level and stimulus-specific transcriptional response of a gene is 

determined.. In the concept of cell-type and stimulus-specific gene transcription, few 

transcriptionn factors arc known thus far that are truly specific for a single cell type or 

specificc stimulus. Rather, the multiple combinat ions or permutat ions of signal transduction 

routess and transcription factors available to a given cell are likely sufficient to achieve such 

exclusivee patterns of gene regulation. 

Mostt studies on the detailed transcriptional activation routes in different cell-types, 

endotheliall  cells in particular, rely on in vitro data derived from cell lines or primary ceils. 
vv Due to practical limitations, substantially less detailed //; vim data is available that is 

dedicatedd to the expression or activity of specific transcription factors. For instance, 

increasedd levels of active N F - K B have been found in atherosclerotic lesions at the various 

stagess of lesion development, in line with the major role of inflammation in atherogenesis 

(Brandd el a/., 19%). In addition, increased N F - K B levels were demonstrated in the 

endothel iumm at the inner curvature of the murine aortic arch, compared to the outer 

curvamree (Hajra ct a/., 2000). Therefore, even under healthy circumstances without any 

inf lammation,, the N F - K B pathway at these atherosclerosis-prone sites is primed for 

activation.. Interestingly, these locations correlate well with the atheroprotective effect of 

endotheliall  shear stress. A reduced shear stress at the inner curvature, as a result of flow 

turbulence,, suggests a possible function of flow in regulating the potency ol the N F - K B 

pathway. . 
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5.22 Transcriptiona l effect s of shear stres s 

Thee hnding that endothelial gent- expression is altered under different conditions of flow-

hass resulted in a number of studies on shear stress-regulated gene expression (Topper el 

al,al, 1996; Garcia-Cardena et a/., 2001; Chen et a/., 2001; McCormick ef a/., 2003). So far, 

thesee studies have precipitated into the identification of a number of genes that are 

transcriptionallyy regulated after short-term exposures to flow (review Davits, 1995; see-

Tablee T). A major portion of these genes has appeared not to be exclusively regulated by 

shearr stress, but is also transriptionaily responsive to various other, e.g. inflammatory 

stimuli.. Therefore, there seems to be substantial overlap between the intracellular 

downstreamm signaling mechanisms that are induced by shear stress and these stimuli. The 

relativelyy short-term flow exposures that are used in most studies (6-24 hours) potentially 

liee at the basis of this overlap in gene induction, as the sudden onset of flow causes a brief 

butt intense stress response of the cells, with morphological and cvtoskeletal rearangements 

onlyy being completed after more then 24 hours (Dewey, 1984; Fevesque et a/., 1985). 

Thee exact mechanism by which the endothelium senses (changes in) flow, and 

correspondinglyy changes its gene expression pattern, is largely unknown. Induction bv 

shearr stress of the second messengers that ultimately cause these differences in gene 

transcriptionn is believed to be mediated by a presently unidentified mechanosensor. An 

involvementt of cvtoskeletal or junction proteins, ion channels and cavcolae has been 

suggestedd by some studies (Rizzo et ai, 1998; Shyy et ai, 2002; All et a/., 2002). Other 

studiess have aimed at the identification of an element in the promoters of genes that 

specificallyy regulate their induction by shear stress. Such an element, named the shear-

stresss response element (SSRli), has been reported in several shear-regulated genes and 

wass demonstrated to be responsible for the observed induction by shear stress (Resnick et 

a/,a/, 1997). However, the SSRF was later demonstrated to be a binding site for the 

transcriptionn factor nuclear factor KB (NF-KB), which is the prime, non-shear-specific, 

transcriptionall  mediator of the inflammatory response that is induced by cytokines in 

numerouss different cell types (Khachjgian eta/., 1995). This SSRR is therefore a likely 

candidatee to be involved in the overlap between flow-onset responsive genes and general 

stress-responsivee genes. 

Variouss transcription factors that arc regulated by shear stress have been identified so far. 

However,, the expression of these genes: early growth rcsponse-1 (egr-1), nuclear factor-KH 

(NF-KB) ,, c-Jun and c-Fos is observed in a large variety of different cell types, and 

transcriptionallyy controlled by numerous stimuli (Nagel et ai., 1999; Bao eta/., 1999). Genes 

thatt are uniquely regulated in endothelial cells by shear stress are often endothelial specific, 

e.g.e.g. TM (Malek ef a/., 1994). This requires a yet unknown distinct signal transduction route, 

orr combination of known routes conceivably including the N F - KB pathway, to be utilized 

byy shear stress. The more general transcription factors then might account for the large 

overlapp in transcriptional activation that is observed when comparing the effects of shear 

stresss with that of various cytokines and pro/an ti-atherogenic substances. 
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TABLEE 1 - Endothelial responses to shear stress. (Adapted from Davtes, 1995) 

Time e Event t Stage e 

<11 min 

K'' channel activation 

IP3?? DAG? 
cGMP? ? 

(NO,, neurotransmitter and PGI; release) 

Initiationn of signaling 

GG protein activation 
MAPP kinase signaling 

NF-KBB activation 

11 min - 1 h SSRE-dependent gene regulation: 

 PDGF-B,  c-Jun 
bFGFF upregulation 

Pinocytosiss stimulated 

SSRE-dependentt gene regulation: 
 eNOS,  t-PA,  TGF-[3,  ICAM-1,  c-Fos,  MCP-1 

Stimulationn of HSP-70 
11 - 6 h Downregulation of ET-1 

Cytoskeletall rearrangement 
Focall adhesion rearrangement 

Transientt rearrangement of Golgi and WTOC 

 Signaling cascades 
 Transcription factor 

activationn and 
initiationn of 

genee regulation 

 Gene regulation and 
proteinn synthesis 

 Beginning of cell-wide 
adaptivee response 

> 6 h h 

Reorganizationn of luminal surface 
Celll alignment to flow 

Completionn of cytoskeletal rearrangement 
Increasedd mechanical stiffness 
Decreasedd fibronectin synthesis 

Changess of TM expression 
Stimulationn of histidine decarboxylase 

Enhancedd LDL metabolism 
Inducedd MHC antigene expression 

 Adaptive response to 
alteredd hemodynamic 

conditions s 

Abhrvrintiwtf:Abhrvrintiwtf: P.-IC. U-diaifl'jlïcctn/; bl-C.b, i>asi\ fthrohList gmirih Jac/or; 'I'Gl-'-jJ, transforming growth /actor-p; IC-lM-l, 

itttmcellnkritttmcellnkr adhrsim maitatk-t; / : ' / '•/ . emhtbrlin-t; MAP. nntugai-tictivateAprotein: V.VRL. shear stress response element; t-PA, 

tissue-npctissue-npc ;>/r/f»/Jnoniii activator; \}:-KH. nuclear factor KU; - \ ' 0 . nitric oxide: rXOS, endothelial nitric oxide synthase: 'I'M, 

thmmiH,m<itinïm:thmmiH,m<itinïm: MCP-t, monocyte chcmoattracfant protein !; M'l'OC, rmert,luhulc ttigemiyrtg center. iVL, iou-density lipoprotein; 

]\\.]\\.  inositol'triphosphate; MIIC major histocompatibility complex; PDCA -Il platelet-denmlgrowth factor-H. 

5.33 Transcriptiona l effect s of cytokine s 

Atheroprorectivee sbcir stress has been hypothesized to exert its erfcel in a number ot 

ways.. The induction of atheroprotcctivc genes and repression or" atherogenic genes by 

floww has been demonstrated (review Davies, I'J'J^J. In addition, shear stress might exert its 

rolee by suppressing the induction of genes under the inflammatory conditions that occur 

inn the atherosclerotic lesion. Various cvrokines and growth factors are produced in the 

lesionn bv macrophages, r.o. TM'-a and IL-Ip. Kxperiments in mice have demonstrated 

thatt ar atherosclerosis-prone regions in the aortic arch, the NI'-'-KB-mediated downsrream 

signalingg route is primed for activation (Tlaira ct <//., 2(i()(i). In contrast, in regions that are 
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believedd ro be protected by shear stress, this signaling route was repressed. This study 

establishedd tor the first time that presumably as a result of the high shear stress conditions, 

thee endothelium is less responsive to inflammatory agents. 

Thee cvtokines TNF-a and IL-lj 3 plav an important role in inflammation of the 

atheroscleroticc vessel wall, and are known to induce the nuclear translocation of at least 

twoo different families of transcription factors (Ross, 1999). First, the N F - KB family of 

transcriptionn factors is exclusively involved in the inflammatory response, a property that 

hass been well conserved in evolution (Lcong et al.t 2000). Indeed, a wide arrav of 

inflammatoryy cytokines exert their effect on gene expression partly via NF-KB. The 

functionall  N F - KB is actually a composite name, as the active protein can be composed of 

differentt dimers of the individual proteins c-Rel, N F - KB 1 (p50/pl05), N F - K B 2 

(p52/p100),, RelA (p65), and RelB, each encoded by its own gene (review Baldwin, 1996). 

Inn its inactive form, a dimer of two N F - KB monomers is bound to its inhibitor IKB , again 

aa collection of different species (IKBOC, IKB[ 3 and IKBS), and thus retained in the cytoplasm. 

Bindingg of either TNF-a or IL-l p to their respective extracellular transmembrane 

receptorss triggers the formation of a complex of the receptor with TRAOD, which 

subseejuentlvv recruits accessory proteins such as TRAF2 (review Aggarwal, 2000) (Fig. 8). 

Thee last part of the signaling cascade comprises the sequential activation of NIK and the 

IK KK complex (composed of IKKa, IKK p and NEMO), which dircctlv phosphorylates 

1KB(X,, the inhibitor of N F - K B. Subsequendy, IK B is ubiquitinated and digested by the 

proteasomc,, resulting in the exposure of a nuclear localization signai on the N F - KB 

complex.. Alternatively, IKKoc can be activated from the TNF-receptors (TNF-R) via 

sequentiall  activation of SphK and SIP (Xia et a/., 1999). Following its translocation to the 

nucleus,, N F - KB binds to its response element in the promoter of inflammatory genes and 

activatess transcription, presumably in collaboration with additional factors. Second, the 

activatorr protein 1 (AP-1) complex of c-Jun and c-Fos monomers is involved in regulating 

manyy processes including apoptosis (review Leong et a/., 2000) (Fig. 8). Activation of the 

AP-11 complex requires the phosphorylation of c-|un by a member of the c-]un N-terminal 

kinasee (JNK) group of mitogen-activated protein kinases (MAPKs), (NK1 or JNK2 

(revieww Weston et tt/., 2002). Directlv upstream of }NKs, MAP kinase signaling pathwavs 

aree structurally organized as a signaling cascade, whereby MAP kinases (MAPK; e.g. JNK 

andd p38) are activated by dual-specificity MAP kinase kinases (MAPKK; e.g. 

MKK3/4/6/7),, which arc themselves activated by a diverse group of MAP kinase kinase 

kinasess (MAPKKK ; e.g. ASK, MRKK, MIX , TAK1 and TPF-2) (review Davis, 1995). In 

additionn to c-Jun, JNK also activates the transcription factors Fllk-1 and ATF-2, and the 

MAPP kinase p38 activates Flk-1, ATF-2 and MKF-2C Signaling from the TNF-R has 

beenn demonstrated to involve a partial overlap with the N F - KB pathwav. Activation of 

ASKK and GCKR via the TNF-R, TRADD and TRAF2 segment of the N F - KB cascade is 

thee diverging point to the JNK pathwav, resulting in the sequential activation of the 
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FIGUREE 8 - Main routes of inflammatory signal transduction in endothelial cells. Multiple signal 
transductionn pathways ultimately lead to the activation of the inflammatory transcription factors NF-KB and 
c-Junn (AP-1). Activation of NF-KB and c-Jun can be achieved by signaling routes that start at either the TNF 
(TNF-R)) or IL-1 (IL-1R| receptors on the cell surface. NF-KB activation entails the phosphorylation of its 
inhibitorr IKB, resulting in the dissociation and translocation of active NF-KB to the nucleus. The activation of 
c-Junn is directly controlled through its phosphorylation by the MAP kinase signaling cascade. In this cascade, 
MAPP kinases (MAPK) are activated by dual-specificity MAP kinase kinases (MAPKK), which are themselves 
activatedd by MAP kinase kinase kinases (MAPKKK). At the end of the cascade, the MAPKs JNK1 and JNK2 
activatee c-Jun by phosphorylation. In the IL-1 signaling pathway, binding of IL-1 to IL1-R results in the 
recruitmentt and autophosphorylation of IRAK, which is bound to the IL-1R via MyD88. Activated IRAK 
dissociatess from the receptor complex and interacts with TRAF6. The IRAKI-TRAF6 complex activates the 
TAB1/TAK-NIKK pathway, leading to activation of the IKB kinase (IKK) complex that phosphorylates l/B. This 
samee pathway leads to the activation of c-Jun by triggering the MAP kinase signaling cascade. Alternatively, 
associationn of activated IRAK with TRAF6 results in the dissociation of Act1 from TRAF6. Act1 directly binds to 
andd activates the IKKs. resulting in NF-KB activation. In the TNF signaling pathway, binding of TNF-a to the 
TNF-RR results in the recruitment of either TRADD (NF-KB activation) or FADD (caspase activation), and TRAF2 
too form a receptor complex. This complex activates NIK that directly activates the IKKs. resulting in the 
phosphorylationn of IKB. In addition, IKK can be activated by RIP, which also activates the MAP kinase p38 and 
MAPKKK kinase MEKK6. Cross talk from the TNF-R to the c-Jun stress pathway occurs via the activation of either 
thee MAPKK kinase: GCKR or ASK1 via TRAF2, resulting in the sequential phosphorylation of JNK and c-Jun. 
Independentt from the MAPK cascade and TRADD/TRAF pathways, signaling from the TNF-R induces TRAF2-
mediatedd activation of the sphingosine kinase (SphK) that subsequently phosphorylates sphingosine, thus 
generatingg sphingosine-1 -phosphate (S1P) that also activates NF-KB. 

MAPKKK and MAPK members MKK4/ 7 and [NK, respectively. Signaling of TNF-a to 

thee JNK pathway is exclusively dependent on TRAF2, whereas II.-l p is dependent on 

TRAF6.. Alternatively, the MAPKK kinase MKKK 3 can activate J N K l /2 via MKK4/7, 
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butt can also directly phosphor, late IKK x resulting in the activation ot the N F - K B route. 

Subsequentt phosphorylation of c-|un bv [NK1./2 enables A P I to bind its response 

elementss and subsequent]v activate transcription in collaboration with additional and 

accessoryy (transcription) factors. Response elements tor both \ F KB and AP 1 are present 

inn many cvtokinc-rcsponsive genes and have been demonstrated to cooperatively regulatc 

genee transcription (Moll i-l  d/., 1995; Shi r/ «7, 1999). This observation is compatible with 

thee simultaneous activation of both these transcription factors as a result or the 

overlappingg pathways at the T NF receptors. O o ss talk between MA P kinases has been 

demonstratedd also (Gratton at a/., 2UU1; Houliston t-l a!., 200]). For example, shear stress 

activatess the MA P kinase HRK'1, which inhibits activation of JNIk likely via the M A l ' K K 

kinasee ASK1, resulting in repression of the JNK/AP1 route of inflammation 

(Surapisitchatt vt <d, 2H01) (big. 8). This finding provides a mechanistic basis tor the 

observedd inhibition of the inflammatory response bv shear stress. 

5.44 Dissectin g transcriptiona l pathway s to therapeuticall y 

targe tt  atherosclerosi s 

Variouss methods to study (differential) gene expression, which have been developed over 

thee recent years, wil l make increasingly larger data sets on cell-type and disease state-

relatedd gene expression profiles available. The recent development ot micro-array 

technologyy currently enables the simultaneous, high throughput, and genome-wide study 

off  gene expression profiles (Schena el ai, 1995). In addition, the application ot new 

techniejues,, such as laser-capture microdissection (l.CM), wil l contribute significantly to 

thee determination of the quantitative and qualitative in vivo expression ot disease-related 

geness (review Fend el a/., 2000). The use of stringent selection schemes to identity only 

disease-state-specificc gene targets wil l be of prime importance to multi-ractnrial diseases 

suchh as atherosclerosis. In tens ive combining of expression profiles derived t rom 

(diseased)) tissues and from cultured cells treated with various diseases-related stimuli, wil l 

ultimatelyy reveal the genes and their regulatory pathways that establish the mechanism that 

liess at the basis of the phenotvpic expression of the disease. The identification of such 

pathwayss is facilitated by the use of mathematical expression analysis methods such as 

clusteringg (Tisen c/ <.//., 1998). Application of clustering analyses to large data sets wil l result 

inn the 'visualization' of so-called gene clusters that are coordinate!)1 expressed, i.r. with the 

samee kinetics and /or specificity. The co-regulation of such genes suggests that identical 

signalingg pathways are used for their transcriptional induction, thus giving a lead to further 

promoterr and signaling pathway analysis that wil l ultimate!)1 reveal the transcription 

factor'sjj  involved. In this respect, the recently resolved sequence of the human 

uMcPhersonn ?l <•//, 2nnl ; Venter <v aL 2UU1) and murine AVatcrston t-l <//.. 2<i<i2) genomes 

enabless the application of bioinformatics to identity known and novel transcription factor 

bindingg sites in the promoters of these co-regulated genes. Finally, using approaches like 
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high-throughputt combinatorial chemistry, chemicals can be developed that specifically 

targett and modify die activity of such transcription factors or, alternatively, factors 

upstreamm in their signaling cascades. This procedure will be the pivotal step leading to the 

clinicall  application of these studies in the prevention and regression of diseases such as 

atherosclerosis.. By example, such approaches have resulted in the identification of specific 

ligandss that regulate the transcriptional activity of the peroxisome proliferator-activated 

receptorr (PPAR) subtypes PPARa and PPARy. Fibrates mat function as synthetic ligands 

forr PPARa have proven to be successful therapeutics for lipid-lowering therapy (Robins, 

2001),, whereas synthetic ligands of PPARy, the thiazoldinediones (TZD), are exiting new 

anti-diabeticc drugs (Dav, 1999). 
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66 Aim of thi s thesi s 
Thee studies described in the following chapters are based on the common hypothesis that 

thee endothelium functions as a selective barrier, compartmentalizing the lumen and vessel 

wall,, in addition to being dynamically involved in regulating vascular homeostasis in 

responsee to environmental factors. In this respect, this thesis will aim to specifically 

elucidatee the mechanisms by which various haemostatic proteins interact and arc-

potentiallyy involved in atherogenesis (see 3.7). The thesis then continues with the global 

studyy of the endothelial gene repertoire that is dedicated to the preservation or 

deregulationn of vascular homeostasis. These latter studies will aim at the identification of 

(novel)) endothelial genes that are involved in retaining vessel wall homeostasis and in 

causingg endothelial dysfunction in relation to atherosclerosis. Gene regulation by shear 

stresss and inflammatory cytokines will be the main target of study, as these established 

modulatorss of endothelial function have a pivotal role in endothelial (patho-)physiology. 

Mostt shear stress-regulated genes that have been identified thus far are stress-responsive 

andd ubiquitously expressed. Using an alternative approach and extensive gene expression 

profiling,, the studies presented here may potentially identify genes that are truly 

discriminativee for the healthy or the patho-physiological phenotype of the endothelium. 

Thee transcriptional regulation routes of such genes and their function may provide 

promisingg therapeutic targets for locally restoring the gene expression profile of the 

dysfunctionall  endothelium, exclusively at hemodynamks-rclated high-risk sites for 

atherosclerosis. . 
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