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11 The dynamics of endothelial function in vascular 
healthh and disease 

Thee endothelium plays a prominent role in vasculogcnesis during embryonic development 

andd in maintaining vascular homeostasis later in life. As a result of this influential rok of 

thee endothelium, a dvsfunction in one or more of its functions is likelv to result in an 

imbalancee of vascular patency. Among the main tasks of the endothelium in a normal 

functioningg context is the regulation of the trans-endothelial transpon of nutrients and 

wastee products, and maintenance of the anti-coagulant environment, preventing premature 

activationn of the coagulation cascade. The uniqueness of the endothelial functions 

requires,, at least in part, the involvement of unique mechanisms and pathways, and thus 

endotheliall  cell-specific proteins. In addition, the key to obtaining cell-type specific 

functionall  behavior is the combination of a cells' native gene expression profile and the 

modulationn of this expression profile as a response to changes in the direct biological 

environmentt of the cell. The studies presented in this thesis describe some more detailed 

aspectss of these major endothelial tasks, namely (anti)coagulation/ fibrinolysis and the 

coordinatingg role of the endothelium in maintaining vessel wall homeostasis. First, novel 

insightss into the function of the serine protease thrombin and its modulator 

thrombomodulinn are presented (Chapters 2 and 3). In the following chapters the 

responsess of the endothelial gene expression profile to various physiologically important 

regulatorss of endothelial function are studied (Chapters 4, 5 and 6). In this Chapter, 

"connections""  between these processes will be discussed with respect to their involvement 

inn maintaining vascular health, as well as their role in endothelial dysfunction and 

additionall  mechanisms involved in atherosclerosis. 
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22 Coagulation, anti-coagulation and fibrinolysis 
2.11 Modulation of the activity of thrombin by cofactors 

Thee suicide-substrate mechanism describes the minimal number of chemical and structural 

conversionss required for the inhibition reaction to complete (van Meijer et al, 1997). The 

overalll  reaction rate can be determined in vitro as well as //; vivo by various factors. 

Glycosaminoglycans,, such as heparin, and the glycoprotein vitronectin are known to 

functionn as cofactors, accelerating the reaction rate bv several orders of magnitude 

(Khrlichh et at., 1990 and 1991a). In addition, previous studies have demonstrated that both 

thesee cofactors increase the stoichiometry of the reaction several fold (van Meijer et ai, 

1997).. Consequendy, fhe overall rate of Michaelis complex formation and acvlation has to 

increasee equally in order to only maintain an overall inhibition rate that is equal to the rate 

observedd in the absence of the cofactor. On top of this, the cofactor should have an 

additionall  accelerating effect to account for the overall increase in the inhibition rate of 

twoo orders of magnitude. In contrast to the marginal effect of the t-PA VR1 loop 

substitutionn in thrombin on the affinity- of PAI-1 for the thrombin-S195A variants 

(Dekkerr et al., 1999), a large increase in the affinity of the PAI-1/VN complex for 

thrombin-S195AA was observed (unpublished data not presented elsewhere in this thesis). 

Thesee findings are in apparent contradiction with the conclusion drawn in Chapter 2, that 

anotherr step than initial Michaelis complex formation, namely acvlation, is the rate-limiting 

eventt that causes the low wild-type thrombin/PAI-1 inhibition rates. The association rate 

constantss (k\) for initial thrombin-S195A(-VRlrPV)/PAI-l complex formation are already 

inn the order of 10° M ' s ', which is higher than the overall inhibition rate constant for 

thrombin-VRlHJ\\ This suggests that an additional increase of this non-rate-limiting rate 

constantt by the cofactor effect of vitronectin (VN) cannot result in a proportional increase 

inn the overall inhibition rate as acvlation, not complex formation, is the kinetic barrier. 

I,, sing the data currently available, no conclusion can be drawn on a possible direct effect 

off  VN on the acvlation rate constant. A VN-mediated stabilization of the initial Michaelis 

complexx by a decreased dissociation rate constant (A\>), however, will result in an increased 

acvlationn rate with the same acvlation rate constant (ki). Thus far, the cofactor, inhibitor 

andd VR1 loop replacement studies have shown that the suicide-substrate mechanism can 

bee kinetically modulated at virtually any step (Horrevoets et at., 1993; van Meijer ft al, 

1997).. In addition, the partition ratio is considerablv increased bv VN and heparin 

demonstratingg that these cofactors decrease the inhibition efficiency of die branched part 

off  the mechanism several told, while concurrendv augmenting the overall inhibition rate at 

thee expense of inhibitor cleavage. The cofactor effect on the common catalytic events in 

thee reaction mechanism must therefore lie of even larger magnitude to compensate this 

losss of inhibition efficiency bv the 'uneconomical' partition ratio. Structural and kinetic 

studiess on the accelerating effect of low molecular weight heparin on thrombin inhibition 

byy antithrombin II I (AT1II) have revealed that the binding of heparin to ATI1I induces a 

moree optimal conformation of the RCL PI Arg residue (Owen et at., 1991; Pike et ah. 
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1997} .. In addition to the proposed template effect of high molecular weight heparin, this 

conformationall  change in ATII I leads ro an improved efficiency of cleavage by thrombin, 

AA similar allosteric mechanism can be hypothesized for the cufactor effects of heparin and 

Y \\ on thrombin inhibition by PAI-1. Increased efficiency ot both initial Michaelis 

complexx formation and catalysis bv inducing a conformational change in the RCI. can thus 

leadd to higher overall inhibition rates, thereby compensating the negative effect of the 

partitionn ratio. Interestingly, the effect of the t-PA \ r Rl loop and the cofactors heparin 

andd VN on the th rombin /PAi -1 interaction shares features with the mechanism by winch 

thrombomodul inn (TM) stimulates protein C activation bv thrombin (Fuentes-Prior et til., 

20(10). . 

2.22 Steric and allosteric modulators 

Inhibitorss of the thrombin/PA1-1 interaction, like TM and the anticoagulant, hirudin-

derivedd peptide hirugen, can exert their function either stericallv or allostericallv 

( l lofsteengee ef nL, 1^86; f'.smon, 1995; Dekker et al., 1999; Fuentes-Prior et,//., 2000). The 

effectt of TM on protein C activation was considered as allosteric, until the recent 

elucidationn of the crystal structure of thrombin in complex with a TM-pept ide revealed 

thatt no allosteric changes occur in the thrombin molecule, particularly the active site 

(Tuentes-Priorr et n/., 2000), Alternatively, the TM peptide representing the functional part 

ott TM was shown to provide thrombin with an additional binding mode, functioning as a 

templatee for binding protein C Previous kinetic studies have demonstrated that TM 

effectss k  ̂ of protein C activation by thrombin, not Ky (Musci et ai, 1988; Esmon, 1995). 

T oo be in line with these novel structural data, the additional protein C binding site that TM 

createss must rather affect k  ̂ bv inducing catalyticallv beneficial structural changes in 

proteinn C, It is likely that efficient activation of the second substrate for the thrombin-TM 

complex,, i.e. thrombin-activatable fibrinolysis inhibitor (TAFI) , is facilitated bv a similar 

mechanism.. In addition to the stimulatory effect of TM on protein C and TAFI activation 

(Bajzarr eta/., 1995 & 1996), the serpins protein C inhibitor (PCI) and ATII 1 efficiently 

inhibitt the thrombin-TM complex (1 lofstecnge ft al., 1986; Neese et <//, 1994; Fliscn et t//., 

1998).. This is in agreement with the binding studies in Chapter 3 demonstrat ing the ability 

off  ATII I to bind the thrombin-TM complex, followed bv dissociation of the thrombin-

ATII  IT complex from TM . The data from Chapter 2 further demonstrate that binding of 

hirugenn tn thrombin partially decreases the inhibition rate bv PAI-1. Based on the kinetic 

(binding)) studies presented here, an allosteric eltect of hirugen on the acvlation step of the 

mechanismm of thrombin inhibition by PAI-1 was concluded. Furthermore, it has appeared 

thatt replacement ot the native VR1 loop of thrombin with that of t-PA also has a 

profoundd effect on a catalytic step, i.e. acvlation ('Dekker et a/., 1999). Interestingly, the 

crvsrull  structure ot thrombin-YR1, PX revealed no changes in the active site of thrombin, 

suggestingg that the t-PA VR1 loop exerts its potentiating effect on catalysis bv a similar 

mechanismm as by which TM affects protein C and TAFI activation. Together, these 
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observationss revealed that the t-PA YRI loop, TM and hirugen have comparable 

mechanismss of modulating thrombin function. The t-PA YR1 loop can thus be 

consideredd as an intra-molecular-acting allosteric effector of thrombin activity, without 

havingg a substantial influence on the PA1-1 binding bv thrombin. In this respect, one of 

thee prime differences between the YR1 loops of thrombin and t-PA is the presence ot 

moree positively charged basic residues in the longer YR1 loop of t-PA (Madison t-t a/., 

1990).. A scenario was therefore proposed in which the t-PA \ 'R1 loop electrostatically 

alterss the conformation of the reactive center loop (R(X) of PA1-1, during binding of 

thrombinn (Dekker et ///., 1999). This alternative binding mode might then result in the 

presentationn of the PA1-1 scissile bond to the active site of thrombin in a conformation 

thatt vields a more efficient acvlauon. An alternative mechanism explaining the data can be 

providedd if the number of steps in the proposed suicide substrate mechanism is not 

complete.. Reversibility of the acvlation step, for instance, would argue tor a role ot the t-

PAA YRI loop in preventing the acvl-enzvme intermediate from deacylating by stabilizing 

thee acvl-enzvme intermediate. This might involve a post-acylation conformational change 

off  the RC1,, which is induced by the different electrostatic composit ion and /or higher 

flexibilit yy of the t-PA YRI loop. 

Inn contrast to the allosteric effects of TM, the thrombin-TM complex is not able to bind 

andd cleave fibrinogen, which utilizes an overlapping binding site on thrombin at anion 

bindingg exosite II (Ksmon cf ai, 1982). This additional anti-coagulant effect of TM , 

togetherr with protein C activation, forms the basis of the paradoxical pro- to anti-

coagulantt specificity switching of TM (.Ksmon, 1995). The studies described in Chapter 3 

demonstratee that TM binding to thrombin sterically hinders the subsequent association of 

PA1-11 with the thrombin-TM complex. In conclusion, the effect of TM on thrombin 

functionn can be either steric or allosteric, depending on its target protein and the surface 

loopss on thrombin that these proteins utilize. Furthermore, the thrombin-PAl-1 

interactionn can be modified bv various (co)factors, some physiologically relevant, at all 

knownn steps of the mechanism that describes the inhibition reaction. 

2.33 Physiological implications for the modulation of thrombin activity 

Oncee present in the circulation, active thrombin has a ven high potential, tor instance in 

termss of activating coagulation, and can thus be a serious health-threat if it is not tightly 

controlledd bv inhibitors. The physiological effects of the inhibitors and cofactors on 

thrombinn activity can be either pro- or anticoagulant. As the final protease activated by the 

coagulationn cascade, thrombin proteolvticallv cleaves fibrinogen resulting in the local 

accumulationn of insoluble fibrin. In addition, thrombin can activate platelets via specific 

thrombinn receptors resulting in an increased contr ibut ion of platelets to the volume and 

shapee of the clot (Oi lman, 1991). The main physiological inhibitor of thrombin is the 

serpinn ATUl . The relatively low inhibitory potential of ATII I can be substantially 
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enhancedd in du- prt.-st.-nce of glycosaminoglycans (Rosenberg, 19~5j, such as those present 

abundantlyy on die endothelial cell surface (glvcocalvx) (Marcum rf tiL, 19H9). 

Administrationn ot the exogenous glvcosaminoghcan heparin is an efficient wav of 

inhibitingg coagulation in a clinical setting. In addit ion, the potent procoagulant thrombin 

cann be transformed into a powerful anticoagulant upon binding the endothelial cell surface 

receptorr TM ( l ismon, 1995). As a result of the steric and allosteric effects of TM on 

thrombinn activity, thrombin no longer cleaves fibrinogen nor exerts positive feedback on 

thee coagulation cascade, but activates the anticoagulation route. Activation of protein C bv 

thee thrombin-TM complex effectively inhibits the coagulation cascade bv the inactivation 

ott cotactors V and V l l l by protein C and its cofactor protein S (hsmon, 1995). The 

interactionn between thrombin and PAI-1 occurs at a relatively slow rate ('10' M V ) , but 

cann be enhanced by the cofactor YN in a physiological milieu (Fhrlich, 1990). The 

(patho-)phvsiologicall  significance of this interaction has been the subject of debate. 

Cell-surfacee glycosaminoglycans and the levels of circulating PAI-1 and YN , in addition to 

theirr secretion by activated platelets, have been proven sufficient for efficient thrombin 

inhibition.. The effect of this interaction in plasma is twofold. In addition to inhibition of 

thee catalytic activity of thrombin, the increased stoichiomctrv that is caused bv Y N result 

inn cleavage, and thus inactivation, of multiple PAI-1 molecules for each inhibited 

thrombinn molecule. These two features of this interaction are of anti-coagulant and pro-

fibrinolyti cc nature, respectively, providing thrombin with an additional mechanism that 

controlss the formation as well as lysis of clots. Once bound to TM , as abundantly present 

onn the endothelial cell surface, thrombin is no longer inhibited bv PAI -1, not even in the 

presencee of VN (Idirlic h el aL, 1991b; Re^aie el ai, 1999), The anti-coagulant thrombin-

TMM complex is therefore protected against premature inhibition bv PAI-1, enabling 

efficientt termination ot the coagulation cascade. The inability of the thrombin-TM 

complexx to inactivate PAI-1 might theoretically have an ami-fibrinolytic effect, which is in 

contrastt with the anticoagulant effect of TM . However, the occurrence of these 

interactionss in a physiological setting remains hypothetical and therefore should be subject 

off  further studies. Moreover, the thrombin-TM complex can be still efficiently inhibited 

bvv AT1I1 (Hofsteenge etui., 1986). 

2.44 Vascular disease: atherosclerosis 

Inn addition to the potential physiological importance of the mult i -component interactions 

ott thrombin, PAI-1, YrK, and TM in the circulation, an involvement of these proteins has 

alsoo been implied in various processes in the vessel wall (Review Patterson d aL, 20(H). 

Recentt studies provide evidence that these proteins, which classically function in the 

plasma,, contr ibute to a certain extent to cell biological processes in the vessel wall (Stoop 

etet a/., 2001); tie Waard cl aL, 21)02). Smooth muscle cell (SMC) proliferation and migration is 

aa common theme in vascular pathology, involving multiple growth factors and cytokines. 

Migrationn ot vascular SMC from the tunica media into the intima is a process that 
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contributess significantly to the progression of Atherosclerosis. A novel role in controlling 

bothh SMC proliferation and migration has been acknowledged for a number of proteins 

thatt arc classically confined to the plasma (de Waard et ai, 2002). The (functional) presence 

off  thrombin, VIM, PAI-1 and TM in the vessel wall has been demonstrated ('Lupu et aL, 

1993;; Tipping et aL, 1993; Stoop et aL 2000). F.xccpt for dirombin, these proteins can all 

bee synthesized in the vessel wall, although synthesis of VN by vascular cells is disputed 

(vann Aken et aL, 1997; Dufourcq et aL, 1998). The presence of prothrombin, which is 

exclusivelyy made bv the liver, has been demonstrated in the vessel wall by previous studies, 

thoughh the mechanism by which it is transported across the endothelium is uncertain. 

Prothrombinn can be directly activated via the (extrinsic) tissue factor pathway, as TF is 

expressedd on macrophages that have infiltrated the vessel wall during vascular disease. 

Vascularr SMC express various tvpes of thrombin receptors that can be proteolytically 

cleavedd by thrombin, resulting in mitogenic activation of the cell (Fager, 199S). This effect 

off  thrombin on SMC proliferation has been demonstrated to contribute to vascular 

(re)stenosiss (de Waard et aL, 2003). In addition to its established role in fibrinolysis, the 

plasminogenn activator system is also, at least in part, involved in controlling the migration 

off  vascular cells. Matrix metalloproteinases and plasmin activated by u-PA, have been 

demonstratedd to proteolytically degrade various matrix proteins, thus facilitating the 

releasee of cell-matrix contacts that is necessary for migration (Galiz et aL, 2002). Like t-PA, 

thee proteolytic action of u-PA is controlled by PAI-1, which is not dependent on the 

presencee of VN. Interestingly, the presence of both PAI-1 and VN in the vessel wall 

enabless the efficient inhibition of thrombin, as the primary inhibitor or thrombin, ATI11, 

iss virrual.lv absent in the vessel wall. Thrombin activity is efficiently controlled by PAI-

1/VNN complexes, but is also accountable for the inactivation of multiple PAI-1 molecules 

(vann Meijer et al., 1997). The presence of active thrombin in the vessel wall thus leads to a 

decreasedd availability of PAI-1 for inhibiting u-PA, facilitating matrix degradation and cell 

migration.. A second effect of PAI-1 on migration is implied by the ability of PAI-1 to 

competee with the integrin avJ3? for binding the abundant matrix protein VN (Kansc ft a!., 

'1996;; Stefansson et aL, 1996). These potential roles of thrombin and PAI-1 in SMC 

migrationn are complex and their physiological relevance herein remains to be turther 

elucidated.. With respect to these partly hypothetical concepts, the expression of TM by 

vascularr SMC implies a novel role for TM in controlling the diverse functions of thrombin 

inn the vessel wall (Ma et aL, 1997; Tohda et aL, 1998). Previous studies and the findings in 

Chapterr 3 demonstrate that binding of thrombin to TM on the SMC surface prevents both 

inactivationn of thrombin by PAI-1 as well as inactivation of PAI-1 by thrombin (Fhrlich et 

aL,aL, 1991b; Rczaie et aL, 1999). Moreover, the high-affinity thrombin-TM interaction 

possiblyy results in a decreased activation of the cell surface thrombin receptors by 

thrombin.. It remains to be established, however, whether the thrombin-TM complex can 

cleavee the thrombin receptors with the same or in/decreased efficiency. Together, a 

potentiall  ami-proliferation and anti-migration effect ot TM can be envisioned. Hence, the 
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33 Modulation of endothelial function 
3.11 Endothelial dysfunction and atherosclerosis 

Processess such as SMC migration and proliferation contribute ro the progression or 

atherosclerosiss significantly (Review Ross, 1999). The initiation of atherogenesis, however, 

iss believed to primarily involve endothelial dysfunction, endothelial dysfunction can be 

definedd as a detrimental change in the endothelial gene expression pattern that ultimately 

(dc)emphasizess specific aspects of endothelial biology, leading to a loss ot vessel wall 

homeostasis.. It must be noted, however, that the processes considered responsible for 

endotheliall  'd\ sfunction' are part of the innate endothelial defense mechanisms that come 

intoo play in condit ions such as inflammation. The transendothelial transport of lipids and 

thee expression of leukocyte adhesion molecules (LAM ) on the endothelial cell surface are 

assumedd to be the earliest events in the initiation of atherogenesis. Control led and 

selectivee transport of l ipids/cholcsterol, in the form of l ipoprotein particles like high-

densityy and low-density l ipoproteins (HDL and LDI.) , is one of the regular functions ot 

thee endothel ium. In the response-to-injurv hypothesis that was postulated by Ross, LD L 

particless accumulate in the subendothclial intimal space (Ross vt at., 1977). Oxidation ot 

L D LL to ox-LDL is believed to directly and indirectly activate the endothelium to increase 

thee endothelial luminal expression of multiple LAMs, resulting in the recruitment ot 

particularlyy monocytes into the vessel wall. Exposure of monocytes to ox-LDL is the 

triggerr for these cells to differentiate into macrophages. While scavenging abundant ox-

LDL ,, these macrophages secrete multiple additional growth factors and cytokines, such as 

TNF-ott and IL-IJ3, thus perpetuating the endothelial inflammatory response now 

consideredd as endothelial dysfunction. 

3.22 Hemodynamics: differential gene expression 

Thee risk factors that facilitate the complex biological processes, involved in the initiation 

andd progression of atherosclerosis, exert their atherogenic effects primarily in a systemic 

way.. The kev to the focal nature of atherosclerosis is the involvement ot the hemodynamic 

forcee of shear stress that virtually influences all the processes that lie at the basis of the 

initiationn of atherosclerosis (Traub et al, 199K; ( i imbrone <-/ (//, 21)00), fol lowing the 

discoveryy of the correlation between local shear stress and atherosclerotic lesion formation 

inn the earlv 1970s, the hypothesis that shear stress is athcroprotective by at fee ting 

endotheliall  gene expression was put forward two decades later f Friedman <7 at., 1975; 

Topperr et (//., 1999). Since then, a number of studies have described the gene expression 

profiless of endothelial cells exposed to cither high or no shear stress (Topper tt ai, 1996; 

( iarcia-Cardenaa tt ai., 2'1<Ï]; Dekker et ai, 2002; Wasserman et ai, 20(12; McCormick et ui., 

200T).. Currently available methods do not allow, due to their technical limitations, the 

completee assessment of quantitative gene expression. As a result various differentia] gene-

expressionn studies, including the study presented in Chapter 4, have identified numerous. 
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non-overlappingg shear stress-regulated genes. An additional explanation for tins partial 

lackk of overlap is the differences in the experimental condit ions, such as the experimental 

modell  system used to generate endothelial shear stress in vitm, and the t ime-span, level and 

typee ot shear stress applied. Some recent studies and the studies in Chapters 4 and 5 

demonstratee that steady versus pulsatile, and long versus short-term shear stress exposures 

havee significant differential effects on endothelial gene expression. Roughly 7 5 % percent 

off  the genes that were transcriptionally regulated by a 24-hour exposure to shear stress 

weree no longer differential after sustained exposure to flow for ~ davs (Chapter 4), It must 

bee no teel, however, that additional differences between these two experimental setups 

exist.. In the "7-day flow exposures, HL'VF.C were cultured under polar condit ions and 

subjectedd to uni-directional pulsatile flow, compared to a solid impermeable support and 

steadyy flow in the 24-hour experiments. Accurate determination of the transcriptional 

responsess of the identified flow-regulated genes K1J'2 (LKI.F) and (i)'P!Hf (cytochrome 

P4500 1B1) by RT-PCR demonstrated a significantly larger effect of pulsatile flow in 

contrastt to a steady flow7 generating low shear stresses, in agreement with published 

results.. The various effects of different flow patterns wil l likelv be the subject of manv 

studiess for the next years. However, physiological flow patterns are multifarious and 

wouldd add substantial, possibly unwanted complexity to /// ritro  model systems when 

accountedd for. Alternatively, recently available technology can prove invaluable in the 

studyy of flow-regulated gene expression in vivo. The concerted application of laser capture 

micro-dissectionn (Fend et al., 2001), RNA amplification (Kbcrwinc et <v/, 1992) and 

genome-widee gene-specific oligonucleotide micro-arravs (Schena ft nl, 1995) enables the 

determinationn of endothelial gene expression profiles in vascular tissue specimens derived 

fromm various positions in the arterial tree. 

3.33 Verification of in vitro model systems 

Differentiall  gene expression has been studied in an extensive variety of cell types and in 

relationn to numerous diseases. The diversity and number of genes that are expressed under 

specificc condit ions is impressive. From these extensive numbers of genes, those genes 

withh promising, known functions are generally selected for further studv. Three flow-

regulatedd genes that were identified in Chapter 4 after a stringent in vitm selection 

proceduree were first verified bv studying their /'// vivo expression by /// situ hybridization. 

Thee results revealed that two out of three genes were also expressed significantly in the 

endotheliumm in riro (i.t: FKLF and claudin-5), and only one fLKIJ ' ) appeared differentially 

expressed,, in agreement with the in vitm model system. Therefore, in vivo verification of/)/ 

vitrovitro expressed (differential) genes is advisory before considering further studies. The 

nativee environment of the endothelial cell, such as the complex composi t ion of cell 

substratumm and plasma, is very likely to also affect the expression of genes and their 

possiblee transcriptional regulation in a combinatorial way. Currently, /'// riro  verification in 

vascularr specimens is lacking tor most /'// vitro- identified flow-regulated genes. 
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3.44 Mechanotransduction and downstream signaling 

Inn contrast to the large number of endothelial gene1» that have hecn identified as shear 

stress-responsive,, very littl e is known about the signal transduction routes and 

transcriptionn factors that are responsible for the primary transcriptional response to flow. 

Thee involvement of a mechanotransducer in convert ing (differences in) cell-surface fluid 

shearr stress into an intracellular biochemical signal has been hypothesized (Review Al i  t7 

,://.,, 201)2). Specific cellular constituents, such as the cvtoskeleton or caveolae, have been 

ascribedd this role, bur the extent ot their contribution is not widely supported bv literature 

(Rizzoo tt e//.. 1()9S; Shyv <-/ , 2002). IntraccJlularlv, activation of some protein kinases and 

increasedd (transient) calcium fluxes have been observed within minutes after the onset of 

floww (Ando c/ di, 1993). Most of these effects, however, appeared to be transient, lasting 

forr up to a few hours at most. Sustained transcriptional regulation bv flow therefore 

appearss to be dependent on additional or alternative, possibly indirect.lv activated 

regulatoryy pathways. Various transcription factors, such as Kgr-1 and c-|un, are transiently 

inducedd bv the onset or a stepwise increase of shear stress (Nagel et e//.. 199'); Bao / <i!., 

1999).. Furthermore, their expression has been demonstrated in a large variety of cell types 

andd is dependent on a vast array ot different stimuli. The involvement ot these 

transcriptionn factors in the regulation of typically stress-responsive genes appears to be a 

generall  trend. Nevertheless, unique combinat ions of non-st imulus and cell type-specific 

transcriptionn factors might be involved in regulating shear stress-specific gene 

transcription.. The approach of the study described in Chapter 4 has effectively resulted in 

thee elimination of general, non-cndothelial-specific stress-responsive genes from the flow-

regulatedd gene panels. The three genes that were induced after a 7-dav exposure to flow 

weree not induced by various cytokines and their expression appears to be restricted to a 

limitedd number of cell types, including endothelial cells. 

3.55 Common themes in shear stress and cytokine signal transduction 

Inn comrast to the limited current knowledge of shear stress signal transduction, the 

intracellularr signaling routes that regulate evtokine-induced differential gene expression 

havee been widely studied. Numerous pathways are utilized in cytokine signal transduction, 

eachh responsible for a specific facet of a cell types cytokine response. The inflammatory 

cytokinee T N I - a, for instance, is known for regulating the complex temporal expression of 

multiplee inflammatory genes, but also regulates caspases that control apoptosis, as well as 

anti-apoptoticc genes like IA P and A20 (Horrevoets ct a/., 1999). ( )ne ot the most common 

pathwayss in cytokine signaling ultimately leads to activation ot the transcription factor 

N1:-K"B,, which specifically regulates the inflammatory response in many different cell 

types.. Additional transcription factors that are induced bv cytokines such as TNI -a and 

1L-133 are AP-I, which is composed of c - ) u n / c T os dimers, and Sp l. The number of 

studiess demonstrat ing the involvement of more distant families of transcription factors in 
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regulatingg transcription of individual cytokine-responsive genes is still growing to date. 

Somee studies have shown that the cytokine responses in specific cell types involve 

intracellularr radicals such as nitric oxide (NO) and superoxide anions (reactive oxvgen 

species;; ROS) (Huang et a/., 1998; Baeuerle et a/., 1994; Brennan et a/., 1995; Schmidt et<i/„ 

1995;; Suzuki et a/., 1995; Garg et a/., 2002). Contrasting results, ho\ve\'er, strongly suggest 

thatt their contribution is cell type-dependent and limited to a smaller selection of cytokine-

responsivee genes, rather than that it is used as a common intracellular signaling molecule. 

Thesee thoughts are in agreement with the findings described in Chapter 6, demonstrating 

thatt the superoxide scavenger (antioxidant) L-NAC did not significantly alter the 

endotheliall  transcriptional response to TNF-a and IL-lp . Studies on the involvement of 

ROSS in cytokine signal transduction have either been performed considering the effect on 

singlesingle fir few genes, or on (the activity) of specific kinases that are part of a signal 

transductionn route. Alternatively, genome-wide expression profiling can be used to 

determinee the contribution of specific signaling molecules to the transcriptional regulation 

off  a group of genes that may turn out to be only a selection of the total number of genes 

thatt are transcriptionally responsive to that stimulus. The N F - KB inhibitor Bay 11-7082 

inhibitedd only part of the total number of genes that were regulated by TNF-a and/or 

1L-1[3.. Furthermore, distinct sets of genes exist that are transcriptionally responsive to 

eitherr TNF-oc or IL-1J3, or both, all being evenly dependent on N F - KB activity (Chapter 6). 

Inn addition, the inhibition of this single transcription factor revealed that it is able to 

regulatee the transcription of genes in different, opposite ways. To that end, it probably 

collaboratess with additional transcription factors that are part of an alternative signal 

transductionn route that is activated by the same stimulus, e.g. c-Jun/c-Fos. Similar results 

weree found for NO and shear stress, which potentiated the transcriptional response of 

endotheliall  cells to TNF-a and IL-lfS. Possibly, the pathways leading to potentiation of the 

cytokinee response by NO and shear stress are similar. The significant overlap between the 

geness that were potentiated by NO and shear stress, can be the result of the increased 

productionn of NO by shear stress (Buga eta/., 1991). Alternatively, if the JNK pathway, for 

instance,, negatively controls transcription of the shear stress-potentiated genes, then 

relievingg this repression through the inhibition of JNK activation by shear stress 

(Surapisitchatt et a/., 2001) can have such a potentiating effect on the NF-KB-controiled 

cytokinee response of these genes. If such mechanisms also play a significant role in lira, 

thiss additional mode of control over the endothelial inflammatory response by fluid shear 

stresss and correlated NO levels, adds additional cachet to the atheroprorective effect of 

shearr stress. The complete inventory of cytokine-responsive inflammatory genes includes 

geness that encode either pro- or anti-atherogenic proteins, e.g. LAM s or proteins that 

handlee oxidative stress. Possibly, shear stress potentiates only the tatter category of 

cytokine-responsivee genes that protect cells and tissues to superfluous inflammatory (side) 

effects.. Even though the data presented in Chapter 6 suggests the existence of such 
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mechanisms,, additional studies have to be performed to validate the observed effects 

usingg alternative approaches and elucidate the pathways involved, 

3.66 Potential involvement of LKLF in atherogenesis 

Thee prolonged increase in expression of the transcription factor LKL F (Chapter 4) after 

exposuree to pulsatile flow for 7 days, and its endothelial-specific expression in vascular 

tissue,, implies that LKL F is one of the truly shear stress-specific genes that is 

discriminativee for the physiological flow-exposed state of the endothelial cell in vivo 

(Dekkerr et ui, 2002). Possibly, the elevated LKL F expression is the transcriptional 

regulatoryy starting-point for the modulation of all long-term shear stress-specific 

endotheliall  genes. This concept would need further testing by studying the downstream 

transcriptionall  targets of LKLF'. Identification of shear stress-specific response elements in 

thee LKL F promoter and identification of LKL F response elements in the promoter of its 

targett genes will add substantially to our limited current understanding of flow-regulated 

genee transcription. 

Studiess on the function of LKL F in T-cells and LKL F ' mice have promising implications 

forr the role of endothelial LKL F in atherogenesis. First, expression of LKL F in murine 

T-cellss was strongly correlated with T-cell ciuiescence (Kuo el ai, 1997a). Activation of a 

T-celll  by binding of its appropriate antigen results in a rapid repression of LKL F mRNA 

synthesis,, suggesting that the downstream gene products of LKL F are involved in 

maintainingg cellular quiescence. Second, inactivation of the LKLF* gene in mice caused 

embryoss to die in utero around embryonic day 13 because of severe vessel wall anomalies 

(Kuoo et ai, 1997b). Interestingly, in agreement with findings in human vascular tissues, 

LKL FF expression was limited to die endothelium. Loss of LKL F expression in the 

endotheliumm of the knock-out mice resulted in abnormal vasculogencsis, caused by the 

incorrectt behavior of vascular SMC during the formation of a compact circumferential 

tunicaa media. The involvement of downstream gene products of LKL F in, for instance, 

coordinatingg SMC migration and proliferation was hypothesized. This concept implies that 

inn contrast to T-cells, LKL F is possibly involved in controlling SMC cjuiescence rather 

thann endothelial quiescence. The healthy quiescent flow-exposed endothelium thus likely 

secretess substances in the sub-endothelial space that regulate vessel wall homeostasis. 

Reducedd LKL F expression at sites of flow turbulence generating low shear stresses is 

thereforee expected to have comparable effects on vascular quiescence as observed in the 

murinee LKL F gene knock-out studies. At present, there is insufficient data, especially in 

rimrim support, that confirms such an involvement of LKL F in the pathogenesis of 

atherosclerosis.. The substantiation of a functional correlation of reduced LKLF' 

expressionn with the endothelium that is locally predisposed to atherosclerosis, including 

thee significance of the downstream targets of LKL F in the initiation and progression of 

atherogenesis,, awaits further studies. 
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3.77 Clinical implications 

Variouss gene knockout studies based on prior in vitro analyses have proven (partly) 

successfull  in reducing atherogenic events such as neoinrimal hyperplasia. Most of these 

targets,, however, arc difficult to control therapeutically, or lack efficient and safe 

technologyy to do so. More importantly, to exclude side effects, the activity of such 

proteinss must be controlled only at sites where needed, thus necessitating the application 

off  efficient targeted drug delivery. Since members of the Kriippel family of transcription 

factorss Jack an activity-controlling ligand binding domain (Philipscn et ai.y 1999), LKL F 

kseltt might be a challenging therapeutic target if additional studies succeed in proving its 

flow-controlledd protective role against atherosclerosis. Thorough assessment of the 

downstreamm target genes of LKLF, which encode the factors involved in endothelium-

SMCC communication, will therefore be necessary. A lack of expression of these factors in 

thee atherosclerotic vessel wall can thus be complemented via their targeted delivery to the 

diseasedd vessel wall only. Alternatively, the expression of LKL F can also be controlled 

upstream,, requiring the dissection of the signal transduction pathways involved. The 

exclusivee regulation of LKL F by flow suggests that an evenly unique signaling pathway 

upstreamm of LKL F is available to the endothelial cells. Selective inhibition of, for instance, 

thee kinases that are exclusive to this pathway, is then possible via high-throughput 

screeningg of synthetic chemical libraries, i.e. by combinatorial chemistry. Comparable 

approachess have previously resulted in the identification of such inhibitors for NF-xB and 

thee beneficial clinical application of ligands for specific transcription factors, such as the 

PPARs.. Inhibition of PPARa by fibrates effectively reduces plasma triglyceride levels 

resultingg in a significandy reduced risk for myocardial infarction (Robbins, 2001). 

likewise,, the treatment of diabetes melitus type II with thiazoldinediones (TZD) has 

provenn clinically valuable (Day, 1999). Both PPARa and PPARy transcription factors 

regulatee the transcription of many downstream genes, thus exerting complex effects on 

cellularr function. In good analog}' with the complexity of atherosclerosis these new drugs 

providee a good example for the treatment of disorders that have a multi-factorial 

background.. Thus, successful identification of single, most preferably, cell-type specific 

andd disease-related transcription factors is the best way to correct local differences in gene-

expressionn profiles that arc at the basis of many diseases, including atherosclerosis. 
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44 Summary and conclusions 
Thee endothelium is of fundamental purpose to the maintenance of vascular homeostasis. 

Itt functions as an anti-coagulant barrier in health, coordinates (anticoagulation and 

fibrinolysiss when needed, and plays an important role in controlling inflammation. In this 

thesis,, some different aspects of these functions have been assessed in more detail. First, 

structurall  and kinetic studies have resulted in the elucidation of structural and mechanistic 

featuress that are responsible for the multifunctional catalytic properties of the serine 

proteasee thrombin. Regulation of thrombin function by endothelial and neointimal SMC 

TMM is hypothesized to contribute to the progression of atherogenesis. Second, exposure 

off  the endothelium to various (patho-)physiological stimuli has resulted in the 

identificationn of novel potentially atherosclerosis-related genes and transcriptional 

pathwayss that are possibly important for dynamically controlling endothelial function in 

vascularr health and disease. Intensive studies on endothelial gene expression, including 

thosee described in this thesis, have been and wil l be performed in the future, ultimately 

resultingg in the identification of promising therapeutical targets. Such prospective 

interventionn points might be suitable for effective clinical therapy in the treatment of all 

stagess and severities ot atherosclerosis. 
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