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SUMMARY Y 

lixposuree of endothelial cells to inflammatory cytokines is known to activate several signal 

transductionn routes, leading to the activation of various transcription factors. Binding of 

thee cytokines tumor necrosis factor-oc (TNF-oc) and interleukin-lp (1I.-1J3) to their cognate 

celll  surface receptors results in the activation of, most prominentlv, N F - K B, but also 

activatingg protein-1 (AP-I; c-|un/c-Fos) and Spl, each having their own unique 

responsivee elements in the promoters of cvtokine-responsive genes. Chronic inflammation 

contributess substantially to the initiation and progression of many diseases such as 

atherosclerosis.. A number of modulators of cytokine signal transduction have been 

identifiedd such as nitric oxide (NO), reactive oxygen species (ROS) and shear stress. 

However,, their effects appear largelv cell type-dependent and have been studied in case of 

onlyy a few genes. We have performed extensive gene expression profiling bv high-dcnsitv 

micro-arrayy hybridization, to determine the effect of NO, ROS, shear stress, antioxidants 

andd an N F - KB inhibitor on the expression of genes induced bv the cytokines TNF-oc and 

IF-113.. Adcnovirus-mediated overcxpression of endothelial nitric oxide synthase (eN( )S) in 

humann umbilical vein endothelial cells (HUVHC) resulted in a sensitized response of a 

specificc cluster of genes to TNF-oc. The chemical NO-donor SNAP both potentiated as 

welll  as inhibited the transcriptional response of specific groups of cvtokinc-regulatcd 

genes.. Inhibition of N F - KB by the inhibitor Bay 11-7082 revealed that the expression of 

-800 out of the 200 cytokine-responsive genes was >50% inhibited by Bay 11-7082, 

demonstratingg that their induction is largely N F - KB dependent. A significant number of 

cytokine-inducedd genes were superinduced by either NO- or Bay 11-7082, implying that 

thesee genes are induced by the same cytokines but with dissimilar signal transduction 

routes.. Fxposure of HUVF-C to unidirectional pulsatile flow for 7 davs also caused a 

sensitizauonn of the transcriptional response to TNF-oc and IL-1J3. Pretreatment of 

HL'YIi CC with the antioxidant L-NAC prior to cytokine stimulation did not significantly 

affectt the cvtokinc-response. Since the superoxidc-donor PMS induced a small set of 

geness that were neither responsive to cytokines nor shear stress, it was concluded that 

ROSS are not significantly involved in the signal transduction routes that lead to gene 

activationn by TNF-oc and IL-1J3. We propose that, in addition to genes that are positively 

regulatedd by N F - K B , genes with an NO- and Bav 1 F7082-potcntiatcd cytokine response 

aree negatively regulated by different N F - KB species, .and induced bv an alternative signal 

transductionn route, potentially JNK/AP-I. Separate inhibition of such NF-KB-related 

negative-actingg pathways by NO, Bay 11 -7082 and shear stress, can explain their observed 

sensitizingg effect on the cytokine response of exclusive, non-overlapping gene clusters. 

Thee ability of shear stress and NO to either inhibit or potentiate the transcriptional 

cytokinee response of distinct gene panels, leaving others unchanged, provides the 

endotheliall  inflammatory response with an additional regulatory mode to differentially 

affectt gene expression under the athcroprotective influence of NO and shear stress. 
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INTRODUCTION N 

Thee importance of inflammatory mechanisms has resulted in the development of a unique 

transcriptionall  regulation system. Most prominently, the family of N F - KB transcription 

factorss coordinates the expression of the gene patterns that are involved in the specific 

responsess of the various immunological cell types and cells in the inflamed tissues (Boone 

etet ai, 2002). In flam ma ton processes and their dysfunction are involved in many diseases 

(Covlcc c/ , 1997). During the initiation and progression of atherosclerosis, a vascular 

diseasee with a strong and chronic inflammatory component, various inflammatory* 

cytokiness such as tumor necrosis factor-a (TNF-at) and interleukin-1̂  (IL-1J3) are 

producedd by leukocytes that have infiltrated the vessel wall (Ross el at., 1999). After 

exposuree to cytokines, endothelial cells typically express multiple types or adhesion 

moleculess that are directly responsible for the recruitment of leukocytes to the inflamed 

vascularr tissue. The \ I - ' -K B transcription factors that mediate the transcriptional response 

too these cytokines are composed of homo- or heterodimers of the monomers p50 

(NI-XBl) ,, p52 (NFRB2), p65 (RelA), RclB and c-Rei, of the NF-KB/Rel family of 

transcriptionn factors (Review Baldwin, 1996). These dimers are bound by their inhibitor 

IK BB and held in an inactive form in the cytoplasm. Binding of a cytokine to its target 

receptorr on the surface of the cell, ultimately results in the phosphorylation of IK B which 

iss subsequently ubiquitinated and targeted for degradation by the proteasomc. Active 

NF-KBB dimers now translocate and accumulate in the nucleus where they bind their target 

N F - K BB response elements in the promoters of many cytokine-responsive genes. A number 

off  studies have demonstrated that, in contrast to other cell types, c-Rcl-p65 heterodimers 

aree part of the N F - KB population in endothelial cells and are involved in regulating the 

cytokinee response to various genes (Oeth et a/., 1994; Parry et ai, 1994; Aoudjit et ai, 1997). 

Thee classic N F - KB complex, comprising p5W-p65 heterodimers, and the less common 

NF-KB(c-Rel-p65)) complex, both have slightly different response elements (Parry et ai, 

1994;; Grill i et a/., 1993). These consensus N F - KB binding sites allow the composition of 

specificc gene promoter elements that exclusively bind either NF-KB(c-ReFp65), 

NF-KB(p50-p65),, or both. The NIMcB(c-Rel-p65) consensus sites in the promoters of 

tissuee factor, 11,-8, ICAM-1, GM-CSF, and u-PA have been demonstrated to actively bind 

thee c-Rel-p65 heterodimer (Parry et a/., 1994). A significant contribution of the ]un/Fos 

andd Spl family of transcription factors in cytokine signal transduction has also been 

impliedd (Leong et ai, 2000). Binding of activating protein-1 (AIM) , dimers of c-Jun and c-

Fos,, to their appropriate response element in the promoters of many cytokine-responsive 

geness has been demonstrated. Together, functional N F - K B, AP-1 and Spl sites have been 

identifiedd in the promoters of various genes and regulate their specific transcriptional 

responsee to various cytokines in a concerted fashion (Banks et til., 1998; Moll et al., 1995; 

Shii  et al., 1999; Papanikolaou et al., 2000; Samson et al., 2002). Additionally, the 

involvementt of reactive oxygen species (ROS) in cytokine signal transduction has been 
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demonstrated,, but has appeared strongly cell type-dependent (Baldwin, 1996; Garg et al, 

20(12). . 

Opposingg the atherogenic role ot chronic inflammation, the frictional force of shear stress 

thatt is exerted by the flow of blood across the endothelium hi viva, is credited an anti-

atheroscleroticc role (Davies, 1995; Rcsnick et al, 1995). Extensive studies have shown that 

highh shear stresses on the endothelium induce the expression of genes that inhibit 

atherogenesiss (Topper et til., 1996; Garcia-Cardena et til, 2001; Chen et til, 2001; Dekker et 

ui.,ui., 2002; McCormick el til, 2(103). Shear stress, for example, represses the expression of 

adhesionn molecules that are induced by inflammatory cytokines and is the physiological 

modulatorr of endothelial nitric oxide synthase (eNOS). Impression of eNOS is generally 

associatedd witi i the health}', resting state of the endothelium and eNOS-derived nitric 

oxidee (NO) is a key regulator of vascular tone (Fukuchi et til, 1999). Additional effects of 

NOO on platelet activation and cytokine signal transduction have been demonstrated as 

well,, in line with the anti-atherosclerotic effect of shear stress (Huang et til, 1998). In some 

studies,, NO was shown to inhibit N F - KB activity via an unknown mechanism (Zeiher el 

til,til,  1995; De Caterina et til, 1995; Matthews et til, 1996). The potential effects of multiple 

transcriptionn factors, ROS and NO on the transcription of cytokine and shear stress-

regulatedd genes provides the cell with numerous ways to regulated gene transcription in a 

complexx cell-type and stimulus-specific manner. 

Too date, no comprehensive expression profiling studies on the quantitative and qualitative 

rolee of N F - K B, AP-I, and potential transcriptional modulators such as NO and ROS, in 

atherosclerosis-relatedd gene expression have been performed in endothelial cells. In the 

presentt study, we have carried out extensive gene expression profiling to determine the 

contributionn of NF-icB-mediated gene regulation, including the effect of NO and ROS, on 

thee different gene expression patterns that are triggered by shear stress and the cytokines 

TNF-aa and IL-l p in human endothelial cells. In addition to obtaining an in ven ton1 of 

geness that are modulated by these atherosclerotic stimuli, these data will provide insight 

intoo the overlap and connections between the mechanisms that regulate gene expression 

underr (patho)physiological conditions. From the results a common theme emerged 

revealingg a potentiating effect of NO, shear stress and NF-teB inhibition on the 

transcriptionall  regulation of distinct panels of genes bv TNF-a and II.-1J3 in human 

endotheliall  cells. Furthermore, using a ROS donor and antioxidants, we found only a 

minorr involvement of oxidative stress in cytokine signal transduction. Together these 

resultss suggest that, in addition to NF-KB-dependent genes, cytokines also induce a panel 

off  endothelial genes primarily via a mechanism that is under negative control of N F - K B , 

suchh as AP-1. An inhibitory effect of shear stress and NO on the same or a similar 

negativee feedback mechanism can be hypothesized. 
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RESULTS S 

NOO inhibits and sensitizes the TNF- response of distinct gene groups 

AA number of studies have demonstrated thai endothelial NOS-derived NO is able to 

inhibitt me transcriptional response of XF-icB-rcgulated genes (De Caterina et al., 1995; 

Matthewss et al., 1996). The exacl mechanism by which NO inhibits N F - KB is unknown 

andd the occurrence of this inhibitory effect appears cell-type dependent i/eiher et al., 1995; 

Dee Caterina et al., 1995; Baldwin, 1')%). To date, no conclusive data is available on the 

effectt of NO on NF-KB signaling in human vascular endothelial cells. Therefore, eN< >S 

waswas over expressed in HUVEC cultures and us effect on TNF-a-regulated gene 

transcriptionn was determined using micro array hybridization. \ cDN \ encoding the 

completee human eNOS open-reading frame was cloned into an adenoviral vector and 

usedd to generate virus panicles. Following a 6-hour incubation period alter infection of 

HUVECC with either eNOS-adenovirus or mock-adenovirus, cultures were treated for 6 

hourss with either TNF-a, the N< » scavenger PTft ), or both. Subsequendy, total RNA was 

isolatedd and labeled for micro hybridization studies, using previouslj described custom 

createdd cardiovascular micro-arrays (Dekker et al., 2002). Hybridization intensities were 

quantified,, background corrected, normalized, filtered on expression ratio and clustered 

FIGUREE 1 - Clustering analysis of the effect of eNOS overexpression 
onon the TNF-a transcriptional response. (A) HUVEC cultures were 
infectedd with empty adenovirus {lanes 1 and 4) or Ad.eNOS (lanes 2, 3, 5 
andd 6), followed by treatment with TNF-a for 6 hours (lanes 4, 5 and 6), 
withh or without the NO scavenger PTIO (lanes 3 and 6). One-way complete 
linkagee clustering was performed using a Squared Euclidean distance 
metric.. (B) HUVEC cultures were either untreated (lane 1), or stimulated 
withh TNF-a for 6 hours in the absence (lane 2) or presence (lane 3) of the 
NOO donor SNAP. One-way average linkage clustering was performed using 
aa Squared Euclidean distance metric. Cluster annotation: [a] TNF-u-
inducedd genes, [b] TNF-a repressed genes. The TNF-o-response of 
multiplee genes in clusters [a] and [b] was potentiated by eNOS. [c] TNF-a 
inducedd and repressed genes that were superinduced by NO. [d] TNF-o. 
inducedd and repressed genes that were inhibited by NO. Genes were 
median-centeredd with color-coding: black = median, red = expressed 
abovee median, and green = expressed below median. 
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usingg a one wa\ hierarchical clustering algorithm. (>ut of the -320 genes on the array, 24 

geness were regulated at leasi 2.5-fold in at leas» one of the experimental conditions and 

weree selected for further clustering analysis. Elevated expression of a few typical stress 

responsivee genes was round in the mock infected cultures, as well as in all adenovirus 

infectedd cultures, e.g. plasminogen activator inhibitor 1 (PAI-1). The clustering results 

reveall  two general clusters of genes thai are induced ((duster [a]) versus repressed 

(Clusterr [b]) by TNF-a (Fig. IA). With few exceptions, eNOS overexpression did nol 

reducee the TNI a effect on gene transcription. In marked contrast, the overexpression of 

e \(( )S caused a super induction or repression ot the Irenes that were induced or repressed 

byy TNF-a, respectively (Fig. IA, (dusters |a| and \b\). For most genes, the NO scavenger 

PTIOO efficiently counteracted this apparent potentiating effect of \ ( ) . In contrast, for 

IL-8,, GM-CSF, thioredoxin reductase 1, 1CAM-1 anil tnultimerin, treatment with PTIO 

resultedd in an additional superinducdon/reprcssion compared to the combination e \( >S 

andd TNF-a. A lack ot sufficient substrate and cofactors (e.g. l.-arginine and 

tetrahydrobiopterin)) tor N( ) production by eN( >S has been demonstrated to result in the 

releasee ot the highly reactive intermediate peroxynitrite by the uncoupling o fN() svnthesis 

(Laursenn et a/., 2001). To exclude side effects of potential uncoupling of eNOS by its 

overexpression,, the NO-donor SNAP was used as .m alternative. After a preincubation 

periodd of 90 min with SNAP, HI A T T cultures were stimulated with T N F -a for 6 hours. 

Micro-arrajj  hybridization experiments using commercially available high-density cDNA 

arrays,, followed by clustering analysis, revealed that the T N F -a response was eitber 

inhibitedd (Cluster [d]), potentiated (Cluster [c]) or unaffected by SNAP, each cluster 

comprisingg at least JO genes d ig. IB). Together, these results show that for a significant 

subsett ot TNF-a-responsive genes, N( > is able to either inhibit or sensitize their 

transcriptionall  response. 
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FIGUREE 2 — Clustering analysis of the effect of prolonged pulsatile 
shearshear stress on the TNF-a transcriptional response. Using an 
artificiall capillary flow device, HUVEC cultures were preconditioned to 
unidirectionall pulsatile flow (19  12 dyne/cm2) for 7 days (lane 2), and 
exposedd to TNF-u for the final 6 hours (lane A). Control cultures (lane 
1)) were stimulated with TNF-a for 6 hours under static conditions (lane 
3).. One-way average linkage clustering was performed using a Squared 
EuclideanEuclidean distance metric. Cluster annotation: [e] Genes with a flow-
sensitizedd TNF-u response, [f] Genes induced by prolonged flow. 
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Shearr stress sensitizes the cytokine response of a selection of genes 

Ann important physiological regulator ot endothelial N OS fcNOS) expression is the 

hemodynamicc force of shear stress chat aces on the endothel ium /'// riro  (Ranjan d <//., 

I'WS).. PJevared e N OS expression, caused bv high levels of arterial shear stress, is believed 

too be one or" the prime anti-atherosclerotic characteristics ot shear stress ( IX Caterina <7 <•//., 

I*JtJS;; Topper d ill.,  1996; Traub d ,-//., 199K). In line with the findings described by others 

andd in the present study, increased N O levels under shear stress can be expected to 

influencee the transcriptional response of endothelial cells to cytokines. \ \ e therefore 

studiedd differences in nunc expression after a 7-dav exposure ot endothelial cells to shear 

stresss followed by treatment with the cytokines TNI-"-a and IF-I£ . 1'sing an artificial 

capillaryy flow system, HL'YF.C were cultured for 7 days under cont inuous unidirectional 

pulsatilee flow. During the final 6 hours of the flow experiments either T N F - a or II.-1J3 

weree included in the culture medium. Gene expression profiles were determined using 

customm micro-arrays. Out of die - 320 cDNA clones on the array, 21 genes were 

significantlvv regulated bv TNF-a or shear stress. Clustering analysis ot the hybridization 

resultss revealed two main clusters of genes that were specifically induced by either shear 

stresss (("luster |f]) or T N F - a (Tig. 2), Interestingly, a selection of the TNF-a-specific genes 

wass superinduced bv TNF-a when I1UVF.C were cultured under prolonged flow (Cluster 

|e|).. Significant overlap was observed between these genes and those that were potentiated 

byy N O (Fig. 1), h. IL-8, IAP, 1CAM-1, and PAI-1 . Thus , both shear stress and N O 

appearr to sensitize the cytokine response of a subset ot endothelial genes, likely involving 

aa similar mechanism. 

Thee involvement of NF-KB in gene regulation by cytokines 

Stimulationn of endothelial cells bv TNF-a and IL-1J3 results in translocation ot active 

N F ' - K BB to the nucleus. A second major transcription factor that is involved in the 

transcriptionall regulation of evTokine-responsive genes is activator protein-1 (AP-1), which 

iss composed of c-Fos and c-Jun he te ro /homodimers (Fcong ct al., 2000). In addition to 

thee established role of N F - K B and AP-1 in cytokine signal transduction, the regulation ot 

theirr activity by shear stress has been previously implied (kiiachigian d til., 1995; 

Surapisitchatt d <il.,  2(H) 1; Chen d a/., 2003). To date, the number of genes that are 

transcriptionallyy controlled bv NF-K"B, AP-1 or both is unknown. To obtain insight into 

thee involvement of N F - K B in the transcriptional regulatory mechanism ot the cytokine-

rcsponsivcc genes that are potentiated by N O and shear stress, a specific inhibitor ot 

N F - K BB activation, denoted Bav 1 1 7082, was used. Static Hl!\ rFX] cultures were 

premcubatedd for 6 hours with Bay 11-70S2 before addition of TNF-a or IF-1,3 to the 

culturee medium. Micro-arrav hybridization experiments were performed to study the 

NI-K"B-dependencee of cvtokine-rcgulatcd genes. Clustering analysis reveals that 

approximatelyy Nt) out of 150 cytokine-inducible genes were inhibited at least 5(1" u by Bay 
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11 1 -~082, and na- thus (partially) NF-KB-depcndent (Fig. 3, clusters [h] and | i | j. 

Furthermore,, specific gene clusters were found of which either the 11.-1,3 (Panel |hj) or the 

T M : - ÏÏ  (Panel [i|) response was exclusively inhibited by Bay 1!-",US2. In contrast, the 

c\ lokincc response of all 50 genes that were repressed b\ ' F N F -Ï and lL - ip , was nut 

affectedd by Hay 11 -"0S2. Interestingly, the TNF-oc and IF-1J3 response ot a cluster of - 45 

geness was potentiated by Bav 1 1-"(182 (Panel |g]), reminiscent to the eftect of \ ( ) and 

shearr stress. However, this cluster did not show a clear overlap with the genes that were 

potentiatedd bv N O and shear stress. Together, these results demonstrate that about 51 f o 

off  the T N I - 3 and IF-tfi-inducible genes is dependent to a varying extent on N F - K B . Also, 

threee specific groups of genes were identified of which the transcriptional response to 

eitherr TNF-a, IF-1£ or both was augmented in the presence of the N F - K B inhibitor. The 

potentiat ingg effect or" N F KB-inhibition on endothelial cytokine-responsive genes suggests 

thatt primary induction of this pane! is controlled by a distinct signal transduction route 

andd relies on alternative transciption factors, whereas expression ot this cluster of genes is 

partiallyy inhibited bv N F - K B . Furthermore, these results reveal that inhibition ot a 

cvmkine-induciblee transcription factor can result in a sensitized transcriptional response, 

thuss providing a potential mechanism for the observed potentiation bv N O and shear 

stress. . 

Thee involvement of oxidative stress in gene regulation by cytokines 

AA potential mediator of transcriptional regulation that cytokines and shear stress might 

havee in common, in addition to N F - K B , is oxidative stress, i.e. ROS. The ability of 

unidirectionall  pulsatile flow to generate ROS in endothelial cells also implies a role tor 

ROSS in shear-stress signal transduction (Silacci et al., 2001). However, the results from 

variouss (contradictory) studies suggest that the involvement ot ROS in cytokine signal 

transductionn is strongly cell rvpe-dependent (Baeuerle i-t a/., 1994; Brcnnan et nl., 1995; 

Schmidtt t-t a/.y 1995; Suzuki rf a/., 1995a; Garg et <//., 20O2). Shear stress-responsive genes 

cann be roughlv divided into general stress-responsive genes and genes that are exclusively 

regulatedd bv shear stress (Dekker et al., 2002). Genes that are regulated by shear stress, as 

welll  as bv cytokines and many other agents, mav owe their transcriptional regulation to a 

commonn route in signal transduction. To elucidate the role of R( )S herein, the 

transcriptionall  response of endothelial cells to cytokines was studied in the presence ot the 

antioxidantt F-NAC and the metabolic thiol antioxidant x-lipoic acid. After a preincubation 

withh either antioxidant, I IUVF.C cultures were stimulated with either TNF-2 or IF-13. 

Thee effect of the ROS scavengers on the cytokine-responsivc gene panels, described in the 

experimentss above, was determined using micro-array analysis. No significant eftect ot 

F-NACC was observed on most TNF-a and IF-1 3-responsive genes (Fig. 4A, cluster [k|j . 

However,, the induction of 25 highly IF-13-rcsponsive genes and a tew TNP-2-responsive 

geness was significantly repressed by F-NAC (Fig. 4A, cluster [j|j . Oxidative stress 

thereforee is involved in the response of only a small percentage of genes to cytokines. 

PotentiationPotentiation of the transcriptional cytokine response II  153 



^o.** * 9r:& 9r:& 
o o V . W W 

100 0 

FIGUREE 3 - Clustering analysis of the effect of the NF-KB 
inhibitorinhibitor Bay 11-7082 on TNF-,t and IL- 1\i-induced genes. HUVEC 
culturess were either untreated {lane 1), or stimulated with IL-1p 
[lanes[lanes 2 and 3) or TNF-a {lanes 4 and 5) for 6 hours. Alternatively, 
culturess were preincubated with the IKK inhibitor Bay 11-7082 (Bay) 
forr 90 minutes, prior to adding either cytokine {lanes 3 and 4). Two-
wayy average linkage clustering was performed using a Cosine 
CorrelationCorrelation distance metric. Cluster annotation: [g] TNF-a and IL-
1|i-responsivee genes that were potentiated by Bay 11-7082. 
Potentiationn was specific for either cytokine or both, [h] IL-1|i-
inducedd genes that were inhibited by Bay 11-7082. [ i ] TNF-u-induced 
geness that were inhibited by Bay 11-7082. 

Pretreatmenii  with a lipoic acid, however, completely abolished the transcriptional 
responsee of all genes to TNF-a and 11.-1(5 (Fig. 4A, lanes 2 and 3), which is in agreemem 
withh tlu ability ofct-LA to inhibit the DNA-binding activity of" both NF-KB and AP-1 
(Suzukii  eta/., 1995b). Finally, oxidative stress was generated in resting HUVEC cultures 

usingg the superoxide anion donor PMS, in the absence of Cytokines. Micro.irra\ analysis 

demonstratess that the effect of PMS is marginal and reveals that a small cluster of h' 
geness is specifically induced by PMS, but not by any of the other stimulants tested 1 ig. 
4A,, cluster \\\). Generally, no overlap between the cytokine/shear stress modulated genes 
andd the small number ol genes thai are transcriptionally responsive to oxidative stress 
I.. \ \(. and PMS; was observed. This is in marked contrast to the substantial number of 

cytokine-responsivee genes thai are dependent on Nl icB. 

Overlappingg transcriptional responses 

hii  general, the main clusters of cytokine-responsive genes, thai are either \ l KB 
dependent,, potentiated h\ \ ( I or Bay 11-7082, or induced by PMS, do not share any 

overlap.. Clustering of the combined results that are presented in the previous paragraphs 
revealss that modulation of the cytokine response by either N( », Baj 1 1 7082 or I. \ \( is 
restrictedd to exclusive gene clusters thai do not intersect Fig. 4B and Table I). Genes with 
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.ii  TNF-a response that is sensitized by Baj 11-7082 are generally not sensitized by die 
NO-donorr SNAP (Cluster [n]). Inversely, genes thai arc potentiated by SNAP, are 
generallyy not affected by Bay 11-7082 (Cluster [m]). The TNF «response of genes that are 
\ ll  KB dependent, however, is in mosl cases also repressed h\ S \ \ P ((.'luster I«> I . These 

findingsfindings suggest a mechanism by which three non-intersecting groups of genes are NF-KB-

dependemm in different ways, i.e. cytokine-responsive genes that are (/) inhibited bj Bay 11 
70822 and N( I Fig. 4B, cluster [o]), (2) sensitized by Bay 11 7082 (Fig. 4B, cluster [n]), or 
'' sensitized In \ ( I 1 ig, 4B, cluster [m]). 

B B *t<<^ *t<<^ <*V0«« /V v W 

-100 0 

FIGUREE 4 - Clustering analysis of the effect of antioxidants and superoxide donors on cytokine 
responsiveresponsive genes. (A) Pretreatment of HUVEC cultures was performed with L-NAC {lanes 6 and 8; NAC) or 
u-lipoicc acid {lanes 2 and 3; LA) for 90 minutes or 48 hours, respectively. Subsequently, cultures were 
stimulatedd with IL-lp1 {lanes 5 and 6) or TNF-a {lanes 3, 7 and 8) for 6 hours. The superoxide donor PMS was 
incubatedd for 6 hours in the absence of cytokines {lane 4). Two-way average linkage clustering was performed 
usingg a Squared Euclidean distance metric. Cluster annotation: [j] Genes with a L-NAC-inhibited IL-1|i 
response,, [k] Cytokine-responsive genes that were not significantly affected by L-NAC. [I] Genes that were 
(specifically)) induced by PMS. (B) Gene expression data from the previous figures was clustered to reveal 
groupss of TNF-u-responsive genes that are specifically potentiated or inhibited by L-NAC, a-LA, PMS, 
Bayy 11-7082 or SNAP. Two-way average linkage clustering was performed using a Manhattan distance metric. 
Clusterr annotation: [m] TNF-a. induced genes that were specifically potentiated by NO (SNAP) and not affected 
byy Bay 11-7082. [n] TNF-a induced genes that were specifically potentiated by Bay 11-7082 and not affected 
byy SNAP, [o] TNF-a induced genes that were inhibited both by Bay 11-7082 and NO (SNAP). 
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TABLEE 1 - TNF-w-responsive gene clusters f rom Figure 4, which are e i ther potent ia ted by the NO-

donorr SNAP or by the NF-*.B inhib i tor Bay 11-7082, or inhibi ted by bo th . 

Proteinn name Genee name 

Clusterr [m]: TNF-a-responsive genes that are potentiated by SNAP 

Arg/Abl-interactingg protein ArgBP2 

BCL2/adenoviruss E1B 19kD-interacting protein 3 

CCAAT/enhancerr binding protein (C/EBP), delta 

cylindromatosiss (turban tumor syndrome) 

DNAA segment, single copy probe LNS-CAI/LNS-CAII 

DnaJJ (Hsp40) homolog, subfamily A, member 1 

generall transcription factor IIF, polypeptide 1 (74kD subunit) 

HRD11 protein 

hypotheticall protein FLJ10055 

hypotheticall protein FU11259 

hypotheticall protein FU13171 

hypotheticall protein MGC5618 

inhibin,, bA (activin A, activin AB a polypeptide) 

inhibitorr of DNA binding 4, dominant negative helix-loop-helix protein 

interleukinn 1 receptor antagonist 

interleukinn 8 

lysyll oxidase 

metatlothioneinn 2A 

Nef-associatedd factor 1 

nuclearr factor of kappa light polypeptide gene enhancer in B-celts 1 (p105) 

plasminogenn activator inhibitor type 1 (PAI-1) 

preferentiallyy expressed antigen in melanoma 

procollagen-lysine,, 2-oxoglutarate 5-dioxygenase (lysine hydroxylase) 2 

smalll inducible cytokine A2 (monocyte chemotactic protein 1 [MCP1 ]) 

spermidine/sperminee N1 -acety It ransf erase 

thioredoxinn reductase 1 

v-etss avian erythroblastosis virus E26 oncogene homolog 1 

zincc finger protein 76 

ARGBP2 ARGBP2 
8N1P3 8N1P3 
CEBPD CEBPD 

CYLD CYLD 

D5S346 D5S346 
DNAJA1 DNAJA1 

GTF2F1 GTF2F1 

HRD1 HRD1 

FU10055 FU10055 
FUTFUT 1259 

FU13171 FU13171 
MGC5618 MGC5618 
tHHBA tHHBA 

ID4 ID4 

IL1RN IL1RN 
IL8 IL8 
LOX LOX 

MT2A MT2A 

NAF1 NAF1 
NFKB1 NFKB1 

SERPINE1 SERPINE1 
PRAME PRAME 
PLOD2 PLOD2 

5CVA2 2 
SAT SAT 

TXNRD1 TXNRD1 
ETS1 ETS1 

ZNF76 ZNF76 

Clusterr [n]: TNF-a-responsive genes that are potentiated by Bay 11-7082 

cDNAA DKFZp761P0615 (from clone DKFZp761P0615) 

diphtheriaa toxin receptor 

dynein,, cytoplasmic, intermediate polypeptide 2 

ESTs,, Weakly similar to unnamed protein product [H.sapiens] 

GG protein-coupled receptor 

H2AA histone family, member Y 

heatt shock 70kD protein 1A 

Homoo sapiens cDNA FU25005 fis, clone CBL00905 

hypotheticall protein FU10633 

hypotheticall protein FLJ20085 

KIAA09388 protein 

metall lot hionein 1B 

metatlothioneinn 1E 

metaltothioneinn 1G 

microtubule-associatedd protein IB 

placentall growth factor, vase, endothelial growth f actor-related protein 

RAB18,, member RAS oncogene family 

tumorr protein, translatie na I ly- controlled 1 

tumorr rejection antigen (gp96) 1 

DTR DTR 

DNCI2 DNCI2 
na a 

RDC1 RDC1 
H2AFY H2AFY 
HSPA1A HSPA1A 
na a 

FU10633 FU10633 

FU20085 FU20085 
KIAA0938 KIAA0938 
MT1B MT1B 
MT1E MT1E 
MT1G MT1G 

MAP1B MAP1B 
PGF PGF 

RAB18 RAB18 
TPT1 TPT1 
TRA1 TRA1 
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TABLEE 1 (continued) 

Clusterr [o]: TNF-a-responsive genes that are inhibited by SNAP and Bay 11-7082 

88 double prime 1, subunit of RNA polymerase ill transcription initiation factor NIB BDP1 

cadherinn 5, type 2, VE-cadherln (vascular epithelium) CDH5 

CD477 antigen (Rh-related antigen, integrin-associated signal transducer) CD47 

dfubiquitinn USD 

gapp junction protein, alpha 4, 37kD (connexin 37) GJA4 

hepatocytee growth factor-regulated tyrosine kinase substrate HGS 

Homoo sapiens cDNA FU30065 fis, clone ADRGL2000328 na 

hypotheticall protein FU13044 FU13044 

hypotheticall protein FU21616 FU21616 

hypotheticall protein MGC20791 MCC20791 

nuclearr factor of kappa tight polypeptide gene enhancer in B-cells 2 (p49/p100> NFKB2 

platelet-derivedd growth factor beta polypeptide PDGFB 

selectinn E (endothelial adhesion molecule 1) SELE 

smalll inducible cytokine subfamily D (Cys-X3-Cys), member 1 (fractalkine, neurotactin) SCYD1 

SUMO-1-specificc protease SUSP1 

vascularr cell adhesion molecule 1 VCAM1 

WWW domain binding protein 4 (formin binding protein 21) WBP4 

zincc finger protein 264 ZNF264 
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DISCUSSION N 

Thee data presented in the present study describe for the first time the large-scale gene 

expressionn profiles of endothelial cells exposed to the prominent inflammatory cytokines, 

TNF-ott and IL-1J3, in combination with physiological modulators such as shear stress, NO, 

oxidativee stress, and various synthetic modulators of signal transduction. The involvement 

off  oxidative stress in regulating gene transcription has been subject of extensive study 

(reviewedd by Garg et a/., 2002). Contradictory data, particularly when comparing different 

cell-types,, are available, either indicating or completely ruling out the involvement ot ROS 

in,, amongst others, cytokine signal transduction (Baeuerlc et nl., 1994; Brennan etnL, 1995; 

Schmidtt et *//, 1995; Suzuki et til, 1995a; Garg et a/., 2002). In agreement with other studies, 

wee present evidence that oxidative stress is not generally involved in the transcriptional 

regulationn of cvtokine-responsive genes in HI/YFC cultures (Brennan da!., 1995; Bowie et 

a/.,a/., 1997). Only a small, unique cluster of -10 genes was responsive to the superoxide 

donorr PMS that was utilized in this study (Fig. 4A, cluster [c]), and these genes do not 

overlapp with any of the genes that are cytokine/shear stress-responsive or potentiated by 

NO,, shear stress and Bav 11-7082. In addition, the cytokine response of a small set of 

geness was partially inhibited by the antioxidant L-NAC (Fig. 4A, cluster [jj) . In marked 

contrast,, the powerful antioxidant/redox-regulator, a-lipoic acid, completely abolished the 

transcriptionall  response to cytokines as a result of its ability to directly inhibit the DNA 

bindingg activity of NF-KB and AP-1 (Fig. 4A, lanes 2 and 3) (Suzuki et a!., 1995b). The 

extensivee gene expression studies described here, reliably rule out a significant 

involvementt of oxidative stress. These results, however, arc inconsistent with a few other 

studiess performed on HUVEC, probably as a result of the experimental read-out that was 

chosen,, the wav oxidative stress was applied, or even the culture conditions used. 

Thee regulation of inflammatory responses by a combination of specialized transcription 

factorss like N F - K B, and more ubiquitous factors such as AP-1 ant! Spl, enables numerous 

wayss of timing the cell-tvpe-specific gene expression profiles that are necessary lor 

coordinatingg the action of various inflammatory cell-types. Cytokine signal transduction, 

startingg at the TNF-x and IL-ta receptors, leads to activation of these various 

transcriptionn factors by a complex interrelated network of second-messengers (Review 

Boone,, 201)2). Briefly, binding of TNF-a to its cell surface receptors results in the 

subsequentt intracellular recruitment of different accessory' proteins, which mediate 

activationn of diverting signal transduction pathways. Such a bifurcation of TNF-a signaling 

waswas demonstrated to simultaneously activate both the N F - KB signaling pathway and Jun 

kinasee (|NK), a member of the stress kinase signaling pathway (Hsu et <//., 1996; Song et a!., 

1997).. Phosphorylation of c-|un bv ]NK results in its activation and translocation to the 

nucleuss in the form of a c-|un/c-Fos dimer, known as AP-1. Binding ot AP-1 to its 

responsee element in gene promoter regions mediates the transcriptional regulation ot an 

extensivee assortment of genes, making the AP-1 gene activation route more universal than 
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N F - K B .. However, the presence of combinations of multiple transcription factor binding 

sitess in a gene promoter allows a more specific, but closelv controllable transcriptional 

response.. Previous studies have indicated that in myeloids cells, fibroblasts and 

hepatocytcss the TNF-a-induced transient immediate-early |Nlsl activation is caused by 

negativee feedback through the simultaneously activated N F - KB route (Rcuther-Madrid el 

ai,ai, 2(102; Liu el aL 2002). Inhibition of N F - KB in these cells resulted in a sustained 

activationn o tJNK and c-|un. The exact mechanism by which this TNF-a-dependcnt cross 

talkk is mediated remains to be elucidated, but some experiments suggest that the control 

byy N F - KB lies upstream of JNK (Reuther-.Madrid rf n/., 20(12). It is interesting, however, 

thatt N F - KB and AP-1 can also work together and have even been shown to interact and 

co-regulatee gene expression (Moll el ai., 1995; Shi el ai., 1999; Papanicolaou et aL, 2000). In 

relationn to the present study, these findings propose a possible mechanism behind the 

potentiatingg effect of N(), shear stress and N F - KB inhibition on cytokine-regulated gene 

transcription.. Our studies with the N F - KB inhibitor. Bay It-7082, revealed that inhibition 

ott a cytokine-inducible transcription factor can result in a super-induction of the cytokine 

responsee ot an exclusive panel of genes. Assuming that the cytokine-mediated induction 

ensuess via a regulator}- mechanism other than N F - K B, a partial direct transcriptional 

repressionn or negative feedback on this mechanism bv N F - KB would trigger a super-

inductionn when N F - KB itself is inhibited. As a result of the well-documented involvement 

off  AP-1 in gene regulation by cytokines (Leong el a/., 2000), it is likely that the JNK/c-Jun 

mechanismm is the positive-acting regulatory mechanism that induces transcription of the 

clusterr of genes that arc potentiated by Bay 11-7082 in the experiments described here. 

Thee existence of different clusters of cytokine-responsive genes that are either inhibited or 

super-inducedd by Bay 11-7082 suggests that their seemingly indistinguishable induction bv 

cytokiness alone is achieved in different ways with respect to the involvement of a negative-

actingg regulatory mechanism. A similar inhibitory effect of NO on N F - KB might explain 

thee potentiating effect that was observed with the NO donor SNAP and eNOS 

overexpression.. However, there was no significant overlap between the gene clusters that 

weree potentiated by NO and Bay 11-7082 (Fig. 4B, clusters [m] and |n|). 

Ann alternative mechanism involving the differential inhibition of an additional negative-

actingg transcription factor (e.g. N F - KB subtype) by either NO or Bay 11-71)82 can be 

hypothesizedd to explain this striking difference. As depicted in Figure 5, the modulation of 

thee transcriptional cytokine response can be divided into three groups, according to the 

clusterss shown in figure 4B and Table 1, i.e. genes that are (/) inhibited bv Bay 11-7082 

andd NO (Tig. 4B, cluster [o]), (2) sensitized by Bay 11-7082 (Fig. 4B, cluster fn|), or (J) 

sensitizedd by NO (Fig. 4B, cluster [m]). Assuming that the induction of these genes is 

mediatedd via a common transcriptional activation route, like AP-1, negative feedback on 

thee genes in groups 2 and 3 can be exerted by two different N F - KB subtypes 

(hypothetically:: c-Rel-p65 or p50-p65). The differential potentiation of the cytokine 

responsee by NO and Bay 11 -7082 is then dissected at the promoter level, involving the 
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FIGUREE 5 - Proposed mechanism for 

thethe potentiation of the cytokine 

response.response. The three main clusters from 

Figuree 4, i.e. clusters [n], [o] and [m], are 

hypothesizedd to be under positive and/or 

negativee transcriptional control of, most 

likely,, AP-1 and different NF-K-B 

heterodimerss (c-Rel-p65 and p50-p65). 

Thee AP-1-mediated induction of the genes 

inn clusters [n] and [m] can be thus 

reducedd by these NF-KB complexes, but 

resultss in the potentiation of the TNF-u 

responsee when these NF-KBS are 

specificallyy inhibited by either Bay 11-

70822 (Cluster [n]), NO (Cluster [m]) or 

shearr stress. Genes that are induced 

independentlyy of AP-1 by these NF-K-B 

species,, can be efficiently inhibited by 

bothh Bay 11-7082 and NO (Cluster [o]). 

presencee of two different transcription factor binding sites for each N F - K B subtype in the 

promoterss of these genes. Such response elements that allow rhe mutually exclusive 

bindingg of, for instance, the p50-p65 or c-Rel-p65 heterodimers, have been demonstrated 

too mediate the cytokine-response of various genes (Parry et al, 1994; Grill i ei al, 1993). 

Independentt potentiation of rhe cytokine response of each group by either N O or Bay 11-

7082,, requires that each of these agents has an inhibitory effect on a different N F - K B 

subtype.. Thus, the independent inhibition of these two negative feedback routes by N O 

andd Bav 1 1-7082, leads to potentiat ion of die transcriptional response of their target genes. 

Thiss concept requires different N F - K B complexes to negatively regulate these two groups 

off  genes, in addition to an exclusive effect of N O or Bay 11-7082 on either of these 

transcriptionn factors. In this respect, a role is suggested for I he other, less frequently 

studied,, N F - K B subunits p52, RelB and c-Rel, in repressing the transcription of these 

genes.. Various studies provide further support for this mechanism by demonstrat ing the 

existencee of alternate routes to modulate N F - K B activity, f irst, AP-1 and N F - K B response 

elementss have been demonstrated to regulate gene transcription in a concerted fashion 

(Mol ll  el al, 1995; Shi eta/., 1999). For example, competit ion between AP-1 and specific 

N F - K BB heterodimers for binding their partially overlapping response elements, can result 

inn the inhibition of the AP-1-mediated cytokine response by N F - K B . Second, Bay 11-7082 

hass been demonstrated to prevent N F - K B activation by efficient!)» inhibiting the [KB 

kinasee complex ( IKK) , which is upstream in the activation cascade (Pierce el al, 1997). 

Alternatively,, IKK- independent inhibition of N F - K B b\ N O has been shown to involve 

thee direct S-nitrosvlation of the Cys62 residue of the p50 ( N F - K B I ) subunil by N O, 

resultingg in an increased dissociation from its target D NA sequence (DelaTorre et al., 1997 

andd 1999). In addition, AP-1 activity was unaffected by N O (DelaTorre et al., 1998), 

enablingg the superinduction of die cytokine transcriptional response by AP-1 through 

NO O 
shear r 
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NO-mediatedd N F - KB inhibition. Finally, the inability of Bav 11-7082 to sensitize the 

cytokinee response of the NO potentiated genes, necessitates the IKK-independent 

activationn of the other N F - KB species (e.g. p50-p65). Such an alternative activation route 

hass been reported, involving signaling from the TNI7 receptors to N F - KB via sphingosinc 

kinasee (SphK) and sphingosinc-1 -phosphate (SIP) (Xia el ui., 1999). In summary, the 

proposedd concept provides a possible mechanism of gene regulation bv which the 

generallyy observed trends of cytokine potentiation can be explained. Previous studies have 

demonstratedd a similar dual effect of NO on TNF-a induced genes, but limited to the 

expressionn or single cytokine-responsiye genes in different cell-types (1'manskv el ai, 1998; 

Diaz-Cazorlaa el ai.y 1999). The comprehensive assessment of gene transcription bv micro-

arrayy hybridization technology described in the present study reveals that the potentiation 

orr cytokine-induced genes is a common theme, implying the involvement of multiple 

negative-actingg regulator}' mechanisms on a substantial number of these genes. Providing 

thee positive regulation of the potentiated gene cluster bv AP-1, the transient effect of 

cytokiness on JNK/c-Jun activity suggests that the response of these genes to cytokines is 

alsoo immediate-early and transient. The activity' of JNK was previously shown to decrease 

alreadyy within one hour after cytokine stimulation, as determined in cell types other than 

endotheliall  cells (Reuther-Madrid el a/., 2002; Liu el ai, 2002). In this study, endothelial 

cellss were exposed to cytokines typically for 6 hours. This single time interval, however, is 

nott sufficient to establish whether the potentiated genes are indeed transiently cytokine-

responsivee and thus more likely to be positively regulated via )NK/c-Jun. Additional 

studiess will need to be performed to verify the repression of certain gene clusters bv 

specificc NF-KB subtypes, and its involvement in sensitizing the cytokine response. 

Furthermore,, detailed studies of the promoters of these potentiated genes can give a clue 

aboutt the involvement of various combinations of response elements and transcription 

factors. . 

Thee widely assumed anti atherosclerotic effect of shear stress on endothelial gene 

expressionn is likely to involve repression of the inflammatory response, partly via 

inhibitionn of the NF-KB-dependent pathway (Traub el ai., 1998). In agreement, studies 

usingg a mouse model have demonstrated a significantly reduced availability of inactive 

N F - K B / I K BB complexes lor cytokine-induced activation at sites that were less prone to 

atheroscleroticc lesion formation (Hajra el a!., 2000). Since atherosclerosis-prone regions are 

correlatedd with reduced endothelial shear stress, these results imply that shear stress 'de-

activates'' the N F - KB pathway, likely via reducing the synthesis of cytokine-activatablc 

N F - K B / I K BB complexes. These findings support a mechanism in which shear stress 

inhibitss the cytokine response of the genes that are positively regulated bv N F - KB and 

potentiatess the response of genes that are under partial negative transcriptional control of 

N F - K B .. Alternatively, the ability of shear stress to potentiate cytokine-inducible genes can 

bee (partially) related to the increased expression of eNOS that is observed under flow 

(Topperr el at, 1996). Thus, eNOS-derived N() can inhibit N F - KB activity, resulting in the 
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repressionn or sensitization of the cytokine response according to the mechanism outlined 

above.. No convincing /'// vitm evidence, however, is currently available that confirms the 

directt inhibition of the NF-KB pathway by shear stress and the involvement ot shear-

inducedd NO synthesis herein. 

Thee clustering analysis has resulted in a clear discrimination of several distinct pathways of 

cvtokine-inducedd endothelial gene-expression and their modulation. A direct interpretation 

off  the physiological significance of these results relies on the actual individual genes 

clusteredd in such panels of co-regulated genes. One of the most prominent features of 

Tablee 1, is the fact that most of the archetypal endothelial-specific pro-atherogenic genes 

aree clustered in panel [o], including VCAM-1, F-selectin, PDGF and the chemokine 

,VOT)/,, showing that their expression seems almost exclusively dependent on the activity 

off  N F - K B, which can be inhibited by either Bay 11-7082 or NO. In contrast, the TNF-a-

inducedd genes of panel fin] rather represent anti-atherogenic genes as both activin A and 

PA1-11 have been shown to inhibit smooth muscle cell proliferation in animal models ot 

atherosclerosiss (F.ngelsc et al, 2002; de Waard et al, 2002). Interestingly, the expression of 

thesee cytokinc-induccd genes is actually highly potentiated by NO, which is indeed 

believedd to be an atheroprotective factor. Furthermore, two anti-oxidant genes, rXARD 

andd SAT show co-regulation. At present it is unclear why genes like interleukin-S and 

MCP-11 are also included in this cluster [m], altiiough intcrleukin-8 has never been directly 

implicatedd in atherogenesis. The third cluster of genes, which shows superinduction by the 

N F - K BB inhibitor Bay 11-7082, but not by NO, indeed does not seem related to 

atherogenesis,, based on the identity of the composing genes. Overall, these data confirm 

thee athero-protective potential of NO by two distinct pathways: first the well-documented 

inhibitionn of pro-inflammatory gene expression, but second also by superinducing 

cytokinee induced anti-atherogenic gene expression. In this respect it is interesting to note 

thatt different N F - KB isoforms end up in different clusters: the archetypal N F - K B I (p50) is 

coregulatedd with cluster |m], whereas NF-KB2 is coreguiated with cluster Jo], a fact that 

possiblyy substantiates our proposed scheme of signal transduction as depicted in Figure 5, 

butt of course awaits direct experimental proof. Collectively, these data clearly show that 

endotheliall  cells specifically use different N F - K B isoforms to fine-tune their transcriptome 

inn response to cytokine stimulation. 
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MATERIAL SS AND METHODS 

Celll culture and shear-stress experiments 

Humann umbilical vein endothelial cells (HUVHCs) were isolated as described (|affe eft//., 

1973;; Horrcvoets et ai, 1999) and cultured in Mcdium-199 (C/hco-BlU ̂  Paisley, Scot/and), 

supplementedd with 20''•••'•. (veil/vol) fetal bovine serum, 50 [Jig/ml heparin {Sigma, St. \.j>nis, 

MO),MO), 8-25 jjig/mL endothelial cell growth supplement (K.CGS; Sigma), and 100 L!/ml 

penicillin/streptomycinn (Cihco-BRL). Culture medium Tor the eNOS adenovirus-infected 

HUVf{CC was DMFM (Gibco-BRll), supplemented with 10% (vol/vol) human serum and 

100 ng/ml bFGF. Experiments were typically performed with HUVRC at passages 1 or 2, 

platedd on fibronectin-coated culture flasks {i\L :NC, Xapierrilie, /ƒ-) in growth medium 

containingg 8 [ig/mL F-OGS at least 24 hours before the exposure to various agents. At the 

indicatedd time points, total RNA was isolated using 7'K ƒ/()ƒ- (Gibco-BRL) according to the 

manufacturerss instructions. Alternatively, 111 VHCs were seeded into fibronectin-coatcd 

artificiall capillary cartridges (Polypropylene 70, Cat ?\o. 400-025; Cellen, Cemiantmru. MP) in 

mediumm containing 8 ug/mL F-CGS, as described previously (Dekker et ui, 2002). Using a 

Ce/lAla.xCe/lAla.x (Jttad positive-displacement pump (Cellco), flow was gradually increased to 

correspondd to a pulsatile shear stress of 19  12 dvnes/cm2, which was maintained over 

thee next 7 days with 3 intermediary medium changes. 

Celll culture treatment 

Mediaa on confluent HUVF.C cultures were replaced with fresh full-growth medium, 

containingg 6 [ig/mL KCGS, 24 hours before cytokine stimulation. The human 

cytokines/growthh factors TNF-ot (2 ng/ml) and interleukin-lj3 (IL-'lfï; 1 ng/ml) (KcrV 

Systems,Systems, Minneapolis, MK) were added directly to the culture medium for 6 hours. During 

thee final 48 hours of the 7-day flow exposure, 2-Phcnyl-4,4,5,5 tetramethylimida/oline-1-

oxy]-3-oxidee (PTI(.)j (Alexis Chemicals, Montreal, Canada) was added to the medium at a 

finalfinal concentration of 10 uM. The compounds S-Nitroso-N-acctv]-D,l.-penicillaminc 

(SNAP)) (1 mM; Calhiochem, San Diego, CA), phenazine methosulfate (PMS) (2 uM; Aldrich, 

Steinheim,Steinheim, Gem/any), Bay 11-7082 (10 uM; B/omol, Plymouth Meeting, PA), N-acetvl-I--cysteine 

(XAC)) (20 u.M; Calhiochem), DL-l,2-dithiolane-3-pentanoic acid (a-lipoic acid) (0.75 uAl; 

Sigma)Sigma) were dissolved in water, ethanol, and DMS(), respectively, and added to the culture 

mediaa as follows: SNAP, 90-min preincubation before cytokine stimulation; PMS added 

forr 6 hours; Ray 11-7082, 90-min preincubation before cytokine stimulation and 

continuouslyy included in flow experiments; L-NAC, 90-min preincubation before cytokine 

stimulation;; x-lipoic acid, 48-hour preincubation before cytokine stimulation and 

continuouslyy included in flow experiments. Adenovirus-mediated overexpression of eN( )S 

(Ad5.empty(Ad5.empty and Ad5.eXOS) was essentially performed as described (Lemarchand rt a/., 

1992).. Briefly, HUVFC cultures were incubated for 6 hours with 2-10* pfu/ml AdS.empty 
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orr ,4dS.e!\0S, followed bv an additional 6-hour incubation in the absence or presence ot 

0.44 ng/ml TNF-a. Optionally, 48 hours before infection, cultures were preincubatcd with 

100 |uM PTIO. Direct.lv following the appropriate incubation times, total RNA was isolated 

citherr using '1'RIZOL or the Absolutely RAW RT-PCR Miniprep Kit (Stratageue, l^ajolla, CA). 

Probee synthesis and cDNA array hybridizations 

Constructionn and use of the custom cardiovascular micro-arrays has been previously 

describedd (Dekker et ai, 2002). For all other arrav hybridizations, 3 ug total RNA from 

treatedd HFVEC cultures was amplified essentially as described, yielding amplified RNA 

(aRNA)) (Van Gelder et al, 1990; Dekker et al, 2002). For all hybridizations a common 

Cv5-labelcdd reference sample was used, composed of a pool of total RNA derived from 

thee various experimental samples. Probes labeled with aminoaliyl-dCTP (Sign/a) were 

directlyy reverse transcribed for 2 hours at 42°C from 2 ug aRNA, using 1 f.ig random 

hexamerss and Superscript II reverse transcriptase (Gibco-BlU.). After purification ot the 

probes,, using the PCK Purification Kit {Qiagen, Germantown, SID), coupling of fluorescent 

Cv-dvess to the aminoalM groups was performed for 1 hour at room temperature in 0.1 M 

carbonatee buffer pH 9.0 with cither Cy3 or Cy5 monoreactivc dye {Amersbaw, Piscafaway, 

i\/) .. Cy-coupled probes were purified using the PCK Purification Kit and Cy3-labeled 

experimentall  samples were mixed with Cy5-labelcd reference sample at a 1:1 rario in a 

hybridizationn mixture containing: Hybridisation buffer (Awersbaw), 1 ug Cot-1 DNA 

(bwitrogen,(bwitrogen, San Diego, CA) and 50% deionized forrnamid. Probes dissolved in hybridization 

mixx were denatured for 5 minutes at 95° C and cooled to room temperature prior to 

hybridization. . 

Micro-arravss containing 19,200 duplicate cDNA clones were obtained from the University 

HealtbHealtb Ketwork. Microarray Centre (Ihw/an 19k I 'ershti 3, Microarray Centre, Ontario Cancer 

Institute,Institute, Toronto, Canada). Micro-arrays were hybridized with the fluorescent probes for 16 

hourss at 42°C. Post-hybridization washes were: 3 times in 2xSSC (8.8 g/1 sodium citrate 

withh 17.5 g/1 NaCl at pH 7.0) and 0.1% sodium dodecvl sulphate (SDS) at 42° C, once in 

0.22 x SSC and twice in 0.1 x SSC both at room temperature. Subsequently, slides were 

quicklyy cmersed in deionized water followed by absolute ethanol and dried under airflow. 

Scanningg was performed on an Agilent DKA Microarray Scanner Model G2565BA {Agilent, 

PaloPalo Alto, CA). Hybridization quantification was performed with Atrayl 'is/on ro.0 (Iwaging 

ResearchResearch Inc., Ontario, Canada), fluorescence signals were corrected for local background and 

Lowesss normalized in the BASF: v1.0.4 software (Saai et a!, 2002), data were filtered and 
lhighh level mean and variance normalized*  in the J-f:\press Pro software {MolMine AS, 

Bergen,Bergen, Sonvay). Clustering was performed with j-T.xpress Pro using average linkage or cowplete 

linkagelinkage hierarchical clustering algorithms with Squared huclidean, Manhattan, or Cosine 

correlationn distance metrics. For each experimental data set onlv the genes that passed the 

followingg 'filtering' criteria were used for clustering: background-corrected reference 
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