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Abstract

Oxidized low densitylipoproteins(oxLDLs) areinvolved in the pathogensis of
atheroscleros and the cytotoxicity of oxLDLs has beenlinked to the formaton of
oxysterols (Schroepfer et al, 2000. 7-ketocholesterol (7-KC) and 7pB-
hydroxycholesterol (75-OHC) are the major oxygerols found in oxLDLs. High
concentratbns(> 20 ug/ml) of 7-KC and 75-OHC havebeenshownto induceapoptoss
in human endothelialcells (Lizard et al, 1999. Prdiminary results obtained in our
laboratoryhawe shown that 75-OHC and 7-KC, at concentrationdelow 20 ug/mL,
induce an increasein cell viability. Furthermore it has been recenty reportedthat
oxLDLs induce proliferation and apoptosisin vascuér cels, dependag on the
concentratbn andthat both effectsare medided by superoxideformation (Galle et al,
2001). In fact, besidesthe known cytotoxicity of readive oxygen speies (ROS),
evidenceshawe been accumulatedindicaing tha these molecules are involved in
several signal transductionpathwaysleading to antiapoptotc and proliferative effects
(Haenckler et al, 2004). The aim of this study wasto investgatethe role of ROS on
cellular effectsof 7-KC and74-OHC in endothelal andvascularsmoothmusclecells.

Treatmentof human umbilical vein endothaklcells (HUVEC) and A7r5 (rat
vascularsmooth muscle cells) for 24 and48 hourswith 7-KC or 75-OHC (1-10 ug/mL)
increasd cell viability, while a cytotoxic effed was induced at 20 pug/mL. Both
oxysterolsinducedan increasein intracelular ROS producton in a time dependent
manner.ROS prodiction by 74-OHC was partially dependenton NADPH oxidase.
Analysis of phosphatidylerine translocabn and caspase3 acivation in HUVEC
treaed with 78-OHC showedan antiapoptoticeffect of the oxysterol aganst bFGF
deprivation and staurosporinetreatment Incubaton of HUVEC with the NADPH
oxidaseinhibitor hydralazineor with the antioxidant N-acdil cysteine was not able to
prevent the antiapgptotic effect of 75-OHC. Although 75-OHC did not induce an
increasein ERK activation, treatmentsof HUVEC with two different MEK inhibitors
(PD98059,U0126)antagonizedhe protective effect of the oxysterol. The resultsshow
that 75-OHC, at concentratia below 20 ug/mL is aniapoptdic by a mechanism
independenbn ROSproductiacn anddepen@nton adivation of MEK/ERK pahway.



Riassunto

Le lipoproteine a bassadensita (oxLDL) sono coinvolte nela patogees
dell’ aterosclerosie la citotossicita delle stesse oxLDL € dovuta alla presema degli
ossiterolitrai suoicomponentill 7-chaocolesterob (7-KC) e il 7B-idrosscolesterolo
(76-OHC) sonoi principali osssteroli che costtuisconole oxLDL ed é stato riportato
che alte concentraziondi 7-KC e di 75-OHC induconoapoptosinelle cellule erdoteiali
umane (Lizard etal, 1999. Risultatipreliminari del nosto laborabrio hamo dimastrato
cheil 78-OHC e il 7-KC induconoun aumentadella vitalita cellulare a concentazioni
inferiori a 20 ug/mL. Inoltre, & statorecentementelimostato che le oxLDL possono
indure sia proliferazione che morte ndle cellule vascolai, a se®nda della
concentraziongentrambigli effetti sonomediat daun aurrentodel livello delle specie
reattive dell'ossigero (ROS) (Galle, et al, 2001). In accordo con tale evidenza,sono
stati riportat i dati sperimentalcircail duplice effetto da ROS,chepossonandurresia
proliferazione che apoptosi,dipendentementeldla loro conentrazone nele cellule
endoteliali(Haendeleetal, 2004). Lo scopodi questo lavoroé stao quelo di studiarell
ruolo dei ROSnegi effetti cellulari di 7-KC e 74-OHC nelle celule endotelialiumane
della venaombelcale (HUVEC) e nelle celule muscolai lisce vascolai di ratto (A7r5).

Il trattamend delle HUVEC e delle A7r5 con 7-KC o 74-OHC per 24 ore
induceva un aunento della vitalita cellulare a conentrazioni inferiori a 20 ug/mL,
mentre a 20 pug/mL si evidenzavano effetti citotossci. Entrambi gli osssteroli
provocavanoun aumentode ROS con@ntrazone-dipendentelLa produzone di ROS
indatta dal 74-OHC erain partedovutaall’attivita dellaNADPH ossdasi Analisi ddla
traslocazionalella fosfatidilserinae dell'attivazione della caspai-3 in HUVEC trattate
con 76-OHC hanno evidenziato un effetto antapoptotco dellossisterob conto
I'apoptotosi indotta da deprivazionedi bFGF o da staurospoma. Né I'idralaina,
inibitore ddla NADPH ossidasi, né I'antiossidate N-aceticistana erano in grado di
prevenire I'effetto antiapoptoticadel 75-OHC. Infine, anchesel’ossisteroloinducera la
fosforilazionedele ERK, il trattamentodelle HUVEC con due inibitori della MEK
(PD98059,U0126)erain gradodi antagornzzarel’effetto aniapoptoico dd 75-OHC. In
conclusione il 75-OHC a concentazioni inferiori a 20 xg/mL ha un’azione
antiapoptotica non medata dai ROS, ma dipenden¢ dal’attivazione della via di

sopravvivenza cellulare MEK/ERK.



Introduction

1. INTRODUCTION

1.1 VASCULAR WALL AND ENDOTHELIAL FUNCTION

The arterid vesselwall is divided into three components:tunica intima, tunica
media and tunica adventitia (Fig. 1) Tunica intima consistsof a single layer of
endothdial cells betweenthe vessel lumen and the internalelastic lamina membane.
Tunica media compgises the muscularportion of the blood vessel whereastunica
adventitia includes the external elasticlamina, termind nervefibres and surrounding
connectivetissue,which containsfibroblastsand tissuemacrophges. Each of these
three layers has specific propertiesand exers different effects which are crucial to
reguation of vasomotortone, protection againstthrombosisand respmse to injury

(Hurlimannet al, 2002.

internal elastic lamina

fibrocollagenous
tissue

endothelium tunica intima

smooth muscle — tunica media

fibrocollagenous —
tissue

with external

elastic lamina

= o \ fibrocollagenous
It ..---I""""ftiisul

tunica adventitia

Fig. 1 Scheme of artery wall.

The endothelum is a monolayer of endothelal cells locatel between the
circulating blood arnd vascularsmooth muscle cells of the media It is a paracrine
autocrine, and endocrineorgan, playing a key role in regulation of vasalar tone,
thrombogenesi, inflammation and vessel growth. Theefore, the integity of

1
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endothdium layeris necesaryto maintan vascuar homeostais. Endohelial cells can
have indirect anddirect effectson vasular strucure andtheir presenceas neessaryto
preventboth migrationandproliferationof vascula smooh musclecells.

To exertits vascularregulatoryfunctions,endothalum release seweral medigors
with capacityto modulatethe contractilestate and proliferative response®f vascula
smooth musck cells. Endothelium has also cgpacty to control platelet function,
coagulationandmonocye adheson. Endotheial cdls exert protecive role during tissue
injury, by producingcytokinesregulatingvascular permeablity andchemotaxis.

Migration is anotherproperty of endothéal cells, important to enhance blood
vesselrepairafter cardiovasculadesons (Hurlimannet al 2002).

To control contractie stateof blood vesses, endohelial cells producenitric oxide
(NO), the mostimportantvasdilatar mediator(Radomskiet al, 1987 originally named
‘endbtheliumderivedrelaxingfactor’. NO is releasedrom endothéal cellsin response
to both shear stress(producedby blood flow) and medators such as acetylcholing
bradykinin, subséinceP andserotonin.NO is a free radical gas with an in vivo halflife
of only afew secondsandis ableto crossbhiologicd membrans. NO is synthesizd by
NO synthasgNOS) from L-arginineard is relessedby endothekl cells via a diffusion
mechanismNO actsat level of vasular smoothmusck cels of the media whereit
increasesintracelular cyclic-GMP (cGMP) concetrations by adivation of the
guanylae cyclase.This leadsto relaxation of smoothmusde cels. Systamic inhibition
of NO synthess increasesarterial blood pressureNO hasalso ani-aggreation, antk
thromboticand antrinflammatory properties. In addition to tha, NO act assignalling
molecule involved in endothelial antiapopbtic and protedive pathways in cells
(Hurlimann et al, 2002). Continuousproducton of NO helpsto maintain integiity of
endothdium and prevens the expres®n of endothéa adhesion molecules (VCAM-1
and ICAM-1) responsibleor the attachnent and sequestrabn of monog/tes through
theendottelial cells morolayer duringatherogensis.

Another vasoprotectivefactor prodwced by endohelial cells is prostacytine
(PGh), a vasodilator factor with antiaggregatin propeties, which enhancs vessels
permedility.

Both NO and PG, inhibit erdothelin production via a cGMP-dependen
mechanism.

On the other hand,endothelinl (ET-1) is a vasoconstator factor, producedby

both endothelial cells and vascular smooth musde cells, under the stimulation of
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hypoxia, shearstress angiotersin Il, vasoprasin,insulin, thronbin, and interleukinrl
(MiyauchandMasaki,1999)

1.2. REACTIVE OXYGEN SPECIESIN ENDOTHELIAL FUNCTION

Reative oxygen speces (ROS) are patially reduced and highly reacive
metabolitesof oxygen(0O,), produed as a consequencef aerobicmetabolism. ROS
include free radicals such as superoxideanion (O, ), hydroxyl radicds ('OH) and the
non-radicalhydrogenperoxide(H,O,) (Thannikal andFanburg2000.

They are particularly transent speciesdue to their high chemical reacivity, so
they canreactwith many biomoleculesuchasDNA, protens,carbohydragsandlipids
In adestrudve manner.

The equilibrium between intracellular ROS producton and the activity of
antioxidant defencesystemsdeterming intracdlular redox status and defines redox
homeostass. If ROS productionovercoms the capadty of antioxidantenzymes redox
homeostad is alteredand oxidative damagse occurs in cells undegoing a condition
calledoxidative stress(ThannikalandFanbug, 2000.

This condtion of oxidative stressis implicated in the pathogensis of several

diseasemcluding Huntington’s,Parkinson’s Alzheimer’s diseaes.
1.2.1. Chemistry of ROS

ROS are highly reactive metabolitescoming from molecula oxygen. They are
often consderedasfreeradicals,but this definition is not always corred. A free radical
isany

molecularor atomic specieapableof independat existencetha containsoneor
more unpared electronsin one of its moleculr orbitals. Molecular O, itself can be
defined a free radical, becauseat hastwo unpairedelectronswith paralel spinin two
different r-antibounding orbitals This spin redriction accountsfor its relative stability
and paramagnet properties.O, is capableof acceptingelectronsin its antibounding
orbitals becomingpartially reduced.The partially reducedforms of oxygenare strong
oxidizing agentsbecauseof their tendencyof becoming compktdy redwed and form
water(H.0), asshownbelow (Halliwell andGutteridge 1989:

€ € € €
OZL_> Oz-‘¥_> H202&_> ‘OH+HO ¥_> 2H0
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One-electronrediction of O, resuts in the formation of O, andit canbe dueto
either enzymatic catalysis or electronleaks from various oxidoreductasereactions. In
aqueous solution O, is shortlived becaus of its instability and its tendencyof
dismutde to H,O,. This dismutaion is facilitatedin acidic condiions whensupeoxide
is protonatel (HOy). In intracellulr compartmentghis spontaneousdismuttion is in
competitionwith the samedismutationcatdyzed by superoxidedismutae (SOD), the
principal antioxidart defence enzyme (Huie and Padmajg 199). Thus, in most
biological systemghe productionof O, reslts in the formationof H,O,, a nonradicd
molecule more steble than the other ROS. It can cross biological membranesand
because of its higher half-life it's weakeroxidant agentthan O,". H,O, can act as
signaling moleculein both physiological and patological condiions. H,O, playsalso
an importantrole in antimicrobialregonse:it can be convered to hypodlorousacid
(HOCI) by myeloperoxidas€MPQ), anenz/me presentin phagosonesandneurophils
HOCI hasstrongbactericide oxidantpropertes(Rossiet al, 1985)

In presenceof reducedforms of transent metals suc asiron (F€") and copper
(Cu"), H,0, canleadto the formation of the higher reactive and toxic ‘OH (Fenton
Reaction) which rapidly inducethe oxidaton of biologicd substrate to be reducedto
H,O. For exampé "OH inducedipid peroxdationdamagingoiological membranesThe
oxidized transent metalscomingfrom the Fenton Reaction can be reducel againin the

Haber Weiss Reaction with O™, whichis convertal to O..
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Fe? Fe3*
HOCI Q 10, + CI-
MPC
- 2+ 3+
e O, O, Fe Fe e
02 ¥ 02-_ g H202 g OH- &_) HZO
SOD Fenton
reactioi

Fig. 2 Main reactions of reactive oxygen species (SOD: superoxide dismutase. MPO:

myeloper oxidase).

1.2.2. Intracellular antioxidant defence systems

To maintainintracellularredoxhomeostasiat physbplogicd levels (Droge 2002,
cells have antioxidantdefencesydgemsassumnarized below:
* Suwperoxice dismutse (SOD), catalyang the dismutationof O, to H,O, as the

following reacton shows:

SOD

20,- + 2H+ H.O, + O,

« Catalase hemeprotehe, containing four oxidized heme groups (Fe**). This
enzymecanneutalize H,O, with two alternaive mechanisms:
— dismuationof H,O, to O, and H,O

catahse

2H202 2H2O + OZ

— Reductionof H,O, with areducedsubstates.

* Peroxidaseshemeproteinscontainingonly one oxidized hemegroup (Fe3+),

thatcatalyzeghereductionof H,O, with areducedsubstrates.

* Glutathioneperoxdasesystem(GPX), composedof glutathioneperoxidaseand
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glutathionereductaseThis systen catalzes the redudion of both H,O, and
peroxides using reduced glutathione (GSH) which is oxidized (glutathione
disulfide, GSSG).GSSG is thenreconvertd to GSH by glutathione reductse
underconsunption of NADPH

e Thioredoxin (Trx) sydem compo®d of thioredoxin reductas (TrxR) and
thioredoxn. ReducedTrx is highly efficient in reducingdisulfidesin protdans
and peptides,including glutathione disulfide. TrxR reduce the acive site
disulfide in Trx and severalother substrdes directly under consumption of
NADPH (Nordbeg Jand.Arn"erESJ,2001).

* Low weightmolecularROS scavangerssuchas hydrosolulte ascorbicacid and

lipid-solubletocopherol.
1.2.3. Intracdlular sourcesand regulation of ROS

ROS can be producedby both enzymaic and nonenzymaic sources,as by-
product of electrontransferreactions,carried out by elecron-transferringproteinsor

enzymaticsystens.

Mitochondria arethe major sourcesof ROSunderphysiobgicd conditions(Fig.
3). ROS normdly produced by mitochondria corregponds to 1-2% of total O,
consumpton (FreemarandCrapo,1982. Electronscarried out by the electrontransport
chain (ETC) canleak out of the pathwayand passdirecty to oxygen,generaing O,".
Electronscan enterthe ETC at the levd of either Compkex | via the oxidation of
NADPH by NADPH-ubiquinone oxidoreductase or Compkex Il via the oxidation of
succinateby the succinatedehydrogerase After that, electronsare carried from one of
these compkexes to Complex Ill  (ubiquinol-cytochrome ¢ oxidoreductase by
Ubiquinone,a lipid-solubleelectroncarrier. The highly reacive semiquinonegenerated
at level of Complex! and Il is mainly respondle for the formaton of superoxideThe
intramitochondrial concentrationsf O, aremaintainedat very low steadystatelevels
by the Mn-SOD, which convertsO,™ to H,O,. While O, is not ableto crossbiological
membranedH;0; is able to diffuse acros mitochondrialmembraneo cytoplasm.Sone
correlationsbetweenintramitochondial ROS producton andthereguhtion of apoptosis

mechanisminducedby differentstimuli have beenrecenty found
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Myxathiazol
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Fig. 3 Superoxide production by mitochondria, at level of different complexes of respiratory chain
(Curtin et al., 2002).

Endoplasmic reticulum (ER) is anotler possiblesourceof ROS (Freeman and
Crapg 1982). ER is a membranébound organelle involved in lipid and protein
synthess. Smooh ER (lacking boundribosones) contains enzymesresponsibé for the
oxidative modifications of lipid soluble drugs and other harmful metabolic products.
CytocromeP450ard bs families, are the main importantenzymaic sysemsoxidizing
unsauratedfatty acidsand xenobioticsand they can reducemolecular oxygen to O,
Thereis evidencefor redoxregulation of ER-related functions suchas protein folding

and secreion (Baderet al. 1999.

Per oxisomes are importantsourcef total intracelular H,O, production(Boveris
et al. 1972. They containa numberof H,O,-gereratingenzynes including glycolate
oxidase, D-aminoacidoxidase,urato oxidase, L-a-hydroxyacidoxidaseand fatty acyt
CoA oxidase.Then peroxisomal catalaseutilizes H,O, to oxidize a variety of other
substratesin peroxidative reactions. These reacions are paricularly important as

detoxifying mecltanismsto inactivate xenobioics. A small fraction of peroaxisomal
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H,0, canescapecatalag anddiffuse from theseorgandles to cytoplasm contibuting
to eitherintracelular signallingor oxidative stressdependingon its concentations.

In addition to intracellularmembraneassocated oxidases, solubke enzmessuch
as xanthine oxidase, aldehyde oxidase, flavoprotein dehydrogenase can produce
ROS during their catalytic cycling. The most relevaxt enzymeis xanthine oxidase
expressedn the luminal suface of the endohelium in many organsit can be formed
from xanthine dehydrogenaseinder condition of hypoxia (McKelvey et al. 1988.
Usually xanine oxidase catalyzes the oxidaion of xanthine to urae with the
concomitantreducton of molecularoxygen to superoxideand hydrogen peroxide. The
enzymeis normally presentas xanthinedehydrogenasayhich doesnot gererateO;",
but is converedto xanthineoxidaseeitherthroughoxidation or by proteolytic cleavage
of a segmentof xanthine dehydr@erase. Increasedxanthine oxidasederived O,
production may be involved in ischaemi&eperfusionand in endothelal dysfunctionin
several diseaes(McKelvey et al. 1988. With respectto signdli ng, xantine oxidase
derived ROS have beenimplicatedin the control of the endothé&al cytoskeleta and
mechanoeneatic coupling.Xanthineoxidaseis widely used to generae O, in vitro to
study the effectof ROSon differentcellular processegéThannika andFanburg2000.

NADPH oxidase is a membraneassociaed flavoproten involved in producton
of O, directly from molecularO; in a oneelecton trander reaction.NADPH oxidase
a multicomponentflavoenzyne, which constatly produes intracelular ROS at low
levels under physiological conditions. Different stimuli such as growth factors
cytokines oxLDL, oxysterolsmechanicabktresscaninduceNADPH oxidaseactivation
and this ligand-induced ROS productionis involved in the reguldion of endothelial
function (Ushio-Fukaiand Alexander 2004)

1.2.4. Vascular NADPH Oxidase

NADPH oxidaseis a regiratay burd oxidasetipicaly conainal in phagocygs,
that caalyzesthe oneelectronreductionof molecular oxygento superoxde, leadingto
hydrogen peroxde productionwhich is important in host defence(seeabove) This
enzymeis normaly quiescentand becoms actvated during the neutrophli oxidative
burstto generat largeamountsof O, (Babior, B, et al 2002. The neutrophiloxidase
consistsof a plasmamembranespanningcytochrome b558 which is an heerodimer,

comprising gp9lphox and p22phox, and cytosoic componens p47phox, p67phox and
8
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the smdl GTPaseRacl.Evenif the catdytic subunit of this compkex is gp91phox,
defectsin any one of the phox componats resultin the clinical syndromeof chronic
grarulomatousdiseasg, a disordercharaterized by imparedhost defenceand chronic
infection. Activation of NADPH oxidase triggeas transloation of the cytosolic
componens to the membraneboundsubunitsunderthe guide of Rac 1 protein. Thisis a
highly regulatedprocessthat involves posttranslatonal modificaion of severalof the
cytosolic subunits and specific protein-protin binding through tanden SH3 (Src
homology 3) domains The resulting protein compkx enables electron transfer from
NADPH, in the flavin-containingcatalytc subunt, to O,, therebygeneating O, (Fig.
4).

- —

NADP" NADPH

Fig. 4 NeutrophyINADPH oxidaseandsuperoxiddormaion (Ray andShah,2005).

In the vasculatire the p22’"™ p67"* and p47"* componerts of the NADPH
oxidase are distributed ubiquitously amongthe major cdl types (Bayrakutan et al,
1998). In contrastthe catalyticsubunitof the vascubr NADPH oxidasesappeas to be
distinct from its phagocytecounterpartgp91phox(Cheng, et al. 2001). Numerous
gp91phox (newly namedas Nox2) honologues,including Nox1, Nox3, Nox4, and
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Nox5, have beenidentified in vascularcels, ead encodedfor by sepaate genes.
Endothelial cels expressvery low levels of Nox1, intermediae levek of Nox2, and
abundantNox4 mRNA, while vasular smooth muscle cells expresspredominantly
Nox4 and,to alesserextent, Nox1 with negligible amountsof Nox2 (Jones et al, 1996;
Griendlig KK et al, 2000. Analyss of the predided sequence of Nox family

membes revealsthat despitea relatively high degreeof conservabn in the overall

topdogy of the Noxs, theydiffer greatlyin their tissuedistribution andarealsolikely to

be differentially activatedandregulated Ead isoform contansan N-terminal clusterof

hydrophobic membranespanning regions and C-terminal regions con@ining a
flavoproteindomainandconensusyridine nucleotide-bindingsites.

NADPH oxidasein nonphagoctyic cellssuchasendotheial cels differs from the
neutrophil enzymein severaimportantaspets. Whereasthe neutrophil oxidasereleases
large amouwnts of O, in bursts,the vascularNADPH oxidasés) coninuously produce
low levels of O, in ungimulated cells, yet it can be further simulated acuely by
variousstimuli. Then,while in neutrophilO,”™ productionocaursmainly in extracellular
environmert, in endothelialcells O, is producedmainly in intracellularcompartnents
(Fig. 5), dependig on the location of the enzynme compkex (Thannikal and Fanburg
2000).

Neutrophil Vascular smooth
muscle cell

H* 02

.Ili'i"'j *‘-a‘r-*.'-{.'-f:ui!-n gp91 | p22 i"“’;ﬁ‘: W

NAD(P)H
NAD(P)+

Fig. 5 Neutrophyl and vascular NADPH oxidase in comparison. In vascular cells, superoxide is

NAD(P)+

continoudly produced in the cytoplasmatic compartment (Griendling KK et al., 2000).
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Regulationof oxidas activity in cardiovaaular cells occursat leastat two levels.
First the activaton of the enzymecan be enhance by secondmessenges, including
calcium. In addiion to that stimuli, such as angiotensin I, high glucose levels,
cytokines, can trigger its overeyresson involved in the devebpment of oxidative
stress.

ThevascularNADPH oxidaseis activaed andreguldaed by a variety of hormones
and factors (Fig. 6) known to be important in vascularremodeing and diseaseThese
include agonistsof G-proteincoupled recegtors such as angioensin Il and ET-1,
thrombin, plateketderived gromth factor (PDGF), cytokines such as tumor necrosis
factor (TNFa), interleukinl. NADPH oxidase can also be activated by metabolic
factors such as increasedglucos, insuin, NEFAs (non-esterified fatty acids) or
advancel glycation endproducts(AGESs), and oxidized LDL (Griendling et al. 2000)
NADPHox expressiorcanalso be modified. For exampleoxLDL enhancesxpressn of
Nox4 in humanendothelium(ThumandBorlak 2004).Changesn shearstressare very
relevantstimuli in endothelialcells osdll atory shea stress(zero net forward flow)
increass ROS production andupregulatesNox4 aswell asNox2, while pulsatileshear
(netforward flow) may actuallydownregula¢ these componeng as comparedto static
cells (Hwanget al. 2003).

One mechamsm involved in NADPH oxidase activation is proten kinase C
(PKC)-dependenphaosphoryation of the p47phox and its translocabn to the Nox2/
p22phoxhekerodmerto form themorefully asseml#d complex, justasin neutrophils.

The moststuded stimulusof the vascula NADPH oxidaseis angotensinll that
increass the activity of the NADPH oxidaseat three or more levels. At the begnning,
there is rapid acivation of c-Src and other kinases such as PKC, leading to
phosphorylaion of p47phox which translocagésto the menbranecytochrome complex
(Touyzet al. 2003) In vascularsmoothmusck, the EGFrecepbr transactivation is also
involved, leading to sequentialctivationof both phosphatylinostol 3-kinase(PI3K)
and small G-protein Rac immediately after angbtensin receptor AT1 activation
(Seshiahet al. 2002). ActivatedRacin its GTP-boundstae is thoughtto bind to the
cytosnlic p67phox subunitandactivatethe NADPH oxidase All theseevens, following
angiotensinll stimulation serveto activate,pronote andsustan electronflow through
the cytochromecomplex.A furtherlevel of acion of angiotensinll, and of someother
stimuli, is to increasethe expresion of NADPH oxidase subunitsover hoursto days
(Cai et al. 2003).
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NADPH oxidase activation is also involved in VEGF induced endothéal
proliferation and migration (Ushio-Fukai et al.,2002) via PKC-dependent
phosphorylabn of the p47phox regulatorysubunit this medanismis implicated in
vascularangogenesisand repair.

In many cases, NADPH oxidase activation is not only triggerad by the
phosphorylabn of p47phoxsubunit, but also by the p47phoxbinding to othe signaling
molecules such as TNF-receptorassocited factor 4 (TRAF4) during TNFa
stimulation. This particular mechaimsm leadsto a spatally restricted ROS synthesis
targetingsomespecificMAPK proteinsinvolvedin TNF« signalling pathway.

Anincreasein ROS productionby NADPH oxidaseis involvedin NF«B induced
expression of adhegon moleculeson endohelial cels surface by stimulation of

cytokines or underconditionof hyperctolesteroémia (Trueet al., 2000)

Membrans I
subunits

. Angll, 1L § ., THF-2
inactive + aciive

Fig. 6 Molecular composition and regulation of NAPH oxydase

1.2.5. ROS assignaling moleculesin the vascular system

ROS have always been consideredas toxic agents becauseof their oxidant
propertiesleadng to degructive modificaions on differentbiomolecules, such asDNA,
proteins,lipids andcarbohyrates.On the othe hand,evidene are abouta role of ROS
as signding molecules involved in reguhktion of mary intracellular pathways

concerningto cell survival,growth, apoptosisand deah. The mechaismthrough which

12
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ROS act as signalng molecule is due to modification of redox sensiive proteins
(ThannikalandFanbug, 2000:

Formaton of intramoleculardisulfidelinkages.
Proteindimerizationby intermdecula disulfidelinkages.
Dithyrosineformationby H,O,/peraxidasesdepenlentreactions.

o o T p

Metal-catalyzedreactionoxidationof protensby Fenton-like chamistry.

An alternativeprotein modificationby which ROS exerttheir signaling function
Is protein S-glutathiolation (Biswas et al, 2006) That is a GSH-dependat trapping

mechanismwheren protein-SH are at the first oxidized to a thiyl radicd or sulfenic

acid asfollowed:

ard thentheyare conwertedto mixeddisulfide addud in conjundion with cellular
GSH. This S-glutathiolaton of proteinsis a reversibeé medanismthat conveat cystein
proteinsto aninadive state.In the absene of sufficient glutahione, partally oxidized
protein cystens may react with oxygen or other oxidans to produce irreversibly
oxidized suffinic and sulfonic acid species: this condiion is assocated with oxidative

injury:

Protein-3 + Oz — protein->CoHprotein-50zH

* Redox regulation of phosphorylation/dephosphorylation mechanism. Praein
tyrosine phosphatase¢PTFs) play an important role in the dynamcs of cell
regdation due to phosphoriation-dephosphorgtion medanisms during
extracellulr signalling (Choaet al, 2004). Phosphoylation of tyrosineresiduesof
various targe proteins have beenrecordedin responseto cytokines and growth
factorsandhave beenfoundto beat leastparly mediaedby the genegation of ROS
due to a redox regulation of PTPs. PTPsacion is usudly in equilibrium with the
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action of proten tyrodne kinases,and both kind of protans are involved in
importantcellular procesgs suchas cell growth, proliferation and differeniation.
PTPs containan essentiatysteinresiduein the active site. The cystin thiol group
at neutral pH exist asthiolate anion,which forms a thiolate-phosphatentermeliate
in the caalytic mechanismof PTPs.In presenceof physiological levelsof ROS,the
cystein thiol group can be reversiblyoxidized to cystan-suffenic aad (Cys-SOH)
undergoin glutathplation. This mechanismeadsto a reversibly inhibition of PTPs
activity with stabilization of phasphotyrosinanoietiesof theisozymesat conserved
sitesin the catalytic domainandphosphorylabn-depadentsigndli ng pathwaysare
potentiated. This mechanismof redox regulaion can activate Mitogen-Activated
Protein KinasedMAPK) cagades)eading to an adivation of extracelular signal-
regulatedkinases (ERK), regonsible for endotheial cdl protedion. Also PI3K-
deperdent pathways can be activated, with consequet acivation of Akt, a
protectivekinaseale to activateendothelal NOS by phosphoylation (see below),
thus enhanang NO production(Choaet al, 2004).

GSH and thioredoxin: redox-sensitive systems. This two protens make part of
two importantantioxidantdefencesystems In addtion, they play animportantrole
in cellular signaling depending on intracllular redox staus. A reducing
ernvironmentis necesaryto maintainboth GSHandTrx in aredwedadive form. In
erdothelial cells it has beenshown that deaeasein GSH inducesapopbsis and
inhibit cell proliferation (Drogeet al, 1994) It has been demonstragd tha Trx has
artiaptotic properties due to its capaity to inhibit proapopotic protans by
binding them. Trx is a small multifunctional protan (Nordbergand Arnér, 2001)
with two redoxadive cysteineswithin a conseved active site (CysGly-Pro-Cys).
In reducedform this proteincanbind same proteinsthroughits —SHmoiety, leading
to their reversble block. A targetof Trx is apopbsis signd-regulting kinase 1
(ASK-1), involvedin the activationof the c-Jun N-terminal kinase(JNK) and p38
kinase, which are two stressactivaed componers of the MAPK system.
Thioredoxin complexformationinactivates ASK-1 andthis processs reveasedby
ROS productionin respnseto TNF. In presene of ROS Cys-SH moiety of Trx
undergoesoxidaion, sothatit can’t bind any other protens. That is an exampleof
ROS mediaed modfication of thiol groups.The evidenceaboutTrx asa negative
regulator of ASK-1 suggestpossiblemechaismsfor redoxregulaton of apoptotic
pahways(Satoh et al 1998.



Introduction

1.2.6. Molecular targets of ROSin vascular cells

ROS are normally producedin both endohelial and smooth musck cells where
they canbe either mediatorsof physiologicd vascuéar functons, or inducersof vascula
dysfunction(Ilrani, 2000) They caninduce cdl growth, arrest or pronote cell suwival
or death,dependng on both stimulusard cel type Whatis deteminant for ROSaction
underdifferentcel stimulatiors arethe subcdularlocalizaion of ROSproductionsthe
kineticsof ROSproductionsand theamountof ROSproducedwithin thecells.

A targe of ROSareERKSs,which aremenbers of MAPK family. In bothsmodh
muscle cells and endothelial cells low levek of ROS adivate ERKs, under the
stimulation of growth factors:it hasbeenshownthat VEGF signaling in endthelial
cellsinvolvesROS-inducedERK activaton leading to cell survivd (Gupia et al, 1999)

Kinases belongng to the stres-activatedprotan kinase(SAPK) family, which
include c-Jun N-terminal kinases(JNKs) and p38 MAPK regulaed by smdl GTPases
proteins such as Racl, are also sensitive to redox modulaion. In contastto ERKSs,
JINKs andtheir dowrstreamtargetc-Jun,have been implicatedin H,O, and otherstress
induced apoptosisof endothelial cells (Wanget al, 1999). Moreover p38 MAPK has
been implicated in upregulationof ICAM-1 and, therefore, endothéal dysfunction,
leading to a pro-atherosclerotidenotype(Tamura et al, 1998).In smooh musclecells
redox-senstive adivation of p38 MAPK medites angiotensinll—inducel hypertrophy
(Ushio-Fukai, et al, 1998)andhasalsobeenimplicatedin cell migraion (Hedgeset al,
1999).

The transcrption factor NF-kB is anoter target or ROS paticularly ROS
generatedby a RaclregulatedNADPH oxidase (Suldner et a, 1996). In smooth
muscle cels, costtutive activation of NF-kB has been repored to be essenal for
proliferation. In addtion, Ang II-inducedeffects on vascularsnmooth mude cells may
also be medatedvia NF-kB. In endothelia cells, NF-kB is a primetargetfor ROS and
its activationhasbeenlinked to endothelal cell dysfundion andsurvivd.

Akt, a kinaseinvolved in antiapoptoticpathways, is also adivated by ROS. In
smoothmusck cells Akt is regulatedoy ROSunder Ang Il stimulation. In endothelial
cells, activaton of Akt hasbeenlinked to the protective effects of shear stress and
VEGFinducedgrowth and survival. In both vascularsmooh musde and endothelial
cells, Akt activation pathway includesa RacZktregulated, NADPH-depadent oxidase
(Irani, 2000)
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1.3. NO ASSIGNALING MOLECULE IN ENDOTHELIAL FUNCTION

Under physiolayical conditions NO regulates vasalar tone, provides arti-
inflammatoryactivity andinhibits endothéal cel apopbsis by increasingintracellular
concentrationof cyclic GMP (asseenalove). Increasng evidencesuggestshat cGMP-
independent proceses contribute to cellular signalng by NO. Specfically, S-
nitrosylation of CystSH groups has been recognizd as an important mechanism
invalvedin dynamc regulationof proteinfunction (Porasuphanaaet al, 2003)

These alternative mechanism can be mediated by different reacive nitrogen
species (RNS) producedby reaction of NO with superoxideanion. RNS include
nitrosoniumcaion (NO"), nitroxyl anion (NO") or peroxyntrite (ONOQ). If produced
at high doses, in condition of oxidative stress, ONOO can be highly toxic, dueto its
unspecifc oxidant properties. Moreove high levels of RNS indicate that NO
biodisponihlity has decreaed due to its conpletely reacton with ROS, affecting
endothdial functon. On the contrary, at low levels these specis act as signaling
molecules.

Apart from low madecular weight SNO molecuks, suchas S-nitrosogluathione
(GSNO) Snitrosothols areasseiatedwith high moleailar weight protens.

One mechanisnof proteinr-NO adductformation may involve transnirosylation
of proteinsby low molecularweight S-nitrosothiok, suchas GSNO, as shownby the

following reacton:

ProeinSH+ RSNO— proteinrSNO + R-SH

Other possible mechanism®f protein S-nitrosylation requiresformation of either
a reactiveprotein intermediateor somereadive low molecula weight speges othe
thanS-nitrosothiol (BiswasS et al, 2006):

(1) Protan-SH+ ONOO™ — proteinS + HNO3
ProteinS + NO" — protein-SNO

(2) ANO" + O,—2N,05
N2Oj3 + proten-SH — HNO, + proteinSNO
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It has been recently demonstratedtha redox reguhbtory actvity of Trx is
controlled by S-nitrosylationof its Cys-69 residue At basal levd Trx is S-nitrosylated
at this site, andif this processs inhibited the antioxidantdefencefunction of Trx (seen
above) is destroyed,leadingto an increasein intraellular ROS at high toxic level
(Haendelegt al, 2002)

It hasbeenshownthat NO in cardiomyocyes exerts its antiapoptotc action by
inhibiting caspaseactivity (Maejimaet al 2005).Caspasgare key regulabr of apoptotic
signalingpathway andgeneraly theyaredividedinto two caegory:initiator (casases,
-9) and execuioner caspasegcapas-3, -6, -7). Under normal condiions, caspases
exist aslatentzymogensasprocaspasesha canbe clearedinto actve formsvia other
activatedcaspasesn the apoptoticprocessin their acive site, caspasebavea cysteine
residue,and the activity of the enzymes can be regulaied by S-nitrosylation of that
cysteinresidue.lt hasbeendemonsratedbothin vivo andin vitro thatcaspae 3 canbe
inhibited by S-nitrosylationat cystein163.

1.3.1. NO synthesisand eNOSregulation

Threeisoformsof NOS havebeenidenified. The neuronalNOS (nNOSo NOS1,
150 kDa protein encodedby NOS1 geng prindpally expressedin neurons;the
inducible NOS (iNOS or NOS2,130kDa proten enadedby NOS2geng expressedn
endothelial cells in regponseto stimulaton of cytokines unde injury conditions;the
endothelialNOS (eNOS or NOS3 135 kDa, protein encdedby NOS3gene)expressed
consitutively in endothelial cells, cardac myocytes, and blood platekts. The three
isoformsarehighly homologousn their primary strudure.

While INOS is regulatedonly at transcriptonal level, eNOS s highly regulaed at
both trangriptional andpog-transcriptionalevd.

Eachof the NOS isoformsis composedf both aredudasedoman thatis flavin-
containing C-terminal with binding sitesfor FAD, FMN and NADPH, and a catalytic
N-terminaloxygenasdénemecontainingdoman with bindingsitesfor L-arginine and6-
R-tetrahydrobopterin(H4B). Thes two domainsareconnectedy a cdmoduiin (CaM)-
binding doman.

During NO syntlesisL-arginineis oxidizedto L-citrulline, in atwo step readion.
The first step involves the N-hydroxylaion of L-arginine to N“-hydroxyl-L-arginine,
while in the secondstepN”-hydroxyl-L-argnine is convertedo L-citrulline andNO.
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All threeisoformsof NOS arefunctionally acive ashomodmer,sothatelectrons
canpassfrom thereducta® domainof one monomer to the heme-oxigenaselomineof
the other monomer,leadingto the concomiant reducton of molecular oxygen (O,).
Different stimuli can activateeNOSinducing its dimerization through mechanismsof
posttraslationakegulationinvolvedin endothéal function (Fleming et al, 2003.

The enzymeis highly regulatedoy different proteinssud ascaveoln, heat shack
protein 90 andeNOS interactingprotein Furthemore motor proteinsregulde both the
formation of the protein complex and its intracellular localzation impotant in
determiningeNOSactivity. All together,thesereguhtory protans and actvatedeNOS
formthesocaled eNCS signalling complex.

Intracellular calcium level is the main regulator of eNOS activation. The
associationof C&*/CaM complexto the CaM-binding domain of eNOS triggers its
activation facilitating the dimerizationprocess,thusall stimuli increasing intracellula
caldum (C&*) levelsacivate theenzyme(Fleminget al, 2003.

Activationof eNCS is also dependenbn the phosphoryldabn staus of two critical

aminoacids: a serineresiduein the reducasedoman (Se**”

), and a threonine residue
in the CaM-binding domain (Thr*®®. At basal level Thr**® is usually phosphoylated,
leadingto an inadive state of eNOS. It is thoughttha the phosphoryated Thr*®°
inteffereswith theas®ciationof Ca*/CaM complexto the CaM-bindingdoman. Thr*®®
has to be dephosphorated during activaion of eNOS (Fleming et al, 2003). On the

other hand the phosphoylation of Ser*”

occus during eNOS activation and it's
triggeredby kinasessuch as Akt (Dimmeler et al 1999) after thar associion with
eNOS signaling complex.Generally,stimuli elevatng intracellular C&* levek, such as
bradykinin, histamhe, and C&* ionophores,lead to changesin the phosphoylation
statusof both Ser*”” and Thr*®® facilitating the associatiorof C&*/CaM compkx to the
CaM-bindingdomain.Thes stimuli increaseeNOS actuity by 10- to 20-fold overbasal
levels.Growth factors and hormonesusualy adivate eNOS exclusively increasingthe
phosphorylabn of Sef'”’, triggering an increasein eNOS activity by two- to fourfold
over basallevds (Flemingand Busse,2003. On the other hand,it hasbeen showna
correlation beween eNOS activation by Akt phosphorydtion and intracdlular ROS
production: at lower levels ROS can enhane the activation of Akt-eNOS complex,
while at higher levels as®ciatedwith a deceasein GSH levds, ROS inhibit eNOS

activation(Tanakaet al. 2005
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Another importantaspecin the activationof eNOS:is its subcelular localzation.
Normally when eNOSis not activatedthe two monorrers are not assocated and they
are myristoylaed and palmitoylated and thus can associa with intracellular
membranes. Moreower, in the plagna membraneeNOS is manly targeted to the
cavedae whete it is inhibited by binding to caweolin-1. Activating stimuli, after the
binding of Ca?*/CaM motf to the CaM binding site, candissodate eNOSfrom caw-1,
leading to activation of the enzyme after its translocéion to distinct subscellular
compartmentsThe selective movemen of eNOSto different cellular compartments
may be an essernil step in determiningthe physiobgical outcones of NO production
(FlemingandBusse2003.

Theprincipal mechanism®f regulationof eNOSarerepreseradin Fig. 7.
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Fig. 7 Endothelial nitric oxide synthase (eNOS) regulation in response to endogenous stimuli, such
as shear stress, acetylcoline (Ach) and sympathetic innervation.
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1.4 ENDOTHELIAL DYSFUNCTION AND ATHEROSCLEROSIS

Atheroscleros is a multifactor inflammatbry diseasecharacerized by the
accumulation of cholegerol in large and medum-sizeal arteies. This depostion leads
to chronic inflammation state, infiltration of monocyts under the enddhelium,
proliferation of smooth musclecellswithin the artaial wall inducirg the formation of
atheroglerotic plaquewith progresw/e hardenirg of thearteries.

Hypercholester@mia is a cental pathogers factor for atherogensis and
endothdial dysfurction andis one of the earliestevents of atheosderosis.One of the
characteristcs of endothelial dysfuncton is impared endothéum-dependent
vasadilation.

Damagesto endothelium are associted to many typical risk factors of
atheroglerosis suchassmoke lipid diet, hypertasion, diabdes(Pudduet al, 2005)

It has been shown that ROS are involved in both initial and progressive
developmentof atherosclerosisenhancinga condition of oxidative stress.This leadto
decreasein NO biodisponibilitytriggeringto lossof endotheial function andalteration
of vaularhomeostasis.

Endathelial lesionleadsto infiltration of Low-Denstity-Lipoproteins (LDL) unde
the endothdi um leadingto an oxidativestresscondiion in the tunica intima. This ROS
overmprodudion triggersexpresson of both intercédlular adhesion molecukes (ICAM-1)
and macrophageschemoattractanproteinl (MCP-1) on the endotheial surface.
Therefore, monocyes can adhereon endohelial cells and than migrae under the
endothdium wheretheydifferentiateto macrophags.

Under condiion of oxidative stress,different componerg of LDL can undergo
oxidation, leadingthe formation of oxidized LDL (ox-LDL). Oxiddion can occur at
levelof bothlipid and proteincomponent®f thelipoprotens. Macrophags and smooth
musclecellspossasthe so-calledscavengerecepbrs for ox-LDL.

Ox-LDL have been identified as the man factors involved in devebping
atheroslerosis due to their multiple actions against cardiovascudr homeostasis,as
reviewed by Pudduet al, in 2005
* Ox-LDL induce leukocyteadhesiornto endohelial cells, throughthe stimulaton of

mary cytokines,suchas TNF-o andinterleukin1 which in turn inducethe surface

expresionof adheionmolecules.
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Ox-LDL canstimulate smoothmuscle cdls to proliferate, inducing the expression
of basc fibroblast growth factor (bFGF) in both endotheakl cels and smooth
muscle cels, and to migrate,enhancingthe expressiorof platdet-derived growth
facta (PDGF) in endothelialcells Ox-LDL ad also as mitogen on smoothmuscle
cells,inducingthereleaseof endothelinl.

Ox-LDL have also a pro-coagulantactivity on the endothéum, by triggering
platdet adheson andaggregatiorandby decrasingprostagclin (PGL) production.
Ox-LDL stimulate apoptosisin endothéal cells, smooh musde cdls and
macrophagedeading to the formation of foam cdls, and thereby contribute to
plaguerupture. Evidencesuggets thatthe pro-apoptoic acton of ox-LDL is due to
their capady to decreas levels of protan S-nitrosylation in endothdal cells,

triggerinacivation of caspase@Hoffmannet al, 2001).

In vitro studies in endothelialcells by have demonstragdtha high concentratons

of oxLDLs (40 ug/ml) are cytotoxic but lower concentrabns inducecel proliferation
(Gale et al. 2001).This dualeffectis mediated by differentlevelsof ROS.In patticular,
ROS inducingcdl proliferationareproducedby NADPH oxidase(Heinloth et al. 2000)
Theseresults arein accordwith the evidenceabout a dud role of ROS on endbthelial

cells. In fact it hasbeenshownthat treatment of endothahl cells with low dosesof

H.O, leadsto ani-apoptoticaction, throughthe stimulaion of thioredoxinexpression

(Haendeled et al, 2004). Finally it hasalsobeen demonstragdtha in human umbilical

vein endohelial cells (HUVECS), both gp91phoxexpressionand O, formation are
increasd by ox-LDL (Rueckschloset al. 2007)
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1.50OXYSTEROLS

Oxysterolsare27-carbonproductsof cholesteol oxidaion (Fig. 9) which have
beenshownto posses mary potentanddiversebiological activitiesin vitro, seweral of

which mayimplicatethemin theinitiation anddevebpmentof atherosatrosis.

\/\/\r

H

3,6-epoxycholesterol (EPOX)

HO™ e Sy HO bH
T-ketocholesterol (TK) T-hydroxycholesterol (TOH)

H i
25-hydroxycholesterol (250H)  27-hydroxycholesterol (270H)

Fig. 9 Chemical structure of some oxysterols.

Oxysterolsare mainly found in ox-LDL and the amountof total oxysterolsin
atheroscleotic plague is muchhigherthan in normal tissuesor plasna, dueto oxidative
stressinducedby inflammatoryproceses.

Oxysterolscanbeintroducedalsowith diet, and then transportedn chylomiaons.
The mostconmonly detectedoxysteros in foodsare the mgor productsof cholesterol
autoxidation,sud as7-ketocholestero(7-KC), 7 a-hydroxycholesterol(7a-OHC), 7 -
hydroxycholesterol (75-OHC), 5, 6 a-epoxychoéserol (a-EPOX) ard 5, 6 S -
epoxycholestel (f-EPOX)(Tai C-Y et al., 1999.
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Some oxystkerols can be formed diredly in vivo as a consguenceof both
enzymatic processesand cholegerol aubxidaion. Some of the most abundant
oxysterols found in vivo are enzymaic products of cholesterol metabolism. For
example 7a -hydroxylation of cholesteroin theliver by the microsomnal cholesterol 7«
-hydroxylase (to produce7qa-OHC) was traditionally consideed as the first and rate
limiting stepin bile acidsynthess (Leorarduzz et al., 2002).

In cellsoxystenl estersarepresenin the sanelow-densty cytosoliccdl fraction
as cholesteyl estersthis is dueto oxysterol eserification triggeredby acyl coenzyme
A: cholesteol acyltransferasg ACAT) acivity leadingto cellular oxysteros uptake
(Guardiolaet al., 1996)

Cytotoxicity of oxysterolsto many cell typeshas beenwidely repored including
vascular cells such as endothelial cels, macrophges, smooth musde cells and
lymphocyts. Deathof any of thesecel typesmight promoteatheogenesis.Smooth
musclecell deathis alsoasociatedwith aneirysmdevdopment Moreo\er, oxystepls
have been demonstratedo havea proapopotic acion on endothéal cells, associated
with an increasen intracellularROSproducton (Hodis et al., 1991).

The most extensivelystudiedoxysterok in vitro are 25-OHC, the 7-oxygenated
seriesand27-OHC. Generally in atherosatrotic tissues27-OHC is more concentrated
than 7-oxygerated sterols which in turn are more concentated than 25-OHC (Brown
and Jesup,1999).

Cholegerol is ubiquitously preentin mamnalian tissues andis essatia for the
formation and function of cellular membranesSine oxysterobk are thoughtto be
involved in the reguation of cholesterolhomeostais, they could influene membiane
function, synthess of steroid hormonesandbile acidsandcell growthand proliferation.
Sevaad oxystero$, esgecially thosehydroxylaed on the side-chain, sud as 25-OHC,
have beenshownto exert inhibitory effects on the adivity of HMG-Co0A reductas, an
enzyme which conwerts HMG-CoA to mevdonat, the rate limiting step in the
cholesterol biosynttetic pathway (Schroepferet al., 2000. Thus, cells may form
oxysterolsin order to facilitate the eliminaton of excess cholesterol Inhibition of
HMG-CoA reduwtasein actively dividing cells could result in defident cholesteol
synthesisandimpairedmembrandunction. Studieshavesuggestedhat this inhibitory
effect is due to a reductionin de novo synthesis of HMG-CoA reductae as well as
stimulation of its degradationOxysterolscan modify the adivity of different enzymes

relaed to sterol metabolisn like acetoactyl CoA thiolase (ACAT), cholesterol7a

24



Introduction

hydroxylase, cholestero,6-epoxide hydrolese, HMG-CoA synthase, methylsterol
oxidasesandmevalonate&inase(Guardplaet al., 1996).

1.5.1 Oxysterolsasligands of L XRs.

As intermediags of choleserol metaboism, oxysteols havea biological role in
maintaining cholesterol homeostas. At physiologi@l conentrdions, oxysterols are
naturalligandsof Liver X receptorLXR), which aremembersof the nuclearreceptor
superfamily playing a critical role in cholesterol homeostais and lipid meabolism
Thereis consdeableevidencendicatingthat LXR function as whole body cholesterol
sersors.Corcernirg with this physiological role, the endogenou$igandsfor LXRs are
likely to beintermediate®r end productsof sterol metabolic pathwgs. Both LXRa and
LXRg areactivatel by physological concentratbnsof staol metaboltes suchas 22(R)
hydroxycholesterol, 24(S-hydroxycholesteol, 27-hydroxycholestml, and 24(S), 25
epoxycholestml. The two LXR forms share consderabé sequene homobgy and
appearto respondto the sameendogenousigands Theseproteinscontan a zinc finger
DNA-binding domainanda ligand-binding domain which accomnodates specific small
lipophilic molecules.Ligand binding trigge's a conformatonal changethat promotes
interacion with coactivatorproteins and facilitates the activation of speific target
genes.LXRs bind to their targetDNA sequencesin heterodimeric conplexeswith the
retinaid X receptor(RXR). LXR/RXR is a so-caled permssiveheaerodimerwhich can
be activaed by ligandsfor eitherLXR or RXR. It has beenshowntha LXRa null mice
exhibit dramaically increasedlasmalLDL cholesterol anddeaeasedHDL cholesterol
levels(Tontonozet al, 2003).

LXR activaion inducethe expressn of different genesinvolvedin cholesterol
metabolismasshownin tablel (Edwardset al 2002)
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Target gene Humans (H)/Mice (M) Function
SREBR1 H, M . .
Synthesisof fat acids
FAS H, T
CYP7Al1 H
Clearancef cholesterol
ApoE H, M
LXRa H Controllipid homeostais
CETP H, M , . ,
Triglyceridsmetabolism
LPL H, M
ABCA1l H, M Efflux of phospholpids
ABCG1 H, M and/a cholesteol
ABCG5 H Efflux of
ABCG8 H cholesterolphytosterols
ABCG4 H Not known

Table I. Genes regulated by the activation of Liver X receptors (LXR). SREBP-1 = sterol
regulatory element binding protein; FAS = fatty acid synthase; CYP7A1= cytocrome P450 isofor m;
ApoE = apolipoprotein E; LXR a= liver X receptor a; CETP= cholesteryl ester transfer protein;
LPL= lipoprotein lipase; ABCAl1l= ATP-binding cassette transporter Al; ABCG = ATP-binding
cassette, subfamily G (Edwards et al 2002).

1.5.2 Oxysterolsand atherosclerosis

At physological levels the main oxygerolsfoundin the blood are 27-OHC, 24-
OHC and 7a-OHC and they are presentat nanomoar conantraions (Schroepér,
2000. Higher plasmaconcentratioa of oxysteols have been found in patients with
cardiovasular diseasesand particularly high plasmatt levek of both 75-OHC and 7-
KC havebeenassociatdto the developnent of the atheosderotic plaque(Zhouet al.,
2000).

Oxysterolsarepresentin the vasularwall, manly during atherogensis. 75-OHC
and 7-KC are more abundantthan other oxysteros during the ealy formation of
atheroglerotic plague when the accumuléon of both LDL and macrophges occus
unde the endothelium(Brown and Jessup, 1999) It has been shown that during
atherogenesisigh levels of oxygerolsarein macrophagesleading to the adivation of
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macrophageNADPH oxidase. Thus, ROS overprodudbn triggers LDL oxidation
(Rosenblatand Aviram, 2002). Theseevens lead to inflammabry processesandthen
macrophagesare inducedto die becomirg foam cels. All these events lead to
developmenbf atherosleross (Penget al., 1985).

Both in vivo andin vitro studieshavedemonstra¢d the cytotoxicity of oxysterols
in endothelal cells, smoothmusclecells and macrophagesExposureof the vasculature
to thesecompoundsleadsto endothelid dysfundion, indudng platdet aggregation,

leumcyteadhesbn andsmoothmusclecels proliferation (Perg et al., 1985).

1.5.3 Oxysterolsand apoptosis

There is evidenceabout the capacityof oxystaols to inducecel deah. Normdly
there are two major apoptotic pathways,known as the extrinsic, or desth receptor
pathwayandthe intrinsic, or mitochondral pathway. In vascuér cells oxysteols have
beenshownto induceapoptosisin vasalar smooh musclecells 75-OHC and 25-OH
upregulded the expresion of death mediators, p53, Fas and Fas ligand, tipically
involvedin theextrinsic apoptoticpathway(Lee andChau, 2001).

The second major aptotic pathway, the intrinsic pathway, is mediated by
mitochondrial releag of proapoptotic molecuks. Perurbation of the mitochondria
resultsin the openng of the mitochondral pernmeablity transition pore(MPTP),a non
specific porein the inner mitochondrialmenbranethoughtto openunderconditions of
elevatedcalcium concentration Openingof the MPTP causesa massive swdling and
depolarisabn of the mitochondria, a condition referred to as the mitochondial
permeabilty transiton (MPT). The MPTP, once opened, is thoughtto play a role in
apoptosis throudh the releaseof progoptotc molecules such as cytochiome c,
Smac/DIABLO (secondmitochondrialactivaor of caspases/dect IAP-binding protein
of low isoelectrc point -pl) and aptosis inducing factor (AlF). Once released,
cytochromec interactswith apoptoticproteaseactivating factor-1 (Apaf-1), ATP/dATP
and recruitspro-caspas® to form theapoptosme Active caspae9 in turn cleavesand
activates caspase3, leading to the morphologich and biochemical changes
characteristt of apoptosisSmac/DABLO may promotecaspaseacivation by binding
to inhibitor of apoptosisproteins (IAPs) and directly eliminating IAP inhibition of
caspases. Theability of oxygerolsto induceapoptosighroughtheintrinsic pathway has
beenwell studied. It wasfound that 75-OHC and 7-KC induceapoptoss in U937 cells

via loss of mitochondrialpotential,caspase activation, PARP degradéion and DNA
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fragmentabn. Both oxysterols were also found to enhance supeoxide anion (O,")

production beforeandafterthe lossof mitochondral potental. It has beenreportedthat

in U937 cells 78-OHC-induced apoposs involved a decreae in glutathione levek

followed by acivation of caspas®, caspase8 (MiguetAlfonsi et al., 2002) On the

other hand,7-KC hasbeenshownto induce apoptosisvia releaseof cytochromec from

mitochondriawith subgquentcas@®-9 and caspase 3 activation in a variety of cell

lines

Thereis experimentalevidenceabouteffect of oxyskerolson differentreguldors

of apoptosis:
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Bcl-2 Family. Bcl-2 proteins are crucial regulabrs of apoptosis On the basisof
function and sequencesimilarity they can be divided into threegroups Prokins
belonging group | (Bcl-2/Bcl-XL/Bcl-w/Mcl-1/A1/Bfl 1) inhibit apopbsis by
binding to and sequesteringproapoptoit Bcl-2 family menbers. Group Il
includesBax and Bak, promders of cell deah, whoseacivity is necesaryto
induce cytochrone c releasefrom the mitochondra. Group Il is conprised of
proapoptotc proteins (Bid/Bad/Bik/Bim) which translocgée from the cytosol to
the mitochondriajn responsé¢o apoptotc stimuli, and thenactivateBax or Bak to
induce the releaseof apoptogenianitochondral proteins It hasbean shownthat
both 7-KC and 75-OHC induce apoptosis,jn U937 cells by downreguhtion of
Bcl-2 protein(LizardG et al 1997). Similar resuls werefoundin smoothmuscle
cells, aftertreatmenwith either7-KC or 25-OHC (HaradaK et al, 1997)
Caspases. Caspasearea family of cysten proteasegshat are the primary drivers
of apoptoss. All caspasearepreentasinactive precursorsn cels that mustbe
proteolyticdly cleavedin orderto be acivated. Eachcaspase consistsof a pro-
domain, a large (~20 kDa) sulunit anda small (~10 kDa) subunt. Cleavageand
subsequenheterodimerizatiomf the largerandsmadler subunitsresult in caspag
activation (RobertsonJD et al., 2000) An adive caspaseancleaveandacivate
other caspasedeadingto a cagpasecascde and ultimatdy cel death To date,a
numberof mamnalian caspasebavebeenidentfied. Basal on thelengthof their
pro-domaincaspasesanbe divided into two distinct groups:group| tha contain
arelativdy long pro-domain(caspasesl, -2, -4, -5, -8, -9, -10,-11,-12, -13) and
group Il containing ashat pro-domain(caspaes -3, -6, -7, -14). Caspaes-1, -4, -
5, -11,-12 and-14 are primarly involved in cytokine processingSleeEA et al
1999). Many group | caspass are initiator proteases(caspases?2, -8, -9, -10),
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adivatedwith the help of adaptormolecukssuchasApaf-1 andFADD/MORTL.
Groupll caspasenotincluding caspasd4) are also known aseffector caspaes.
They lack the ability to selfactivateand appea to requre cleavae by activaed
initiator caspases(Kumar S., 1999. Once acivated, caspaes cleave various
proteins leadingto the biochemicaland morphobgical featurescharateristic of
apoptosis Both 745-OHC and 7-KC can induce apoptosisin U937 cells by
adivating caspasecaxade, in associationwith loss of mitochondrial potential
(Miguet-Alfonsi C et al, 2002).

Oxidative stress. In same experimentdt hasbeen shownthat 74-OHC-induced
apoptosisin U937 is associatedwith a decreasein intracelular glutathione(GSH)
levds, with anincreasan the activity of supeoxide dismutise(SOD)andwith a
decreas in intracellular nitric oxide producton. It hasbeen denonstrdaed that 7-
KC-induced apopbsisin U937 cells, similarly to 78-OHC, involved a decreasén
GSHolevelsandproductionof ROS(Lizard G et al, 1998)
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2. AIM

Oxidized low dersity lipoproteins (oxLDLs) are manly involved in the
pathogenesiof atheroslerosis.In vitro studies (Galle et al. in 2001)in endothelialkells
have demonstratedthat high concentréions of oxLDLs (40 ug/mL) are cytotoxic
whereadower concentrationsnducecel proliferaion. This dual effectis mediatedby
different levelsof ROS comingfrom NADPHox adivation. A largebody of evidence
shows thatlow concentration®f ROSad as signdli ng molecules andregulaie vascular
cell functions, while sustainedROS levels are cytotoxic and are implicated in the
pathogenesiof variouscardiovasculadisease$¢Thannickd andFanburg2000.

Cytotoxidty of oxLDLs has been linked to the formation of oxysterds
(Schroepferet al, 2000 suchas7-KC and7p5-OHC. Evidenceon the proapoptoticeffect
of oxysterolson vasular cells has beenreportal (Lizard et al, 1999). It was also
demonstragd that 7-KC-inducedapoptosisnvolves both ROS produdion anddecrease
in GSHlevels animportantantioxdantdefen@ sysem, (Lizard et al. 1998).Moreover
it has beenshown that proapoptoicaction of 7-KC is due to loss of mitochondial
membrane potental, with cytocromec releaseand all theseevens are preventedby
antioxidants (Lizardet al, 2000. All thesefindingsindicaie animportantrole of ROSin
the effectsof oxysterols.

Preiminary studiesfrom our laboratoryindicate that 7KC and 74-OHC, like
oxLDLs, possesa dual effect on HUVEC viability. They induce cell death at high
concentratons (> 20 ug/mL), while they induce an increasein cdl viability at lower
concentratbns(< 20 ug/mL).

The aim of this work wasto determineghe medansminvolved in the protective effects
of the oxysterolson HUVEC, in patticular for 76~-OHC, whose effects are more
relevantthan 7KC. Consideringthe involvement of ROSin the adion of both oxLDL
and oxysterolsn vascularcells,therole of ROSin the mechanismof action of 74-OHC

wasinvedigated
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3.MATERIALSAND METHODS

3.1 CHEMICALS

M199 and DMEM media, fetal bovine seum (FBS), basic fibroblastc growth
factor (bFGF), trypsin, penicillin/streptonycin solution, 75-hydroxychokserol (74-
OHC), 7-ketocholesterol(7-KC), 3-(4,5-dimetylthiazol2-yl)-2,5diphenytetrazolium
bromide (MTT), sulfanilamide,N-1-napttylethylendianine dihydrodloride rotenone
tenoytrifluorcacdate (TTFA), cyanidem-chloroph@&ylhydrazone (CCCP),hydralazine
N-acetylcysteie (NAC), N-Nitro-L-Arginine Methyl Este (L-NAME) and solution of
propidium iodide (IP, 1.5 mM), were from Sigma. Solution of annexinV conjugated
with the fluorophore Alexa Fluor 488, fluoresceit dye 5-(-6)-cloromehyl-2’,7’-
dichlorodhydrofluoreseinadiaetate acdylester (CM-H,DCFDA) and EnzChek
Caspase3 AssayKit #2 were from Molecular Probes.Type 2 Collagerasewas from
Worthington Mouse monoclonallgG,, antibody to phosplorylated ERKs (phosphe
ERK-1 and phospheERK-2) and rabbit polyclond IgG to overall ERKs (ERK-1 and
ERK-2) werepurchasdfrom SantaCruz

MTT wasdissoled in phosphatéufferedsaine solution (PBS 137 mM NacCl,
2.7 mM KCI, 8.1 mM NaHPQ,, 1.8 mM KH,PQO,) at conentraton of 5 mg/mL and
storedat + 4°C. Both 75-OHC and7-KC weredissolvedn etharol at concentraion of 5
mg/mL. Hydralazine was always frestly dissolvedin water (25 xM). Solutions of
rotenone TTFA and CCCPwere freshly preparedin dimethylsulfoxide (1 mM). NAC
was freshly dissolvedin water (1 mM). Staurosporinavasdissolvedin mehanol (500
uM) and storedat -20°C. L-NAME wasdissoled in water at 100 mM concetration.
CM-H,DCFDA was dissolvedin dymethysulfoxide (10 mM) and stored at -20°C.
AnnexinV andIP werestoredat + 4-8°C. Collagenasewasdissoledfreshlyjust before
usein PBSwithoutCa" and Mg?* at concentratin of 1 mg/mL
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3.2.METHODS

3.2.1. Extraction of endothelial cellsfrom human umbilical vein

HUVEC were isolated in our laboratoy as describedby Jaffe et al. (1973).

Humanumbilical cordswereobtairedat normd delivery or caesaransection.

Experimental protocol

Immediately after delivery, the cords were placeal into sterie MEM solution
containing pencillin (400 U/ml) and streptonycin (400 ug/mL), and kept at
4°C;

. the umbilical vein was cannulatedvith a cannula(Scap Vein Set19G), which

was then clampedinto place. The vein was washedwith 20 ml of MEM
(prewarmedo 37 °C) to removeanybloodclots,

. oneerd of the cord was clampedandthe opposie endwas infusedwith 0.1%

(w/v) collagenaetype2;

. thecordwasthenincubatedat 37 °C in an atmospheref 5% CO,/95%air;

5. after18 min the cordwasremovedandthe contens of the cordwereflusheal out

with 20 ml of MEM with 20% (v/v) FBS;

. cel suspensionwas collectedand centrifuged at 500 x g for 5 min. Cells were

resuspendedn 5 ml of M199 containing 20% (v/v) FBS with 2% (v/v)
artibiotics solution (penicillin 400 U/ml andstrgptomycin 400.g/ml) and plated
into one75 cmflask Thisflask wasthenincubaedat 37 °C in anatmospheref
5% CO,/95% air.

After one day HUVEC were washed with 2 ml of MEM to remove any blood,

contaminantcells and cell debris. The medium was replacedwith a further 5 ml of
M199 contaning 10% (v/v) FBS, 5 ng/mL bFGF,25 U/mL heparn, 4mM I|-glutamine,
100 U/mL penicilin-G and100xg /mL strepbmycin.
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3.2.2. Cdl culture

HUVEC were grown on 1% (v/v) gelatin-coaed culture flasks in M199
containing 10% (v/v) fetal bovine serum (FBS), 5 ng/mL bFGF, 25 U/mL heparin,
4mM |-glutamine, 100 U/mL penicillin-G and 100 ug/mL streppmycin. HUVEC were
used from passageswo to six. All the expermentswere conduced with different
preparationsof enddhelial cell.

A7r5 (cell line of vascularsmoothmusclecels from rat embryo aortg werefrom
“Istituto Zooprofilattico Sperimentalé (1ZS) of Brescia(ltaly). They were grown in
DMEM coniining 10% (v/v) FBS, 2 mM |-glutamine, 100 U/mL penidll in-G and 100
ug/mL strepbmycin

3.2.3. Cdl treatments

HUVEC: After trypsinization,cellswereplated into 96,12 or 6 well platescoaed
with gelain 0.5%with M199 containigbFGF (5 ng/mL). Treamentswith oxystepls at
indicated concentations and time were peformed in bFGF deprved M199 medium
(10% FBS).

ATr5: cells were trypsinized and plated into 96 well plates with DMEM
containing10% FBS. Treatmentswith oxysterolsat indicaed concentations andtime
wereperformedn DMEM without FBS contaning BSA 0.5%.

For both HUVEC and A7r5, contrd cels were treated with the medium

containingethanol0.4%.
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3.2.4. Measurement of cell viability with MTT test

MTT (3-(4,5dimethylthiazol2-yl)-2,5-dipheryltetrazoium bromide) testis based
on the capacityof viable cells to reduceMTT to blue formazan(Fig. 10). MTT s
soluble in agueoussolution,and canente cels by endogtosis. Thenit is reducedby
differentintracelular flavin enzymes.Blue formazanin soluble in organic solventsuch
as dimethyl sulfoxide (DMSO).
CH,

@ @ o @

3-(4,5-dimethythiazd-2-yl)-2,5 blu-formazan
diphenyltarazoium bromide(MTT)

Fig 10. Reductionof (3-(4,5dimethythiazol2-yl)-2,5diphenyltetazolium bromide (MTT) to
blue Formazan

Experimental protocol

1. subconfluent cells were plated in 96-well plate (10000 HUVEC/Awvell, 5000
ATr5 cellsivell);

2. cellsweretreatedwith 100uL of cell culturemedum containing either75-OHC
or 7-KC at differentconcentrationgl, 5, 10, 20 xg/mL) for 24 hours.HUVEC
weretreatedin M199 mediumwithout bFGF,and A7r5 weretreatedin DMEM
medium contining 0,5% (w/v) BSA. Cells treated with ethaol 0.4% were used
as control Theonly mediumwasusedasblank;

3. 10 uL of MTT (5 mgmL) wasaddedto treatedcels, contol and blank sanples
4 hoursbefore theendof thetreatment,

4. atthe endoof treatmentmedum wasremovedand 100 L DMSO were added
to each well to dissolveformazancrystals.

5. absrbance was measwued at 570 nm 630 nm with a microplae reader
(VICTOR?, Wallak).
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Data elaboration

1. Absorbancevalues of blank were subtrated to values of relaed sanples to
awoid backgoundsignalinterference;
2. differencebetweernvaluesat570and630were cdculated,;

3. realltswereexpresgdaspercentagef MTT reducton with respetto cortrol.

3.2.5. Flow cytometric analysis of annexin-V and propidium iodide binding

Cels have an asymmetriccompositionof membrane bilayer, due to different
locationof phospholipidsneutralphogholipids areexposedon the extracelular sideof
the membranewhile negativechargedphosphalpids, sud as phosphatlylseiine, are
expoedonthecytogdasmaticsideof themembrane

An earlyeventin cellsundergoirg apoptosiss translocation of phosphatlylseine
from the inner to the outerside of the membraneAnnexin-V is a peptde ableto bind
selectivdy phosphatidylserinen preenceof C&*, thusbindingto apgtotic cells This
event deliversapoptoic cellsto be removel from the hedthy tissues by physiological
scavengemechanisms.

AnnexinV bindingon cell surfaceis a widely usedparanete to detect apoptotic
events For this purposeannexinV is conjugatel to fluorochromesud as fluorescein
derivatives. The signal of amexinV conjugaé is proportonal to the amount of
apoptoticcels (Fig. 11).

Propidium iodide (P1) is used asmarkerof necrott cells. Thisis afluorescentdye
which enterscells with brokenmembraneand binds quantitatively DNA. The signal of

Pl is proportionalto theamountof necrotc cdls.
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488 nm
Annexin-\f FITC \ .
conhjugate _
Apoptosis
et
PS translocation
Plasma
membrane M

Fig. 11 Schematicepresemationof theannexinV assay

Experimental protocol:

38

. After cell treatmentthe mediumof eachsampé wascall ecte;

. aftertrypsinizaion, cells werecollecied by centrifugaion (500x g, 10min) and

resuspendeth 100xL of calciumcontaining binding buffer (140mM NacCl, 2.5
mM CaCbh, 10 mM HEPESNaOH, pH 7 4);

. cells were labdled in sugpenson with both 2 L annexinV Alexa Fluor 488

conjugatedsolution and 1.25 uL PI solution. After that, cells wereincubatel in
the dark for 15 min, at room temperatureBlank sanple wasusedto determine

backgoundsignaldueto autofluorescencef cells;

. cell suspensiorwasdiluted with 400xL binding buffer (140 mM NacCl, 2.5 mM

CaChb 10 mM HEPES/NaOH, pH 7.4) to obtan a cel densiy not higherthan
10° cells/mL;

. cells wereanalzedflow cytometryusing excitation wavekengthof 488 nm and

emissionwavekngh of 525 and 620 nm for annexn-V and Pl respetively
(EPICS XL, BeckmanCoulterequippedwith EXPO™ 32 ADC software) For

eachsample, 10,000 eventswerecollected.
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Data elaboration

Resultsareplottedin atwo dimensionakcater plot, reportng Pl fluoreseenceon
y axeandannexn-V conjugatefluorescencenx axe (Fig. 12).

Cel popdation was definedon the basisof forward and side scdter propeties.
Viable cells are cdlocated in the left quadranton the bottom (P3) of the graphic.
AnnexinV posiive cells are collocatedin the right quadranton the bottom (P4). PI
positive cells are representedn the left quadranton the top (P1) of the scdter plot.
Doublestainedcels arein theright quadrat onthetop (P2).

To quantify apoptosisfor each treatment results were expresseé as perentage of

annexinV positive cells

P1 (620 nm)
FL3LOG

I 1101 1I

FL1LOG

N

Annexin-V (525 nm)

Fig. 12 Two dimensionakcattermlot of resultsfrom the cytofluorimetricanalysisof the binding

of annexn-V andpropidum iodide (PI) to determinecell apoptosis.
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3.2.6. Deter mination of of caspase-3 activation

The EnzChekCaspas& Assy Kit #2 provides a simple and reliable method for
assayingcaspase activity. The basisfor the assayis the rhodamire 110-deived
substrate Z-DEVD-R110. This substraé is a nonfluorescentbisamde that is first

converted by caspase to the monoamideand then to the bright, green-fluoresert

rhodaminel10 (excitation/emissiommaxima~496/520nm, Fig. 13).

Fig. 13. Seqentialcleavag of a peptidae rhodaminel10-basedsubstrateThe nonfluorescent
bisamide subgrate is first conveted to the fluorescentmonoanide and then to the highly
fluorescenthodaminel 10.

Experimental protocol

1. After thetreamentof the cells (300000HUVEC in 6-well plate,the media was
removedandthe cellswerewads twice with PBS;

2. HUVEC werescrapednto 200ul lysis buffer (100 mM NaCl,1 mM Tris, 1 mM
EDTA, 0,01%Triton X-100, pH 7.5) on ice and were centrifugedat 12000x g
for 20 minuteat+ 4 °C;

3. theclearsupernatanivastranderedto anewtubeandkeptonice;

4. theproten contentof the supernatantvasmeasured with Lowry procedure

5. in a microplate (15080010 Black 96-well microplae, PerkinBmer) 50 ul
reacton buffer (20 mM PIPES,4 mM EDTA, 0.2% CHAPS,10 mM DTT, pH
7.4) with caspasesubstratg50 uM) was addel to 50 ul cell lysate. The blank
controls (50 ul reactionbuffer with caspasesubdrate and 50 ul lysis buffer)
showedthe backgroundabsorbancendwere subtrated from the experimental

readngs;
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6. themicroplat wasincubatedat roomtempeaturefor 30 minutes. Fluorescence
was measuredat 485 nm for excitation and 535 nm for emission with a
multilabelplate counter(VICTOR?*Wallac).

Data elaboration

Fluorexence signal was normalizedto the proten content of the related sample.

Caspasexctivity wasexpressea@spercentgewith respecto contol.

3.2.7. Deter mination of intracellular ROS production

To determineintracellularROS producton, the fluorescat probe Chloromehyl-
dichlorodihydrofloreseindiacetatg CM-H,DCFDA) was used Diesterifiedprobecan
enter cells by simplediffusion acrossmembrane.Oncediffused in both cytoplasmand
differentorganeles, the estermoietiesareidrolized andthefluorescet dyeis enrapped
inside cells. Then, the probe can be oxidized, preferentially by hydrogenperxide
(H20,), into the dehydrogenatedorm with exatation wavelength of 480 nm and
emission wavekngth of 530 nm (Fig. 14). Fluorescence signd is an index of

intracellularROSlevels.

41



Materials ard methods

CM-H2DCFDA

Fig. 14 Schematic representation of ROS detection with the fluorescent dye Chloromethyl-
dichlorodihydrofluor esceindiacetate (CM-H,DCFDA).

Experimental protocol

1. Cdls wereplated in 96 well platesat confluence (20000HUVEC/well, or 10000
ATr5 cells/wel);

2. cells wereput to quiescencdor 4 hours before the experiments HUVEC were
bFGFdeprivedandA7r5 cellswereincubaedin medum containing 0.5% (w/v)
BSA,;

3. cells were than wadhed threetimes with physbplogical salt soluion (PSS,140
mM NaCl, 11.5 mM glucose, 5.9 mM KCI, 1.8 mM CaCh, 1.4 mM
MgCl,-6H,0, 1.2 MM NaH,PO, 5 mM HEPES, pH 7.4) andloadedwith CM-
H.DCFDA (20uM in PSS) for 30 min at37°C;
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4. thancellswereincubaedin PSScontaining either 10% (v/v) FBS (HUVEC) or
0.5% (w/v) BSA (A7r5) for 15min at37°C.

5. cells were wasled againwith PSS to removeextracdlul ar traces of the probe
ard thentreakd with different concentrabns (1, 5, 10, 20 ug/mL) of either 7-
KC or 75-OHC. Treatmens were performedin 100 L PSScontaning either
10% (v/v) FBSor 0,5%(w/v) BSA for HUVEC or A7r5 respeately;

6. fluorescace was measired with a microplae reader (VICTOR?, Wallak).
Fluorescencewas detectedin time courseat 10 min intervds for either 3 or 4
hours for HUVEC or A7r5 respectivey.

Data elaboration

Average of fluorescencevalues of blank sanples was subtactedl to each
measuremsat, to removebackgroundsignd.
Fluorescence was expresed as percentageof the basd signal measural at time

Z€ero.
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3.2.8. Deter mination of NO production by the Griessreaction

NO arepartialy convertedby oxidationto nitrite (NO, ) ard nitrate (NOs ), two
productsdetectabé in the culturemedium asindexof intrallular NO produdion.
The GriessReacton methodis basedon the chemical reacton shownin Fig. 4, which
usessulfaniamide (SULF) andN-1-napthykthylenedianine dihydrochlorde (NEDD)
unde addic (chlorideacid) conditionsconvertng NO, to anazecompoundTheazo
compoundhasa maximumof absorptiorbetweerb20-550nm (Fig. 15).

To detect also NO; concentraions, is necessaryto convertit into NO, by
previousreducion.

MOz Hz0

Sulfanilamide l/ NED

Azo Compound

Fig. 15 Reactionof formationof theazocompoundo detectnitrite with the Griessmethod

Experimental protocol

1. Medium from 24 hourstreatmenbf HUVEC with different conentraion (5, 10
ng/mL) of 75-OHC wascadllected(atleast500uL);

2. themediumwascentrifuged(13000x g, 10 min) to eliminaie cdl debrisand any
membraneonporent;

3. astandardcurve was preparedfor each expeiment with standad soluions of
NO, atknownconentrationg0-100:M). The soluionswerepreparedn the

samemedium of treatment;
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4. 50 /L of eachsanple or standardvaspipetedin 96 well platesin duplicate;
5. thereactionmix wasfreshly preparedas follow (mix for each well):
- 40 uL VCl; (saturatedolutionin HCI 1 M)
- 10 pL SULF (1% w/v in HCL 1 M)
- 10 uL NEDD (0,1%w/v in HCL 1 M)
VClsis areducingagentwhich convertsNO; to NO, to deted total nitrites;
6. 60 uL of reaction mix wasaddedo eachsampk or standad;
7. theplatewasincubatedat 37°C,5% CO,, for 30 min;
8. dfter incubaton, absorlancewas detemined at 550 nm in a microplate reader
(VICTOR, Wallak).

Data elaboration

NO produwction wasexpresse@smicromola concentraion of totd nitrite.

3.2.9 Western blotting analysis

Cell lysates of HUVEC: aftertreatmentthe cels werewashedtwice in the dish
with ice-cdd PBSandthanPBS wasdrainedoff with a syringe. HUVEC werelysedin
150 /4 of lysis buffer (10 mM Tris-Hcl pH 7.4, 0.5% SDS,10% glycerol, Triton-X 100
1%, DOC 0,75%, 75 mM NaCl, 10 mM EDTA, 0,5 mM PMSF,2 mM NaPQ, 10
pg/mL leupeptn, 25 pg/mL aprotnin, 1.25mM NaF, 1 mM Na;P,O;) with a rubber
policemanandcentrifugedat 10,00Qy for 15min at4°C.

30 pg of proteinsof eachsampleweretreaedwith 20%v/v Laemmii buffer (0.07
M Tris HCI pH 6.8, glycerol 22%, SDS 2%, mercgotoehanol4%) and boiledfor 5 min.
Thenanyproteinssamplewassubjectedo 10% SDSPAGE (10%resoling gel and4%
stacking gel). Prokin contentof cell lysaes was determined by the Bensaloun and

Weingein procedurausng bovine serumalbumin as standard.

1. Sampleswereloadedinto gel andrun in runningbuffer (25 mM Tris, 192 mM
glycin, 1% SDS for 1h at 40mA (2002 power supply LKB Bromm3g. A
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molecular weights marker was used (BenchMark Presained Prokein Ladder,

Invitrogen.

. Separated proteins were transferred to PDVF menbrane (Hybord-P,

Amershan), previoudy soakedin methanol. The gd was sandwiched togethe
with the membranebetweenWhatmanpaper, two porouspads,equiibrated in
transferbuffer (25 mM Tris and 192 mM glycin) for few minutes,and two
plastc supports. The blot sandwich was placel into the Mini-Transbbt
electrophoess system (Bio-Rad) filled with the same transfa buffer, the
membrandacing the anode.A constantcurrentof 200 mA was appled for 4 h
at4°C.

. At theend,nonspecfic binding siteswereblocked by immersingthe memlrane

in blockingsolution, andshakingfor 30 min at roomtempeature.

. The menbranewas exposedo the primary anibody (1:10000)in TBS/Tween

20 containhg 5% BSA, overnightat4°C.

. After 3x15 min washes with TBS-T 20 at room temperéure with gentle

agitation, the membranewas incubatedwith horseradh peroxidase (HRP)
linked secondaryantibody (1:100000)in TBS-Tween 20 for 1 hour at room

temperature.

. Themenbranewasthenwashed3x15min with TBS-Tween 20.

. The signal was detected by chemluminesceice using the ECL-Advance

Westernblotting detectionkit (Amersham). The detedion reagentwas pipetied
onto the menbrane,which was placedwith protan side up on a cleansurface.
After 5 min of incubationat room temperaure the membrane wasput into clear
wrap and exposedto Hyperfilm (Amershan Bioscence) in an X-ray film

cassette

For the visualization,the film was devdoped in devdoping solution (Kodak).
Whenthe bandswere at the desireddensiy, the films was transferredinto the
fixing solution (Kodak), thenwashedin wate andair-dried. Molecular weight

standardsvereusedto identify appropria¢ anibody binding.
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3.2.10. Protein assay

Praein content of cell lysateswas determned by Lowry procedure (1951) or

BensadoumndWeinsteinprocedurg1976).

L owry procedure:

1. A tubeof 1.0 mg/ml BSA wasthawael to prepae BSA standardssoluion 0, 5,
10, 15, 20, 30, 40, 50. The numbergepresenthe volumein pl to beused.BSA
soluion was vortexedto insure homogendy and pipeted into each standard
tubestartingfrom lowerconcentrationand move up.

2. Two tubesfor eachbuffer blank and for each unknown were prepaed. The
volumesfor unknownswere edimatedsuchthat the tubescontin 10-50 pg of
protein Eachunknownwere measuredn duplicate. Volumesof buffer blanks
were identicalto thoseof unknowns.

3. 200 pl of DOC 10%were pipetedinto ead tube.To eachtubewasaddedwater
to makeupto 1 ml volume.

4. 100:1:1mixtureof soluionsA, B1l, B2 wasprepared. Soluion B1 was addedto
A first, thensoluion B2. Usually 20ml + 0.2 ml + 0.2ml wassufficient

5. At t=0 was added exactly 5 ml of the mixture to the first tube and vortexed
immediately.Thetubeswerelet sit for exacty 10 min at 25°C.

6. The Folin & Ciocalteus phenol reggent (2N, Sigma) was diluted 1:1 with
distilled H,O. Usualy 1 ml + 1 ml was enough.The soluion was vortexed
thoroughly.

7. 0.5ml of thedilutedreagenwasaddel to thetubesandvortexedimmedately.

8. The tubes were let stand for at least 30 min but no more than 60 min.
Absorbancevasreadat 750 nm. Usethe tubewith no proten (BSA 0 ul) to set
thebasline of the spectrophotometer.

9. Theabsorbancavasplotted asfunction of ugBSA (i.e. ul BSA). TheblankOD
wassubtractedrom eachunknownandreadthe amount,in pg, on the standard

curve.
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Bensadoun and Weinstein procedure

1. A tubeof 1.0 mg/ml BSA wasthawed to prepae BSA standardssoluion 0, 5,
10, 15, 20, 30, 40, 50. The numbersrepresenthe volume in pl to be used.BSA
solution was vortexedto insure homogeeity and pipetied into eah standard
tubestartingfrom lower concentrationandmoveup.

2. Two tubesfor eachbuffer blank and for each unknownwere prepaed. The
volumesfor unknownswere edimatedsuchthat the tubescontin 10-50 pg of
protein. Eachunknovn were measuredn duplicaie. Volumes of buffer blanks

wereidenical to thoseof unknowns.

3. 25 ul of sodum deoxycholate(DOC) 10% werepipetdinto eachtube.To each

tubewas addedwaterto makeupto 3 ml volume.
4. Thetubeswere let standfor atleag 10 min at 25°C.

5. 1 ml trichloroaceticacid (TCA) 24% was adced to the tubesto precpitate

proteins.
6. Theprecpitate waspelletedin centrifugeby spinnngfor 20 min at 12500rpm.

7. Thesuyernatantvasairated

8. Toeahtubewasadded 300 ul of SDS 10% with 200 ul of water.The solution
wasvortexedthoroughly.SDS separatednembraneproteinsfrom contamnaing
membraneconsttuentsand denaturedhe protens allowing more reproducibe
resuts.

9. 100:1:1mixtureof soluionsA, B1, B2 wasprepaed. Soluion B1 wasaddedto
A first, thensolution B2. Usually20ml + 0.2 ml + 0.2ml wassufficient.

10. At t=0 was addedexactly 3 ml of the mixture to the first tube and vortexed
immediately.Thetubeswerelet sit for exadly 10 min at 25°C.

11. The Folin & Ciocalteus phenol reagent (2N, Sigma) was diluted 1:1 with
distilled H,O. Usudly 1 ml + 1 ml was enough.The solution was vortexed
thoroughly

12. 0.5ml of thedilutedreagentvasaddedto thetubesandvortexedimmedidely.
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13. The tubes were let stand for at least 30 min but no more than 60 min.
Absorbancevasreadat 750 nm. Usethe tubewith no protan (BSA O pl) to set
thebasline of the spectrophotometer.

14. The absorbancevasplotted asfunction of ug BSA (i.e. pl BSA). The blark OD
wassubtractedrom eachunknownandreadthe amount,in pg, on the standard

curve.

3.2.11. Statistical analysis

To calaulatethe statisticalsignificanceof results,oneway ANOVA testwasused
togethermwith Dunnetor Bonferroni’smultiple compaison testasposttest

Curves of intracellular ROS levels were andyzed by non linea regression
analyss with the applicationof the F-test to cdculate statstical significancebetween
two differentcurves

Graphsandstatistical analysis were performed with GraphPrism version3.03 for

Windows,GraphPadsoftware.
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4. RESULTS

4.1. Effect of 7-OHC and 7-KC on cell viability of vascular smooth

muscle and endothelial cells

Treatmenwith 7-KC inducedanincreaseof HUVEC viability at5 and 10 xg/mL
after 24 and48 hours (Fig. 16,a-b). A cytotoxc effectwasalwayspresentat 20 ug/mL.
Also 74-OHC showed a dual effecton HUVEC viability (Fig. 16, c-d). While at lower
concentratons(< 20 ug/mL) anincreasen cell viability wasinducel in a conentration
dependentmanner, at the highes concentration (20 ug/mL) a cytotoxic effect was
observed

In order to investigatewhetherthe effect of the two oxysteols were specific for
HUVEC, someexperimentswere performed in the vascula smooth musck cell line
AT7r5. As shownin Fig. 17, both 7-KC and 74-OHC causé a transientincreaseof cell

viability. Furthernore,theseincreasesverelowe thanthosefoundin HUVEC.
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Fig. 16 Effect of 7-KC and 78-OHC on HUVEC viability. Both oxysterols were testal at 1-20 ug/mL
concentratons MTT testwas performedafter incubationwith 7-KC for 24 hours(a) and48 hours(b) or
with 74-OHC for 24 hours (c) and 48 houss (d). Resllts are expresed as mean+ SE of % of MTT
reduction with repectto control of 4 indepexdentexperimensts in sextplicate (*P < 0.05,** P < 0.01vs

control). Statstical anal/sis was performedby oneway ANOVA testandDunnets comparisn posttest.
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Fig. 17 Effect of 7-KC and 74-OHC on A7r5 viability. Both oxysterolswere testal at 1-20 ug/mL
concentratims MTT testwas performedafter incubationwith 7-KC for 24 hours(a) and48 hours(b) or
with 78-OHC for 24 hous (c) and 48 hours(d). Resuts are expressedas mean+ SE of % of MTT
redudion with repectto control of 4 indepexdentexperimensts in sextplicate (*P < 0.05,** P < 0.01vs

control). Statistical analysis was performedby oneway ANOVA testandDunnets comparin pog tes.
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4.2. Effect of 78-OHC on bFGF deprivation induced apoptosis in
HUVEC

The effectsof thetwo oxysterds on HUVEC viability repored abovewerefound
in cells treated without bFGF, which represents a proapobtic condition for HUVEC
(Vinci et al, 2004;Trevisi et al, 2004. Thus,the increasein HUVEC viability induced
by both oxysterok could be dueto an antiapoptotc acton. Sincethe effect of 75-OHC
was more relevant,the analyss of the aniapoptdic effect was peformedin 75-OHC-
treaedHUVEC.

Analysis annexn-V and Pl binding and caspase actvation in HUVEC were
performedafter 24 hours treatmentwith 74-OHC in the absenceof bFGF. Figures18
and 19 showthat 75-OHC (< 20 ug/mL) wasableto significantly decrease¢he number
of annexinV posiive cellswith respecto contol in aconcentation-dependat manner,

indicatingan antigpoptoticactionof the oxysteol.
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Fig. 18 Representative cytograms of annexin-V and PI binding showing the effect of 78-OHC on
bFGF deprived HUVEC. HUVEC were treaed with or without 748-OHC (10 ug/mL) for 24 hous.

Unlabelled cells (viable cells) are collocated in the left quadrai on the bottom (3). Annexn-V positive

cdls (apopotic cels) are collocatedin the right quadranton the bottom (4). PI postive cells (neaotic

cdls) arerepregned in the left quadrant on the top (1) of the scater plot. Double stained cdls (late

apoptotic cels) arein theright quadrant onthe top (2).
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Fig. 19 Antiapoptotic effect of 78-OHC in bFGF deprived HUVEC. The cels were treatal with or
without 75-OHC (1-10 ug/mL) for 24 hours, then flow cytometric aralysis of anrexin-V/PI binding was
performed. Results are expressedas mean + SE of percemage of annexinV labelled cells of 4
independentexperimentsperformed in duplicate(*P < 0.06, ** P < 0.01vs control). Statisti@l analyss

wasperformedby oneway ANOVA teg andDunret’s posttest.
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The antiapopotic action of 74-OHC against apoptosis induced by bFGF
deprivationwas confirmed by the cagpase 3 assay.75-OHC was able to significantly
inhibit caspase activationafter 6 hourstreament(Fig. 20)
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Fig 20. Antiapoptotic effect of 78-OHC in bFGF deprived HUVEC. Cells weretreaedwith or without
75-OHC (1-10 ug/mL) for 6 hours then caspase3 adivity was detaminedin cdl lysates.Results are
expressedasmean+ SE of percendageof caspase3 activationof 4 indepeentexperimets performedn
duplicate (*P < 0.05 vs control). Statstical andysis was performed by oneway ANOVA ted and

Dunnet'sposttest

All together,the results of both annexn-V binding and caspae3 acivation
revealedhecapaciy of 75-OHC to preventbFGFinducedapoptossin HUVEC.
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4.3. Effect of 78-OHC on staurosporineinduced apoptosisin HUVEC

The antiapoptat effectof 75-OHC in HUVEC wastestedalsoagainstapoptosis
induced by staurosprine (from Streptomyces staurospores), a relatively nonsekective
protein kinaseinhibitor. Staurosporinés often usedasa general simulus for inducing
apoptoss (Kabir et al, 2002) Thus, the effect of staurospome (50 nM, 3 hours) on
annexinV and Pl binding and cagase3 activation was investgated in HUVEC
pretreatedwith 74-OHC (10 ug/mL) for 15 hours.

The oxyskrol was able to significantly reduce the percentgye of anrexinV
labelled cells inducedby staurogorine treatment (Fig.21, 22), thus confirming the

antiapoptoticacion of 75-OHC.

58



FL3 LOG

FL3 LOG

Results

FL3 LOG

(a) control
i3
L e 2
2.3% 14.4%
102
1013
107 2M3 M4
376.8% B.4%
T IIIIII?U:'I II”“-I1|U1I IIIIIII1|[|2I IIIIII:“]:i
FL1LOG

(c) 7B-OHC 10 pg/mL

FL3 LOG

W35 Nz
3.4% B.7%
1
101
1003 M4
58.6% 1.6%
IIIIIII*{':IIIIIIII*{FIIIIIIII?DEIIIIIIII.
FL1 LOG

(b) staurosporine 50 NM

10

1 G2
1.7% 29.5%
1 -
11}1—5
10°fa3 Q4
§34.8% 34.0%
IIIIIIII1|{FIIIIIIIII1|‘}1IIIIIII?DZIIIIIIII
AL1LOG
(d) 7B-OHC 10 pg/mL
+ staurosporine 50 nM
3.
10 1 R
2.4% 7.6%
1
10
mﬂ'_;m R4
§T4.1°.-'i: 15.8%
III|“"1|U:|III|“"1|1}1| IIIIII?DZI T TTTTIT
AL1LOG

Fig. 21 Representative cytograms of annexin-V and PI binding showing the effect of 78-OHC on
HUVEC treated with staurosporine. HUVEC weretreaed with or without 75-OHC (10 xg/mL) for 15

hours, thenstaurcspoine (50 nM) wasaddel for 3 hours. Unlabelled cdls (viable cells) arecollocatedin

the left quadran on the bottom (3). Annexin-V postive cells (apoptoticcels) are collocatedin theright

quadranton thebottom (4). Pl positive cels (neaotic cells) are represetedin theleft quadranbnthetop

(1) of thescater plot. Double stainel cells (late apoptote cells) arein theright quadranbnthetop (2).
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Fig. 22 Antiapoptotic effect of 78-OHC in HUVEC against staurosporine treatment. HUVEC were
treatedwith or without 758-OHC (10 ug/mL) for 15 hours thenstauosporine(50 nM) was addedfor 3
hours Resuts are expressedas mean+ SE of percendageof annin-V labelled cells of 4 independat
experiments performed in duplicae (** P < 0.01, ** P < 0.00L, vs cortrol; ###P < 0.001 vs
stauosporinetreaed cells). Statisticalaralysiswasperformedby one-way ANOVA teg andBonferroni’s

multiple comparsonposttest.
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The antiapopobtic action of 748-OHC against apoptoss inducedby staurosporine
was confirmedby the analysisof cagpase3 acivation in HUVEC lysaes (Fig. 23). In
fact, 76-OHC was ableto significantly inhibit the increasein caspase activity dueto

Staurosporrhetreament.
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Fig 23. Antiapoptotic effect of 78-OHC in HUVEC against staurosporine treatment. HUVEC were
treaed with or without 758-OHC (10 ug/mL) for 15 hours thenstaurospdne (50 nM) was addedfor 3
hours. Reslts are expressedas mean+ SE of percendge of caspase3 adivation of 4 indepement
expeiment performed in duplicae (** P < 0.01, ** P < 0.00L, vs cortrol; ###P < 0.001 vs
stauosporire treatedcells). Statistical andysis wasperformedby one-way ANOVA teg andBonferroni’'s

multiple comparisonposttest.

The reallts denpnstratethat 76-OHC has an antiapoptotic action in HUVEC,

protectingthemfrom apoptotisnducedby either bFGFdeprivaton or staurospane.
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4.4. ROS production in vascular cellstreated with oxysterols

It has been showvn that oxLDL can induce proliferaion in HUVEC at
concentrationdower than 40 ug/mL with a mechanisnmdependenbn ROS producton
by NADPH oxidase (Heinloth et al, 2000) Furthemore, recently it has been
demongarted the protective effect of low concentraions of hydrogen peroxide on
apoptoss inducedby serumdeprivationin HUVEC (Haendeér J et al., 2004).Thus,the
involvementof ROS in theactionof 74-OHC and 7-KC wasinvedigated.

Intracellular ROS production was determned with the fluorescent dye CM-
H.DCFDA. In HUVEC, both7-KC and74-OHC (1-20 xg/mL) induceda concentration
dependentincreasan ROS production(Fig. 24). 75-OHC was more effective than 7-
KC in increasimg intracellularROS levels.

Intracellular ROS levelswere also measuredn A7r5 treatd with 7-KC or 74-
OHC. As shownin Fig. 25 aslightincreasan ROS producton was inducedby only 74-
OHC.

Takeninto accountthe differencesbetweesnthe two oxysteaols in increasingROS
levelsin the HUVEC and A7r5, subgquentexperiments were perforned in HUVEC
treaedwith 75-OHC.
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Fig. 24 Effect of 7-KC (a) or 7-OHC (b) on intracellular ROS production in HUVEC. Afterloading
with CM-H,DCFDA, HUVEC wereincubaed with the oxysterol (1, 5, 10, 20 ug/mL, or the vehicle).

ROS levels were measural asdesaibed in methodsDataare expressedas mean+ SE of 6 independent

expeiment perfamed in quaruplicate and are represated as percertage increase of basalvalue of

fluorescencelncreasein ROS production was statistically significant at any concentréion (P < 0.001).

Stdistical analysis were perfformedwith non linearregressioraralysisard F-test.
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Fig. 25 Effect of 7-KC (a) or 78-OHC (b) on intracellular ROS production in A7r5 cells. After
loading with CM-H,DCFDA, HUVEC were incubatel with the oxysterols (1, 5, 10, 20 xg/mL, or the
vehicle). ROS levels were meaural as describedin methods.Data are expressedas mean+ SE of 4
independentexperimentsperformedin quadrylicae and arerepreserdd aspercentageéncrea® of basa
value of fluoreserce Increasein ROS produdion was statisically significant only in 78-OHC treaed

cdls (P <0.001). Statisticd andysis wereperformed with nonlinea regressin analyss and F-teg.
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4.4.1. Involvement of mitochondriain ROS production

To investiga¢ wheher mitochondriais the souce of ROSinducedby 75-OHC in
HUVEC, ROS productionwas measuredn the presencef two different inhibitors of
the respirabry chain

Rotenone (an inhibitor of complex I) and tenoyltifluoroaectae (TTFA, an
inhibitor of complex II) wereunableto block ROS producton by 75-OHC (Fig. 26). In
addition, treamentwith eachinhibitor induced an increaein ROS levek, suggesting
that in HUVEC the inhibition of regiratory chan itseff causesan overgroduction of
ROS.
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Fig. 26 Effect of (a) the complex | inhibitor rotenone or (b) complex Il inhibitor

tenoyltrifluoroacetate (TTFA) on 78-OHC-stimulated ROS production. After loading with CM-
H,DCFDA, HUVEC were incubatedwith the inhibitor for 30 min, then 10 pg/mL 75-OHC (or the
vehicle) was added and intracdlular ROS levd was measured as descrbed in methods Data are
expressedas perentagencreaseof basalvalueof fluorescencef 2 independen experimentsperformed
in quadrupleate.Increasesin ROS production were statsticdly significant respet to the control (P <

0.001).Statstical analysiswereperformed with nonlinear regressionanalyss and F-teq.
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In accordance, pretreatmentof HUVEC with an uncouplerof the respratory
chain, cyanide m-chlorophenyllydrazone(CCCP), did not affed ROS prodiction by
7p-OHC (Fig. 27). CCCPinducedROSoverprodudbn by itsef.
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Fig. 27 Effect of the uncoupler cyanide m-chlorophenylhydrazone (CCCP) on 7p-OHC-stimulated
ROS production. After loading with CM-H,DCFDA, HUVEC were incubded with CCCP for 30 min,
than 10 pg/mL 78-OHC (or the vehicle) was added and intraellular ROS level was measura as
desciibed in methods.Data are expressed as percetiage increaseof basal value of fluorescenceof 2
independen experiments perfamed in quadruplicate. Increases in ROS production were statsticdly
significant respect to the contrd (P < 0.001). Statstical andysis were performed with non linear

regressioraralysisandF-test.
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4.4.2. Involvement of NADPH oxidasein ROS production

Many exogenousand endogenoustimuli can induce an increasein intracelular
ROS production in vagular cells by stimulaing the membranebound flavoprotein
NADPH oxidase. To test the involvement of NADPH oxidasein deermining the
increasen intracdlular ROS levelsin HUVEC treaed with either 75-OHC, a seresof
experiments were performed in the presenceof the NADPH oxidase inhibitor
hydralazing(Munzelet al, 1996.

Hydralazine(25 (M) partially inhibited the increag in ROS producton induced

by 20 to/mL 74-OHC (Fig. 28), indicating that NADPH oxidaseis a sourceof ROS
stimulatedby 74-OHC.

T 150 —a— 7B-OHC

c_35 —— 7-OHC + hydralazine
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Fig. 28 Effect of hydralazine on 78-OHC-stimulated ROS production. After loading with CM-
H,DCFDA, HUVEC were incubated with hydralazire for 30 min, then 20 pg/mL 75-OHC (or the
vehicle) was added and intracdlular ROS levels were measued as desaibed in mettods Data are
expressedaspercentagéncreaseof basalvalueof fluorescencef 4 independen experimentsperformed
in quadrupicate. Both increasein ROS producton in presace of 75-OHC aloneand partially inhibition
of 75-OHC induced ROS produdion were statistically significant (P < 0.001). Statigical anal/sis were
performedwith non linear regressia andysis andF-test
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4.5. Role of NADPH oxidase in the antiapoptotic effect of 74-OHC

To investigae the role of NADPH oxidaseadivation in the antapopbtic effed of
7p5-OHC, analysisof annexinV and Pl binding was performed in the presenceof
hydralazing(25 uM).

The antiapptotic actionof 10 ug/mL 75-OHC aganst bFGFdeprivationwasnot
affected by hydralazine, indicating tha NADPH oxidase is not involved in the
protectiveeffectof the oxysterolin HUVEC (Figg. 29, 30).
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Fig. 29. Representative cytograms of annexin-V and PI binding showing the effect of hydralazine

on the antiapoptotic action of 78-OHC against bFGF deprivation. HUVEC weretreaed for 24 hours
with or without 78-OHC (10 ug/mL) in the absenceof bFGF. Where indicated, a pretreamert with

hydralazire (25 tM) was performedfor 30min before the addition of 74-OHC; the inhibitor was present

during all the experiment Unlabdled cels (viablecels) arecollocaedin the left quadranton the bottom

(3). Annexin-V positive cells (apoptotic cells) are collocatd in the right quadranton the bottom (4). PI

positive cells (necroticcdls) are represeredin theleft quadranton the top (1) of the scatter plot. Double

stainedcells (late apgototic cells) are in theright quadrantonthetop (2).
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Fig. 30 Effect of NADPH oxidase inhibitor hydralazine on the antiapoptotic action of 78-OHC
against bFGF deprivation. HUVEC wereincubated for 24 hourswithout bFGFin the presnceor not of
75-OHC (10 ug/mL). Whereindicated, a pretreament with hydrabzine (25 tM) was performed for 30
min before the addition of 78-OHC; the inhibitor was present during all the experiment. Results are
expressedas mean + SE of percertage of annexinV labdled cels of 2 indepenlernt expeiments
performedin duplicate (** P < 0.01, 88P < 0.01). Statstical analysiswasperformedby oneway ANOVA

testandBonferoni’ s multiple comparisorposttest.
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NADPH oxidaseinhibition did not block also the protedive effect of 75-OHC

againststaurosporiatreatmen{50 nM, 3 hours)(Fig. 31, 32).
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Fig. 31 Representative cytograms of annexin-V and Pl binding showing the effect of hydralazine on

the antiapoptotic action of 78-OHC against staurosporine. HUVEC were treaed for 15 hours with or
without 78-OHC (10 ug/mL), then staurcsporine (50 nM) was addedfor 3 hous. Whereindicaed, a
pretreatmemn with hydrdazine (25 ¢M) was performedfor 30min before the addition of 75-OHC,; the

inhibitor was presentduring all the experiment Unlabelled cels (viable cells) are collocatedin the left

quadranton the bottom (3). AnnexinV positive cells (apopbtic cells) arecollocatedin theright quadrant

onthebottam (4). Pl positive cdls (necrotic cels) arerepresetedin theleft quadrat onthetop (1) of the

satterplot. Double stainedcells (late apoptoticcdls) arein theright quadranbnthetop (2).
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Fig. 32 Effect of the NADPH oxidase inhibitor hydralazine on the antiapoptotic action of 78-OHC
against staurosporine. Analysis of annein-V binding. HUVEC were treatd with or without 75-OHC
(10 rg/mL) for 15 hours, then staurospdne (50 nM) was added for 3 hours. Where indicated, a
pretreatrentwith hydralazine (25 tM) wasperformedfor 30 min before the addition of 75-OHC andthe
inhibitor was preent during all the experinernt. Resuts are expressal as mean+ SE of percentageof
annexinV binding of 2 indepandent experments performed in duplicate (** P < 0.01, 88P < 0.01).
Stdistical analysis was pefformed by one-way ANOVA testand Bonferron’s multiple comparson post
test. (C = cortrol, S = staurospaine; 7p = 75-OHC).
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4.6. Role of ROSin the antiapoptotic effect of 78-OHC

N-acetylcystein(NAC) is a ROS scavengeracting as cysten prodrugand GSH
preaursor both in vivo andin vitro. This compoundwas usedin order to verify the
involvementof ROS in the antiapoptoticeffect of 75-OHC.

NAC (10 mM) did not antagonizethe protective effect of 10 ug/mL 75-OHC
againstapgtosisinducedby bFGFdeprivaion (Fig.33).

NAC wasalsoineffectiveto block the antigpoptoticeffect of the oxysterolagang
apoptoss inducedby staurosporingreament(50 nM, 3 hours)(Fig. 34).

Theseresuls indicatethatthe antiapoptoticeffect of 75-OHC is not dependenbn

theincreasen ROSlevelsstimulatedby the oxysteol.
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Fig. 33 Effect of the antioxidant N-acetycystein (NAC) on the antiapoptotic action of 78-OHC
against bFGF deprivation. HUVEC weretreaed with 78-OHC (10 xg/mL) without bFGFfor 24 hours.
Where indicaed,a pretcreamentwith NAC (10 mM) wasperformedfor 30 min beforethe addition of 75-
OHC, the inhibitor was present during all the experiment. Reslts are expresgd as mean + SE of
percentageof anrexin-V labelled cdls of 2 indep@&dentexperiment performedin duplicae (*** P <
0.001, 888 < 0.001) Statistical analsis was performedby oneway ANOVA test and Bonferroni’'s

multiple compargonposttest.
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Fig. 34. Effect of the antioxidant N-acetylcystein (NAC) on the antiapoptotic action of 78-OHC
against staurosporine. Analysisof (a) amexn-V binding and (b) caspase acivation. HUVEC were
treaed with or without 75-OHC (10 wg/mL) for 15 hours, thenstaurospdne (50 nM) was addedfor 3
hours. Whereindicatal, a pretreamentwith NAC (10 mM) wasperformedfor 30 min beforethe addition
of 78-OHC, theinhibitor waspresem during all the experimeh Resuts areexpressé asmean+ SE of 2
independen experimentsperformed in duplicate of percemage of annexinV labded cells or caspases
adivation (*P < 0.05,** P < 0.01, 8P < 0.05,88P < 0.01). Statistical amalysis was performedby oneway
ANOVA testand Bonferoni’s multiple conparison posttest. (C = contol, S = staurosporine7p = 7p-
OHO).
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4.7 Role of eNOSin the antiapoptotic effect of 78-HOC

NO is animportantfactor producedoy endothehl cels thatpromotesendothelial
cell survivd (Hurlimannet al, 2002. Thus,the involvementof eNOSadivation in the
antiapoptoticaction of 74-OHC wasstudied.

Treamentof HUVEC with the eNOS inhibitor L-NAME (1 mM) did not prevent
the protectiveeffect of 74-OHC againstapoptosisnducedeither by bFGF deprivaton
(Figg 35, 36) or by stauroporine (Fig. 37). Furthermore determination of NO
production by measuringtotal nitrite of the cdl incukation meda indicated that a
treamentof 24 hourswith 10 ug/mL 74-OHC did notincreas NO levels(total nitrite:
control =16,5uM + 1,794; 75-OHC treaedHUVEC = 18,4uM + 1,564).

All togeher thesefindings demonstratethat NO producton by eNOS is not
invalvedin theaniapoptoticeffectof 75-OHC.
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Fig. 35 Representative cytograms of annexin-V and Pl binding showing the effect of 78-OHC on L-
NAM E on the antiapoptotic action of 78-OHC against bFGF deprivation. HUVEC were treaed with
75-OHC (10 ug/mL) for 24 hours in the absene of bFGF.Where indicaed a pretreatmat with L-NAME
(1 mM) for 30 min wasperformed beforethe addtion of 78-OHC, theinhibitor waspresent duringall the
expeiment Unlakelled cdls (viable cells) arecollocatedin the left quadrart on the bottom(3). Annexin-
V positive cells (apoptoticcdls) are collocaed in the right quadant on the bottom (4). Pl positive cells
(necrotic cells) arerepresentedin the left quadranton the top (1) of the scater plot. Double stainedcells

(late apoptoic cells) are in theright quadranton thetop (2).
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Fig. 36 Effect of L-NAME on the antiapoptotic action of 78-OHC against bFGF deprivation.
HUVEC weretreaed with 75-OHC (10 #g/mL) for 24 hous in the absencef bFGF. Whereindicaed a
pre-treatmem with L-NAME (1 mM) for 30 min was performed before the addition of 75-OHC, the

inhibitor was preent during all the experinert. Results are expressel as mean+ SE of percertage of

amexinV lakelled cells of 2 indegpendentexperiments (***P < 0.001, ##P < 0.001). Statisticalanalyss

wasperformedby oneway ANOVA teg andBonferroni’s multiple comparisompod test.
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Fig. 37. Effect of the eNOS inhibitor L-NAME on the antiapoptotic effect of 78-OHC against
apoptosisinduced by staurosporine treatment. HUVEC weretreatedwith 75-OHC (10 ug/mL) for 15
hours, thenstaurospoine wasadded for 3 hours.Whereindicatel a pretreatmentwith L-NAME (1 mM)
for 30 min was performed before the addition of 745-OHC. Reallts are expressed as mean + SE of
percentageof amexinV labelledcells of 2 independenexperiments(*** P < 0.001 vs. control, 888 <
0.001 vs stauosporine-treatedcdls). Statstical analysis was performed with oneway ANOVA test and

Bonferroni’s multi ple comparison posttest.
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4.8. Roleof ERK in the antiapoptotic effect of 78-OHC

To clarify the molecular mechanismof the antiapoptoic action of 74-OHC in
HUVEC, activationof MEK/ERK pathwaywasinvestgaed. Generally ERK activation
occursto protectcellsfrom deathandit is triggered by acivation of MEK.

ERK activaion wasinvestigatedoy Wesern blotting andysis to deiectthe level
of phosphoryahtion of theenzyme(Fig. 389). Treament with 10 ug/mL 74-OHC did not
activate ERK. On the otherhand,two different MEK inhibitors, PD98059and UO126,
were able to inhibit the antiapoptoticeffect of 10 ug/mL 75-OHC againstapoptosis
inducedby stauosporing(50 nM, 3 hours),asdemonstragd by the analyss of caspas®
activation(Fig. 38b).

80



Results

A 15 min 30 min 60 min
C 78 C 78 C B
S B e ERK 102

T W ERK 1/2

B
1 no MEK inhibitors
400+ 5 [ + PD98059

= PRk 33 E3+U0126
= 1 R —
S 300 =
> i —
>, — =
s L = E
S 200 = —
© —] —
@ . —
® — =
(7)) — —]
© —] =
2 100- % —] —
© — —
3] = =

0 — =

S B

C S 7B78+S C S 7B 7B+S

Fig. 38 Role of ERK in the antiapoptotic effect of 78-OHC. (a) Wedern blotting andysis of ERK
phosgorylation (phosERK 1/2) in HUVEC treata with 75-OHC (10 xg/mL): 30 pg of cell lysates
proteinswere swbjeded to 10% SDSPAGE and transferredto PVDF membrangethen phos-ERK 1/2
were detected after stripping, the menbrare was exposedo the rabbit polyclond IgG to detect overall
ERKs (b). Effect of MEK inhibitors PD98059 and UO126 on caspae3 activation indued by
stauosporire: HUVEC were treaed with 78-OHC (10 ug/mL) for 2 hours, then staurspoine (50 nM)
wasaddedfor 3 hours, whete indicated cels werepretreag¢d with PD98059(25 uM) or UO126 (25 uM)
for 30 min befare treament with 78-OHC, theinhibitors were presentduring all the expeaiment. Results
are expresed as mean + SE of percentageof caspases activation of 3 indep&dent experimats
peformed in triplicate (** *P < 0.001, **P < 0.01, *P < 0.05, 88P < 0.01). Statisticalanalyss was

peformed with oneway ANOVA test and Bonferroni’'s multiple compari®n post test.
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5. DISCUSSION

Oxysterols are oxygerated derivatives of cholesterol tha may be either formed
endogenouslyor absorbedrom the diet and are paticularly foundin highly processed
foodsof animalorigin (Tai et al., 1999. Theyarealsothe major componats of oxLDL

which are involved in the pathogenas of atheroscéross and evidencesugget that
oxysterols,suchas 74-OHC and 7-KC are responsiblefor oxLDL cytotoxicity at the
vasculamwall.

Otherwise, the resultsin this thess show that 74-OHC at concentrationselow 40

ug/mL is ableto protectHUVEC from apoptosisnducedeither by bFGFdeprivationor

by staurospone treatment as revealel by the analyss of phosphaidylserine
trarslocationand cagpase3 activation. The investgation of the protecive effect of this

oxysterolwas based on the preliminary evidence from our laboratory, about the dual
effect of both 78-OHC and 7-KC on HUVEC viability meaural by the MTT assay.
This dual effect is dependenton the conentratons of the oxystkerols: a low

concentratons (1-10 ug/mL) they induce an increasein cell viability, while at high

concentratbn (20 ug/mL) theyinducecell death,accordinglyto previous experimersl

evidenceaboutthe proapptotic actionof 20 ug/mL 748-OHC in HUVEC (Lizard et al,

1999).

Also, in vitro studies show that oxLDL themselves have a dual effect on endothelial
cells (Galle et al. in 2001): at concentréons above 50 ug/mL they are cytotoxc

inducing cell deah through an increasein ROS levels; on the contrary, at lower

concentratbnsthey promotecell proliferation which is medatedby a lowerincreasdn

intracellularROSproducedoy NADPH oxidase(Heinloth et al, 2000)

In accord to thesefindings, ROS at physiologcal levels are thoughtto be importart

signaling molecules involved in the regulaion of many intracellular pathways
concerningcell survival, proliferationand deah (Tannickal et al, 2000). Othemwise, a

dual effect of ROS on endotlelial cell viability hasbeen denonstated,depemling on

their concentations: while at high levels they are cytotoxic due to their pro-oxidant
properties,at physiologicallevels they proted cells from apoptosisinducel by serum

deprivation(Haendeleret al., 2004. Otha expermentl daa supportthe involvement
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of ROS in the proapoptoticeffect of 7-KC: it has been shown that the loss of
mitochondrial membranepotential induced by 7-KC is preventad by antioxidants
(Lizard et al, 2000).

On the other hand, the protective effea of 75-OHC a 20 M concentation
(coresponthg to 9,6 ug/mL) was demonstratedChen et al, 2006). This effect is
mediatel by anincreasen GSHlevels

All thesefindings indicatea role of ROSin the molecular mechanism of oxysteols at
different levels, and the major source of ROS involved in theseeffeds is NADPH
oxidase.Thus, we haveinvegigatedthe role of ROSin the antigpoptotc acton of 7p-
OHCin HUVEC, amalyzingin particulartheinvolvementof NADPH oxidaseactivity.
This study showsthat both 7-KC and 75-OHC are able to induce a concentrabn-
dependentincreasein ROS productionin HUVEC. This ROS overproducibn occus
immediatelyafter the exposire of the cells to the oxysteaols. ROS producton induced
by 75-OHC in HUVEC is partially due to the actvation of NADPH oxidase.Despite
evidencesunmarizedabove,our realts reveal tha the acivity of this enzymeis not
invalved in the antiapoptoticeffect of the oxysterol In fact, hydrdazine, a NADPH
oxidaseinhibitor (Munzd et al., 1996, is not ableto preventthe antiapoptotc actionof
75-OHC aganst apoptosisinduced by either bFGF deprivaton or staurosprine
treament.Actudly ROShasnorole in theantiapoptotc effect of oxysterolsin HUVEC
as demonstratedby the experimentspeformed in the presence of NAC, a cysteinand
GSH precusor acing asROS scavenge In fact, NAC treament doesnot preventthe
antiapoptotic action of 74-OHC aganst apoptosisnducedby eithe bFGF deprivation
or staurospornetreatment.

NO is an important factor which presaves endothehl function and pronotes cell
survival. Forthisreasonthe possiblerole of NO in the protective effed of 78-OHC was
studied. The involvementof NO in the anfapopbtic effect of 745-OHC was excluded,
sincetheeNGS inhibitor L-NAME doesnot prevent the antiapoptoic action of 75-OHC
against apopbsis induced by either bFGF deprivdion or staurosporinetreatment
Moreoverincubaton of HUVEC with 74-OHC did not increasethe levelsof nitritesin
thecell culturemedium.

Finally we investigatedthe effect of the oxysterol on MEK/ERK pathway, whose

activation is usually involved in the mechansms of cell survival (Ballif and Blenis
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2001). Resuts reveal that 75-OHC does not increaseERK activation, howeer the
experimants performedin the presenceof two different MEK inhibitors demonstrate
that a basallevel of MEK activity is essenal for of 75-OHC action, thus suggesting
that the effect of the oxysterolis downstreamof ERK activation. Further studieswill be
requred to find the moleculartargetof 75-OHC andits regulation by the MEK/ERK
cascade.

In concluson, our resultsoffer an eviden@ of an unknowneffect of 75-OHC on human
endothelial cells and suggesta role of this oxysterolas a signalng molecuk that is

involved in theregulationof cell survival pahways.
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