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Abstract

Oxidized low densitylipoproteins(oxLDLs) are involved in the pathogenesis of

atherosclerosis and the cytotoxicity of oxLDLs has beenlinked to the formation of

oxysterols (Schroepfer et al, 2000). 7-ketocholesterol (7-KC) and 7β-

hydroxycholesterol (7β-OHC) are the major oxysterols found in oxLDLs. High

concentrations(> 20 µg/ml) of 7-KC and 7β-OHC havebeenshownto induceapoptosis

in human endothelialcells (Lizard et al, 1999). Preliminary resultsobtained in our

laboratoryhave shown that 7β-OHC and 7-KC, at concentrationsbelow 20 µg/mL,

induce an increasein cell viability. Furthermore, it has been recently reportedthat

oxLDLs induce proliferation and apoptosis in vascular cells, depending on the

concentration andthat both effectsaremediated by superoxideformation (Galle, et al,

2001). In fact, besidesthe known cytotoxicity of reactive oxygen species (ROS),

evidenceshave been accumulatedindicating that these molecules are involved in

several signal transductionpathwaysleading to antiapoptotic and proliferative effects

(Haendeler et al, 2004). The aim of this study was to investigatethe role of ROS on

cellulareffectsof 7-KC and7β-OHC in endothelial andvascularsmoothmusclecells.

Treatmentof human umbilical vein endothelialcells (HUVEC) and A7r5 (rat

vascularsmooth muscle cells) for 24 and48 hourswith 7-KC or 7β-OHC (1-10 µg/mL)

increased cell viability, while a cytotoxic effect was induced at 20 µg/mL. Both

oxysterols inducedan increasein intracellular ROS production in a time dependent

manner.ROS production by 7β-OHC was partially dependenton NADPH oxidase.

Analysis of phosphatidylserine translocation and caspase-3 activation in HUVEC

treated with 7β-OHC showedan antiapoptoticeffect of the oxysterol against bFGF

deprivation and staurosporinetreatment. Incubation of HUVEC with the NADPH

oxidaseinhibitor hydralazineor with the antioxidant N-acetilcysteine was not able to

prevent the antiapoptotic effect of 7β-OHC. Al though 7β-OHC did not induce an

increasein ERK activation, treatmentsof HUVEC with two different MEK inhibitors

(PD98059,U0126)antagonizedtheprotective effect of theoxysterol. The resultsshow

that 7β-OHC, at concentration below 20 µg/mL is antiapoptotic by a mechanism

independentonROSproduction anddependentonactivation of MEK/ERK pathway.



Riassunto

Le lipoproteine a bassa densità (oxLDL) sono coinvolte nella patogenesi

dell’ aterosclerosie la citotossicità delle stesse oxLDL è dovuta alla presenza degli

ossisteroli tra i suoi componenti.Il 7-chetocolesterolo (7-KC) e il 7β-idrossicolesterolo

(7β-OHC) sonoi principali ossisteroli checostituisconole oxLDL ed è stato riportato

che alteconcentrazionidi 7-KC e di 7β-OHC induconoapoptosinellecelluleendoteliali

umane(Lizard et al, 1999). Risultatipreliminari del nostro laboratorio hanno dimostrato

che il 7β-OHC e il 7-KC induconoun aumentodella vitalità cellularea concentrazioni

inferiori a 20 µg/mL. Inoltre, è statorecentementedimostrato che le oxLDL possono

indurre sia proliferazione che morte nelle cellule vascolari, a seconda della

concentrazione; entrambigli effetti sonomediati daun aumentodel livello delle specie

reattivedell’ossigeno (ROS) (Galle, et al, 2001). In accordo con tale evidenza,sono

stati riportati i dati sperimentalicircail duplice effetto dei ROS,chepossonoindurresia

proliferazione che apoptosi,dipendentementedalla loro concentrazione nelle cellule

endoteliali (Haendeleret al, 2004). Lo scopodi questo lavoroèstato quello di studiareil

ruolo dei ROSnegli effetti cellulari di 7-KC e 7β-OHC nelle cellule endotelialiumane

della venaombelicale(HUVEC) enellecellule muscolari li scevascolari di ratto (A7r5).

Il trattamento delle HUVEC e delle A7r5 con 7-KC o 7β-OHC per 24 ore

induceva un aumento della vitalità cellulare a concentrazioni inferiori a 20 µg/mL,

mentre a 20 µg/mL si evidenziavano effetti citotossici. Entrambi gli ossisteroli

provocavanoun aumentodei ROS concentrazione-dipendente. La produzione di ROS

indotta dal 7β-OHC erain partedovutaall’attività dellaNADPH ossidasi. Analisi della

traslocazionedella fosfatidilserinae dell’attivazione della caspasi-3 in HUVEC trattate

con 7β-OHC hanno evidenziato un effetto antiapoptotico dell’ossisterolo contro

l’apoptotosi indotta da deprivazionedi bFGF o da staurosporina. Né l’i dralazina,

inibitore della NADPH ossidasi, né l’antiossidante N-aceticisteina erano in grado di

prevenire l’effetto antiapoptoticodel 7β-OHC. Infine, anchesel’ossisteroloinduceva la

fosforilazionedelle ERK, il trattamentodelle HUVEC con due inibitori della MEK

(PD98059,U0126)erain gradodi antagonizzarel’effetto aniapoptotico del 7β-OHC. In

conclusione, il 7β-OHC a concentrazioni inferiori a 20 µg/mL ha un’azione

antiapoptotica non mediata dai ROS, ma dipendente dall’attivazione della via di

sopravvivenza cellulare MEK/ERK.
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1. INTRODUCTION

1.1 VASCULAR WALL AND ENDOTHELIAL FUNCTION

The arterial vesselwall is divided into threecomponents:tunica intima, tunica

media and tunica adventitia (Fig. 1) Tunica intima consistsof a single layer of

endothelial cells betweenthe vessel lumen and the internalelastic lamina membrane.

Tunica media comprises the muscularportion of the blood vessel, whereastunica

adventitia includes the external elastic lamina, terminal nerve fibres and surrounding

connectivetissue,which containsfibroblastsand tissuemacrophages. Each of these

three layers has specific propertiesand exerts different effects which are crucial to

regulation of vasomotortone, protection against thrombosisand response to injury

(Hürlimannet al, 2002). 

Fig. 1 Scheme of artery wall.

The endothelium is a monolayer of endothelial cells located between the

circulating blood and vascularsmooth muscle cells of the media. It is a paracrine

autocrine, and endocrineorgan, playing a key role in regulation of vascular tone,

thrombogenesis, inflammation and vessel growth. Therefore, the integrity of
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endothelium layer is necessaryto maintain vascular homeostasis. Endothelial cells can

have indirect anddirect effectson vascular structure andtheir presenceis necessaryto

preventbothmigrationandproliferationof vascular smooth musclecells.

To exert its vascularregulatoryfunctions,endothelium releaseseveral mediators

with capacityto modulatethe contractilestate and proliferative responsesof vascular

smooth muscle cells. Endothelium has also capacity to control platelet function,

coagulationandmonocyte adhesion. Endothelial cells exert protective role during tissue

injury, by producingcytokinesregulatingvascular permeabilit y andchemotaxis.

Migration is anotherproperty of endothelial cells, important to enhance blood

vesselrepairafter cardiovascularlesions(Hürlimannet al 2002). 

To control contractile stateof bloodvessels, endothelial cells producenitric oxide

(NO), themostimportantvasodilator mediator(Radomskiet al, 1987) originally named

‘endothelium-derivedrelaxingfactor’. NO is releasedfrom endothelial cells in response

to both shear stress(producedby blood flow) and mediators such as acetylcholine,

bradykinin, substanceP andserotonin.NO is a free radical gas with an in vivo halflif e

of only a few seconds,andis ableto crossbiological membranes. NO is synthesizedby

NO synthase(NOS) from L-arginineand is releasedby endothelial cells via a diffusion

mechanism.NO actsat level of vascular smoothmuscle cells of the media where it

increasesintracellular cyclic-GMP (cGMP) concentrations by activation of the

guanylate cyclase.This leadsto relaxation of smoothmuscle cells. Systemic inhibition

of NO synthesis increasesarterial blood pressure. NO hasalso anti-aggregation, anti-

thromboticandanti-inflammatory properties. In addition to that, NO acts assignalling

molecule involved in endothelial antiapoptotic and protective pathways in cells

(Hürlimann et al, 2002). Continuousproduction of NO helps to maintain integrity of

endothelium and prevents the expression of endothelia adhesion molecules (VCAM-1

and ICAM-1) responsiblefor the attachment and sequestration of monocytes through

theendothelial cells monolayerduringatherogenesis.

Another vasoprotectivefactor produced by endothelial cells is prostacycline

(PGI2), a vasodilator factor with antiaggregation properties, which enhances vessels

permeabilit y.

Both NO and PGI2 inhibit endothelin production via a cGMP-dependent

mechanism.

On the other hand,endothelin-1 (ET-1) is a vasoconstrictor factor, producedby

both endothelial cells and vascular smooth muscle cells, under the stimulation of
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hypoxia, shearstress, angiotensin II, vasopressin, insulin, thrombin, and interleukin-1 

(MiyauchandMasaki,1999).

1.2. REACTIVE OXYGEN SPECIES IN ENDOTHELIAL FUNCTION

Reactive oxygen species (ROS) are partially reduced and highly reactive

metabolitesof oxygen(O2), produced as a consequenceof aerobicmetabolism. ROS

include free radicalssuch assuperoxideanion (O2
•− ), hydroxyl radicals (•OH) and the

non-radicalhydrogenperoxide(H2O2) (Thannikal andFanburg,2000). 

They are particularly transient speciesdue to their high chemical reactivi ty, so

theycanreactwith many biomoleculessuchasDNA, proteins,carbohydratesandlipids

in adestructive manner.

The equilibrium between intracellular ROS production and the activity of

antioxidant defencesystemsdetermines intracellular redox status and defines redox

homeostasis. If ROS productionovercomes the capacity of antioxidantenzymes,redox

homeostasis is alteredand oxidative damages occurs in cells undergoing a condition

calledoxidativestress(ThannikalandFanburg, 2000). 

This condition of oxidative stressis implicated in the pathogenesis of several

diseasesincludingHuntington’s,Parkinson’s,Alzheimer’s diseases.

1.2.1. Chemistry of ROS

ROS are highly reactivemetabolitescoming from molecular oxygen. They are

oftenconsideredasfreeradicals,but this definit ion is not alwayscorrect. A free radical

is any

molecularor atomic speciescapableof independent existencethat containsoneor

more unpaired electronsin one of its molecular orbitals. Molecular O2 itself can be

defined a free radical,becauseit hastwo unpairedelectronswith parallel spin in two

different π-antibounding orbitals. This spin restriction accountsfor its relative stabili ty

and paramagnetic properties.O2 is capableof acceptingelectronsin its antibounding

orbitals becomingpartially reduced.The partiall y reducedforms of oxygenare strong

oxidizing agentsbecauseof their tendencyof becoming completely reducedand form

water(H2O), asshownbelow (Halliwell andGutteridge, 1989): 

e-

O2 O2
�¯ H2O2 ·OH+HŌ 2 H2O

e- e- e-
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One-electronreduction of O2 results in the formation of O2
•− andit canbedueto

either enzymatic catalysis or electronleaks from various oxidoreductasereactions. In

aqueous solution O2
•− is short-lived because of its instability and its tendencyof

dismutate to H2O2. This dismutation is facilitatedin acidicconditionswhensuperoxide

is protonated (HO2
•). In intracellular compartmentsthis spontaneousdismutation is in

competitionwith the samedismutationcatalyzed by superoxidedismutase (SOD), the

principal antioxidant defence enzyme (Huie and Padmaja, 1993). Thus, in most

biologicalsystemsthe productionof O2
•− results in theformationof H2O2, a non-radical

molecule more stable than the other ROS. It can cross biological membranesand

because of its higher half-life it’s weakeroxidant agent than O2
•−. H2O2 can act as

signaling moleculein both physiological andpathological conditions. H2O2 playsalso

an importantrole in antimicrobialresponse:it can be converted to hypochlorousacid

(HOCl) by myeloperoxidase(MPO),anenzyme presentin phagosomesandneutrophils.

HOCl hasstrongbactericideoxidantproperties(Rossiet al, 1985).

In presenceof reducedforms of transient metals such as iron (Fe2+) and copper

(Cu+), H2O2 can lead to the formation of the higher reactive and toxic •OH (Fenton

Reaction) which rapidly inducethe oxidation of biological substrates to be reducedto

H2O. For example �OH induceslipid peroxidationdamagingbiological membranes.The

oxidized transientmetalscomingfrom theFenton Reaction can bereduced again in the

Haber Weiss Reaction with O2
•−, which is converted to O2.
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Fig. 2 Main reactions of reactive oxygen species (SOD: superoxide dismutase. MPO:

myeloperoxidase).

1.2.2. Intracellular antioxidant defence systems

To maintainintracellularredoxhomeostasisat physiological levels(Droge, 2002),

cells haveantioxidantdefencesystemsassummarizedbelow:

� Superoxide dismutase (SOD), catalyzing the dismutationof O2
•− to H2O2 as the

following reaction shows:

� Catalase, heme-proteine, containing four oxidized heme groups (Fe3+). This

enzymecanneutralizeH2O2 with two alternative mechanisms:

− dismutationof H2O2 to O2 and H2O

− Reductionof H2O2 with a reducedsubstrates.

� Peroxidases, heme-proteinscontainingonly one oxidized hemegroup (Fe3+),

thatcatalyzesthereductionof H2O2 with a reducedsubstrates.

� Glutathioneperoxidasesystem(GPx), composedof glutathioneperoxidaseand

OH·

MPO

SOD

HOCl

Fe2+ Fe3+

1O2 + Cl-

O2·-O2 H2O2 H2O

e- e-O2
·- O2 Fe2+ Fe3+

Fenton
reactioi

2H2O2

catalase
2H2O + O2

2O2·- + 2H+ H2O2 + O2
SOD
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glutathionereductase.This system catalyzes the reduction of both H2O2 and

peroxides using reduced glutathione (GSH) which is oxidized (glutathione

disulfide, GSSG).GSSG is then reconverted to GSH by glutathione reductase

underconsumptionof NADPH

� Thioredoxin (Trx) system, composed of thioredoxin reductase (TrxR) and

thioredoxin. ReducedTrx is highly efficient in reducingdisulfides in proteins

and peptides, including glutathione disulfide. TrxR reduces the active site

disulfide in Trx and severalother substrates directly under consumption of

NADPH (Nordberg J and.Arn´erESJ,2001).

� Low weightmolecularROSscavangers, suchas hydrosoluble ascorbicacidand

lipid-solubletocopherol.

1.2.3. Intracellular sources and regulation of ROS

ROS can be producedby both enzymatic and non-enzymatic sources,as by-

product of electron-transferreactions,carried out by electron-transferringproteinsor

enzymaticsystems.

Mitochondria arethe majorsourcesof ROSunderphysiological conditions(Fig.

3). ROS normally produced by mitochondria corresponds to 1-2% of total O2

consumption (FreemanandCrapo,1982). Electronscarried out by theelectrontransport

chain (ETC) canleak out of the pathwayandpassdirectly to oxygen,generating O2
•−.

Electronscan enter the ETC at the level of either Complex I via the oxidation of

NADPH by NADPH-ubiquinone oxidoreductase or Complex II via the oxidation of

succinateby the succinatedehydrogenase. After that,electronsare carried from oneof

these complexes to Complex III (ubiquinol-cytochrome c oxidoreductase) by

Ubiquinone,a lipid-solubleelectroncarrier. The highly reactive semiquinonegenerated

at level of ComplexI and III is mainly responsible for theformation of superoxide.The

intramitochondrialconcentrationsof O2
•− aremaintainedat very low steady-statelevels

by theMn-SOD, which convertsO2
•− to H2O2. While O2

•− is not ableto crossbiological

membranes,H2O2 is able to diffuseacross mitochondrialmembraneto cytoplasm.Some

correlationsbetweenintramitochondrial ROSproduction andtheregulation of apoptosis

mechanismsinducedby differentstimuli havebeenrecently found.
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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 another possiblesourceof ROS (Freeman and

Crapo, 1982). ER is a membrane-bound organelle involved in lipid and protein

synthesis. Smooth ER (lackingboundribosomes)containsenzymesresponsible for the

oxidative modifications of lipid soluble drugsand other harmful metabolic products.

CytocromeP450and b5 families, are the main importantenzymatic systemsoxidizing

unsaturatedfatty acidsandxenobioticsand they can reducemolecular oxygen to O2
•−.

There is evidencefor redox-regulation of ER-related functionssuchas protein folding

andsecretion (Baderet al. 1999).

Peroxisomes are importantsourcesof total intracellular H2O2 production(Boveris

et al. 1972). They containa numberof H2O2-generatingenzymes including glycolate

oxidase, D-aminoacidoxidase,uratooxidase,L-α-hydroxyacidoxidaseand fatty acyl-

CoA oxidase.Then peroxisomal catalaseutilizes H2O2 to oxidize a variety of other

substratesin peroxidative reactions.These reactions are particularly important as

detoxifying mechanismsto inactivate xenobiotics. A small fraction of peroxisomal
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H2O2 canescapecatalase anddiffuse from theseorganelles to cytoplasm, contributing

to either intracellular signallingor oxidativestress,dependingon its concentrations.

In addition to intracellularmembraneassociated oxidases, soluble enzymessuch

as xanthine oxidase, aldehyde oxidase, flavoprotein dehydrogenase can produce

ROS during their catalytic cycling. The most relevant enzymeis xanthine oxidase

expressedon the luminal surfaceof the endothelium in many organsIt can be formed

from xanthine dehydrogenaseunder condition of hypoxia (McKelvey et al. 1988).

Usually xantine oxidase catalyzes the oxidation of xanthine to urate with the

concomitantreduction of molecularoxygen to superoxideand hydrogen peroxide.The

enzymeis normally presentasxanthinedehydrogenase,which doesnot generateO2
•−,

but is converted to xanthineoxidaseeitherthroughoxidation or by proteolytic cleavage

of a segmentof xanthine dehydrogenase. Increasedxanthine oxidase-derived O2
•− 

production maybe involved in ischaemia/reperfusionand in endothelial dysfunctionin

several diseases(McKelvey et al. 1988). With respectto signalli ng, xantine oxidase-

derived ROS havebeenimplicatedin the control of the endothelial cytoskeleton and

mechanoenergetic coupling.Xanthineoxidaseis widely used to generate O2
•− in vitro to

study theeffectof ROSondifferentcellularprocesses(Thannikal andFanburg, 2000). 

NADPH oxidase is a membraneassociated flavoprotein involved in production

of O2
•− directly from molecularO2 in a one-electron transfer reaction.NADPH oxidase

a multicomponentflavoenzyme, which constantly produces intracellular ROS at low

levels under physiological conditions. Different stimuli such as growth factors,

cytokines, oxLDL, oxysterols,mechanicalstresscaninduceNADPH oxidaseactivation

and this ligand-induced ROS productionis involved in the regulation of endothelial

function (Ushio-Fukaiand Alexander, 2004).

1.2.4. Vascular NADPH Oxidase

NADPH oxidaseis a respiratory burst oxidasetipically contained in phagocytes,

that catalyzestheone-electronreductionof molecular oxygento superoxide, leadingto

hydrogenperoxide productionwhich is important in host defence(seeabove). This

enzyme is normally quiescent,and becomes activated during the neutrophil oxidative

burst to generate largeamountsof O2
•− (Babior,B, et al 2002). Theneutrophiloxidase

consistsof a plasmamembranespanningcytochromeb558 which is an heterodimer,

comprisinggp91phox and p22phox, andcytosolic components p47phox, p67phox and
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the small GTPaseRac1. Even if the catalytic subunit of this complex is gp91phox,

defectsin any one of the phox components result in the clinical syndromeof chronic

granulomatousdisease, a disordercharacterized by imparedhost defenceand chronic

infection. Activation of NADPH oxidase triggers translocation of the cytosolic

components to themembraneboundsubunitsundertheguideof Rac 1 protein.This is a

highly regulatedprocessthat involvespost-translational modification of severalof the

cytosolic subunits and specific protein–protein binding through tandem SH3 (Src

homology 3) domains. The resulting protein complex enables electron transfer from

NADPH, in the flavin-containingcatalytic subunit, to O2, therebygeneratingO2
•− (Fig.

4).

Fig. 4 NeutrophylNADPH oxidaseandsuperoxideformation (RayandShah,2005).

In the vasculature the p22phox, p67phox, and p47phox components of the NADPH

oxidaseare distributed ubiquitously amongthe major cell types (Bayraktutan et al,

1998). In contrast,thecatalyticsubunitof thevascular NADPH oxidasesappears to be

distinct from its phagocytecounterpartgp91phox (Cheng, et al. 2001). Numerous

gp91phox (newly namedas Nox2) homologues,including Nox1, Nox3, Nox4, and
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Nox5, have been identified in vascularcells, each encodedfor by separate genes.

Endothelial cells expressvery low levels of Nox1, intermediate levels of Nox2, and

abundant Nox4 mRNA, while vascular smooth muscle cells expresspredominantly

Nox4 and,to a lesserextent,Nox1 with negligible amountsof Nox2 (Jones et al, 1996;

Griendling KK et al, 2000). Analysis of the predicted sequences of Nox family

members revealsthat despitea relatively high degreeof conservation in the overall

topology of theNoxs,theydiffer greatlyin their tissuedistribution andarealsolikely to

be differentially activatedandregulated.Each isoformcontainsan N-terminal clusterof

hydrophobic membrane-spanning regions and C-terminal regions containing a

flavoproteindomainandconsensuspyridinenucleotide-bindingsites.

NADPH oxidasein non-phagocytic cellssuchasendothelial cells differs from the

neutrophil enzymein severalimportantaspects.Whereastheneutrophil oxidasereleases

large amounts of O2
•− in bursts,the vascularNADPH oxidase(s) continuouslyproduce

low levels of O2
•− in unstimulated cells, yet it can be further stimulated acutely by

variousstimuli. Then,while in neutrophilO2
•− productionoccursmainly in extracellular

environment, in endothelialcellsO2
•− is producedmainly in intracellularcompartments

(Fig. 5), depending on the location of the enzyme complex (Thannikal and Fanburg

2000).

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

continously produced in the cytoplasmatic compartment (Griendling KK et al., 2000).
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Regulationof oxidase activity in cardiovascular cells occursat leastat two levels.

First the activation of the enzymecan be enhanced by secondmessengers, including

calcium. In addition to that stimuli, such as angiotensin II, high glucose levels,

cytokines, can trigger its overexpression involved in the development of oxidative

stress.

ThevascularNADPH oxidaseis activatedandregulatedby a varietyof hormones

and factors (Fig. 6) known to be important in vascularremodeling and disease.These

include agonistsof G-protein-coupled receptors such as angiotensin II and ET-1,

thrombin, platelet-derived growth factor (PDGF), cytokines such as tumor necrosis

factor (TNFα), interleukin-1. NADPH oxidasecan also be activated by metabolic

factors such as increasedglucose, insulin, NEFAs (non-esterified fatty acids) or

advanced glycation end-products(AGEs), and oxidizedLDL (Griendling et al. 2000).

NADPHox expressioncanalso bemodified.For exampleoxLDL enhanceexpression of

Nox4 in humanendothelium(ThumandBorlak 2004).Changesin shearstressare very

relevantstimuli in endothelialcells: oscill atory shear stress(zero net forward flow)

increases ROSproduction andupregulatesNox4 aswell asNox2, while pulsatileshear

(net forward flow) may actuallydownregulate thesecomponents as comparedto static

cells (Hwanget al. 2003).

One mechanism involved in NADPH oxidase activation is protein kinase C

(PKC)-dependentphosphorylation of the p47phox and its translocation to the Nox2/

p22phoxheterodimerto form themorefully assembledcomplex, justasin neutrophils.

The moststudied stimulusof the vascular NADPH oxidaseis angiotensinII that

increases theactivity of the NADPH oxidaseat three or more levels. At thebeginning,

there is rapid activation of c-Src and other kinases such as PKC, leading to

phosphorylation of p47phox which translocates to the membranecytochrome complex

(Touyzet al. 2003). In vascularsmoothmuscle, theEGFreceptor transactivation is also

involved, leading to sequentialactivationof both phosphatidylinositol 3-kinase(PI3K)

and small G-protein Rac immediately after angiotensin receptor AT1 activation

(Seshiahet al. 2002).ActivatedRac in its GTP-boundstate is thoughtto bind to the

cytosolic p67phoxsubunitandactivatetheNADPH oxidase.All theseevents, following

angiotensinII stimulation, serveto activate,promoteandsustain electron flow through

the cytochromecomplex.A further level of action of angiotensinII , andof someother

stimuli, is to increasethe expression of NADPH oxidase subunitsover hoursto days

(Cai et al. 2003).
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NADPH oxidase activation is also involved in VEGF induced endothelial

proliferation and migration (Ushio-Fukai et al.,2002) via PKC-dependent

phosphorylation of the p47phox regulatorysubunit; this mechanismis implicated in

vascularangiogenesisand repair.

In many cases, NADPH oxidase activation is not only triggered by the

phosphorylation of p47phoxsubunit, but also by thep47phoxbinding to other signaling

molecules, such as TNF-receptor-associated factor 4 (TRAF4) during TNFα

stimulation. This particular mechanism leads to a spatially restricted ROS synthesis

targetingsomespecificMAPK proteinsinvolvedin TNFα signalling pathway.

An increasein ROS productionby NADPH oxidaseis involvedin NFκB induced

expression of adhesion molecules on endothelial cells surface by stimulation of

cytokines or underconditionof hypercholesterolemia (Trueet al., 2000).

Fig. 6 Molecular composition and regulation of NAPH oxydase

1.2.5. ROS as signaling molecules in the vascular system

ROS have always been consideredas toxic agents becauseof their oxidant

propertiesleading to destructivemodificationson differentbiomolecules,such asDNA,

proteins,lipids andcarbohydrates.On theother hand,evidence are abouta role of ROS

as signaling molecules involved in regulation of many intracellular pathways

concerningto cell survival,growth,apoptosisand death. Themechanismthrough which
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ROS act as signaling molecule is due to modification of redox sensitive proteins

(ThannikalandFanburg, 2000):

a. Formation of intramoleculardisulfidelinkages.

b. Proteindimerizationby intermolecular disulfidelinkages.

c. Dithyrosineformationby H2O2/peroxidases-dependentreactions.

d. Metal-catalyzedreactionoxidationof proteinsby Fenton-li kechemistry.

An alternativeprotein modificationby which ROSexert their signalling function

is protein S-glutathiolation. (Biswas et al, 2006) That is a GSH-dependent trapping

mechanismwherein protein–SH are at the first oxidized to a thiyl radical or sulfenic

acid as followed:

and thentheyare convertedto mixeddisulfideadduct in conjunction with cellular

GSH. This S-glutathiolation of proteinsis a reversible mechanismthat convert cystein

proteinsto an inactive state.In the absence of sufficient glutathione,partially oxidized

protein cysteins may react with oxygen or other oxidants to produce irreversibly

oxidized sulfinic andsulfonic acid species: this condition is associated with oxidative

injury:

� Redox regulation of phosphorylation/dephosphorylation mechanism. Protein-

tyrosine phosphatases(PTPs) play an important role in the dynamics of cell

regulation due to phosphorylation-dephosphorylation mechanisms during

extracellular signalling (Choaet al, 2004).Phosphorylation of tyrosineresiduesof

various target proteinshave beenrecordedin responseto cytokines and growth

factorsandhave beenfoundto beat leastpartly mediatedby thegeneration of ROS,

due to a redox regulation of PTPs. PTPsaction is usuall y in equilibrium with the
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action of protein tyrosine kinases,and both kind of proteins are involved in

importantcellular processes suchas cell growth, proliferation and differentiation.

PTPs containan essentialcysteinresiduein the active site. The cystein thiol group

at neutral pH exist asthiolateanion,which forms a thiolate-phosphateintermediate

in thecatalytic mechanismof PTPs.In presenceof physiological levelsof ROS,the

cystein thiol group can be reversiblyoxidized to cystein-sulfenic acid (Cys-SOH)

undergoinglutathiolation. This mechanismleadsto a reversibly inhibition of PTPs

activity with stabilizationof phosphotyrosinemoietiesof the isozymesat conserved

sites in thecatalytic domainandphosphorylation-dependentsignalli ng pathwaysare

potentiated.This mechanismof redox regulation can activate Mitogen-Activated

Protein Kinases(MAPK) cascades,leading to an activation of extracellular signal–

regulatedkinases(ERK), responsible for endothelial cell protection. Also PI3K-

dependent pathways can be activated, with consequent activation of Akt, a

protectivekinaseable to activateendothelial NOS by phosphorylation (see below),

thus enhancingNO production(Choaet al, 2004).

� GSH and thioredoxin: redox-sensitive systems. This two proteins make part of

two importantantioxidantdefencesystems. In addition, theyplay an importantrole

in cellular signaling depending on intracellular redox status. A reducing

environmentis necessaryto maintainboth GSHandTrx in a reducedactive form. In

endothelial cells it has beenshown that decreasein GSH inducesapoptosis and

inhibit cell proliferation (Drogeet al, 1994). It has been demonstrated that Trx has

antiapoptotic properties, due to its capacity to inhibit proapoptotic proteins by

binding them. Trx is a small multifunctional protein (Nordbergand Arnér, 2001)

with two redox-active cysteineswithin a conserved active site (Cys-Gly-Pro-Cys).

In reducedform this proteincanbind someproteinsthroughits –SHmoiety, leading

to their reversible block. A target of Trx is apoptosis signal-regulating kinase1

(ASK-1), involved in the activationof the c-JunN-terminal kinase(JNK) and p38

kinase, which are two stress-activated components of the MAPK system.

Thioredoxin complexformationinactivates ASK-1 and this processis reversedby

ROS productionin responseto TNF. In presence of ROS Cys-SH moiety of Trx

undergoesoxidation, so that it can’t bind any other proteins.That is an exampleof

ROSmediated modification of thiol groups.The evidenceaboutTrx asa negative

regulatorof ASK-1 suggestspossiblemechanismsfor redoxregulation of apoptotic

pathways(Saitoh et al 1998). 
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1.2.6. Molecular targets of ROS in vascular cells

ROS are normally producedin both endothelial and smooth muscle cells where

they canbeeithermediatorsof physiological vascular functions,or inducersof vascular

dysfunction(Irani, 2000). They caninduce cell growth,arrest or promote cell survival

or death,depending on both stimulusand cell type. What is determinant for ROSaction

underdifferentcell stimulations arethesubcellular localization of ROSproductions,the

kineticsof ROSproductionsand theamountof ROSproducedwithin thecells.

A target of ROSareERKs,which aremembers of MAPK family. In bothsmooth

muscle cells and endothelial cells low levels of ROS activate ERKs, under the

stimulation of growth factors: it hasbeenshownthat VEGF signalling in endothelial

cells involvesROS-inducedERK activation leading to cell survival (Gupta et al, 1999).

Kinases belonging to the stress-activatedprotein kinase(SAPK) family, which

includec-JunN-terminalkinases(JNKs) and p38 MAPK regulated by small GTPases

proteins such as Rac1, are also sensitive to redox modulation. In contrast to ERKs,

JNKs andtheir downstreamtargetc-Jun,have been implicatedin H2O2 and otherstress-

induced apoptosisof endothelial cells (Wanget al, 1999).Moreover, p38 MAPK has

been implicated in upregulationof ICAM-1 and, therefore, endothelial dysfunction,

leading to a pro-atheroscleroticfenotype(Tamura et al, 1998).In smooth musclecells,

redox-sensitive activation of p38 MAPK mediates angiotensinII–induced hypertrophy

(Ushio-Fukai, et al, 1998)andhasalsobeenimplicated in cell migration (Hedgeset al,

1999).

The transcription factor NF-kB is another target or ROS particularly ROS

generatedby a Rac1-regulatedNADPH oxidase(Sulciner et al, 1996). In smooth

muscle cells, costitutive activation of NF-kB has been reported to be essential for

proliferation. In addition, Ang II–inducedeffects on vascularsmooth mucle cells may

also bemediatedvia NF-kB. In endothelial cells, NF-kB is a primetarget for ROS, and

its activationhasbeenlinked to endothelial cell dysfunction andsurvival.

Akt, a kinaseinvolved in antiapoptoticpathways, is also activated by ROS. In

smoothmuscle cells Akt is regulatedby ROSunder Ang II stimulation. In endothelial

cells, activation of Akt has beenlinked to the protective effects of shear stress and

VEGF-inducedgrowth and survival. In both vascularsmooth muscle and endothelial

cells, Akt activation pathway includesa Rac1-regulated, NADPH-dependent oxidase

(Irani, 2000).
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1.3. NO AS SIGNALING MOLECULE IN ENDOTHELIAL FUNCTION

Under physiological conditions, NO regulates vascular tone, provides anti-

inflammatoryactivity andinhibits endothelial cell apoptosis by increasingintracellular

concentrationof cyclic GMP (asseenabove). Increasing evidencesuggeststhatcGMP-

independent processes contribute to cellular signaling by NO. Specifically, S-

nitrosylation of Cyst-SH groups has been recognized as an important mechanism

involved in dynamic regulationof proteinfunction (Porasuphatanaaet al, 2003).

These alternative mechanism can be mediated by different reactive nitrogen

species (RNS) producedby reaction of NO with superoxideanion. RNS include

nitrosoniumcation (NO+), nitroxyl anion (NO-) or peroxynitrite (ONOŌ ). If produced

at high doses, in condition of oxidativestress,ONOŌ canbe highly toxic, due to its

unspecific oxidant properties. Moreover high levels of RNS indicate that NO

biodisponibility has decreased due to its completely reaction with ROS, affecting

endothelial function. On the contrary, at low levels these species act as signaling

molecules.

Apart from low molecular weight SNO molecules, suchas S-nitrosoglutathione

(GSNO), S-nitrosothiols areassociatedwith high molecularweight proteins.

One mechanismof protein–NO adductformation may involve transnitrosylation

of proteinsby low molecularweight S-nitrosothiols, suchasGSNO,asshownby the

following reaction:

Otherpossible mechanismsof proteinS-nitrosylation requiresformationof either

a reactiveprotein intermediateor somereactive low molecular weight species other

thanS-nitrosothiol (BiswasS et al, 2006):

Protein-SH+ RSNO→ protein-SNO + R-SH

(2) 4NO� + O2→2N2O3

(1) Protein-SH+ ONOO¯→ protein-S� + HNO3

Protein-S� + NO�→ protein-SNO

N2O3 + protein-SH→ HNO2 + protein-SNO
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It has been recently demonstratedthat redox regulatory activity of Trx is

controlledby S-nitrosylationof its Cys-69 residue.At basal level Trx is S-nitrosylated

at this site,andif this processis inhibited theantioxidantdefencefunction of Trx (seen

above) is destroyed,leading to an increasein intracellular ROS at high toxic level

(Haendeleret al, 2002).

It hasbeenshownthat NO in cardiomyocytes exerts its antiapoptotic action by

inhibiting caspaseactivity (Maejimaet al 2005).Caspases arekey regulator of apoptotic

signalingpathwayandgenerally theyaredividedinto two category:initiator (caspase-8,

-9) and executioner caspases(caspase-3, -6, -7). Under normal conditions, caspases

exist aslatentzymogensasprocaspases,that canbecleaved into active formsvia other

activatedcaspasesin theapoptoticprocess.In their active site, caspaseshavea cysteine

residue,and the activity of the enzymes can be regulated by S-nitrosylation of that

cysteinresidue.It hasbeendemonstratedboth in vivo andin vitro thatcaspase-3 canbe

inhibitedby S-nitrosylationat cystein163.

1.3.1. NO synthesis and eNOS regulation

Threeisoformsof NOShavebeenidentified. TheneuronalNOS(nNOSo NOS1,

150 kDa protein encodedby NOS1 gene) principally expressed in neurons; the

inducible NOS(iNOS or NOS2,130kDa protein encodedby NOS2gene) expressedin

endothelial cells in responseto stimulation of cytokines under injury conditions; the

endothelialNOS(eNOS or NOS3 135kDa, protein encodedby NOS3gene)expressed

constitutively in endothelial cells, cardiac myocytes, and blood platelets. The three

isoformsarehighly homologousin theirprimary structure.

While iNOS is regulatedonly at transcriptional level, eNOSis highly regulatedat

both transcriptional andpost-transcriptionallevel.

Eachof theNOS isoformsis composedof botha reductasedomain that is flavin-

containingC-terminal with binding sitesfor FAD, FMN andNADPH, anda catalytic

N-terminaloxygenaseheme-containingdomain with bindingsitesfor L-arginineand6-

R-tetrahydrobiopterin(H4B). These two domainsareconnectedby a calmodulin (CaM)-

binding domain.

During NO synthesisL-arginineis oxidizedto L-citrulline, in a two stepreaction.

The first step involves the N-hydroxylation of L-arginine to Nω-hydroxyl-L-arginine,

while in thesecondstepNω-hydroxyl-L-arginine is convertedto L-citrullineandNO.
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All threeisoformsof NOSarefunctionally active ashomodimer,sothatelectrons

canpassfrom thereductase domainof onemonomer,to theheme-oxigenasedomineof

the other monomer,leading to the concomitant reduction of molecular oxygen (O2).

Different stimuli can activateeNOSinducing its dimerization throughmechanismsof

post-traslationalregulationinvolvedin endothelial function (Fleminget al, 2003). 

The enzymeis highly regulatedby different proteinssuch ascaveolin, heat shock

protein 90 andeNOS interactingprotein. Furthermoremotor proteinsregulate both the

formation of the protein complex and its intracellular localization important in

determiningeNOSactivity. All together,theseregulatoryproteins and activatedeNOS

form thesocalled eNOS signallingcomplex.

Intracellular calcium level is the main regulator of eNOS activation. The

associationof Ca2+/CaM complex to the CaM-binding domain of eNOS triggers its

activation facilitating the dimerizationprocess,thusall stimuli increasing intracellular

calcium (Ca2+) levelsactivate theenzyme(Fleminget al, 2003). 

Activationof eNOS is also dependenton thephosphorylation statusof two critical

aminoacids: a serineresiduein the reductasedomain (Ser1177), and a threonine residue

in the CaM-binding domain(Thr495). At basal level Thr495 is usuallyphosphorylated,

leading to an inactive state of eNOS. It is thought that the phosphorylated Thr495

interfereswith theassociationof Ca2+/CaM complexto theCaM-bindingdomain. Thr495

has to be dephosphorylated during activation of eNOS(Fleming et al, 2003). On the

other hand the phosphorylation of Ser1177 occurs during eNOS activation and it’s

triggeredby kinasessuch as Akt (Dimmeler et al 1999) after their association with

eNOS signaling complex.Generally,stimuli elevating intracellular Ca2+ levels, such as

bradykinin, histamine, and Ca2+ ionophores,lead to changesin the phosphorylation

statusof both Ser1177 and Thr495 facilitating theassociationof Ca2+/CaM complex to the

CaM-bindingdomain.Thesestimuli increaseeNOSactivity by 10- to 20-fold overbasal

levels.Growth factors andhormonesusually activate eNOS exclusively increasingthe

phosphorylation of Ser1177, triggering an increasein eNOS activity by two- to fourfold

over basallevels (Flemingand Busse,2003). On the other hand,it hasbeen showna

correlation between eNOS activation by Akt phosphorylation and intracellular ROS

production: at lower levels ROS can enhance the activation of Akt-eNOS complex,

while at higher levels, associatedwith a decreasein GSH levels, ROS inhibit eNOS

activation(Tanakaet al. 2005)
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Another importantaspectin theactivationof eNOSis its subcellular localization.

Normally when eNOSis not activatedthe two monomersarenot associated and they

are myristoylated and palmitoylated and thus can associate with intracellular

membranes. Moreover, in the plasma membraneeNOS is mainly targeted to the

caveolae where it is inhibited by binding to caveolin-1. Activating stimuli, after the

binding of Ca2+/CaM motif to the CaM binding site, candissociate eNOSfrom cav-1,

leading to activation of the enzyme after its translocation to distinct subscellular

compartments.The selective movement of eNOS to different cellular compartments

may be an essential step in determiningthe physiological outcomesof NO production

(FlemingandBusse2003). 

Theprincipal mechanismsof regulationof eNOSarerepresentedin Fig. 7.

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

Atherosclerosis is a multifactor inflammatory diseasecharacterized by the

accumulationof cholesterol in large- and medium-sized arteries. This deposition leads

to chronic inflammation state, infiltration of monocytes under the endothelium,

proliferation of smooth musclecellswithin the arterial wall inducing the formationof

atherosclerotic plaquewith progressive hardening of thearteries.

Hypercholesterolemia is a central pathogenic factor for atherogenesis and

endothelial dysfunction andis oneof the earliestevents of atherosclerosis.Oneof the

characteristics of endothelial dysfunction is impaired endothelium-dependent

vasodilation.

Damages to endothelium are associated to many typical risk factors of

atherosclerosis,suchassmoke,lipid diet,hypertension,diabetes(Pudduet al, 2005).

It has been shown that ROS are involved in both initial and progressive

developmentof atherosclerosis,enhancinga condition of oxidative stress.This leadto

decreasein NO biodisponibility triggeringto lossof endothelial function andalteration

of vascularhomeostasis.

Endothelial lesionleadsto infiltration of Low-Density-Lipoproteins(LDL) under

theendothelium leadingto an oxidativestresscondition in the tunica intima. This ROS

overproduction triggersexpression of both intercellular adhesion molecules (ICAM-1)

and macrophageschemoattractantprotein-1 (MCP-1) on the endothelial surface.

Therefore, monocytes can adhereon endothelial cells and than migrate under the

endothelium wheretheydifferentiateto macrophages.

Under condition of oxidative stress,different components of LDL can undergo

oxidation, leadingthe formation of oxidized LDL (ox-LDL). Oxidation can occur at

levelof bothlipid and proteincomponentsof thelipoproteins.Macrophages and smooth

musclecellspossesstheso-calledscavengerreceptors for ox-LDL.

Ox-LDL have been identified as the main factors involved in developing

atherosclerosis due to their multiple actions against cardiovascular homeostasis,as

reviewedby Pudduet al, in 2005:

� Ox-LDL induce leukocyteadhesionto endothelial cells, throughthe stimulation of

many cytokines,suchasTNF-α andinterleukin-1 which in turn inducethe surface

expressionof adhesionmolecules.
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� Ox-LDL canstimulatesmoothmuscle cells to proliferate, inducing the expression

of basic fibroblast growth factor (bFGF) in both endothelial cells and smooth

musclecells, and to migrate,enhancingthe expressionof platelet-derived growth

factor (PDGF) in endothelialcells. Ox-LDL act also as mitogenon smoothmuscle

cells, inducingthereleaseof endothelin-1. 

� Ox-LDL have also a pro-coagulantactivity on the endothelium, by triggering

platelet adhesionandaggregationandby decreasingprostacyclin (PGI2) production.

� Ox-LDL stimulate apoptosis in endothelial cells, smooth muscle cells and

macrophagesleading to the formation of foam cells, and thereby contribute to

plaquerupture.Evidencesuggests that thepro-apoptotic action of ox-LDL is due to

their capacity to decrease levels of protein S-nitrosylation in endothelial cells,

triggerinactivationof caspases(Hoffmannet al, 2001).

In vitro studies in endothelialcellsby have demonstratedthat high concentrations

of oxLDLs (40 µg/ml) arecytotoxic but lower concentrations inducecell proliferation

(Galle et al. 2001).This dualeffectis mediatedby differentlevelsof ROS.In particular,

ROSinducingcell proliferationareproducedby NADPH oxidase(Heinloth et al. 2000)

Theseresults are in accordwith the evidenceabout a dual role of ROSon endothelial

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

H2O2 leadsto anti-apoptoticaction, throughthe stimulation of thioredoxinexpression

(HaendelerJ et al, 2004). Finally it hasalsobeendemonstratedthat in human umbilical

vein endothelial cells (HUVECs), both gp91phoxexpressionand O2
•− formation are

increased by ox-LDL (Rueckschloss et al. 2001)
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Fig. 8 Formation of atherosclerotic plaque.
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1.5 OXYSTEROLS

Oxysterolsare27-carbonproductsof cholesterol oxidation (Fig. 9) whichhave

beenshownto possess many potentanddiversebiological activitiesin vitro, severalof

whichmayimplicatethemin theinitiation anddevelopmentof atherosclerosis.

Fig. 9 Chemical structure of some oxysterols.

Oxysterolsare mainly found in ox-LDL and the amountof total oxysterolsin

atherosclerotic plaque is muchhigherthan in normal tissuesor plasma, dueto oxidative

stressinducedby inflammatoryprocesses.

Oxysterolscanbeintroducedalsowith diet,and then transportedin chylomicrons.

The mostcommonly detectedoxysterols in foodsare the major productsof cholesterol

autoxidation,such as7-ketocholesterol(7-KC), 7 α-hydroxycholesterol(7α-OHC), 7 β-

hydroxycholesterol (7β-OHC), 5, 6 α-epoxycholesterol (α-EPOX) and 5, 6 β -

epoxycholesterol (β-EPOX)(Tai C-Y et al., 1999). 
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Some oxysterols can be formed directly in vivo as a consequenceof both

enzymatic processesand cholesterol autoxidation. Some of the most abundant

oxysterols found in vivo are enzymatic products of cholesterol metabolism. For

example, 7α -hydroxylation of cholesterolin theliver by themicrosomal cholesterol 7α

-hydroxylase(to produce7α-OHC) was traditionally considered as the first and rate-

limiting stepin bile acidsynthesis (Leonarduzzi et al., 2002).

In cellsoxysterol estersarepresentin thesamelow-density cytosoliccell fraction

as cholesteryl esters:this is dueto oxysterolesterification triggeredby acyl coenzyme

A: cholesterol acyltransferase(ACAT) activit y leading to cellular oxysterols uptake

(Guardiolaet al., 1996).

Cytotoxicity of oxysterolsto manycell typeshas been widely reported including

vascular cells such as endothelial cells, macrophages, smooth muscle cells and

lymphocytes. Deathof any of thesecell types might promoteatherogenesis.Smooth

musclecell deathis alsoassociatedwith aneurysmdevelopment. Moreover, oxysterols

have been demonstratedto havea proapoptotic action on endothelial cells, associated

with an increasein intracellularROSproduction (Hodis et al., 1991).

The most extensivelystudiedoxysterols in vitro are 25-OHC, the 7-oxygenated

seriesand27-OHC. Generally, in atherosclerotic tissues27-OHC is more concentrated

than 7-oxygenatedsterols which in turn are more concentrated than 25-OHC (Brown

and Jessup,1999).

Cholesterol is ubiquitouslypresent in mammalian tissues and is essential for the

formation and function of cellular membranes.Since oxysterols are thought to be

involved in the regulation of cholesterolhomeostasis, they could influence membrane

function,synthesis of steroidhormonesandbile acidsandcell growthand proliferation.

Several oxysterols, especially thosehydroxylated on the side-chain, such as 25-OHC,

have beenshownto exert inhibitory effects on theactivi ty of HMG-CoA reductase, an

enzyme which converts HMG-CoA to mevalonate, the rate limiting step in the

cholesterol biosynthetic pathway (Schroepferet al., 2000). Thus, cells may form

oxysterols in order to facilitate the elimination of excess cholesterol. Inhibition of

HMG-CoA reductasein actively dividing cells could result in deficient cholesterol

synthesisandimpairedmembranefunction. Studieshavesuggestedthat this inhibitory

effect is due to a reductionin de novo synthesis of HMG-CoA reductase as well as

stimulation of its degradation. Oxysterolscanmodify the activi ty of different enzymes

related to sterol metabolism like acetoacetyl CoA thiolase (ACAT), cholesterol7a-
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hydroxylase, cholesterol-5,6-epoxide hydrolase, HMG-CoA synthase, methylsterol

oxidasesandmevalonatekinase(Guardiola et al., 1996).

1.5.1 Oxysterols as ligands of LXRs.

As intermediates of cholesterol metabolism, oxysterols havea biological role in

maintaining cholesterol homeostasis. At physiological concentrations, oxysterols are

naturalligandsof Liver X receptors(LXR), which aremembersof thenuclearreceptor

superfamily playing a critical role in cholesterol homeostasis and lipid metabolism.

Thereis considerableevidenceindicatingthat LXR function as wholebodycholesterol

sensors.Concerning with this physiological role, the endogenousligandsfor LXRs are

likely to beintermediatesor end productsof sterol metabolicpathways.Both LXRα and

LXRβ areactivated by physiological concentrationsof sterol metabolites suchas 22(R)-

hydroxycholesterol,24(S)-hydroxycholesterol, 27-hydroxycholesterol, and 24(S), 25-

epoxycholesterol. The two LXR forms shareconsiderable sequence homology and

appearto respondto thesameendogenousligands. Theseproteinscontain a zinc finger

DNA-binding domainanda ligand-binding domain which accommodates specific small

lipophilic molecules.Ligand binding triggers a conformational changethat promotes

interaction with coactivatorproteins and facilitates the activation of specific target

genes.LXRs bind to their targetDNA sequencesin heterodimeric complexeswith the

retinoid X receptor(RXR). LXR/RXR is a so-called permissiveheterodimerwhich can

be activatedby ligandsfor eitherLXR or RXR. It has beenshownthat LXRα null mice

exhibit dramatically increasedplasmaLDL cholesterol anddecreasedHDL cholesterol

levels(Tontonozet al, 2003).

LXR activation inducethe expression of different genesinvolved in cholesterol

metabolismasshownin tableI (Edwardset al 2002).
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Target gene Humans (H)/Mice (M) Function

SREBP-1 

FAS

H, M

H, T
Synthesisof fat acids

CYP7A1

ApoE

H

H, M
Clearanceof cholesterol

LXRα H Controllipid homeostasis

CETP

LPL

H, M

H, M
Triglyceridsmetabolism

ABCA1

ABCG1

H, M

H, M

Efflux of phospholipids

and/or cholesterol

ABCG5

ABCG8

H

H

Efflux of

cholesterol/phytosterols

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 isoform;

ApoE = apolipoprotein E; LXR α= liver X receptor α; CETP= cholesteryl ester transfer protein;

LPL= lipoprotein lipase; ABCA1= ATP-binding cassette transporter A1; ABCG = ATP-binding

cassette, subfamily G (Edwards et al 2002).

1.5.2 Oxysterols and atherosclerosis

At physiological levels the main oxysterols found in the blood are27-OHC, 24-

OHC and 7α-OHC and they are presentat nanomolar concentrations (Schroepfer,

2000). Higher plasmaconcentrations of oxysterols have been found in patients with

cardiovascular diseasesandparticularlyhigh plasmatic levels of both 7β-OHC and 7-

KC havebeenassociated to thedevelopmentof theatherosclerotic plaque(Zhouet al.,

2000).

Oxysterolsarepresentin thevascularwall, mainly during atherogenesis. 7β-OHC

and 7-KC are more abundantthan other oxysterols during the early formation of

atherosclerotic plaque when the accumulation of both LDL and macrophages occurs

under the endothelium(Brown and Jessup, 1999). It has been shown that during

atherogenesishigh levelsof oxysterolsarein macrophages,leading to theactivation of
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macrophageNADPH oxidase. Thus, ROS overproduction triggers LDL oxidation

(RosenblatandAvi ram, 2002).Theseevents lead to inflammatory processesand then

macrophagesare induced to die becoming foam cells. Al l these events lead to

developmentof atherosclerosis (Penget al., 1985).

Both in vivo andin vitro studieshavedemonstrated thecytotoxicity of oxysterols

in endothelial cells, smoothmusclecellsand macrophages.Exposureof thevasculature

to thesecompoundsleads to endothelial dysfunction, inducing platelet aggregation,

leucocyteadhesionandsmoothmusclecells proliferation (Peng et al., 1985).

1.5.3 Oxysterols and apoptosis

There is evidenceabout thecapacityof oxysterols to inducecell death. Normally

there are two major apoptotic pathways,known as the extrinsic, or death receptor

pathwayand the intrinsic, or mitochondrial pathway. In vascular cells oxysterols have

beenshownto induceapoptosis. In vascular smooth musclecells 7β-OHC and25-OH

upregulated the expression of death mediators, p53, Fas and Fas ligand, tipically

involved in theextrinsicapoptoticpathway(Lee andChau, 2001).

The second major apoptotic pathway, the intrinsic pathway, is mediated by

mitochondrial release of proapoptotic molecules. Perturbation of the mitochondria

resultsin theopening of themitochondrial permeabilit y transition pore(MPTP),a non-

specific porein the innermitochondrialmembranethoughtto openunderconditionsof

elevatedcalcium concentration. Openingof the MPTP causesa massiveswelling and

depolarisation of the mitochondria, a condition referred to as the mitochondrial

permeability transition (MPT). The MPTP, onceopened, is thought to play a role in

apoptosis through the release of proapoptotic molecules such as cytochrome c,

Smac/DIABLO (secondmitochondrialactivator of caspases/direct IAP-binding protein

of low isoelectric point -pI) and apoptosis inducing factor (AIF). Once released,

cytochromec interactswith apoptoticprotease-activating factor-1 (Apaf-1), ATP/dATP

and recruitspro-caspase-9 to form theapoptosome. Active caspase-9 in turn cleavesand

activates caspase-3, leading to the morphological and biochemical changes

characteristic of apoptosis. Smac/DIABLO may promotecaspaseactivation by binding

to inhibitor of apoptosisproteins (IAPs) and directly eliminating IAP inhibition of

caspases. Theability of oxysterolsto induceapoptosisthroughtheintrinsic pathwayhas

beenwell studied. It wasfound that 7β-OHC and7-KC induceapoptosis in U937 cells

via loss of mitochondrialpotential,caspase-3 activation, PARPdegradation andDNA
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fragmentation. Both oxysterols were also found to enhance superoxide anion (O2
•−)

productionbeforeandafter thelossof mitochondrial potential. It has beenreportedthat

in U937 cells 7β-OHC-induced apoptosis involved a decrease in glutathione levels

followed by activation of caspase-9, caspase-3 (Miguet-Alfonsi et al., 2002). On the

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

mitochondriawith subsequentcaspase-9 and caspase-3 activation in a variety of cell

lines.

Thereis experimentalevidenceabouteffects of oxysterolson different regulators

of apoptosis:

� Bcl-2 Family. Bcl-2 proteins arecrucial regulators of apoptosis. On the basisof

function andsequencesimilarity they can be divided into threegroups. Proteins

belonging group I (Bcl-2/Bcl-XL/Bcl -w/Mcl-1/A1/Bfl 1) inhibit apoptosis by

binding to and sequesteringproapoptotic Bcl-2 family members. Group II

includesBax and Bak, promoters of cell death, whoseactivit y is necessaryto

induce cytochrome c releasefrom the mitochondria. Group III is comprisedof

proapoptotic proteins (Bid/Bad/Bik/Bim) which translocate from the cytosol to

the mitochondria,in responseto apoptotic stimuli, and thenactivateBax or Bak to

induce the releaseof apoptogenicmitochondrial proteins. It hasbeen shownthat

both 7-KC and 7β-OHC induce apoptosis,in U937 cells, by downregulation of

Bcl-2 protein(LizardG et al 1997). Similar results werefound in smoothmuscle

cells,aftertreatmentwith either7-KC or 25-OHC (HaradaK et al, 1997).

� Caspases. Caspasesarea family of cystein proteasesthat are theprimary drivers

of apoptosis. All caspasesarepresent as inactive precursorsin cells that must be

proteolytically cleavedin order to be activated. Eachcaspase consistsof a pro-

domain,a large (~20 kDa) subunit anda small (~10 kDa) subunit. Cleavageand

subsequentheterodimerizationof the largerandsmaller subunitsresult in caspase

activation (RobertsonJD et al., 2000). An active caspasecancleaveandactivate

other caspasesleadingto a caspasecascade andultimately cell death. To date,a

numberof mammaliancaspaseshavebeenidentified. Based on thelengthof their

pro-domaincaspasescanbedivided into two distinct groups:groupI that contain

a relatively long pro-domain(caspases-1, -2, -4, -5, -8, -9, -10, -11, -12, -13) and

group II containing a short pro-domain(caspases -3, -6, -7, -14).Caspases-1, -4, -

5, -11, -12 and-14 areprimarily involved in cytokine processing(SleeEA et al

1999). Many group I caspases are initiator proteases(caspases-2, -8, -9, -10),
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activatedwith thehelpof adaptormoleculessuchasApaf-1 andFADD/MORT1.

GroupII caspases(not includingcaspase-14) are also knownaseffector caspases.

They lack the abili ty to self-activateand appear to require cleavage by activated

initiator caspases(Kumar S., 1999). Once activated, caspases cleave various

proteins leadingto the biochemicaland morphological featurescharacteristic of

apoptosis. Both 7β-OHC and 7-KC can induce apoptosisin U937 cells by

activating caspasecascade, in associationwith loss of mitochondrial potential

(Miguet-Alfonsi C et al, 2002).

� Oxidative stress. In some experimentsit hasbeen shownthat 7β-OHC-induced

apoptosisin U937is associatedwith a decreasein intracellular glutathione(GSH)

levels, with an increasein theactivity of superoxidedismutase(SOD)andwith a

decrease in intracellular nitric oxide production. It hasbeen demonstrated that 7-

KC-inducedapoptosisin U937cells,similarly to 7β-OHC, involveda decreasein

GSHlevelsandproductionof ROS(Lizard G et al, 1998).
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2. AIM

Oxidized low density lipoproteins (oxLDLs) are mainly involved in the

pathogenesis of atherosclerosis.In vitro studies (Galle et al. in 2001)in endothelialcells

have demonstratedthat high concentrations of oxLDLs (40 µg/mL) are cytotoxic

whereaslower concentrationsinducecell proliferation. This dual effect is mediatedby

different levelsof ROScomingfrom NADPHox activation. A largebody of evidence

shows that low concentrationsof ROSact as signalli ng molecules andregulate vascular

cell functions, while sustainedROS levels are cytotoxic and are implicated in the

pathogenesis of variouscardiovasculardiseases(Thannickal andFanburg,2000). 

Cytotoxicity of oxLDLs has been linked to the formation of oxysterols

(Schroepferet al, 2000) suchas7-KC and7β-OHC.Evidenceon theproapoptoticeffect

of oxysterols on vascular cells has been reported (Lizard et al, 1999). It was also

demonstrated that7-KC-inducedapoptosisinvolves bothROSproduction anddecrease

in GSHlevels, animportantantioxidantdefence system,(Lizard et al. 1998).Moreover,

it has beenshown that proapoptoicaction of 7-KC is due to loss of mitochondrial

membrane potential, with cytocromec releaseand all theseevents are preventedby

antioxidants(Lizardet al, 2000). All thesefindingsindicate animportantroleof ROSin

theeffectsof oxysterols.

Preliminary studiesfrom our laboratory indicate that 7KC and 7β−OHC, like

oxLDLs, possesa dual effect on HUVEC viabili ty. They induce cell death at high

concentrations (≥ 20 µg/mL), while they inducean increasein cell viabili ty at lower

concentrations(< 20µg/mL).

The aim of this work wasto determinethemechanisminvolved in theprotective effects

of the oxysterols on HUVEC, in particular for 7β−OHC, whose effects are more

relevantthan7KC. Consideringthe involvement of ROSin the action of both oxLDL

andoxysterolsin vascularcells,theroleof ROSin themechanismof actionof 7β−OHC

wasinvestigated.
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3. MATERIALS AND METHODS

3.1 CHEMICALS

M199 and DMEM media, fetal bovine serum (FBS), basic fibroblastic growth

factor (bFGF), trypsin, penicillin/streptomycin solution, 7β-hydroxycholesterol (7β-

OHC), 7-ketocholesterol(7-KC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT), sulfanilamide,N-1-napthylethylendiamine dihydrochloride, rotenone,

tenoytrifluoroacetate(TTFA), cyanidem-chlorophenylhydrazone(CCCP),hydralazine,

N-acetylcysteine (NAC), N-Nitro-L-Arginine Methyl Ester (L-NAME) andsolutionof

propidium iodide (IP, 1.5 mM), were from Sigma. Solution of annexin-V conjugated

with the fluorophore Alexa Fluor 488, fluorescent dye 5-(-6)-cloromethyl-2’,7’-

dichlorodihydrofluoresceinadiacetate acetylester (CM-H2DCFDA) and EnzChek

Caspase-3 AssayKit #2 were from Molecular Probes.Type 2 Collagenasewas from

Worthington. MousemonoclonalIgG2a antibody to phosphorylated ERKs (phospho-

ERK-1 and phospho-ERK-2) and rabbit polyclonal IgG to overall ERKs (ERK-1 and

ERK-2) werepurchasedfrom SantaCruz.

MTT wasdissolved in phosphate-bufferedsaline solution (PBS, 137 mM NaCl,

2.7 mM KCl, 8.1 mM Na2HPO4, 1.8 mM KH2PO4) at concentration of 5 mg/mL and

storedat + 4°C.Both 7β-OHC and7-KC weredissolvedin ethanol at concentration of 5

mg/mL. Hydralazine was always freshly dissolvedin water (25 µM). Solutions of

rotenone, TTFA andCCCPwerefreshly preparedin dimethylsulfoxide (1 mM). NAC

wasfreshly dissolvedin water (1 mM). Staurosporinewasdissolvedin methanol(500

µM) andstoredat -20°C. L-NAME wasdissolved in water at 100 mM concentration.

CM-H2DCFDA was dissolvedin dymethylsulfoxide (10 mM) and stored at -20°C.

Annexin-V andIP werestoredat + 4-8°C. Collagenasewasdissolvedfreshlyjust before

usein PBSwithoutCa2+ andMg2+ at concentrationof 1 mg/mL.
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3.2. METHODS

3.2.1. Extraction of endothelial cells from human umbilical vein

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

Humanumbilical cordswereobtainedat normal delivery or caesareansection.

Experimental protocol

1. Immediatelyafter delivery, the cords were placed into sterile MEM solution

containing penicillin (400 U/ml) and streptomycin (400 µg/mL), and kept at

4°C;

2. the umbilical vein wascannulatedwith a cannula(Scalp Vein Set19G), which

was then clamped into place. The vein was washedwith 20 ml of MEM

(prewarmedto 37°C) to removeanybloodclots,

3. oneend of the cord wasclampedand the opposite endwas infusedwith 0.1%

(w/v) collagenasetype2;

4. thecordwasthenincubatedat 37°C in an atmosphereof 5% CO2/95%air;

5. after18 min thecordwasremovedandthecontents of thecordwereflushed out

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

6. cell suspensionwascollectedandcentrifugedat 500 x g for 5 min. Cells were

resuspendedin 5 ml of M199 containing 20% (v/v) FBS with 2% (v/v)

antibiotics solution (penicillin 400U/ml andstreptomycin 400µg/ml) and plated

into one75 cm flask. This flask wasthenincubatedat 37 °C in anatmosphereof

5%CO2/95%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 containing 10%(v/v) FBS,5 ng/mL bFGF,25 U/mL heparin, 4mM l-glutamine,

100U/mL penicill in-G and100µg /mL streptomycin.
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3.2.2. Cell culture

HUVEC were grown on 1% (v/v) gelatin-coated culture flasks in M199

containing 10% (v/v) fetal bovine serum (FBS), 5 ng/mL bFGF, 25 U/mL heparin,

4mM l-glutamine,100 U/mL penicillin-G and100 µg/mL streptomycin.HUVEC were

used from passagestwo to six. All the experiments were conducted with different

preparationsof endothelial cell.

A7r5 (cell line of vascularsmoothmusclecells from rat embryo aorta) werefrom

“ Istituto Zooprofilattico Sperimentale” (IZS) of Brescia(Italy). They were grown in

DMEM containing 10% (v/v) FBS, 2 mM l-glutamine, 100U/mL penicill in-G and100

µg/mL streptomycin.

3.2.3. Cell treatments

HUVEC: After trypsinization,cellswereplated into96,12or 6 well platescoated

with gelatin 0.5%with M199 containigbFGF(5 ng/mL). Treatmentswith oxysterols at

indicatedconcentrations and time were performed in bFGF deprived M199 medium

(10% FBS).

A7r5: cells were trypsinized and plated into 96 well plates with DMEM

containing10% FBS. Treatmentswith oxysterolsat indicated concentrationsand time

wereperformedin DMEM without FBScontainingBSA 0.5%.

For both HUVEC and A7r5, control cells were treated with the medium

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

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) testis based

on the capacityof viable cells to reduceMTT to blue formazan(Fig. 10). MTT is

soluble in aqueoussolution,andcanenter cells by endocytosis.Then it is reducedby

different intracellular flavin enzymes.Blue formazanin soluble in organic solventsuch

as dimethyl sulfoxide (DMSO).

Fig 10. Reductionof (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) to
blueFormazan

Experimental protocol

1. sub-confluent cells were plated in 96-well plate (10000 HUVEC/well, 5000

A7r5 cells/well);

2. cells weretreatedwith 100µL of cell culturemedium containingeither7β-OHC

or 7-KC at different concentrations(1, 5, 10, 20 µg/mL) for 24 hours.HUVEC

weretreatedin M199 mediumwithout bFGF,andA7r5 weretreatedin DMEM

medium containing0,5%(w/v) BSA. Cells treated with ethanol 0.4%were used

as control. Theonly mediumwasusedasblank;

3. 10 µL of MTT (5 mg/mL) wasaddedto treatedcells, control and blank samples

4 hoursbefore theendof thetreatment,

4. at the endoof treatment,medium wasremovedand100 µL DMSO were added

to eachwell to dissolveformazancrystals.

5. absorbance was measured at 570 nm 630 nm with a microplate reader

(VICTOR2, Wallak).
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Data elaboration

1. Absorbancevalues of blank were subtracted to values of related samples to

avoid backgroundsignalinterference;

2. differencebetweenvaluesat 570and630werecalculated;

3. results wereexpressedaspercentageof MTT reduction with respect to control.

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

Cells have an asymmetriccompositionof membrane bilayer, due to different

locationof phospholipids:neutralphospholipidsareexposedon theextracellular sideof

the membrane,while negativechargedphospholipids, such as phosphatidylserine, are

exposedon thecytoplasmaticsideof themembrane.

An earlyeventin cellsundergoing apoptosisis translocationof phosphatidylserine

from the inner to the outersideof the membrane. Annexin-V is a peptide ableto bind

selectively phosphatidylserinein presenceof Ca2+, thusbinding to apoptotic cells. This

event deliversapoptotic cells to be removed from the healthy tissues by physiological

scavengermechanisms.

Annexin-V bindingon cell surfaceis a widely usedparameter to detectapoptotic

events. For this purpose,annexin-V is conjugated to fluorochromessuch as fluorescein

derivatives. The signal of annexin-V conjugate is proportional to the amount of

apoptoticcells (Fig. 11).

Propidium iodide(PI) is usedasmarkerof necrotic cells.This is a fluorescentdye

which enterscells with brokenmembraneandbindsquantitatively DNA. Thesignalof

PI is proportionalto theamountof necrotic cells.
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Fig. 11 Schematicrepresentationof theannexin-V assay

Experimental protocol:

1. After cell treatment,themediumof eachsample wascollected;

2. after trypsinization, cells werecollected by centrifugation (500 x g, 10min) and

resuspendedin 100µL of calciumcontainingbindingbuffer (140mM NaCl, 2.5

mM CaCl2, 10mM HEPES/NaOH, pH 7.4);

3. cells were labelled in suspension with both 2 µL annexin-V Alexa Fluor 488

conjugatedsolution and1.25 µL PI solution. After that,cells wereincubated in

the dark for 15 min, at room temperature.Blank sample wasusedto determine

backgroundsignaldueto autofluorescenceof cells;

4. cell suspensionwasdilutedwith 400µL binding buffer (140 mM NaCl, 2.5 mM

CaCl2, 10 mM HEPES/NaOH, pH 7.4) to obtain a cell density not higher than

106 cells/mL;

5. cells wereanalyzedflow cytometryusing excitation wavelengthof 488 nm and

emissionwavelength of 525 and 620 nm for annexin-V and PI respectively

(EPICS XL, BeckmanCoulterequippedwith EXPOTM 32 ADC software). For

eachsample,10,000eventswerecollected.
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Data elaboration

Resultsareplotted in a two dimensionalscatter plot, reporting PI fluorescenceon

y axeandannexin-V conjugatefluorescenceonx axe (Fig. 12).

Cell population was definedon the basisof forward and side scatter properties.

Viable cells are collocated in the left quadranton the bottom (P3) of the graphic.

Annexin-V positive cells are collocatedin the right quadranton the bottom (P4). PI

positive cells are representedin the left quadranton the top (P1) of the scatter plot.

Doublestainedcells arein theright quadrant on thetop (P2).

To quantify apoptosisfor each treatment, results were expressed as percentageof

annexin-V positivecells.

Fig. 12 Two dimensionalscatterplot of resultsfrom thecytofluorimetricanalysisof thebinding

of annexin-V andpropidium iodide (PI) to determinecell apoptosis.
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3.2.6. Determination of of caspase-3 activation

The EnzChekCaspase-3 Assay Kit #2 provides a simple and reliable method for

assayingcaspase-3 activity. The basis for the assay is the rhodamine 110-derived

substrateZ-DEVD-R110. This substrate is a nonfluorescentbisamide that is first

convertedby caspase-3 to the monoamideand then to the bright, green-fluorescent

rhodamine110(excitation/emissionmaxima~496/520nm, Fig. 13).

Fig. 13. Sequentialcleavage of a peptidase rhodamine110–basedsubstrate.Thenonfluorescent
bisamidesubstrate is first converted to the fluorescentmonoamide and then to the highly
fluorescentrhodamine110.

Experimental protocol

1. After the treatmentof the cells (300,000HUVEC in 6-well plate,themedia was

removedandthecellswerewash twicewith PBS;

2. HUVEC werescrapedinto 200µl lysis buffer (100 mM NaCl,1 mM Tris, 1 mM

EDTA, 0,01%Triton X-100,pH 7.5) on ice and werecentrifugedat 12000x g

for 20minuteat + 4 °C;

3. theclearsupernatantwastransferedto anewtubeandkepton ice;

4. theprotein contentof thesupernatantwasmeasured with Lowry procedure;

5. in a microplate (1508-0010 Black 96-well microplate, PerkinElmer) 50 µl

reaction buffer (20 mM PIPES,4 mM EDTA, 0.2%CHAPS,10 mM DTT, pH

7.4) with caspasesubstrate(50 µM) wasadded to 50 µl cell lysate.The blank

controls (50 µl reactionbuffer with caspasesubstrate and 50 µl lysis buffer)

showedthe backgroundabsorbanceandweresubtracted from the experimental

readings;
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6. themicroplate wasincubatedat roomtemperaturefor 30 minutes. Fluorescence

was measuredat 485 nm for excitation and 535 nm for emission with a

multilabelplatecounter(VICTOR2-Wallac).

Data elaboration

Fluorescence signal was normalized to the protein content of the related sample.

Caspaseactivity wasexpressedaspercentagewith respectto control.

3.2.7. Determination of intracellular ROS production

To determineintracellularROSproduction, the fluorescent probeChloromethyl-

dichlorodihydrofluoresceindiacetate(CM-H2DCFDA) wasused. Diesterifiedprobecan

enter cells by simplediffusion acrossmembrane.Oncediffused in both cytoplasmand

differentorganelles,theestermoietiesareidrolized andthefluorescent dyeis entrapped

inside cells. Then, the probe can be oxidized, preferentially by hydrogenperoxide

(H2O2), into the dehydrogenatedform with excitation wavelength of 480 nm and

emission wavelength of 530 nm (Fig. 14). Fluorescence signal is an index of

intracellularROSlevels.
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Experimental protocol

1. Cells wereplated in 96 well platesat confluence(20000HUVEC/well, or 10000

A7r5 cells/well);

2. cells wereput to quiescencefor 4 hoursbefore the experiments: HUVEC were

bFGFdeprivedandA7r5 cellswereincubatedin medium containing 0.5%(w/v)

BSA;

3. cells were than washed threetimes with physiological salt solution (PSS,140

mM NaCl, 11.5 mM glucose, 5.9 mM KCl, 1.8 mM CaCl2, 1.4 mM

MgCl2·6H2O, 1.2 mM NaH2PO4, 5 mM HEPES, pH 7.4) andloadedwith CM-

H2DCFDA (20µM in PSS) for 30min at 37°C;
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Fig. 14 Schematic representation of ROS detection with the fluorescent dye Chloromethyl-

dichlorodihydrofluoresceindiacetate (CM-H2DCFDA).
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4. thancellswereincubated in PSScontaining either 10%(v/v) FBS(HUVEC) or

0.5% (w/v) BSA (A7r5) for 15min at 37°C.

5. cells were washed againwith PSS to removeextracellular traces of the probe

and thentreated with different concentrations (1, 5, 10, 20 µg/mL) of either7-

KC or 7β-OHC. Treatments were performedin 100 µL PSScontaining either

10% (v/v) FBSor 0,5%(w/v) BSA for HUVEC or A7r5 respectively;

6. fluorescence was measured with a microplate reader (VICTOR2, Wallak).

Fluorescencewasdetectedin time courseat 10 min intervals for either 3 or 4

hours for HUVEC or A7r5 respectively.

Data elaboration

Average of fluorescencevalues of blank samples was subtracted to each

measurement, to removebackgroundsignal.

Fluorescence was expressed as percentageof the basal signal measured at time

zero.
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3.2.8. Determination of NO production by the Griess reaction

NO arepartially convertedby oxidationto nitrite (NO2
¯¯) and nitrate(NO3

¯¯), two

productsdetectable in theculturemedium asindexof intracellularNO production.

TheGriessReaction methodis basedon thechemical reaction shownin Fig. 4, which

usessulfanilamide (SULF) andN-1-napthylethylenediaminedihydrochloride(NEDD)

under acidic (chlorideacid) conditionsconvertingNO2
¯¯ to anazo-compound.Theazo-

compoundhasamaximumof absorptionbetween520-550nm (Fig. 15).

To detect also NO3
¯¯ concentrations, is necessaryto convert it into NO2

¯¯ by

previousreduction.

Fig. 15 Reactionof formationof theazo-compoundto detectnitrite with theGriessmethod.

Experimental protocol

1. Medium from 24hourstreatmentof HUVEC with different concentration (5, 10

µg/mL) of 7β-OHC wascollected(at least500µL);

2. themediumwascentrifuged(13000x g, 10min) to eliminatecell debris andany

membranecomponent;

3. a standardcurve was preparedfor each experiment with standard solutions of

NO2
¯¯ atknownconcentrations(0-100µM). These solutionswerepreparedin the

samemedium of treatment;
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4. 50 µL of eachsampleor standardwaspipetedin 96well plates in duplicate;

5. thereactionmix wasfreshly preparedas follow (mix for eachwell):

- 40µL VCl3 (saturatedsolution in HCl 1 M)

- 10µL SULF (1%w/v in HCL 1 M)

- 10µL NEDD (0,1%w/v in HCL 1 M)

VCl3 is a reducingagentwhichconvertsNO3
¯¯ to NO2

¯¯ to detect total nitrites;

6. 60 µL of reactionmix wasaddedto eachsampleor standard;

7. theplatewasincubatedat 37°C,5%CO2, for 30min;

8. after incubation, absorbancewas determined at 550 nm in a microplate reader

(VICTOR2, Wallak).

Data elaboration

NO productionwasexpressedasmicromolar concentration of total nitrite.

3.2.9 Western blotting analysis

Cell lysates of HUVEC: after treatment, thecells werewashedtwice in thedish

with ice-cold PBSandthanPBS wasdrainedoff with a syringe.HUVEC werelysedin

150 µl 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 NaPO4, 10

µg/mL leupeptin, 25 µg/mL aprotinin, 1.25mM NaF, 1 mM Na4P2O7) with a rubber

policemanandcentrifugedat 10,000g for 15min at 4°C.

30 µg of proteinsof eachsampleweretreatedwith 20%v/v Laemmli buffer (0.07

M Tris HCl pH 6.8,glycerol 22%,SDS 2%,mercaptoethanol4%) and boiledfor 5 min.

Thenanyproteinssamplewassubjectedto 10%SDS-PAGE(10%resolving gel and4%

stacking gel). Protein contentof cell lysates was determined by the Bensadoun and

Weinsteinprocedureusing bovineserumalbuminas standard.

1. Sampleswereloadedinto gel andrun in runningbuffer (25 mM Tris, 192 mM

glycin, 1% SDS) for 1h at 40mA (2002 power supply LKB Bromma). A



Materialsand methods

46

molecular weights marker was used (BenchMark Prestained Protein Ladder,

Invitrogen).

2. Separated proteins were transferred to PDVF membrane (Hybond-P,

Amersham), previously soakedin methanol. The gel was sandwiched together

with the membranebetweenWhatmanpaper, two porouspads,equilibrated in

transferbuffer (25 mM Tris and 192 mM glycin) for few minutes,and two

plastic supports. The blot sandwich was placed into the Mini-Transblot

electrophoresis system (Bio-Rad) filled with the same transfer buffer, the

membranefacing the anode.A constantcurrentof 200 mA was applied for 4 h

at 4°C.

3. At theend,nonspecific binding siteswereblocked by immersingthemembrane

in blockingsolution,andshakingfor 30min at roomtemperature.

4. The membranewasexposedto the primary antibody (1:10000)in TBS/Tween-

20containing5% BSA, overnightat 4°C.

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

agitation, the membranewas incubatedwith horseradish peroxidase(HRP)-

linked secondaryantibody (1:100000)in TBS-Tween 20 for 1 hour at room

temperature.

6. Themembranewasthenwashed3x15min with TBS-Tween20.

7. The signal was detected by chemiluminescence using the ECL-Advance

Westernblotting detectionkit (Amersham). The detection reagentwaspipetted

onto the membrane,which wasplacedwith protein sideup on a cleansurface.

After 5 min of incubationat roomtemperature themembranewasput into clear

wrap and exposed to Hyperfilm (Amersham Biosciences) in an X-ray film

cassette.

8. For the visualization,the film was developed in developing solution (Kodak).

When the bandswereat the desireddensity, the films was transferredinto the

fixing solution (Kodak), thenwashed in water andair-dried. Molecular weight

standardswereusedto identify appropriateantibodybinding.
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3.2.10. Protein assay

Protein content of cell lysateswas determined by Lowry procedure (1951) or

BensadounandWeinsteinprocedure(1976).

Lowry procedure:

1. A tubeof 1.0 mg/ml BSA wasthawed to prepare BSA standardssolution 0, 5,

10, 15, 20, 30, 40, 50. Thenumbersrepresentthevolumein µl to beused.BSA

solution was vortexed to insure homogeneity and pipetted into each standard

tubestartingfrom lowerconcentrationsandmoveup.

2. Two tubesfor eachbuffer blank and for each unknown were prepared. The

volumesfor unknownswereestimatedsuchthat the tubescontain 10-50 µg of

protein. Eachunknownwere measuredin duplicate. Volumesof buffer blanks

were identicalto thoseof unknowns.

3. 200 µl of DOC 10%werepipetedinto each tube.To eachtubewasaddedwater

to makeup to 1 ml volume.

4. 100:1:1mixtureof solutionsA, B1, B2 wasprepared.Solution B1 was addedto

A first, thensolution B2. Usually 20ml + 0.2ml + 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 exactly 10 min at 25°C.

6. The Folin & Ciocalteu's phenol reagent (2N, Sigma) was diluted 1:1 with

distilled H2O. Usually 1 ml + 1 ml was enough.The solution was vortexed

thoroughly.

7. 0.5 ml of thedilutedreagentwasadded to thetubesandvortexedimmediately.

8. The tubes were let stand for at least 30 min but no more than 60 min.

Absorbancewasreadat 750nm. Usethetubewith no protein (BSA 0 µl) to set

thebaselineof thespectrophotometer.

9. Theabsorbancewasplottedasfunction of µgBSA (i.e. µl BSA). TheblankOD

wassubtractedfrom eachunknownandreadthe amount,in µg, on thestandard

curve.
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Bensadoun and Weinstein procedure

1. A tubeof 1.0 mg/ml BSA wasthawed to prepare BSA standardssolution 0, 5,

10, 15, 20, 30, 40, 50. Thenumbersrepresentthevolume in µl to beused.BSA

solution was vortexedto insure homogeneity and pipetted into each standard

tubestartingfrom lower concentrationsandmoveup.

2. Two tubesfor eachbuffer blank and for each unknown were prepared. The

volumesfor unknownswereestimatedsuchthat the tubescontain 10-50 µg of

protein. Eachunknown were measuredin duplicate. Volumes of buffer blanks

wereidentical to thoseof unknowns.

3. 25 µl of sodium deoxycholate(DOC) 10%werepipeted into eachtube.To each

tubewas addedwaterto makeup to 3 ml volume.

4. Thetubeswere let standfor at least 10 min at 25°C.

5. 1 ml trichloroaceticacid (TCA) 24% was added to the tubes to precipitate

proteins.

6. Theprecipitatewaspelletedin centrifugeby spinning for 20min at 12500rpm.

7. Thesupernatantwasaspirated.

8. To each tubewasadded 300µl of SDS 10%with 200µl of water.Thesolution

wasvortexedthoroughly.SDS separatedmembraneproteinsfrom contaminating

membraneconstituentsand denaturedthe proteins allowing more reproducible

results.

9. 100:1:1mixtureof solutionsA, B1, B2 wasprepared.Solution B1 wasaddedto

A first, thensolution B2. Usually20ml + 0.2ml + 0.2ml wassufficient.

10. At t=0 was addedexactly 3 ml of the mixture to the first tube and vortexed

immediately.Thetubeswerelet sit for exactly 10 min at 25°C.

11. The Folin & Ciocalteu's phenol reagent (2N, Sigma) was diluted 1:1 with

distilled H2O. Usuall y 1 ml + 1 ml was enough.The solution was vortexed

thoroughly.

12. 0.5ml of thedilutedreagentwasaddedto thetubesandvortexedimmediately.
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13. The tubes were let stand for at least 30 min but no more than 60 min.

Absorbancewasreadat 750nm. Usethetubewith no protein (BSA 0 µ l) to set

thebaselineof thespectrophotometer.

14. Theabsorbancewasplottedasfunction of µgBSA (i.e. µ l BSA). Theblank OD

wassubtractedfrom eachunknownandreadthe amount,in µg, on thestandard

curve.

3.2.11. Statistical analysis

To calculatethestatisticalsignificanceof results,one-way ANOVA testwasused

togetherwith Dunnetor Bonferroni’smultiplecomparison testasposttest.

Curves of intracellular ROS levels were analyzed by non linear regression

analysis with the applicationof the F-test to calculate statistical significancebetween

two differentcurves.

Graphsandstatistical analysiswereperformedwith GraphPrismversion3.03for

Windows,GraphPadSoftware.
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4. RESULTS

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

muscle and endothelial cells

Treatmentwith 7-KC inducedanincreaseof HUVEC viabilit y at 5 and10 µg/mL

after 24 and48 hours (Fig.16, a-b). A cytotoxic effectwasalwayspresentat 20 µg/mL.

Also 7β-OHC showed a dual effect on HUVEC viabili ty (Fig. 16, c-d). While at lower

concentrations(< 20 µg/mL) anincreasein cell viability wasinduced in a concentration

dependentmanner,at the highest concentration (20 µg/mL) a cytotoxic effect was

observed.

In order to investigatewhetherthe effect of the two oxysterols werespecific for

HUVEC, someexperimentswere performed in the vascular smooth muscle cell line

A7r5. As shownin Fig. 17, both 7-KC and7β-OHC caused a transientincreaseof cell

viability. Furthermore,theseincreaseswerelower thanthosefoundin HUVEC.
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Fig. 16 Effect of 7-KC and 7β-OHC on HUVEC viability. Both oxysterols were tested at 1-20 µg/mL

concentrations, MTT testwasperformedafter incubationwith 7-KC for 24 hours(a) and48 hours(b) or

with 7β-OHC for 24 hours (c) and 48 hours (d). Results are expressed as mean+ SE of % of MTT

reductionwith respectto controlof 4 independentexperiments in sextuplicate (*P < 0.05,** P < 0.01vs

control). Statistical analysiswasperformedby one-way ANOVA test andDunnet’s comparisonposttest.
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Fig. 17 Effect of 7-KC and 7β-OHC on A7r5 viability. Both oxysterolswere tested at 1-20 µg/mL

concentrations, MTT testwasperformedafter incubationwith 7-KC for 24 hours(a) and48 hours(b) or

with 7β-OHC for 24 hours (c) and 48 hours (d). Results are expressedas mean+ SE of % of MTT

reduction with respectto controlof 4 independentexperiments in sextuplicate (*P < 0.05,** P < 0.01 vs

control). Statistical analysiswasperformedby one-way ANOVA test andDunnet’s comparisonpost test.
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4.2. Effect of 7β-OHC on bFGF deprivation induced apoptosis in

HUVEC

The effectsof thetwo oxysterols on HUVEC viabilit y reportedabovewerefound

in cells treated without bFGF, which represents a proapototic condition for HUVEC

(Vinci et al, 2004;Trevisi et al, 2004). Thus,the increasein HUVEC viability induced

by both oxysterols could bedueto an antiapoptotic action. Sincetheeffect of 7β-OHC

wasmorerelevant,the analysis of the antiapoptotic effect was performed in 7β-OHC-

treatedHUVEC.

Analysis annexin-V and PI binding and caspase-3 activation in HUVEC were

performedafter 24 hours treatmentwith 7β-OHC in the absenceof bFGF. Figures18

and 19 showthat 7β-OHC (< 20 µg/mL) wasableto significantlydecreasethenumber

of annexin-V positive cellswith respectto control in a concentration-dependent manner,

indicatinganantiapoptoticactionof theoxysterol.
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Fig. 18 Representative cytograms of annexin-V and PI binding showing the effect of 7β-OHC on

bFGF deprived HUVEC. HUVEC were treated with or without 7β-OHC (10 µg/mL) for 24 hours.

Unlabelledcells (viable cells) are collocated in the left quadrant on the bottom(3). Annexin-V positive

cells (apoptotic cells) are collocatedin the right quadranton the bottom (4). PI positive cells (necrotic

cells) are represented in the left quadrant on the top (1) of the scatter plot. Double stained cells (late

apoptotic cells) arein theright quadrant on the top (2).

(c) 7β-OHC 1 µg/mL (d) 7β-OHC 5 µg/mL
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Fig. 19 Antiapoptotic effect of 7β-OHC in bFGF deprived HUVEC. The cells were treated with or

without 7β-OHC (1-10 µg/mL) for 24 hours, then flow cytometric analysis of annexin-V/PI binding was

performed. Results are expressedas mean + SE of percentage of annexin-V labelled cells of 4

independentexperimentsperformed in duplicate(*P < 0.05, ** P < 0.01vs control).Statistical analysis

wasperformedby one-wayANOVA test andDunnet’sposttest.
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The antiapoptotic action of 7β-OHC against apoptosis induced by bFGF

deprivationwas confirmed by the caspase-3 assay.7β-OHC was able to significantly

inhibit caspase-3 activationafter6 hourstreatment(Fig. 20)
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Fig 20. Antiapoptotic effect of 7β-OHC in bFGF deprived HUVEC. Cells weretreatedwith or without

7β-OHC (1-10 µg/mL) for 6 hours, then caspase3 activity was determined in cell lysates.Results are

expressedasmean+ SEof percentageof caspase-3 activationof 4 independentexperiments performedin

duplicate (*P < 0.05 vs control). Statistical analysis was performed by one-way ANOVA test and

Dunnet’spost test.

All together, the results of both annexin-V binding and caspase-3 activation

revealedthecapacity of 7β-OHC to preventbFGFinducedapoptosis in HUVEC.
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4.3. Effect of 7β-OHC on staurosporine induced apoptosis in HUVEC

The antiapoptotic effect of 7β-OHC in HUVEC wastestedalsoagainstapoptosis

induced by staurosporine (from Streptomyces staurospores), a relatively non-selective

protein kinaseinhibitor. Staurosporineis often usedasa generalstimulus for inducing

apoptosis (Kabir et al, 2002). Thus, the effect of staurosporine (50 nM, 3 hours) on

annexin-V and PI binding and caspase-3 activation was investigated in HUVEC

pretreatedwith 7β-OHC (10µg/mL) for 15hours.

The oxysterol was able to significantly reduce the percentage of annexin-V

labelled cells inducedby staurosporine treatment (Fig.21, 22), thus confirming the

antiapoptoticaction of 7β-OHC.
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Fig. 21 Representative cytograms of annexin-V and PI binding showing the effect of 7β-OHC on

HUVEC treated with staurosporine. HUVEC weretreatedwith or without 7β-OHC (10 µg/mL) for 15

hours, thenstaurosporine (50 nM) wasadded for 3 hours. Unlabelledcells (viablecells) arecollocatedin

the left quadrant on the bottom(3). Annexin-V positive cells (apoptoticcells) arecollocatedin the right

quadranton thebottom(4). PI positivecells (necrotic cells)are representedin theleft quadranton thetop

(1) of thescatter plot. Doublestained cells (late apoptotic cells) arein theright quadranton thetop (2).

(c) 7β-OHC 10 µg/mL (d) 7β-OHC 10 µg/mL
+ staurosporine 50 nM

(a) control (b) staurosporine 50 nM
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Fig. 22 Antiapoptotic effect of 7β-OHC in HUVEC against staurosporine treatment. HUVEC were

treatedwith or without 7β-OHC (10 µg/mL) for 15 hours, thenstaurosporine(50 nM) wasaddedfor 3

hours. Results are expressedas mean+ SE of percentageof annexin-V labelled cells of 4 independent

experiments performed in duplicate (** P < 0.01, ** * P < 0.001, vs control; ###P < 0.001 vs

staurosporinetreatedcells). Statisticalanalysiswasperformedby one-way ANOVA test andBonferroni’s

multiple comparisonposttest.



Results

61

The antiapoptotic action of 7β-OHC against apoptosis inducedby staurosporine

wasconfirmedby the analysisof caspase-3 activation in HUVEC lysates (Fig. 23). In

fact, 7β-OHC was ableto significantly inhibit the increasein caspase-3 activity dueto

staurosporinetreatment.
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Fig 23. Antiapoptotic effect of 7β-OHC in HUVEC against staurosporine treatment. HUVEC were

treated with or without 7β-OHC (10 µg/mL) for 15 hours, thenstaurosporine (50 nM) was addedfor 3

hours. Results are expressedas mean + SE of percentage of caspase-3 activation of 4 independent

experiments performed in duplicate (** P < 0.01, ** * P < 0.001, vs control; ###P < 0.001 vs

staurosporine treatedcells). Statistical analysis wasperformedby one-way ANOVA test andBonferroni’s

multiple comparisonposttest.

The results demonstratethat 7β-OHC has an antiapoptoticaction in HUVEC,

protectingthemfrom apoptotisinducedby either bFGFdeprivation or staurosporine.
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4.4. ROS production in vascular cells treated with oxysterols

It has been shown that oxLDL can induce proliferation in HUVEC at

concentrationslower than 40 µg/mL with a mechanismdependenton ROSproduction

by NADPH oxidase (Heinloth et al, 2000) Furthermore, recently it has been

demonstarted the protective effect of low concentrations of hydrogen peroxide on

apoptosis inducedby serumdeprivationin HUVEC (Haendeler J et al., 2004).Thus,the

involvementof ROS in theactionof 7β-OHC and 7-KC wasinvestigated.

Intracellular ROS production was determined with the fluorescent dye CM-

H2DCFDA. In HUVEC, both7-KC and7β-OHC (1-20 µg/mL) induceda concentration-

dependentincreasein ROS production(Fig. 24). 7β-OHC was more effective than 7-

KC in increasing intracellularROS levels.

IntracellularROS levelswere also measuredin A7r5 treated with 7-KC or 7β-

OHC.As shownin Fig. 25 a slight increasein ROSproduction was inducedby only 7β-

OHC.

Taken into accountthedifferencesbetweenthetwo oxysterols in increasingROS

levels in the HUVEC and A7r5, subsequentexperiments were performed in HUVEC

treatedwith 7β-OHC.
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Fig. 24 Effect of 7-KC (a) or 7β-OHC (b) on intracellular ROS production in HUVEC. After loading

with CM-H2DCFDA, HUVEC were incubated with the oxysterol (1, 5, 10, 20 µg/mL, or the vehicle).

ROSlevels weremeasured asdescribed in methods.Dataareexpressedas mean+ SE of 6 independent

experiments performed in quadruplicate and are represented as percentage increase of basalvalue of

fluorescence.Increasein ROSproduction wasstatistically signif icant at any concentration (P < 0.001).

Statistical analysis were performedwith non linearregressionanalysisand F-test.

(a). 7-KC

(b). 7β-OHC
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Fig. 25 Effect of 7-KC (a) or 7β-OHC (b) on intracellular ROS production in A7r5 cells. After

loading with CM-H2DCFDA, HUVEC were incubated with the oxysterols (1, 5, 10, 20 µg/mL, or the

vehicle). ROS levels were measured as describedin methods.Data are expressedas mean+ SE of 4

independentexperimentsperformedin quadruplicate and arerepresented aspercentageincrease of basal

value of fluorescence. Increasein ROS production was statistically significant only in 7β-OHC treated

cells (P < 0.001). Statistical analysis wereperformed with nonlinear regressionanalysis and F-test.

(b). 7β-OHC

(a). 7-KC
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4.4.1. Involvement of mitochondria in ROS production

To investigate whethermitochondriais thesourceof ROSinducedby 7β-OHC in

HUVEC, ROSproductionwasmeasuredin the presenceof two different inhibitors of

the respiratory chain.

Rotenone (an inhibitor of complex I) and tenoyltrifluoroacetate (TTFA, an

inhibitor of complex II) wereunableto block ROSproduction by 7β-OHC (Fig. 26). In

addition, treatment with eachinhibitor induced an increase in ROS levels, suggesting

that in HUVEC the inhibition of respiratory chain itself causesan overproductionof

ROS.
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Fig. 26 Effect of (a) the complex I inhibitor rotenone or (b) complex II inhibitor

tenoyltrifluoroacetate (TTFA) on 7β-OHC-stimulated ROS production. After loading with CM-

H2DCFDA, HUVEC were incubatedwith the inhibitor for 30 min, then 10 µg/mL 7β-OHC (or the

vehicle) was added and intracellular ROS level was measured as described in methods. Data are

expressedaspercentageincreaseof basalvalueof fluorescenceof 2 independent experimentsperformed

in quadruplicate.Increasesin ROS production were statistically significant respect to the control (P <

0.001).Statistical analysiswereperformed with non linear regressionanalysisand F-test.

(a). Rotenone

(b). TTFA
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In accordance, pretreatmentof HUVEC with an uncouplerof the respiratory

chain, cyanidem-chlorophenylhydrazone(CCCP), did not affect ROS production by

7β-OHC (Fig. 27).CCCPinducedROSoverproduction by itself.
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Fig. 27 Effect of the uncoupler cyanide m-chlorophenylhydrazone (CCCP) on 7β-OHC-stimulated

ROS production. After loading with CM-H2DCFDA, HUVEC were incubated with CCCP for 30 min,

than 10 µg/mL 7β-OHC (or the vehicle) was added and intracellular ROS level was measured as

described in methods.Data are expressed as percentage increaseof basal value of fluorescenceof 2

independent experiments performed in quadruplicate. Increases in ROS production were statistically

significant respect to the control (P < 0.001). Statistical analysis were performed with non linear

regressionanalysisandF-test.
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4.4.2. Involvement of NADPH oxidase in ROS production

Many exogenousandendogenousstimuli can induce an increasein intracellular

ROS production in vascular cells by stimulating the membrane-bound flavoprotein

NADPH oxidase. To test the involvement of NADPH oxidase in determining the

increasein intracellular ROS levelsin HUVEC treated with either7β-OHC, a seriesof

experiments were performed in the presenceof the NADPH oxidase inhibitor

hydralazine(Münzelet al, 1996).

Hydralazine(25 µM) partially inhibited the increase in ROS production induced

by 20 µg/mL 7β-OHC (Fig. 28), indicating that NADPH oxidaseis a sourceof ROS

stimulatedby 7β-OHC.
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Fig. 28 Effect of hydralazine on 7β-OHC-stimulated ROS production. After loading with CM-

H2DCFDA, HUVEC were incubated with hydralazine for 30 min, then 20 µg/mL 7β-OHC (or the

vehicle) was added and intracellular ROS levels were measured as described in methods. Data are

expressedaspercentageincreaseof basalvalueof fluorescenceof 4 independent experimentsperformed

in quadruplicate. Both increasein ROS production in presence of 7β-OHC aloneand partially inhibition

of 7β-OHC induced ROSproduction were statistically significant (P < 0.001).Statistical analysis were

performedwith non linear regression analysis andF-test.
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4.5. Role of NADPH oxidase in the antiapoptotic effect of 7β-OHC

To investigate the role of NADPH oxidaseactivation in theantiapoptotic effect of

7β-OHC, analysisof annexin-V and PI binding was performed in the presenceof

hydralazine(25µM).

Theantiapoptotic actionof 10 µg/mL 7β-OHC againstbFGFdeprivationwasnot

affected by hydralazine, indicating that NADPH oxidase is not involved in the

protectiveeffectof theoxysterolin 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 7β-OHC against bFGF deprivation. HUVEC weretreated for 24 hours

with or without 7β-OHC (10 µg/mL) in the absenceof bFGF. Where indicated, a pretreatment with

hydralazine (25 µM) wasperformedfor 30min before theaddition of 7β-OHC; the inhibitor waspresent

during all theexperiment. Unlabelled cells (viablecells) arecollocated in the left quadranton thebottom

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

positive cells (necroticcells) are represented in the left quadranton the top (1) of the scatter plot. Double

stainedcells (lateapoptotic cells) are in theright quadranton thetop (2).

(a). Control (b). 7β-OHC 10 µg/mL

(c). Hydralazine 25 µM (d). 7β-OHC 10 µg/mL
+ hydralazine 25 µM
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Fig. 30 Effect of NADPH oxidase inhibitor hydralazine on the antiapoptotic action of 7β-OHC

against bFGF deprivation. HUVEC wereincubatedfor 24 hourswithout bFGFin the presenceor not of

7β-OHC (10 µg/mL). Where indicated, a pretreatment with hydralazine (25 µM) wasperformed for 30

min before the addition of 7β-OHC; the inhibitor was present during all the experiment. Results are

expressed as mean + SE of percentage of annexin-V labelled cells of 2 independent experiments

performedin duplicate (** P < 0.01, §§P < 0.01). Statistical analysiswasperformedby one-way ANOVA

test andBonferroni’ s multiple comparisonposttest.
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NADPH oxidaseinhibition did not block also the protective effect of 7β-OHC

againststaurosporine treatment(50nM, 3 hours)(Fig. 31,32).

Fig. 31 Representative cytograms of annexin-V and PI binding showing the effect of hydralazine on

the antiapoptotic action of 7β-OHC against staurosporine. HUVEC were treated for 15 hours with or

without 7β-OHC (10 µg/mL), then staurosporine (50 nM) was addedfor 3 hours. Where indicated, a

pretreatment with hydralazine (25 µM) was performedfor 30min before the addition of 7β-OHC; the

inhibitor waspresentduring all the experiment. Unlabelled cells (viable cells) arecollocatedin the left

quadranton thebottom (3). Annexin-V positive cells (apoptotic cells) arecollocatedin theright quadrant

on thebottom (4). PI positive cells (necrotic cells) arerepresentedin theleft quadrant on thetop (1) of the

scatterplot. Double stainedcells(late apoptoticcells) arein theright quadranton the top (2).

(g) Staurosporine 50 nM
+ 7β-OHC 10 µg/mL

(h) Staurosporine 50 nM + 7β-OHC
10 µg/mL + hydralazine 25 µM

(a) Control (e) Staurosporine 50 nM
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Fig. 32 Effect of the NADPH oxidase inhibitor hydralazine on the antiapoptotic action of 7β-OHC

against staurosporine. Analysis of annexin-V binding. HUVEC were treated with or without 7β-OHC

(10 µg/mL) for 15 hours, then staurosporine (50 nM) was added for 3 hours. Where indicated, a

pretreatmentwith hydralazine(25 µM) wasperformedfor 30 min before the addition of 7β-OHC andthe

inhibitor was present during all the experiment. Results are expressed as mean+ SE of percentageof

annexin-V binding of 2 independent experiments performed in duplicate (** P < 0.01, §§P < 0.01).

Statistical analysis wasperformedby one-way ANOVA testand Bonferroni’s multiple comparison post

test. (C = control, S = staurosporine; 7β = 7β-OHC).
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4.6. Role of ROS in the antiapoptotic effect of 7β-OHC

N-acetylcystein(NAC) is a ROS scavengeracting as cystein prodrug and GSH

precursor both in vivo and in vitro. This compound was usedin order to verify the

involvementof ROS in theantiapoptoticeffect of 7β-OHC.

NAC (10 mM) did not antagonizethe protective effect of 10 µg/mL 7β-OHC

againstapoptosisinducedby bFGF-deprivation (Fig.33).

NAC wasalsoineffectiveto block theantiapoptoticeffect of theoxysterolagainst

apoptosis inducedby staurosporinetreatment(50 nM, 3 hours)(Fig. 34).

Theseresults indicatethat theantiapoptoticeffect of 7β-OHC is not dependenton

theincreasein ROSlevelsstimulatedby theoxysterol.
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Fig. 33 Effect of the antioxidant N-acetycystein (NAC) on the antiapoptotic action of 7β-OHC

against bFGF deprivation. HUVEC weretreatedwith 7β-OHC (10 µg/mL) without bFGFfor 24 hours.

Where indicated,a pretreatmentwith NAC (10 mM) wasperformedfor 30 min beforethe addition of 7β-

OHC, the inhibitor was present during all the experiment. Results are expressed as mean + SE of

percentageof annexin-V labelled cells of 2 independent experiments performedin duplicate (*** P <

0.001, §§§P < 0.001). Statistical analysis was performedby one-way ANOVA test and Bonferroni’s

multiple comparisonposttest.
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Fig. 34. Effect of the antioxidant N-acetylcystein (NAC) on the antiapoptotic action of 7β-OHC

against staurosporine. Analysis of (a) annexin-V binding and (b) caspase-3 activation. HUVEC were

treated with or without 7β-OHC (10 µg/mL) for 15 hours, thenstaurosporine (50 nM) was addedfor 3

hours.Whereindicated, a pretreatmentwith NAC (10 mM) wasperformedfor 30 min beforetheaddition

of 7β-OHC, the inhibitor waspresent during all theexperiment. Results areexpressed asmean+ SEof 2

independent experimentsperformed in duplicate of percentage of annexin-V labeled cells or caspase3

activation (*P < 0.05,** P < 0.01, §P < 0.05,§§P < 0.01). Statistical analysiswas performedby one-way

ANOVA testandBonferroni’s multiple comparison posttest.. (C = control, S = staurosporine;7β = 7β-

OHC).
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4.7 Role of eNOS in the antiapoptotic effect of 7β-HOC

NO is an important factorproducedby endothelial cells thatpromotesendothelial

cell survival (Hürlimannet al, 2002). Thus,the involvementof eNOSactivation in the

antiapoptoticaction of 7β-OHC wasstudied.

Treatmentof HUVEC with theeNOSinhibitor L-NAME (1 mM) did not prevent

the protectiveeffect of 7β-OHC againstapoptosisinducedeitherby bFGFdeprivation

(Figg 35, 36) or by staurosporine (Fig. 37). Furthermore, determination of NO

production by measuringtotal nitrite of the cell incubation media indicated that a

treatmentof 24 hourswith 10 µg/mL 7β-OHC did not increase NO levels(total nitrite:

control = 16,5µM + 1,794; 7β-OHC treatedHUVEC = 18,4µM + 1,564).

All together these findings demonstratethat NO production by eNOS is not

involved in theantiapoptoticeffectof 7β-OHC.
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Fig. 35 Representative cytograms of annexin-V and PI binding showing the effect of 7β-OHC on L-

NAME on the antiapoptotic action of 7β-OHC against bFGF deprivation. HUVEC were treated with

7β-OHC (10 µg/mL) for 24 hours in theabsence of bFGF.Where indicateda pretreatment with L-NAME

(1 mM) for 30 min wasperformedbeforethe addition of 7β-OHC, theinhibitor waspresent duringall the

experiment. Unlabelled cell s (viable cells) arecollocatedin the left quadrant on thebottom(3). Annexin-

V positive cells (apoptoticcells) are collocated in the right quadrant on the bottom (4). PI positive cells

(necrotic cells) arerepresentedin the left quadranton the top (1) of the scatter plot. Doublestainedcells

(lateapoptotic cells) are in theright quadranton thetop (2).

(c)7β-OHC 5 µg/mL (d) 7β-OHC 10 µg/mL+L-NAME

(b) L-NAME 1 mM(a) Controllo
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Fig. 36 Effect of L-NAME on the antiapoptotic action of 7β-OHC against bFGF deprivation.

HUVEC weretreated with 7β-OHC (10 µg/mL) for 24 hours in theabsenceof bFGF.Whereindicateda

pre-treatment with L-NAME (1 mM) for 30 min was performed before the addition of 7β-OHC, the

inhibitor was present during all the experiment. Results are expressed as mean+ SE of percentageof

annexin-V labelledcells of 2 independentexperiments (***P < 0.001, ###P < 0.001). Statisticalanalysis

wasperformedby one-wayANOVA test andBonferroni’smultiple comparisonpost test.
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Fig. 37. Effect of the eNOS inhibitor L-NAME on the antiapoptotic effect of 7β-OHC against

apoptosis induced by staurosporine treatment. HUVEC weretreatedwith 7β-OHC (10 µg/mL) for 15

hours, thenstaurosporine wasadded for 3 hours.Whereindicated a pretreatmentwith L-NAME (1 mM)

for 30 min was performed before the addition of 7β-OHC. Results are expressed as mean + SE of

percentageof annexin-V labelledcells of 2 independentexperiments(*** P < 0.001 vs. control, §§§P <

0.001 vs staurosporine-treatedcells). Statistical analysiswasperformed with one-way ANOVA test and

Bonferroni’s multiple comparisonposttest.
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4.8. Role of ERK in the antiapoptotic effect of 7β-OHC

To clarify the molecular mechanismof the antiapoptotic action of 7β-OHC in

HUVEC, activationof MEK/ERK pathwaywasinvestigated.GenerallyERK activation

occursto protectcellsfrom deathandit is triggered by activation of MEK.

ERK activation was investigatedby Western blotting analysis to detect the level

of phosphorylation of theenzyme(Fig. 38a). Treatment with 10µg/mL 7β-OHC did not

activateERK. On theotherhand,two different MEK inhibitors,PD98059andUO126,

were able to inhibit the antiapoptoticeffect of 10 µg/mL 7β-OHC againstapoptosis

inducedby staurosporine(50nM, 3 hours),asdemonstratedby theanalysis of caspase3

activation(Fig. 38b).
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Fig. 38 Role of ERK in the antiapoptotic effect of 7β-OHC. (a) Western blotting analysis of ERK

phosphorylation (phos-ERK 1/2) in HUVEC treated with 7β-OHC (10 µg/mL): 30 µg of cell lysates

proteinswere subjected to 10% SDS-PAGE and transferred to PVDF membrane, then phos-ERK 1/2

were detected, after stripping, the membrane was exposedto the rabbit polyclonal IgG to detect overall

ERKs (b). Effect of MEK inhibitors PD98059 and UO126 on caspase-3 activation induced by

staurosporine: HUVEC were treated with 7β-OHC (10 µg/mL) for 2 hours, thenstaurosporine (50 nM)

wasaddedfor 3 hours,where indicated cells werepretreated with PD98059(25 µM) or UO126 (25 µM)

for 30 min before treatment with 7β-OHC, the inhibitors were presentduring all the experiment. Results

are expressed as mean + SE of percentageof caspase-3 activation of 3 independent experiments

performed in triplicate (** *P < 0.001, **P < 0.01, *P < 0.05, §§P < 0.01). Statisticalanalysis was

performed with one-way ANOVA test and Bonferroni’s multiple comparison post test.
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5. DISCUSSION

Oxysterols are oxygenated derivatives of cholesterol that may be either formed

endogenouslyor absorbedfrom the diet andareparticularly found in highly processed

foodsof animalorigin (Tai et al., 1999). Theyarealsothemajor componentsof oxLDL

which are involved in the pathogenesis of atherosclerosis and evidencesuggest that

oxysterols,suchas 7β-OHC and 7-KC are responsiblefor oxLDL cytotoxicity at the

vascularwall.

Otherwise, the results in this thesis show that 7β-OHC at concentrationsbelow 40

µg/mL is ableto protectHUVEC from apoptosisinducedeither by bFGFdeprivationor

by staurosporine treatment as revealed by the analysis of phosphatidylserine

translocationandcaspase3 activation.The investigation of the protective effect of this

oxysterol was based on the preliminaryevidence, from our laboratory,about the dual

effect of both 7β-OHC and 7-KC on HUVEC viability measured by the MTT assay.

This dual effect is dependenton the concentrations of the oxysterols: at low

concentrations (1-10 µg/mL) they induce an increasein cell viabilit y, while at high

concentration (20 µg/mL) they inducecell death,accordinglyto previous experimental

evidenceaboutthe proapoptoticactionof 20 µg/mL 7β-OHC in HUVEC (Lizard et al,

1999).

Also, in vitro studies show that oxLDL themselves havea dual effect on endothelial

cells (Galle et al. in 2001): at concentrations above 50 µg/mL they are cytotoxic

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

concentrationstheypromotecell proliferation which is mediatedby a lower increasein

intracellularROSproducedby NADPHoxidase(Heinloth et al, 2000).

In accord to thesefindings, ROS at physiological levels are thought to be important

signaling molecules involved in the regulation of many intracellular pathways

concerningcell survival, proliferationanddeath (Tannickal et al, 2000).Otherwise, a

dual effect of ROS on endothelial cell viability hasbeen demonstrated,depending on

their concentrations: while at high levels they are cytotoxic due to their pro-oxidant

properties,at physiologicallevels they protect cells from apoptosisinduced by serum-

deprivation(Haendeleret al., 2004). Other experimental data 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 prevented by antioxidants

(Lizard et al, 2000).

On the other hand, the protective effect of 7β-OHC at 20 µM concentration

(corresponding to 9,6 µg/mL) was demonstrated(Chen et al, 2006). This effect is

mediated by anincreasein GSHlevels.

All thesefindings indicatea role of ROSin the molecular mechanism of oxysterols at

different levels, and the major source of ROS involved in theseeffects is NADPH

oxidase.Thus,we haveinvestigatedthe role of ROSin the antiapoptotic action of 7β-

OHC in HUVEC,analyzingin particulartheinvolvementof NADPH oxidaseactivity.

This study shows that both 7-KC and 7β-OHC are able to induce a concentration-

dependentincreasein ROS productionin HUVEC. This ROS overproduction occurs

immediatelyafter the exposure of the cells to the oxysterols. ROSproduction induced

by 7β-OHC in HUVEC is partially due to the activation of NADPH oxidase.Despite

evidencesummarizedabove,our results reveal that the activit y of this enzymeis not

involved in the antiapoptoticeffect of the oxysterol. In fact, hydralazine, a NADPH

oxidaseinhibitor (Munzel et al., 1996), is not ableto preventtheantiapoptotic actionof

7β-OHC against apoptosis induced by either bFGF deprivation or staurosporine

treatment.Actually ROShasno role in theantiapoptotic effect of oxysterolsin HUVEC

as demonstratedby the experimentsperformed in the presenceof NAC, a cysteinand

GSH precursor acting asROSscavenger. In fact, NAC treatment doesnot preventthe

antiapoptoticaction of 7β-OHC against apoptosisinducedby either bFGFdeprivation

or staurosporinetreatment.

NO is an important factor which preserves endothelial function and promotes cell

survival. For this reason,thepossiblerole of NO in theprotective effect of 7β-OHC was

studied.The involvementof NO in the antiapoptotic effect of 7β-OHC wasexcluded,

sincetheeNOS inhibitor L-NAME doesnot prevent theantiapoptotic action of 7β-OHC

against apoptosis induced by either bFGF deprivation or staurosporinetreatment.

Moreoverincubation of HUVEC with 7β-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 mechanisms of cell survival (Balli f and Blenis,
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2001). Results reveal that 7β-OHC does not increaseERK activation, however the

experiments performedin the presenceof two different MEK inhibitors demonstrate

that a basallevel of MEK activity is essential for of 7β-OHC action, thus suggesting

that theeffect of theoxysterolis downstreamof ERK activation. Furtherstudieswill be

required to find the moleculartargetof 7β-OHC and its regulation by the MEK/ERK

cascade.

In conclusion, our resultsoffer anevidence of anunknowneffect of 7β-OHC on human

endothelial cells and suggesta role of this oxysterol as a signaling molecule that is

involved in theregulationof cell survivalpathways.
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