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ABSTRACT

TTThhheeeAAAnnntttiiiaaannngggiiiooogggeeennniiicccAAAccctttiiivvviiitttyyyooofff
XXXaaannnttthhhooorrrrrrhhhiiizzzooolllaaannndddCCCuuurrrcccuuummmiiinnnaaannnddd

UUUnnndddeeerrrlllyyyiiinnngggMMMeeeccchhhaaannniiisssmmmsss

MMMiii---JJJeeeooonnngggKKKiiimmm

DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttaaalllSSSccciiieeennnccceee
TTThhheeeGGGrrraaaddduuuaaattteeeSSSccchhhoooooolll,,,YYYooonnnssseeeiiiUUUnnniiivvveeerrrsssiiitttyyy

(((DDDiiirrreeecccttteeedddbbbyyyPPPrrrooofffeeessssssooorrrKKKwwwaaannnggg---KKKyyyuuunnnPPPaaarrrkkk)))

Angiogenesisplaysacrucialroleintumorgrowthandmetastasis.Vascular
endothelialcellproliferationandmigrationarecriticalstepsinangiogenesisandare
regulatedbyvariousgrowthfactorssuchasvascularendothelialgrowthfactor
(VEGF). The serine/threonine kinase, Akt, is a downstream effector of
phosphatidylinositol3-kinase(PI3k),whichisrecognizedasthemajormediatorof
survivalsignals.Akt-dependentphosphorylationoftheendothelialnitricoxide
synthase(eNOS)atSer1177playsaroleinangiogenesissignaling.Increased
expressionofcelladhesionmoleculeshasalsobeenimplicatedinendothelialcell
migration.Xanthorrhizol,asesquiterpenoidisolatedfrom therhizomeofCurcuma
xanthorrhizaRoxb,hasbeen traditionally used in Indonesiaforculinaryand
medicinalpurpose.Curcumin,whichisaphenolicnaturalproductisolatedfromthe
rhizomeofCurcumalongaL,givesaspecificflavorandcolortocurry.Ithasalsobeen
usedtraditionallyinfolkmedicinetotreatinflammatorydisorders.Ithasalsobeen
usedtraditionallyinfolkmedicinetotreatinflammatorydisorders.Inthisstudy,we
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showedtheantiangiogenicactivityofxanthorrhizolandcurcuminusinginvitroand
in vivoassay systems.Xanthorrhizoland curcumin inhibited VEGF-induced
proliferation,chemotacticmotility,andtheformationofcapillary-liketubesin
primary cultured human umbilicalvein endothelialcells (HUVECs).Both
compoundsalsoinhibitedtheVEGF-inducedphosphorylationofAktandeNOSvia
thePI3ksignalingpathwayinHUVECs.TheVEGF-inducedexpressionofadhesion
moleculessuchasICAM-1,VCAM-1,andE-selectininHUVECswasinhibitedby
xanthorrhizoland curcumin mainly via blockade of the NF-κB pathway.
Moreover,xanthorrhizolandcurcuminexertedantiangiogenicactivitiesinmouse
MatrigelplugassayandtheChorioallantoicmembrane(CAM)assay.

����������������������������������������������������������������������

Keywords:xanthorrhizol,curcumin,human umbilicalvein endothelialcells
(HUVECs),angiogenesis,PI3k/Akt/eNOS,adhesionmolecules,NF-κB
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TTThhheeeAAAnnntttiiiaaannngggiiiooogggeeennniiicccAAAccctttiiivvviiitttyyyooofff
XXXaaannnttthhhooorrrrrrhhhiiizzzooolllaaannndddCCCuuurrrcccuuummmiiinnnaaannnddd

UUUnnndddeeerrrlllyyyiiinnngggMMMeeeccchhhaaannniiisssmmmsss

MMMiii---JJJeeeooonnngggKKKiiimmm

DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttaaalllSSSccciiieeennnccceee
TTThhheeeGGGrrraaaddduuuaaattteeeSSSccchhhoooooolll,,,YYYooonnnssseeeiiiUUUnnniiivvveeerrrsssiiitttyyy

(((DDDiiirrreeecccttteeedddbbbyyyPPPrrrooofffeeessssssooorrrKKKwwwaaannnggg---KKKyyyuuunnnPPPaaarrrkkk)))

III...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Angiogenesis,thegrowthofnewbloodvesselsfrom pre-existingcapillaries,is
essentialfortumorprogressionandmetastasis.1,2Inphysiologicalconditions,the
proliferationofendothelialcellsistightlyregulatedandself-limited.3Incertain
pathologicalconditions,however,angiogenesissignificantlyincreasesandlosesthe
capacity to regulateitself.Themostimportantmanifestation ofpathological
angiogenesiscan beobserved duringthedevelopmentofsolid tumors.2 The
modulationoftumorangiogenesisusingdifferentagentshasbecomeahighlyactive
areaofinvestigationincancerresearch.4

Althoughacomplexmolecularinterplayhasbeenreportedintheunderlying
mechanismsofangiogenesis,severallinesofevidencehaverecentlysuggestedthe
possibleinvolvementofthephosphatidylinositol3-kinase(PI3k)-Aktsignaling
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pathwayinangiogenesis.5ThePI3k-Aktsignalingpathwayhasbeenshowntobe
activatedbyvariousgrowthfactors,suchasinsulin,platelet-derivedgrowthfactor
and interleukins,aswellasbyvascularendothelialgrowthfactor(VEGF),a
proangiogenicfactor.6ItwaspreviouslyreportedthattheconstitutiveactivityofPI3k
inducedangiogenesisandthattheinhibitionofPI3ksignalinginterferedwith
angiogenesis.7

Theserine-threoninekinase,Akt,isadownstreamtargetofPI3k.Aktisregulated
bythelipidproductsofPI3kbindingtoitspleckstrinhomologydomainandby
phosphorylation of the Thr-308 and Ser-473 residues by two
phosphoinositide-dependentproteinkinases,PDK1andPDK2.8Aktcontrolscell
survival, glycogen metabolism, cellular transformation, and myogenic
differentiation.9,10,11ActivatedAkthasbeenshowntophosphorylatetheproapoptotic
Bcl-2familymember,Bad,caspase-9,Forkheadfamilytranscriptionfactor,FKHRL1,
andIκBkinase,preventingapoptosisandpossiblyleadingtoendothelialcell
survival.12Endothelialnitricoxidesynthase(eNOS)wasalsoreportedtobeanAkt
substrateandisactivatedbyAkt-dependentphosphorylationatSer1177,which
resultsinthereleaseofnitricoxide(NO)inendothelialcells.13NO hasdiverse
biologicalfunctionsandhasbeenshowntoregulateendothelialcellgrowth14,
apoptosis15,migration16,17,etc.andisessentialforangiogenesis.18,19 Recently,a
growingbodyofevidencesupportstheinvolvementofNO inVEGF-induced
angiogenesis.NOS inhibitorsblock VEGF-induced endothelialcellmigration,
proliferation,andtubeformationinvitroaswellasVEGF-inducedangiogenesisin
vivo.20,21VEGFisknowntoinduceAkt-dependentphosphorylationproductionof
eNOS,22resultingintheactivationofeNOSandthesubsequentincreaseinNO.
VEGFisanendothelialcell-specificmitogenandchemotacticagentthatis

involvedinwoundrepair,theangiogenesisofischemiatissue,tumorgrowth,
microvascularpermeability,vascularprotection,andhemostasis.23,24VEGFhasbeen
showntoactivateanumberofdifferentintracellularsignalingpathways,including
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protein kinase C, mitogen-activated protein kinase (MAPK)/extracellular
signal-regulatedkinase(ERK)[(MEK)1/2],p38MAPK,phospholipaseCγ, and
phosphatidylinositol3-kinase (PI3k)/Akt.25 In addition to itsmitogenicand
chemotacticeffects,VEGFinducesendothelialcellsurvival,proliferation,migration,
tubeformation,andNOproduction.26

Curcumaxanthorrhiza,calledTemulawakinIndonesia,hasbeentraditionallyused
forthetreatmentoftheliverdisease,constipation,diarrhea,hemorrhoids,andskin
eruptions in South Asian countries.Its anti-inflammatory,anti-tumor,and
hepatoprotectiveactivitieshaverecentlybeenreported.27Xanthorrhizol(Figure1)isa
sesquiterpenoid,isolatedfromtherhizomeofCurcumaxanthorrhizaRoxb,whichhas
alsobeenusedforfoodandmedicinalpurposes.Xanthorrhizolhasshownpotent
antibacterialactivityagainstStreptococcusspeciesandoralpathogens,asreportedby
Hwangandothers.28,29 Curcumin(Figure1),amajorconstituentoftheturmeric
powderextractedfromtherhizomesofCurcumalongaL,isusedasaspicetogivethe
specificflavorandyellow colortocurryandhasbeenshowntopossesspotent
anti-inflammatory and chemopreventive properties. Curcumin possesses
antiangiogenicactivitiesagainsttumorcellsinvitro.30,31andinhibitstumorpromotion
inskin,oral,intestinalandcoloncarcinogenesis.32,33,34Informationontheeffectsof
curcuminontheregulationofangiogenesis,however,isverylimited.Curcuminalso
suppressesseveralkeyelementsincellularsignaltransductionpathwaysincluding
NF-κB,c-Jun/AP-1activation,andphosphorylationreactionscatalyzedbyprotein
kinases.35,36,37

In certain diseases, including inflammation, atherosclerosis, pathologic
angiogenesis,andvascularinjury,variousadhesiveinteractionsbetweenendothelial
cellsandtheconstituentsofthebloodorextracellularmatrixarechanged.Adhesion
moleculesareheavilyinvolvedinthesediseaseprocesses.38Todate,fourfamiliesof
celladhesionmolecules(CAMs)havebeendescribed:integrins,immunoglobulin
superfamilymembers,cadherins,andselectins.Membersofeachfamilyhavebeen
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detectedinbloodvesselsduringangiogenesisandinflammation.39Theintercellular
adhesionmolecule-1(ICAM-1)andthevascularcelladhesionmolecule-1(VCAM-1)
are95and110kDaproteins,respectively,andbothbelongtotheimmunoglobulin
superfamily.The115kDaproteinE-selectin,whichbelongstotheselectinfamily,is
expressed exclusivelyon endothelialcells.Recentevidenceindicatesthatthe
promoterregionofthegenefortheseadhesionmoleculescontainsNF-κBbinding
sitesandthatthesesitesareessentialfortheexpressionofthesegenes.40

Inthepresentstudy,weassessedtheantiangiogenicactivityofxanthorrhizoland
curcuminonVEGF-inducedproliferation,migration,andtubeformationofHUVECs.
WealsoinvestigatedtheeffectsofthesephytochemicalsonthePI3k/Akt/eNOS
signalingpathwayandalsoexpressionofadhesionmoleculesexpression,whichis
mediatedthroughNF-κBactivation.WealsoperformedamouseMatrigelplugassay
andachorioallantoicmembrane(CAM)assaytodeterminewhetherxanthorrhizol
andcurcuminarecapableofblockingVEGF-inducedangiogenesisinvivo.Toour
knowledge,thisisthefirstreporttoshow thatxanthorrhizolhasantiangiogenic
activitybothinvitroandinvivo.
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IIIIII...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

1.Primarycellisolationandcellculture

Freshlydeliveredumbilicalcordswereobtainedfrom naturalbirthsandthe
humanumbilicalveinendothelialcells(HUVECs)wereisolatedbycollagenasetype
Ⅱ (BDTransductionLaboratories,SanDiego,CA,USA)digestionofthehuman
umbilicalvein using standard techniques.Thecellswerecultured in EBM-2
(CambrexBioScience,Walkersville,MD,USA)mediumsupplementedwith20%fetal
bovineserum (FBS,CambrexBioScience,Walkersville,MD,USA)at37℃ undera
humidified95%-5%(v/v)mixtureofairandCO2.

2.Endothelialcellproliferationassay

Cellproliferationwasdeterminedusinga3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide(MTT,Sigma,St.Louis,MO,USA)assay.Thisassayis
basedonthecleavageoftheyellowtetrazolium salt,MTT,bymetabolicallyactive
cellstoform thepurpleformazancrystals.HUVECsgrewtoconfluenceinaT-75
flask(NUNC,Roskilde,Denmark),andwereharvestedbytrypsinization.Thecells
wereseededatadensityof5×103cells/wellina96-wellplateinEBM-2containing
20%FBS.After24h,theculturedmediumwasremovedcompletely,andtreatedwith
200μlofdifferentconcentrationsofeachcompoundandVEGF(20ng/ml)inEBM-2
containing2% FBSandincubatedat37℃.After3days,20μlofMTTreagent(5
mg/ml)wasaddedtoeachwellandthewellswereincubatedfor4hat37℃.The
medium wasremovedandtheMTTformazancrystalsweredissolvedin200μlof
DMSO.Absorbanceofeachwellwasmeasuredat570nm byanELISA reader
(Bio-RadBenchmark,Hercules,CA,USA).Resultsareexpressedaspercentagesof
theODvaluerelativetothecontrolcells.
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3.BrdUincorporationassay

TostudyDNA synthesis,BrdU (5-bromo-2'-deoxy-uridine)-incorporationwas
performedwithaBrdU-ELISA-kit(5-bromo-2'-deoxy-uridineLabelingandDetection
Kit(RocheDiagnostics,Mannheim,Germany)followingvendorsprotocol.Briefly,
thecellswereseededatadensityof5×103cells/wellina96-wellplateinEBM-2
containing20%FBS.After24h,theculturedmediumwasremovedcompletely,and
treatedwith200μlofdifferentconcentrationsofeachcompoundandVEGF(20
ng/ml)inEBM-2containing2%FBSandincubatedat37℃.Attheendoftreatment,
10μlBrdUlabelingsolution(finalconc.10μM BrdU)wasaddedtoeachwelland
incubatedfor4hat37℃ followedbyfixationandincubationwithanti-BrdU
peroxidaseconjugateforanadditional30minat37℃.Finally,aftersubstrate
reaction,colorintensitywasmeasuredat570nm byanELISAreader.Resultsare
expressedaspercentagesoftheODvaluerelativetothecontrolcells.

4.Endothelialcellmigrationassay

ThechemotacticmotilityofHUVECswasassayedusingTranswell(Corning
Costar,Cambridge,MA,USA)with6.5mm-diameterpolycarbonatefilters(8μm
poresize).Briefly,thelowersurfaceofthefilterwascoatedwith10μgofgelatin.
Freshmedium(2%FBS)containingVEGFwasplacedinthelowerwells.Cellswere
trypsinizedandsuspendedatafinalconcentrationof1×106cells/mlinEBM-2
containing2%FBS.VariousconcentrationsofeachcompoundandVEGF(20ng/ml)
weregiventothecells.Then,100μlofthecellsuspensionwasloadedintoeachofthe
upperwells.Thechamberwasincubatedat37℃ for7h.Thecellswerefixedwith
methanolandstainedwithhematoxylin/eosin.Thenonmigratingcellsontheupper
surfaceofthefilterwereremovedbywipingwithacottonswabandthenmounted
onslideglasses.Cellmigrationwasquantifiedbycountingthewholecellnumbers
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onasinglefilterusinganopticalmicroscopeat×200magnification.Eachsamplewas
assayedintriplicate,andtheexperimentwasrepeatedthreetimesindependently.

5.Endothelialcelltubeformationassay

TheHUVECsatsubconfluencewereswitchedtoserum-freeEBM-2medium
overnight.Then,250μlofgrowthfactor-reducedMatrigel(CollaborativeBiomedical
Products,Bedford,MA,USA)wasplacedina24-wellcultureplateandpolymerized
for30minat37℃.ThestarvedHUVECsweretrypsinizedandsuspendedinEBM-2
containing2% FBS.Thecellsweremixedwithvariousconcentrationsofeach
compoundandVEGF(20ng/ml)andseededtotheMatrigelpretreated24-wellplate
atadensityof1×105cells/well.After7hofincubationat37℃,themorphological
changesinthecellswereobservedunderamicroscopeandphotographedat×40
magnification.

6.Transfectionanddualluciferaseassays

TransienttransfectionsofHUVECswereperformedusingLipofectamine2000
reagent(Invitrogen,Carlsbad,CA).Cellsweretransfectedwith4μgofthefirefly
luciferasereporterplasmidscontainingthehuman NF-κB promotersequence
(generousgiftsfromprof.Sang-kookLee,EwhaWomansUniversity).HUVECswere
cotransfectedwith0.4μgoftheRenillaluciferasecontrolvectortonormalizefor
transfectionefficiency.Afterthetransfections,culturesweremaintainedinnormal
growthmedium for24handthenexposedtodifferentconcentrationsofeach
compoundandVEGF(20ng/ml)foradditional16hEBM-2mediacontaining10%
FBS.Allreactionsoffireflyand Renillaluciferasewereperformed usingthe
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Dual-LuciferaseReporterAssaySystem(Promega,Madison,USA).Briefly,thecells
werewashedandlysedwithPassiveLysisBuffer.Celllysatesweremixedwith
LuciferaseAssayReagentⅡ,andthefireflyluminescencewasmeasuredusinga
luminometerwithdualautomaticinjector.Thesampleswerethenmixedwiththe
Stop&Gloreagent,andtheRenillaluciferaseactivitywasmeasuredasaninternal
control.

7.Chorioallantoicmembrane(CAM)assay

Fertilizedchickeneggs(PulmuoneCo,Seoul,Korea)werekeptinahumidified
incubatorat37℃ for3days.Onday3,about2mlofeggalbuminwasremovedwith
ahypodermicneedlethroughasmallholedrilledatthenarrow endoftheegg,
allowingtheCAM andyolksactodropawayfrom theshellmembrane.Theshell
coveringtheairsacwaspunchedoutandremovedbyforceps,andtheshell
membraneontheflooroftheairsacwaspeeledaway.Whenthechickenembryowas
4daysold,eachofthecompoundloadedthermanoxcoverslipswereinvertedand
appliedtotheCAM surfacethroughthewindowandthewindowwasclosed.Two
dayslater,anappropriatevolumeofa10%fatemulsionwasinjectedintotheCAM
sothatthevascularnetworkoftheCAMstoodoutagainstthewhitebackgroundof
lipid.TheCAM wasinspectedforchangesinthedensityofbloodvesselsand
photographedusingimageproanalysissoftware.Theexperimentwasrepeatedthree
timesand10eggswereusedeachtime.

8.InvivomouseMatrigelplugassay

TheMatrigelwasthawedovernightat4℃.BeforetheinjectionintoC57BL/6mice
(7week-oldmale,OrientCo.Seoul,Korea)itwasmixedwith20unitsofheparin
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(Sigma,St.Louis,MO,USA),100ng/mlVEGF,and either10or20 μM of
xanthorrhizoland curcumin.The Matrigelmixture (600 μl) was injected
subcutaneouslyusinga21-gaugeneedle.TheinjectedMatrigelrapidlyformeda
single,solidgelplug.Wealsoevaluatedtheeffectoftheoraladministrationofeach
compound.Micereceivedxanthorrhizolandcurcumin(0.02mg/kg)daily,byoral
route,for6daysafterMatrigelimplantation.After7days,theskinofthemousewas
easilypulledbacktoexposetheMatrigelplug,whichremainedintact.Afterbeing
photographed,theplugsfromallgroupswerecollectedandweighed.Sampleswere
mincedanddilutedinwatertomeasurethehemoglobincontents.Toquantifythe
formationofafunctionalvasculatureintheMatrigelplug,theamountofhemoglobin
wasmeasuredusingDrabkin'sreagentkit525(Sigma,St.Louis,MO,USA).The
concentrationofhemoglobinwascalculatedfrom aknownamountofhemoglobin
assayedinparallel.Resultsfromtheinvivoexperimentareexpressedasmeang/dlof
hemoglobin±SE.Statisticalanalysesofthedatawereperformedusingthepaired
Student'st-test,withp<0.05consideredstatisticallysignificant.

9.Westernblotanalysis

TheconfluentHUVECswereplacedinserum-freemedium overnightpriorto
treatment.Aftertreatmentwithvariousagentsandconditions,cellswerewashed
withcoldphosphatebufferedsaline(PBS,GIBCO,GrandIsland,NY,USA),andlysis
buffer(10mmol/LTris-HCl,pH7.4,with1% NP-40,0.1% sodium deoxycholate)
containingproteinaseinhibitors(Complete,Roche,Mannheim,Germany)wasadded
followedbycentrifugationat15,000gfor20minat4℃.Supernatantswereseparated
andusedaswholecellextracts.Totalproteinconcentrationsweredeterminedusing
bovineserumalbuminasastandard.Samples(40μgprotein)wereseparatedonan
8-10%gradientpolyacrylamidegel.ForNF-κB,nuclearextractswerepreparedwith
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lysisbufferA(10mM HEPES,1.5mM MgCl2,10mM KCl,0.5mM DTT,0.2mM
PMSF)andbufferC(20mMHEPES,20%glycerol,420mMNaCl,1.5mMMgCl2,0.2
mMEDTA,0.5mMDTT,0.2mMPMSF).Fifteenmicrogramsofnuclearproteinwas
used in each experimentand transferred to polyvinylidenefluoride(PVDF)
membrane(Amersham,ArlingtonHeights,IL,USA).Themembraneswereincubated
withTween-TBScontaining5%nonfatdrymilkatroomtemperaturefor2htoblock
nonspecificantibodybinding.Membraneswerethenincubatedwithananti-Akt
antibody,ananti-phospho-Aktantibody(CellSignaling,Beverly,MA,USA),an
anti-eNOS antibody, an anti-phospho-eNOS antibody (BD Transduction
Laboratories,SanDiego,CA,USA),ananti-ICAM-1antibody,ananti-VCAM-1
antibody,ananti-E-selectinantibody(SantaCruzBiotechnology,SantaCruz,CA,
USA),ananti-p65antibody,ananti-p50antibody(CellSignaling,Beverly,MA,USA),
orananti-β-actinantibody(Sigma,St.Louis,MO,USA)overnightat4℃.The
membraneswere then incubated with an appropriate peroxidase-conjugated
secondaryantibodyandidentifiedusingachemiluminescencedetectionkit(Santa
CruzBiotechnology,SantaCruz,CA,USA).
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IIIIIIIII...RRREEESSSUUULLLTTTSSS

111...XXXaaannnttthhhooorrrrrrhhhiiizzzooolllaaannndddcccuuurrrcccuuummmiiinnniiinnnhhhiiibbbiiitttVVVEEEGGGFFF---iiinnnddduuuccceeedddppprrrooollliiifffeeerrraaatttiiiooonnnooofffHHHUUUVVVEEECCCsss

The inhibitory effectsofxanthorrhizoland curcumin on VEGF-induced
proliferationofHUVECswereevaluatedtodeterminetheantiangiogenicactivityof
these phytochemicals in vitro.Both xanthorrhizoland curcumin inhibited
VEGF-induced HUVECsproliferation in adose-dependentmanner,with half
maximalinhibitionat10μM and5μM,respectively(Figure2A).Quantificationof
BrdUincorporationduringDNAsynthesisinproliferatingcellswasanindexofcell
viability.At1-20 μM doses,xanthorrhizolandcurcumintreatmentofHUVECs
resulted in24-50% and 21-42% inhibitioninBrdU incorporation,respectively,
suggestingthatinhibitionofDNAsynthesismightbeasignificantcontributorin
xanthorrhizolandcurcumin-causedcellproliferationinhibitioninHUVECs(Figure
2B).Thisinhibitory effectwasnotdue to cytotoxicity ofxanthorrhizolin
endothelialcell,becausexanthorrhizolhadnoeffectonnormalgrowthofHUVECs
devoidofVEGFstimulationupto20μM(showedover80%ofviability)(Figure2C).
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Figure1.Chemicalstructureofxanthorrhizolandcurcumin
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Figure2.Theeffectsofxanthorrhizolandcurcuminonvascularendothelialgrowth
factor(VEGF)-inducedproliferationandDNAsynthesisofHUVECs.Xanthorrhizol
and curcumininhibitVEGF-induced proliferation.HUVECsweretreated with
variousconcentrations(1-20μM)ofxanthorrhizolandcurcumininthepresenceof
VEGF(20ng/ml).After72hincubation,thecellviabilitywasmeasuredbyanMTT
assay(A).XanthorrhizolandcurcumininhibitDNA synthesis.Attheendof
treatment,cellswereincubatedwithBrdUlabelingsolutionfollowedbyfixationand
incubationwithanti-BrdU peroxidaseconjugate.Finally,aftersubstratereaction,
colorintensitywasmeasuredwithmulti-wellmicroplatereaderat405nmasdetailed
inMaterialsandmethods(B).TreatmentofxanthorrhizolonHUVECswithout
VEGF.HUVECsweretreatedwith1-20μM ofintheabsenceofVEGF.After72h
incubation,thecellviabilitywasmeasuredbyanMTTassay(C).Thedataare
presentedasmean±SE;#,p<0.001,##,p<0.01versusVEGF-nontreatedgroupand*,
p<0.001,**,p<0.005versusVEGFalone;bars
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222...XXXaaannnttthhhooorrrrrrhhhiiizzzooolllaaannnddd cccuuurrrcccuuummmiiinnn iiinnnhhhiiibbbiiitttVVVEEEGGGFFF---iiinnnddduuuccceeeddd mmmiiigggrrraaatttiiiooonnn aaannnddd tttuuubbbeee
fffooorrrmmmaaatttiiiooonnnooofffHHHUUUVVVEEECCCsss

Migratingendothelialcellswereinvestigatedbecausetheyareanimportantin
angiogenesis.Theeffectsofxanthorrhizolandcurcuminonthechemotacticmotility
ofHUVECsweremeasuredusingaTranswellplate.VEGF(20ng/ml)significantly
increasedcellmigration,butthiseffectwasblockedbyxanthorrhizolandcurcumin
dose-dependently(Figure3).
Next,the effects ofxanthorrhizoland curcumin on the morphological

differentiationofHUVECswereinvestigatedusingatwo-dimensionalMatrigel.
WhenHUVECswereplacedonagrowthfactor-reducedMatrigelinthepresenceof
VEGF(20ng/ml),VEGFledtotheformationof elongatedandrobusttube-like
structures.Bothcompoundseffectivelyabrogatedthewidthandthelengthof
endothelialtubesinducedbyVEGFinaconcentration-dependentmanner(Figure4).
Treatmentwith10 μM ofxanthorrhizolandcurcuminshowedincompletetube
formationintheVEGF-treatedHUVECs,whereastreatmentwith20μM ofeach
compoundinhibitedtubeformationcompletely.
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Figure3.XanthorrhizolandcurcumininhibitVEGF-inducedmigrationofHUVECs.
ChemomigrationoftheHUVECswasperformedusinga12-wellTranswellculture
chamberwith8.0μm-pore-polycarbonatefilterinserts.Thelowersurfaceofthefilter
wascoatedwith10μlgelatin(1g/ml).HUVECswereplacedintheupperpartofthe
filtertreatedwithvariousconcentrationsofxanthorrhizolandcurcumininthe
presenceofVEGF(20ng/ml).After7hincubation,chemotaxiswasquantifiedby
countingthecellthatmigratedtothelowersideofthefilterwithopticalmicroscope
at×200magnification.Thedataarepresentedasmean±SE;#,p<0.005,versus
VEGF-nontreatedgroupand*,p<0.005,**,p<0.01versusVEGFalone;bars
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Figure4.XanthorrhizolandcurcumininhibitVEGF-inducedtubeformationof
HUVECs.HUVECswerecollectedandreplatedonMatrigel-coated24-wellplatesata
density of2×105cells/welland then incubated in the presence ofvarious
concentrationsofxanthorrhizolandcurcuminwithVEGF(20ng/ml).After8h,
microphotographsweretaken(×40).
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333...TTThhheeeuuuppp---rrreeeggguuulllaaatttiiiooonnnooofffttthhheeeppphhhooosssppphhhooorrryyylllaaatttiiiooonnnooofffAAAkkktttaaannndddeeeNNNOOOSSSeeexxxppprrreeessssssiiiooonnnbbbyyy
VVVEEEGGGFFFiiinnnHHHUUUVVVEEECCCsss

TotestwhetherVEGFincreasesAktkinaseandeNOSactivityinendothelialcells,
HUVECswerestimulatedwithVEGFforvariousdurations,andthephosphorylation
ofAktandeNOSwasassessedbyaWesternblotassayusinganti-phospho-Aktand
anti-phospho-eNOSantibodies.AsshowninFigure5A andFigure6A,VEGF
increased Akt and eNOS phosphorylation significantly compared to the
phosphorylationobservedinunstimulatedHUVECsat30min.

444... TTThhheee eeeffffffeeeccctttsss ooofff xxxaaannnttthhhooorrrrrrhhhiiizzzooolll aaannnddd cccuuurrrcccuuummmiiinnn ooonnn VVVEEEGGGFFF---iiinnnddduuuccceeeddd
ppphhhooosssppphhhooorrryyylllaaatttiiiooonnn ooofff AAAkkkttt aaannnddd eeeNNNOOOSSS eeexxxppprrreeessssssiiiooonnn vvviiiaaa ppphhhooosssppphhhaaatttiiidddyyyllliiinnnooosssiiitttooolll
333---kkkiiinnnaaassseee(((PPPIII333kkk)))iiinnnHHHUUUVVVEEECCCsss

IthasbeenestablishedthattheAkt/NOpathwayiscriticalforVEGF-induced
endothelialcellmigration,proliferation,andtubeformationinvitro.VEGFinduced
phosphorylationofAkt(Ser473)andendothelialNOsynthase(eNOS:Ser1177)playsa
keyroleinVEGF-stimulated angiogenesis.Therefore,theeffectsofxanthorrhizol
andcurcuminonVEGF-inducedAktandeNOSphosphorylationwereevaluated
usingantibodiesdirectedagainstthephosphorylatedformsofAktandeNOS,
respectively.BecauseVEGFinducesamaximaleffectontheexpressionofthese
phosphorylatedformsat30min,weexaminedtheeffectsofeachcompoundatthis
timepoint.Pretreatmentofcellswithxanthorrhizolandcurcuminfor1hseemedto
bemoreeffectivethancotreatmentwithbothcompounds.Inthecaseofpretreatment,
bothxanthorrhizolandcurcuminsignificantlydiminishedVEGF-inducedAktand
eNOSphosphorylationinadose-dependentmannerwithoutanychangeintotalAkt
andeNOSproteinlevels(Figure5B,Figure6B).Atadoseof20μMofxanthorrhizol
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andcurcumin,phosphorylatedformsofAktandeNOSwereabolishedcompletely.
Curcumin also showed aslightdecreasein totalAktand eNOSlevelsbut
xanthorrhizoldidnot.HUVECswerealsotreatedwithspecificPI3kinhibitor,
wortmannin,to identify theinvolvementofPI3k with Aktand eNOS.The
phosphorylation ofAktand eNOSwerealso blocked by pretreatmentwith
wortmannin(Figure5B,Figure6B).
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Figure5.XanthorrhizolandcurcumindownregulatephosphorylationofAktinduced
byVEGFinHUVECs.Phospho-Aktwasmaximallyexpressedat30minafterVEGF
stimulationandwasdeterminedbyWesternblotanalysis(A).Aktphosphorylation
attheSer473wasmeasuredafterHUVECswerecotreatedorpretreatedwithvarious
concentrations(1,10,20μM)ofxanthorrhizolandcurcumininthepresenceofVEGF
(20ng/ml)for30min.HUVECswerealsotreatedfor30minwiththePI3kspecific
inhibitor,wortmannin(400nM)(B).Totalcelllysate40μgfrom eachsamplewas
resolved by 10% SDS-polyacrylamide gel electrophoresis, transferred to
polyvinylidenefluoridetransfermembrane,andprobedwithanti-phospho-Akt
antibody.ThesameblotswerestrippedandreprobedwithantibodiestoAkt(total
Akt)and toactintodemonstrateequalproteinloading.Specificbandswere
visualizedusingtheenhancedchemiluminescencedetectionkit(ECL)system.
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Figure6.XanthorrhizolandcurcumindownregulatephosphorylationofeNOS
inducedbyVEGFinHUVECs.Phospho-eNOSwasmaximallyexpressedat30min
afterVEGFstimulation(A).PhosphorylationattheSer1177positionwasmeasured
afterHUVECswerecotreatedorpretreatedwithvariousconcentrations(1,10,20μM)
ofxanthorrhizolandcurcumininthepresenceofVEGF(20ng/ml)for30min.
HUVECswerealsotreatedfor30minwiththePI3kspecificinhibitor,wortmannin
(400nM)(B).Totalcelllysate40 μgfrom eachsamplewasresolvedby8%
SDS-polyacrylamidegelelectrophoresis,transferred to polyvinylidenefluoride
transfermembrane,andprobedwithanti-phospho-eNOSantibody.Thesameblots
werestrippedandreprobedwithantibodiestoeNOS(totaleNOS)andtoactinto
demonstrateequalproteinloading.SpecificbandswerevisualizedusingtheECL
system.
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555...TTThhheeeuuuppp---rrreeeggguuulllaaatttiiiooonnnooofffaaadddhhheeesssiiiooonnnmmmooollleeecccuuullleeessseeexxxppprrreeessssssiiiooonnnbbbyyyVVVEEEGGGFFFiiinnnHHHUUUVVVEEECCCsss

HUVECswerestimulatedwithVEGFforupto24htoelucidatetheeffectsof
VEGFonICAM-1,VCAM-1,andE-selectinexpression.Theadditionof20ng/ml
VEGFincreasedtheexpressionofICAM-1,VCAM-1,andE-selectinandproduceda
maximaleffectat6h(Figure7).
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Figure7.TheeffectsofVEGFonthetimecourseofICAM-1andVCAM-1,and
E-selectinexpressioninHUVECs.HUVECswereincubatedwith20ng/mlVEGFfor
theindicatedtimes.Eachlanecontains40μgofcelllysateprotein.TheWesternblot
wasprobedwithananti-ICAM-1antibodyoranVCAM-1antibody,oranE-selectin
antibody.Thesameblotswerestrippedandreprobedwithanti-actinantibodyto
verifyequalloadingofproteinineachlane.
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666...TTThhheeeeeeffffffeeeccctttsssooofffxxxaaannnttthhhooorrrrrrhhhiiizzzooolllaaannnddd cccuuurrrcccuuummmiiinnn ooonnn VVVEEEGGGFFF---iiinnnddduuuccceeeddd aaadddhhheeesssiiiooonnn
mmmooollleeecccuuullleeessseeexxxppprrreeessssssiiiooonnniiinnnHHHUUUVVVEEECCCsss

TheexpressionofCAMsonthesurfaceofendothelialcellsisrequiredforcell-cell,
cell-ECM,andcell-leukocyteinteractions.TheexpressionofICAM-1,VCAM-1,and
E-selectinwereexaminedtodeterminetheinhibitoryeffectsofxanthorrhizoland
curcuminonVEGF-inducedadhesionmoleculeexpressionuponVEGFstimulation.
BecauseVEGF producesamaximum effecton expression oftheseadhesion
moleculesat6h,weexaminedtheeffectsofeachcompoundatthistimepoint.
Previousdatarevealedthatpretreatmentwithxanthorrhizolandcurcuminwas

more effective than cotreatment.Based on thisinformation,we also used
xanthorrhizolandcurcuminpretreatmentfortheinvitroexperiment.Treatmentwith
curcumin 1h priorto VEGF-stimulation prevented upregulation ofICAM-1.
Xanthorrhizol,however,failed to significantly modulate the VEGF-induced
expressionofICAM-1atanyoftheconcentrationsused.Instead,xanthorrhizol
upregulatedtheexpressionofICAM-1,especiallyatadoseof10μM(Figure8A).As
shownFigure8B,xanthorrhizolandcurcumin,atdosesrangingfrom 1to20μM,
inducedsignificantdose-dependentinhibitionofVCAM-1proteinexpression.Ata
doseof20μM,bothcompoundscompletelyabolishedtheVEGF-inducedexpression
ofVCAM-1.XanthorrhizolandcurcuminalsoinhibitedE-selectinexpressionina
dose-dependentmanner(Figure8C).Xanthorrhizolseemedtobemoreeffectivethan
curcumin.Unexpectedly,thePI3kkinaseinhibitor,wortmannin(400nM),enhanced
VEGF-stimulatedICAM-1,VCAM-1,andE-selectinexpression.
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Figure8.XanthorrhizolandcurcumininhibitVEGFinducedICAM-1andVCAM-1,
andE-selectinexpressioninHUVECs.HUVECswerepre-incubatedforanhourwith
theindicateddosesofxanthorrhizolandcurcumin,followedbystimulationwith
VEGF(20ng/ml)for6h.ExpressionofICAM-1(A)andVCAM-1(B),andE-selectin
(C)inHUVECsafterpre-incubationwithxanthorrhizolandcurcuminwasmeasured
byWesternblotanalysis.
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777...IIInnnhhhiiibbbiiitttooorrrsssccchhhaaannngggeeedddttthhheeeVVVEEEGGGFFF---iiinnnddduuuccceeedddeeexxxppprrreeessssssiiiooonnnooofffIIICCCAAAMMM---111,,,VVVCCCAAAMMM---111,,,aaannnddd
EEE---ssseeellleeeccctttiiinnnppprrrooottteeeiiinnnsssiiinnnHHHUUUVVVEEECCCsss

ThePI3kinhibitor,wortmannin(400nM),thenitricoxidesynthase(NOS)
inhibitor,L-NAME(5mM),theNF-κBinhibitor,parthenolide(5μM),andthePKC
inhibitor,chelerythrinechloride(5μM)wereaddedtotheHUVECs1hpriorto
VEGF-stimulationtoinvestigatethemajormechanismresponsiblefortheinduction
ofadhesionmoleculesbyVEGF.Consistentwithpreviousresults,wortmannin
enhanced VEGF-induced expression of ICAM-1, VCAM-1, and E-selectin.
Parthenolidesuppressed VEGF-induced expression ofICAM-1,VCAM-1,and
E-selectin whereasL-NAME did notinduceanyeffecton adhesion molecule
expression.ThetreatmentusingtheNF-κB inhibitor,parthenolide,completely
eliminatedtheVEGF-inducedexpressionofVCAM-1andE-selectincomparedto
ICAM-1. The PKC inhibitor, chelerythrine chloride, also suppressed the
VEGF-inducedexpressionofadhesionmolecules,butnotICAM-1(Figure9).These
resultssuggestthatVEGF-stimulatedexpressionofICAM-1,VCAM-1andE-selectin
maybemediatedmainlythroughtheactivationofNF-κB,alongwithPI3k-mediated
suppression.TheinductionofNOmaynotbeinvolvedintheregulationofICAM-1,
VCAM-1,and E-selectin.
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Figure9.ExpressionofadhesionmoleculesinVEGF-inducedHUVECspre-treated
withvariousinhibitors.HUVECswerepre-incubatedforanhourwiththePI3k
inhibitor,wortmannin(W,400nM),thenitricoxidesynthase(NOS)inhibitor,
L-NAME(L,5mM),theNF-κBinhibitor,parthenolide(P,5 μM),andthePKC
inhibitor,chelerythrinechloride(C,5μM),followedbystimulationwithVEGF(20
ng/ml)for6h.ExpressionofICAM-1andVCAM-1,andE-selectininHUVECswas
measuredbyWesternblotanalysis.



-32-

888... VVVEEEGGGFFF---iiinnnddduuuccceeeddd eeexxxppprrreeessssssiiiooonnn ooofff IIICCCAAAMMM---111,,,VVVCCCAAAMMM---111,,,aaannnddd EEE---ssseeellleeeccctttiiinnn wwwaaasss
cccooorrrrrreeelllaaattteeedddwwwiiittthhhNNNFFF---κκκκBBBaaaccctttiiivvviiitttyyy

BecausetheexpressionofadhesionmoleculeswasmainlyregulatedbyNF-κB,
weexaminedNF-κBactivityinHUVECstreatedwithVEGFintheabsenceor
presenceofxanthorrhizolandcurcumin.Weanalyzedthep65andp50subunitsof
NF-κBinthenuclearextractbyimmunoblotting.Xanthorrhizolandcurcumin
decreasednuclearlevelsofbothp50andp65.XanthorrhizolexhibitedastrongerNF-
κBinhibitoryeffectsthandidcurcuminatthesamedoses.(Figure10A).Wealsoused
thePI3kinhibitor,wortmannin,thenitricoxidesynthase(NOS)inhibitor,L-NAME,
theNF-κBinhibitor,parthenolide,andthePKCinhibitor,chelerythrinechloride.
WortmanninunexpectedlydecreasedVEGF-inducedp65andp50subunitswhereasit
enhancedtheVEGF-inducedexpressionofICAM-1,VCAM-1,andE-selectin.The
NOSinhibitor,L-NAMEandthePKCinhibitor,chelerythrinechloridedecreased
levelsofthep65andp50tobasallevels,andtheNF-κBinhibitor,parthenolide,
completelyblockednucleartranslocationofbothsubunits(Figure10B).These
observations suggestthatthe inhibitory effects ofadhesion molecules on
xanthorrhizolandcurcumincouldbemainlydependentontheNF-κBpathway.To
furtherclarifytheeffectsofxanthorrhizolandcurcuminontheVEGF-mediatedNF-κ
Bgeneexpression,transcriptionalactivitiesofthehumanNF-κBpromoterwere
measured.AsindicatedinFigure10C,VEGFsignificantlyincreasedNF-κBpromoter
activitybyapproximately4.6-fold.However,treatmentwithxanthorrhizoland
curcuminabolished theVEGF-induced transcriptionalactivationoftheNF-κB
promoterconstructdose-dependently.
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Figure10.ActivationofNF-κBbyVEGFandeffectsofxanthorrhizolandcurcumin,
andinhibitors.HUVECswerepre-incubatedforanhourwiththeindicateddosesof
xanthorrhizolandcurcumin,followedbystimulationwithVEGF(20ng/ml)for6h
(A).HUVECswerealso pre-incubated foran hourwith thePI3k inhibitor,
wortmannin(W,400nM),thenitricoxidesynthase(NOS)inhibitor,L-NAME(L,5
mM),theNF-κB inhibitor,parthenolide(P,5 μM),and thePKC inhibitor,
chelerythrinechloride(C,5μM),andthentreatedwithVEGF(20ng/ml)for6h(B).
NuclearextractwasanalyzedfornucleartranslocationofNF-κBmembers.Nuclear
extract15 μgfrom eachsamplewasresolvedby10% SDS-polyacrylamidegel
electrophoresis,transferred topolyvinylidenefluoridetransfermembrane,and
probedwithanti-p65antibody.Thesameblotswerestrippedandreprobedwith
anti-p50antibodyandtoactintodemonstrateequalproteinloading.Specificbands
werevisualizedusingtheECLsystem.Xanthorrhizolandcurcuminattenuate
transcriptionalactivationofthehumanNF-κBpromoterinVEGF-treatedHUVECs
(C).HUVECswere transfected with the firefly luciferase reporterplasmids
containingthehumanNF-κBpromotersequences,treatedwithxanthorrhizoland
curcuminatconcentrationsof1-20μMinapresenceofVEGF(20ng/ml)for16h.NF-
κBpromoteractivitywasanalyzedbydualluciferaseassayasdescribedinMaterials
andMethods.Thedataarepresentedasmean±SE;#,p<0.01versusVEGF-non
treatedgroupand*,p<0.05versusVEGFalone;bars
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999... TTThhheee eeeffffffeeeccctttsss ooofff xxxaaannnttthhhooorrrrrrhhhiiizzzooolll aaannnddd cccuuurrrcccuuummmiiinnn ooonnn ttthhheee ccchhhooorrriiioooaaallllllaaannntttoooiiiccc
mmmeeemmmbbbrrraaannneee(((CCCAAAMMM)))aaassssssaaayyy

Theabilityofxanthorrhizolandcurcumintoinhibitinvivoangiogenesiswasthen
examinedusingthechickchorioallantoicmembrane(CAM)assay.Retinoicacid,
whichisknowntohaveanti-angiogenicactivity,wasusedasapositivecontrol
compound.Xanthorrhizoland curcumin caused avascular zones,reflecting
anti-angiogenicactivityonthetreatedCAMs,whiletreatmentwithanempty
coverslip (control)did notproducean effectiveresponse.Thedose-response
relationshipfortheinhibitionofembryonicangiogenesisisshowninFigure11A.At
thedoseof1μg/egg,xanthorrhizolandcurcumininhibitedthevesselsformationto
29% and19.5%,respectively(Figure11B).Nosignsofthrombosisorhemorrhage
weredetectedinthedoserangeused.Theseresultsclearlyindicatethatxanthorrhizol
andcurcuminarepotentantiangiogenicmoleculesinvivo.
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Figure11.EffectsofxanthorrhizolandcurcuminonembryonicangiogenesisinCAM.
Fertilizedchickeggswerekeptinahumidifiedincubatorat37℃.Atthestageof
4.5-dayembryo,xanthorrhizol,curcuminorretinoicacid(RA)-loadedthermanox
coverslipwasappliedtotheCAM surface.Twodayslater,fatemulsion(10%)was
injectedintochorioallantoistomakethevascularnetworkclear.Thechorioallantois
wasobservedunderamicroscope.Retinoicacidwasloadedasapositivecontrol.
Dottedcirclesdenotetheareacoveredbythecoverslip(A).Quantificationofnewly
formedbloodvesselsdensity(B).Thedataarepresentedasmean±SE;*,<0.05versus
diskalone;bars
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Todeterminewhetherxanthorrhizolandcurcuminarecapableofblocking
VEGF-inducedangiogenesisinvivo,anestablishedinvivoangiogenesismodel,the
mouseMatrigelplugassay,wasperformed.MatrigelcontainingVEGF(100ng)with
orwithoutxanthorrhizoland curcumin (10 or 20 μM,respectively)were
subcutaneouslyinjectedintoC57BL/6mice.Sevendayslater,theMatrigelplugsthat
formedinthemicewereexcisedandphotographed.PlugswithVEGFalone
appeareddark-redincolor,whichindicatestheformationofafunctionalvasculature
insidetheMatrigelandbloodcirculationinnewlyformedvesselsbyangiogenesis
inducedbyVEGF.Incontrast,plugswithMatrigelaloneandmixedxanthorrhizolor
curcuminwerepaleincolorindicatingtheabsenceoformarginalbloodvessel
formation(Figure12A).ThehemoglobincontentinsidetheMatrigelplugswas
measuredtoquantifytheangiogenesisinhibitedbyxanthorrhizolandcurcumin.The
hemoglobincontentinVEGF-treatedwasincreasednearly800%,andxanthorrhizol
andcurcuminmarkedlyinhibitedthehemoglobincontentquantityto25%and40%
at10 μM,respectively(Figure12B).Wealsoevaluatedtheeffectsoftheoral
administrationofbothcompounds.Dailytreatmentofxanthorrhizolandcurcumin
(0.02mg/kg,p.o.)alsosignificantlyreducedtheangiogenicresponseevokedby
VEGFwithoutweightloss(Figure12C).Theseresultsindicatethatxanthorrhizoland
curcuminarecapableofinhibitingVEGF-inducedneovesselformationinvivomodel
systemandthattheyareeffectiveasanoralagent.
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Figure12.XanthorrhizolandcurcumininhibitVEGF-inducedangiogenesisinvivo.
C57BL/6micewereinjectedwith600μlofMatrigelcontainingVEGF(100ng)and10
or20μMofxanthorrhizolandcurcuminrespectively.After7days,micewerekilled
andMatrigelplugswereexcised.RepresentativeMatrigelplugsthatcontainedno
VEGF(control),VEGFalone,orVEGFplusxanthorrhizolandcurcuminwere
photographed and weighed (A).Quantification ofneovesselformation by
measurementofhemoglobinintheMatrigel(B).AfterinjectionofMatrigelaloneor
containingVEGF,themiceweretreateddailywithxanthorrhizolandcurcuminata
doseof0.02mg/kgbyoralgavage.ThecontrolmicereceivedonlyPBS.Atday7,
plugswerecollected,andtheangiogenicresponsewasevaluatedbymeasuringthe
hemoglobincontentoftheplugs(C).Thedataarepresentedasmean±SE;#,p<0.01,
##,p<0.05versusVEGF-nontreatedgroupand*,p<0.01,**,p<0.05versusVEGF
alone;bars
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Angiogenesis,theformationofnewbloodvesselsfrompre-existingendothelium,
isafundamentalstepinavarietyofphysiologicalandpathologicalconditions
includingwoundhealing,embryonicdevelopment,chronicinflammation,tumor
progression,andmetastasis.Solidtumorscannotgrowbeyondacertainsizewithout
inducingtheformationofnewbloodvessels.41Angiogenesis,therefore,isessential
fortumorgrowthandthepharmacologicaldown-regulationofangiogenesisorthe
suppressionofnewvasculargrowth,isanimportantavenueforthedevelopmentof
anovelclassofanticanceragents.Recently,considerableattentionhasbeenfocused
onthenaturallyoccurringphytochemicalsthatexistinmedicinaloredibleplantsas
good sourcesofnovelchemopreventiveagents.Ithasbeen anticipated that
phytochemicals with antioxidative and anti-inflammatory activity willexert
chemopreventiveeffectsincarcinogenesis,particularlyinthepromotionstage.
Wehavepreviously demonstrated thatxanthorrhizolinhibited theCOX-2

expressionandNF-κBactivationinducedbyTPA inmouseskinaswellasthe
two-stagemouseskincarcinogenesisinducedbyDMBA-TPA.Ithasalsobeen
reported thatxanthorrhizolhas the potentialto attenuate cisplatin-induced
nephrotoxicity42,andhasananti-metastaticpotentialinanexperimentalmouselung
metastasismodel.43

Curcumin(diferuloylmethane)isaprincipalyellow pigmentpresentinthe
rhizomeofturmeric(CurcumalongaL).Previousstudieshavedemonstrated
anti-carcinogenicpropertiesofcurcumininanimals,includingtheinhibitionof
tumorinitiationinducedbybenzo-(a)pyreneandtumorpromotioninducedby
phorbolestersonmouseskin.44,45

In thepresentstudy,weprovidedirectevidence,forthefirsttime,that
xanthorrhizolhaspotentantiangiogenicactivityinvitroandinvivo.Ourresults
supportthetumor-preventiveactionofxanthorrhizol.Wealsoinvestigatedthe
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antiangiogeniceffectofcurcumin in ordertocompareitwith xanthorrhizol.
Xanthorrhizolisderivedfromthesamegenusascurcuminwhichhasalreadybeen
developedasachemopreventiveagent.
VEGFisgeneratedfromavarietyoftumorsandisthemostimportantangiogenic

factorassociatedwithinductionandmaintenanceoftheneovasculatureinhuman
tumors.46 Thus,theeffectsofxanthorrhizoland curcumin on VEGF-induced
angiogenesiswereinvestigatedinthisstudy.
Atthecellularlevel,xanthorrhizolandcurcuminalmostcompletelysuppressed

thestimulatoryeffectofVEGFonendothelialcellproliferation,migration,andtube
formation,whicharethekeyeventsintheangiogenesisprocess.Xanthorrhizoland
curcumin inhibited VEGF-induced HUVECsproliferation in adose-dependent
manner,withhalfmaximalinhibitionat10μM and5μM,respectively(Figure2A),
and also inhibited VEGF-induced DNA synthesis ofHUVECs (Figure 2B).
Endothelialcellmigration,whichisanotherkeystepinangiogenesis,wasalso
inhibitedbyxanthorrhizolandcurcumininadose-dependentmanner(Figure3).
Consistentwiththeseresults,tubeformation,oneofthecharacteristicfeaturesof
endothelialcellsduringangiogenicdevelopment,wasblockedbybothxanthorrhizol
and curcumin.Atadoseof20 μM,xanthorrhizoland curcumin completely
eliminatedthetubeformationofendothelialcells(Figure4).
Theserine/threonineproteinkinase,Akt,isadownstreameffectorofPI3kthatis

activated by a variety ofgrowth factorsincluding thoseknown to induce
angiogenesis,suchasVEGFandbFGF.47ConstitutiveactivePI3kandAktinduce
angiogenesis,andtheinhibitionofPI3ksignalinginterfereswithangiogenesis.PI3k
signalingalsomediatesVEGFexpressioninendothelialcells,suggestingpossible
involvementofthePI3k-Aktpathwayintheangiogenicprocess.48Inadditiontoits
survival-promotingeffect,Akthasrecentlybeenshowntopromoteendothelialcell
migrationbyphosphorylatingandactivatingeNOS,whichleadstoanincreaseinNO
productionandupregulationoftheintracellularadhesionmolecule-1(ICAM-1)
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expressioninratprimarybrainmicrovascularendothelialcells(BMEC).49Inthis
study,we found thatVEGF increased Akt(Ser473)and eNOS (Ser1177)
phosphorylation strongly at30 min,and thatxanthorrhizoland curcumin
significantlydiminishedVEGF-inducedAktandeNOSphosphorylationatthesame
timepointinadose-dependentmannerwithoutinducingachangeinthetotalAkt
andeNOSproteinlevels.TherewereslightdecreasesintotalAktandeNOSwhen
treatedwith20μM ofcurcumin.Wortmanninalsodown-regulatedVEGF-induced
AktandeNOSphosphorylation(Figure5,Figure6).Theseresultssuggestthat
xanthorrhizolandcurcuminmayexerttheirantiangiogenicabilitybyinterferingwith
thePI3k/Akt/eNOSsignalingpathway.
Thereareevidencesthatadhesionmoleculesmayplayaroleinangiogenesis.A

study by Radisavljevic et al.49 showed that vascular endothelial growth
factor-mediatedendothelialcellmigrationinvolvesincreasedICAM-1expression
throughanAkt/NO-dependentpathway.NguyenM etal.50showedthatantibodies
directedagainstE-selectininhibitedtheformationofcapillary-liketubesinvitro.
Therefore,weinvestigatedwhetherxanthorrhizolandcurcumininhibitedadhesion
molecules(ICAM-1,VCAM-1,andE-selectin)inVEGF-stimulatedHUVECs.We
foundthatVEGFenhancedtheexpressionofallthreeadhesionmolecules.Maximal
expressionsoftheadhesionmoleculeswerereachedby6h(Figure7).Interestingly,
xanthorrhizolinhibitedVCAM-1andE-selectinexpressionsinadose-dependent
mannerbutshowedrelativelyweakeractivityinthecaseofICAM-1,whereas
curcumininhibitedexpressionofthreemoleculestested(Figure8).Additionally,we
alsousedPI3kinhibitor,wortmannin,nitricoxidesynthase(NOS)inhibitor,L-NAME,
NF-κB inhibitor,parthenolide,and PKC inhibitor,chelerythrine chloride to
investigatethemajormechanism leadingtheinductionofadhesionmoleculeson
VEGF-induced HUVECs (Figre 9). Unexpectedly, wortmannin enhanced
VEGF-stimulatedexpressionofICAM-1,VCAM-1,andE-selectin.Parthenolide,
however,completelysuppressedtheVEGF-inducedexpressionofVCAM-1and
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E-selectincomparabletoICAM-1,whereasL-NAMEdidnotproduceanyeffectonthe
expressionofthoseadhesionmolecules.TheinductionofNOmaynotbeinvolvedin
the regulation of these adhesion molecules. It has been reported that
VEGF-stimulatedexpressionofICAM-1,VCAM-1,andE-selectinmRNAwasmainly
regulatedthroughNF-κBactivationwithPI3ksuppression,butwasindependentof
nitricoxideandMEK.Theyshowedthatinsulin,PI3kactivator,suppressedboth
basalandVEGF-stimulationofadhesionmoleculesexpression.51Consistentwith
abovereport,ourresultssuggestedthattheVEGF-stimulatedexpressionofICAM-1,
VCAM-1,andE-selectinproteinsmaybemainlymediatedthroughtheactivationof
NF-κB,alongwithPI3k-mediatedsuppression.
Ludwigetal.52demonstratedthatepigallocatechin-3-gallate(EGCG),themajor

componentingreentea,selectivelyreducedcytokine-inducedVCAM-1,butnot
ICAM-1andtheE-selectinsurfaceexpressioninHUVECs.Babitaetal.53reportedthat
diferuloylmethaneisthemostactivecomponentpresentintheethylacetateextractof
CurcumalongaL.forinhibitingTNF-α inducedICAM-1,VCAM-1,andE-selectin
expressioninHUVECsatdosesof40 μM.Toyoakietal.54demonstratedthat
inhibitionofendogenousNOsynthesisbyL-NAMEinhibitedendothelialexpression
ofintegrinαVβ3inbothnormoxicandhypoxicconditions.Incontrast,L-NAMEdid
notalterexpressionofotherpotentiallyangiogenesis-relatedcelladhesionmolecules
suchasPECAM-1,VCAM-1,ICAM-1,connexin43,orVE-cadherin.
TheNF-κBfamilyoftranscriptionfactorsisknowntoparticipateintheregulation

ofnumerousgenesthatarerequiredforcellgrowthandsurvival.NF-κBisa
heterodimer,mostlycomposed ofp65and p50subunitsand retained inthe
cytoplasmasaninactiveformthroughinteractionwithIκBinhibitoryproteins,such
asIκBα.55Becausepreviousresultsshowedthattheexpressionofadhesionmolecules
ismainlyregulatedbyNF-κB,weexaminedwhetherxanthorrhizolandcurcumin
inhibitednucleartranslocationofNF-κBsubunits(Figure10).Xanthorrhizoland
curcumin decreased nuclearlevelsofboth VEGF-induced p50 and p65 in
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VEGF-stimulatedHUVECs.Thedecreaseinproteinlevelsofbothsubunitsoccurred
atalowerdoseofxanthorrhizol,whichwasmoreeffectivethanthatofcurcuminat
thesamedose.TofurtherprovethetranscriptionallevelofNF-κBbyxanthorrhizol
and curcumin treatment,transienttransfection and reportergeneassaywere
performedbyusingapromoter/reporterplasmidconstructcontainingthehuman
NF-κBgenefusedtoareporter,luciferase.SignificantdecreasesinNF-κBpromoter
transcriptionalactivitybyxanthorrhizolandcurcumininapresenceofVEGFwere
observed(Figure10C).Incontrasttopreviousadhesionmoleculeexpressiondata,
wortmannindecreasedVEGF-inducedp65andp50subunits,suggestingadifferent
targetortargetsforitsactionotherthanPI3k,whichisupstream aswellas
directly/indirectlylinkedtotheNF-κBpathway.Theseresultssuggesttheneedfor
furtherinvestigationofthisphenomenon.Inrecentreport,preincubationofHUVECs
with100μMofEGCGfor1hpriortoTNF-α stimulationdidnotsignificantlyprevent
thenucleartranslocationofp65andp50.52Inourresults,however,xanthorrhizol
completelydecreasedproteinlevelsofbothsubunitatthedoseof10μM.Ithasbeen
wellacceptedthatNF-κBsignalingpathwayplaysimportantroleinthecancer
biology.So,weexpectthatxanthorrhizolwillexertitsanticanceractivityindiverse
fieldincludingcontrolofcellgrowth,apoptosis,inflammation,stressresponseand
manyotherphysiologicalprocesse.
Itisimportanttoknow abouttheanti-angiogeniceffectwithphytochemicals

administration,becausegoodcandidateforanti-angiogenicdrugsincludethose
availablefororaladministrationforalongtermwithoutseveresystemicsideeffects.
Thus,weinvestigatedtheeffectsofxanthorrhizolandcurcuminonangiogenic
differentiationusinganinvivoMatrigelplugmodelandCAMassay.Thisisthefirst
timeaninvivoassaymodelhasshowntheanti-angiogenicactivityofxanthorrhizol
andthatthiscanbeachievedbyoraldosing.Bothxanthorrhizolandcurcumin
significantlysuppressedtheinductionofnewbloodformationintheMatrigelplug
implantedinC57BL/6miceinresponsetoVEGF(Figure12),andinhibitedthe
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formationofbloodvesselsintheCAM assay(Figure11).IntheCAM assay,
xanthorrhizolseemedtobemoreeffectivethanthepositivecontrol,retinoicacid
(Figure11).Theseantiangiogenicactivitiesofxanthorrhizolandcurcumininvivo
may beexplained by theirinhibitoryaction on proliferation,migration,and
differentiationofendothelialcellsinresponsetoangiogenicgrowthfactorssuchas
VEGF.
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In conclusion,the pleiotropicantiangiogeniceffectsofxanthorrhizoland
curcumininvolvetheinhibitionofgrowthandcapillarytubeorganizationand
reducedthemigrationofhumanendothelialcells.Themoleculareventsassociated
withtheseeffectsincludethedownregulationofthephosphorylationofAktand
eNOS;inhibitionofICAM-1andVCAM-1,andE-selectinexpression;andinhibition
ofNF-κBsignaling.Additionally,wealsoobservedtheantiangiogenicactivitiesof
xanthorrhizolandcurcumininmouseMatrigelplugsandCAM assays.Taken
together,thesefindingsprovideamechanisticrationaleforthedevelopmentof
xanthorrhizolandcurcuminasorallyadministeredangiopreventive/antiangiogenic
agentsforclinicaluse.
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ABSTRACT(IN KOREAN)

Xanthorrhizol과 curcumin의 신생혈관 억제 능 및
세포내 신호전달 체계를 통한 작용기전

<지도교수 박 광 균 >

연세대학교 대학원 의과학과

김 미 정

신생혈관형성(angiogenesis)은 기존의 미세혈관으로부터 새로운 모세혈관이 생성
되는 과정으로서 종양의 성장과 전이에 중요한 단계이다.신체내의 정상적인 생리
조건에서 혈관내피세포의 증식은 엄격히 조절되는데 반해 당뇨병성 망막증,자궁
내막증,건선,동맥경화증,암과 같은 병리학적 조건에서는 무절제한 혈관신생이
일어난다.특히 고형 암의 성장에 필수적으로 신생혈관이 발생한다.이에 혈관신
생을 억제하는 물질 개발이 암 치료에 있어 중요한 부분으로 인식되고 있다.
VascularEndothelialGrowthFactor(VEGF)는 혈관신생 촉진 인자로 널리 알려
져 있다.특히 혈관내피세포의 유사분열촉진인자와 화학 주성인자의 기능을 가지
고 있으며 상처 치유,신생혈관,허혈성 조직,종양 성장,혈관 보호,지혈과정에
관련되어 있고,혈관내피세포의 생존을 촉진한다.
Phosphatidylinositol3-kinase(PI3k)는 celladhesion,vesiculartrafficking,protein
synthesis그리고 cellsurvival과 같은 많은 세포내 기능에 관련되어 있다.PI3k의
downstream target인 serine-threonine kinase인 Akt는
phosphoinositide-dependentprotein kinase (PDK)에 의해 Thr-308,Ser-473에
phosphorylation됨에 따라 활성화 되어 cellsurvival,glycogen metabolism,
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cellulartransformation그리고 myogenicdifferentiation을 조절한다.
NitricOxide (NO)는 혈관내피세포의 생존에 중요한 역할을 하고 있다.이는
NitricOxideSynthase(NOS)에 의해 생성되는데,특히 혈관 내에서 생성되는
eNOS는 VEGF에 의해 Akt에 의존적으로 Ser-1177에 인산화가 유도되어 신생혈관
에 관여한다고 알려져 있다. 또한 세포 표면에 존재하는 adhesionmolecule역시
세포의 이동과 관계되어 혈관신생에 영향을 미친다.Adhesionmolecule의 종류에
는 intercellularadhesionmolecule-1(ICAM-1),vascularcelladhesionmolecule-
1(VAM-1),E-selection등이 존재한다.
Xanthorrhizol은 Curcuma xanthorrhiza Roxb,의 뿌리줄기에서 추출한
sesquiterpenoid로서 인도네시아에서 전통적으로 식용,의약용으로 사용되어 왔다.
CurcumalongaL,의 뿌리줄기에서 분말화 한 삼황 분말의 활성 물질인 curcumin
은 커리의 독특한 색과 향에 주요 성분 이다.Curcumin역시 염증을 치료하기 위
해 민간요법으로 사용되어 왔고,항산화 작용,항염증 작용이 보고 된 바 있다.
본 연구에서는 xanthorrhizol과 curcumin의 신생혈관 억제 능을 invitro,invivo
상에서 확인하였다.혈관형성의 주 세포가 되는 혈관내피세포를 이용하여 invitro
상에서 혈관형성 과정에서 필수적인 단계가 되는 혈관내피세포의 증식,혈관 고리
형성,이동이 억제되는 것을 확인하였고,계란의 융모요막을 이용하여 혈관신생억
제를 확인할 수 있는 CAM assay와 Matrigel을 이용한 miceMatrigelplugassay
를 이용하여 invivo상에서 xanthorrhizol과 curcumin의 신생혈관억제효능을 확인
하였다.또한 세포 생존과 관련되어 있어 혈관신생을 유도하는 것으로 알려져 있
는 PI3k와 이의 downstream effector인 Akt와 세포의 생존,그리고 특히 세포의
이동에 관련을 하고 있는 eNOS를 protein수준에서 억제되는 것을 확인하였으며,
adhesionmolecule의 protein발현을 NF-κB에 의존적으로 억제시키는 것을 확인
하였다.위와 같은 결과로,식물 유래화합물인 xanthorrhizol과 curcumin의 암을
치료하는데 있어 신생혈관억제제로서의 유용성을 제시하고 있다.

핵심되는 말 :잔토리졸,컬큐민,혈관내피세포,신생혈관,PI3k/Akt/eNOS,
adhesionmolecules,NF-κB
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