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Abstract

Theprecisecorrelationbetweenmagnesiumandcardiovasculardiseaseremainstobeestablished.Matrixmetalloproteinases

(MMPs)areexpressedincoronaryarterialatheroscleroticlesions.MMPproductioninvascularsmoothmusclecells(VSMCs)is

stimulatedbygrowthfactorssuchasplatelet-derivedgrowthfactor(PDGF).Toassesstheassociationbetweenmagnesiumand

MMPs,weexaminedtheef飴ctsofdif飴rentextracellularmagnesiumconcentrations(0-3,0mmol!l)onMMPsproductionin

culturedratVSMCsunderbasalandPDGF-stimulatedconditionsusinggelatinzymographyandwesternblotting.Asmagnesiumis

calledanaturalcalciumantagonist,wefurthercomparedtheef飴ctsofmagnesiumwithsomecalciumantagonists.Magnesium

reducedMMP-2productiondose-dependentlyatbasalandPDGF-stimulatedconditionsinVSMCs.However,neitherverapamil

norni飴dipineinHuencedMMP-2productionunderanyconditionsexamined.Theef艶ctofmagnesiumontheproductionofMMP-

2wasinhibitedbytwotyrosinekinaseinhibitors-genisteinandherbimycinA.Theresultsofthisstudyindicatethatextracellularly

addedmagnesiumdecreasedMMPssecretion,whichappearstobeassociatedwithproteintyrosinekinase.

◎2002ElsevierScienceIrelandLtd.Allrightsreserved.
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1.Introαuction

Magnesiumhasbeenimplicatedinthenegative

correlationbetweencardiovasculardiseaseandhardness

ofdrinkingwater[1].Dietarydeficiencyofmagnesium

augmentsatherogenesismarkedlyinexperimentalani-

malsfbdahighcholesteroldiet,whileoralsupplementa-

tionofmagnesiumtosimilaranimalslowersserum

lipidsandattenuatestheatheroscleroticprocess[2].The

magnesiumstatusofmenwithvariantanginahasbeen

proventobecloselyrelatedtodiseaseactivity[3].
However,Liaoetal.indicatedthattheassociationof

lowserumanddietarymagnesiumwiththeincidenceof

coronaryheartdiseaseshouldnotyettobecausal,

becauseresultsofthisprospectivestudydiflbredbe-

tweenmenandwomen[4].Thus,thepreciseroleoflow

serummagnesiumintheprogressionofcardiovascular

diseaseremainstobeestablished.

Theextracellularmatrixmetalloproteinases(MMPs)

areafamilyofdistinctproteaseswithdiff6ringspecin-

citiesofcleavagingtowardvariousextracellularmatrix

components[5].Ithasbeenreportedthattheprocesses

ofmigrationandprolifbrationofvascularsmooth

musclecells(VSMCs)thatcontributetothemorpho-

genesisofatheroscleroticplaquesrequiretheextracel-

lularmatrixremodelingcausedbyMMPs[6】.The

productionofMMPsinVSMCsisknowntobe

regulatedbyanumberofcytokinesandgrowthfactors

suchasplatelet-derivedgrowthfactor(PDGF)secreted

byplateletsandvascularcells[7-9].AmongtheMMPs,

MMP-2hasthewidestdistribution,andplaysan

importantroleintheturnoverofbasementmembrane

typeIVcollagenandincontrollingcellprolifbration

[10].Theproli艶rationandmigrationofVSMCswas

demonstratedtobecloselyrelatedtothestimulationof

MMP-2production[9].Anincreasedexpressionof

MMP-2hasbeenrevealedinatheroscleroticplaques



[ll].AllthesestudiessuggestedthatMMP-2playsan

importantroleinthefbrmationandprogressionof

atheroscleroticlesion.

Numeroussignaltransductionpathwaysutilizeio-

nizedcalciumasasecondmessenger.Acalcium-

regulatedpathwayhasbeenshowntoregulateMMP-2

production[12].However,theef艶ctofmagnesium,

whichisanaturalcalciumantagonist[13],onMMPsin

culturedVSMCshasnotbeenstudieduptonowtoour

knowledge.Theaimofthisstudyistotestwhether

extracellularlyaddedmagnesiumaltersMMPssecre-

tion.Weinvestigatedtheef陀ctsofmagnesiumon

productionofMMP-2atthebasalandinPDGF

stimulatedconditionsinVSMCsandfurthercompared

theseef艶ctswiththoseofcalciumantagonists-verapa-

milandnifbdipine.

2.Methods

2.1.ノ しfα'8r1α15

Thechemicalsusedinthisstudywereobtainedf士om

thef6110wingsources:Dulbecco'smodinedEagle's

medium(DMEM)withoutmagnesiumwasobtained

fromGIBCO(GrandIsland,NY),PDGF-BBwas

purchased丘omBiomedicalTechnologies(Stoughton,

MA).Methyl-[3H]thymidinewasobtainedfromDaiichi

Radioisotopes(Tokyo,Japan),nifbdipinewaskindly

suppliedbyBayerJapan(Osaka,Japan).Anti-MMP-2

antibodywasobtainedfromF口jiChemicalIndustries

(Toyama,Japan).GenisteinandherbimycinAwere

purchasedfromWako(Osaka,Japan).Allotherche-

micalswereofreagentgradeorwereofthehighestgrade

commerciallyavailable.

magnesiumconcentrationsofO-3.Ommol!lbefbreuse.

ThelevelofO-0.5mmol!lmagnesiumcorrespondsto

thelowestphysiologicallevelofthisionthatcanbe

measuredinhumanserum,1.Ommol!ltothephysiolo-

gicallevel,and3.Ommol!ltothehighestlevelreachedby
therapeuticsupPlementationofmagnesiuminpatients

witharrhythmiaorpreeclampsia.Cellsweretreated

withcalciumantagonistsoffinalconcentrationsbe-

tweenlO-8mol!landlO-6mol!linthepresenceor

absenceofPDGFin1.Ommol!lmagnesiumDMEM.

Alltreatmentsweresustainedintheuppermediafbr24

h.

2.4.1)Nン15ア η'乃8313

VSMCswereplatedin6-wellplates(1×105cellsper

well),incubatedat37°Cinahumidifiedatmosphereof

95%air-5%CO2,andmaintainedinDMEMwith10%

色talcalfserumuntilsubconfluent(50-70%confluent).

AfterincubationwithPDGF(10ng!ml),verapamil

(10-8-10-6mol!l),nifbdipine(10-8-10-6mol!l),

magnesium(0-3.Ommol!l)orvariouscombinations,

[3H]thymidine(1μCi!ml)wasaddedfbllowedby

incubationfbr24h.DNAsynthesiswasdetermined

bymeasuringthetrichloroaceticacid-insolubleradio-

activity[15].Afterincubation,thetrypsinizedVSMCs

weresuspendedinice-coldlO%trichloroaceticacid.The

lysateswereplacedoniceforlOmin,fbllowedbya

passagethroughpaperHlters(Whatman,Maidstone,

UK).ThefilterswerewashedwithcoldlO%trichlor-

oaceticacidanddried.Incorporated[3H]thymidinewas

measuredinanAlokaLSC-3500scintillationcounter

(Aloka,Tokyo,Japan).

2.2.1)r甲 αrα"oη6ゾ.∫ 祝oo'乃 祝 〃3c18c8〃3

2.5.ノ4η αか3'56ゾ9θ1α'加 α58
.ρro61zκ"oη

VSMCstrainswereestablishedfromratthoracic

aorta(8-week-oldmaleSprague-Dawleyrats)bythe

modifiedexplantmethodasdescribedpreviously[9].

CulturesweremaintainedinDMEMsupplementedwith

lO%免talcalfserum.Atconfluence,cellsdisplayeda

`hillandvalley'growthpattemandabundantmyofila -

mentsintheircytoplasm.Theywereidentifiedas

VSMCsbyimmunocytochemistryusingHHF35,a

monoclonalantibodythatrecognizesmuscle-speciHc

actin[14].AllVSMCculturesusedinthisstudywere

betweenpassages4and7.Atthesubconfluentstage,the

culturemediumwasreplacedwithserum-freemedium

andthencellswereexposedtovarioustreatments.

2.3.1)rゆ αrα"oη ρプ α〃'zぜrε 〃184'zぜ 〃z

Magnesiumsulfate(MgSO4)ormagnesiumchloride
wasaddedtoDMEMwithoutmagnesiumtotheHnal

Aftervarioustreatmentsfor24h,mediumsamples

wereharvested,centrifugedat2000×gfbrlOminand

normalizedforcellproteincontentusingBio-Radassay

[9】.Thesampleswereappliedwithoutreductiontoa

7.5%polyacrylamideslabgelimpregnatedwithlmg!ml

gelatin[16】.Af㌃erelectrophoresis,thegelwaswashedat

roomtemperaturefor30mininwashingbuff6r(50

mmol!lTris-Cl,pH7.5,15mmol!lCaCl2,1μmol!l

ZnCl2,and2.5%TritonX-100),thenincubatedover-

nightat37°Cwithshakinginthesamebuffbrbut

containingl%ratherthan2.5%TritonX-100.Thegel

wasstainedwithasolutionofO.1%Coomassiebrilliant

blueR-250.Clearzonesagainstthebluebackground

indicatedthepresenceofgelatinase.Toquantifythe

amountofgelatinaseproduction,thestainedzymo-

gramswerescannedonadensitograph(ATTO,Tokyo,

Japan).



2.6.晩 訂8rη わ10π'η9α アzα4y3'8 A

Af㌃ervarioustreatmentsfbr24h,mediumsamples

wereharvestedwiththeproteaseinhibitorsphenyl-

methanesulfbnylnuoride(0.lmmol!l)andleupeptin

(10μg!ml)f士omcells,centrifugedat2000×gfbrlOmin

andseparatedbyelectrophoresison7.5%sodium

dodecylsulfatepolyacrylamidegelsfollowedbytransfbr

ontopolyvinylidenedinuoridemembranes(Immobilon

P,Millipore,0.22μmporesize).Themembraneswere

blockedin5%skimmilkinphosphate-buff巳redsaline

containingO.1%Tween20atroomtemperatureforlh,

andprobedwithanti-MMP-2monoclonalantibody

overnight.Afterwashingthreetimeswithphosphate-

buf艶redsalinecontainingO.1%Tween20,themem-

braneswereincubatedwithsecondaryantibodycon-

jugatedwithhorseradishperoxidaseforlhasdescribed

previously[17].Finally,theblotswerewashedand

scannedonadensitograph.
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Resultswerepresentedaspercentagesofthecontrol

andrepresentthemean±standarderrors(S.E.)fbrfour

separateexperimentsperformedinduplicate.Dif艶r-

encesamongalldatawereanalyzedforstatistical

significancebyone-wayanalysisofvariance(ANOVA)

fbllowedbyunpairedStudent's'-test.Dif艶rencesof

1)<0.05wereconsideredstatisticallysignificant.

3.Results
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Fig.1.Ef〔bctsofmagnesiumonproductionofMMP-2incultured

vascularsmoothmusclecells.MgSO4signincantlyreducedthe

productionofMMP-2asdeterminedbyzymography(A)andwestern

blotting(B)inadose-dependentmanner.Clearzonesagainsttheblue

backgroundindicatedthepresenceofMMP-2.Columnsindicatedata

ofgelatinolyticactivityaspercentagesoftheamountofcontrol(1.O

mmol!lMgSO4),andrepresentthemean±S.E.fbrfourseparate

experimentsperformedinduplicate.*,P<0.05vs.MgSO40mmol!l;

**
,P<0.Olvs.MgSO40mmol!1;† †,P<0.01vs.MgSO40.5mmol11;

‡,P<0.05vs.MgSO41.Ommol11.

MagnesiumdidnotinHuence[3H]thymidineincor-

porationunderbasalcondition.TheadditionofPDGF

toVSMCscausedasigniHcantincreasein[3H]thymi-

dineincorporation.However,underthisstimulated

condition,magnesiumdidnotaf艶ct[3H]thymidine

incorporation(datanotshown).Theseobservations

indicatedthatmagnesiumdidnotinnuencetheDNA

synthesisofVSMCs.

3.2..碓c'36ゾ1η1α9η(33'〃 〃20η 読8 .ρro4〃c〃oη6ゾMル 〃)-2

加 レ写ハ4α

GelatinzymogramsofVSMC-conditionedmedia
showedthatthemajorMMPexpressedunderthese
conditionswasMMP-2.Magnesiumreducedthepro-
ductionofMMP-2signiHcantlyinadose-dependent
manner(Fig.IA).
MMP-2proteinwasshowntobeexpressedby
westernblottingofculturemedium,probedusingan
anti-MMP-2antibody.MagnesiuminducedasigniHcant

anddose-dependentreductioninMMP-2production

(Fig.lB).

3.3..碓6'3〔 るヂ〃zα9アza豆zイ〃10η/フro4㍑ α'oηqプ ハ4[ハ41)-2

5'伽 〃1確4加P-DσF加 ㎎MC5

AsPDGFisknowntobesecretedbyvascularcells

andtoregulateMMP-2synthesisinVSMCs,wenext

examinedtheeffbctsofmagnesiumoncellsstimulated

withPDGF.MagnesiumdecreasedtheMMP-2produc-

tionsignificantlyundertheseconditionsinadose-

dependentmanner(Fig.2A).MMP-2proteinwas

showntobeexpressedbywesternblottingofculture

mediumprobedusinganti-MMP-2antibody.Magne-

siuminducedasigniHcantanddose-dependentreduc-

tionofMMP-2productionbycellsstimulatedwith

PDGF(Fig.2B).Theseeffbctswerenottoxicas

determinedbytrypanblueexclusion.
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Todetecttheef琵ctsofmagnesiumonthezymogra-

physystem,subconnuentVSMCsweretreatedwithO

mmol!lmagnesiumfbr24h,thentheOmmol!lculture

mediumwasa(恥stedtodiffbrentmagnesiumconcen-

trations(0-3.Ommol!l)befbrezymography.Magnesium

didnotinnuenceMMPdetectionunderthesecondi-

tions.Thelackofaninhibitoryef艶ctofmagnesiumon

MMPexpressionafterremovalofcellsdemonstrated

thefbasibilityofstudyingtheef色ctsofmagnesiumon

MMPdetectionbythezymographysystem(datanot

shown).

3.6..石 漁6'39/ 」ρro'8'η'アro3'η8ん 加 α88'η 乃'わ"or.∫oη
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Fig.2.Ef6ectsofmagnesiumonproductionofMMP-2stimulatedby

PDGFinculturedvascularsmoothmusclecells.MgSO4signincantly

anddose-dependentlydecreasedtheproductionofMMP-2asdeter-

minedbyzymography(A)andwesternblotting(B)underconditions

ofstimulationbyPDGF.Clearzonesagainstthebluebackground

indicatethepresenceofMMP-2.ColumnsareasdescribedinFig.1.

Treatmentwithl.Ommol!lMgSO4togetherwithPDGFwasregarded

ascontrol.*,P<0.05vs.MgSO40mmol!l;**,P<0.Olvs.MgSO40

mmol!l;十,P<0.05vs.MgSO40.5mmol!l;十 十,P<0.Olvs.MgSO40.5

mmol!l;‡,P<0.05vs.MgSO41.Ommol11.

3.4.1荻c'36ゾ αη'oη.∫ αη4'oη.∫oアz、 ρro61z46々oη6ゾ.ルfM1)8

ToverifythatthealteredMMPproductionby

MgSO4wasduetomagnesiumionsandnotanon-

specificef艶ctofsulfateanions,theeffbctsofmagnesium

chlorideontheproductionofMMP-2werecompared

withthoseofMgSO4.NosigniHcantdif陀renceswere

seeninthedegreeofdecreaseinMMP-2production

betweenMgSO4andmagnesiumchloride(datanot

shown),indicatingthattheef飴ctonMMP-2production

wasduetoneithersulfatenorchlorideanionsbutto

magnesiumions.Toexaminewhetherotherdivalent

cations,suchaszincandcoPPer,haveanyeffbctson

MMP-2production,VSMCsweretreatedwithzinc

sulfateorcoppersulfateculturemedium,whichwere

madeinthesamewayastheMgSO4treatments,tothe

HnalconcentrationsofO-100μmol!lf6r24h.No

influenceswerefbundinMMP-2productionbyVSMCs

treatedwitheitherzincsulf飢eorcoppersulfate(data

notshown),indicatingthattheef飴ctofmagnesiumon

MMP-2productioninVSMCswasspeciHcbutnota

commoncharacterofdivalentcations.

Toevaluatewhethertheef艶ctsofmagnesiumon

productionofMMP-2wererelatedtoproteintyrosine

kinase,subconHuentVSMCsweretreatedwithtwo

proteintyrosinekinaseinhibitors,genisteinandherbi-

mycinAforlOminbeforetreatmentwithmagnesiumin

culturemediaatconcentrationsO-3.Ommol!l.Apre-

treatmentwitheithergenistein(10μmol!l)orherbimycin

A(0.5μg!ml)withmagnesiumresultedinaninhibition

ofthealterationsonMMP-2productioninducedby

magnesium(Fig.3AandB).

3.Z」 雅6'34cα1伽 祝6乃 αηη81わ10cん8器o所 加 μ04〃c"oη

6ゾ ハ4ハ41)-2加 レ雪 ノ匠(二3〃η6Z〔3rわα5α1αη611)1)σ.戸L3〃 〃π〃α'84

co加1'"oη3

Asmagnesiumiscalledanaturalcalciumantagonist,

wecomparedtheeffbctsofmagnesiumwiththoseof

calciumantagonists,verapamilandnifbdipine,under

basalandPDGF-stimulatedconditions.Neitherofthe

calciumantagonistsaf艶ctedthe[3H】thymidineincor-

porationundereitherthebasalorPDGF-stimulated

conditionsinVSMCs(datanotshown).Verapamiland

ni飴dipinehadnoinnuenceontheproductionofMMP-

2underbasalorPDGF-stimulatedconditionsatany

concentrationstested(10-8-10-6mol!l;Fig.4).

4.Discussion

ThemajorHndingofthisstudywasthatextracellular

magnesiumsupplementationreducedtheproductionof

MMP-2underbasalandPDGF-stimulatedconditions

inratVSMCs.Toourknowledge,thisistheHrstreport

oftheef〔bctsofmagnesiumontheproductionofMMP-

2inculturedratVSMCs,andtheseef飴ctsappearstobe

associatedwiththeproteintyrosinekinasepathway.

Clinically,Shibataetal.[18]reportedthatintravenous

administrationofmagnesiumdecreasedserumlevelsof
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Fig.3.Ef飴ctsofproteintyrosinekinaseinhibitorsonmagnesium-inducedMMP-2productioninculturedvascularsmoothmusclecells.MgSO4-

inducedalterationsofMMP-2production(atconcentrationsofO,0.5and3.Ommo1!1)weresigni且cantlyinhibitedbytwoproteintyrosinekinase

inhibitors,genisteinandherbimycinA.ClearzonesagainstthebluebackgroundindicatethepresenceofMMP-2.Lanel-5representMgSO4groups

withconcentrationsofO-3.Ommol!l,lane6-10representcombinedtreatmentgroupsofherbimycinA(a)andgenistein(b)withMgSO40fO-3.O

mmo1!1,separatelyshownbyzymography(A).ThestatisticaldataareshowninB.ColumnsareasdescribedinFig.1.**,P<0.Olvs.MgSO40

mmo1!1;†,P<0.05vs.MgSO40.5mmol!l;‡,P<0.05vs.MgSO43.Ommol!l.

MMP-linpatientswithacutemyocardialinf包rction,

whichsupPortsourinvestigation.

ItisclearthatMMPsareimportantinanyprocessin

whichmatrixturnoverandrepairtakeplace.Theroles

ofMMPsintheprocessesofatherosclerosisaremainly

relatedtoVSMCsmigrationandproli免ration,resulting

inthefbrmationofaplaque,andaweakeningofplaque

capsbeforefissuring[8】.MMPsareknowntobe

expressedinhumanatheroscleroticplaquesbyboth

SMCsandmacrophagesinvivo[19,20].Themajor

MMPexpressedinvitroinVSMCshasbeenshownto

beMMP-2[21],whichisconsistentwiththepresent

study.

Magnesium,anaturalcalciumantagonist,canacton

potential-operatedchannels,receptor-operatedchan-

nels,andleak-operatedchannelsinthecardiovascular

system[22].Recently,magnesiumhasbeenshownto

inhibitcapacitativeCa2+entryinVSMCs[23].Using

CAI(carboxyamino-triazole),areceptor-operatedcal-

ciuminfluxinhibitor,Kohnetal.fbundamarked

reductioninMMP-2activityandsuggestedaroleR)r

calcium-mediatedsignaltransductionintheexpression

ofmetalloproteinases[12].Inourstudy,twopotential-

operatedcalciumchannelblockers,ni色dipineand

verapamil,hadnoin刊uenceonMMP-2production

whilemagnesiumreducedMMP-2production.There-

fbre,it'spossiblethatmagnesiumaf飴ctedMMP-2

productioninVSMCsthroughacalcium-mediated

signaltransductionpathwaylikeCAI.

Proteinphosphorylationontyrosineresiduesby

proteintyrosinekinasesisanimportantregulatorof

cellfUnction[24].Lietal.[25]andourlaboratory[9]

havedemonstratedthatMMP-2productionoractiva-

tionwasinducedthroughproteintyrosinephosphoryla-

tion.Recently,proteintyrosinephosphorylationhas

beenshowntoplayimportantrolesinMg2+deHciency-

inducedcontractionofisolatedratsmoothmuscle[26].

Furthermore,activationofseveralcellularsignaling

pathways,suchasproteintyrosinekinasesandmito-

gen-activatedproteinkinase,apPearstoplayimportant
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InculturedratVSMCs,magnesiumsignificantly

reducedtheproductionofMMP-2underbasaland

PDGF-stimulatedconditionsinadose-dependentman-

ner,whileneitherverapamilnornifbdipineshowedany

ef飴ctunderthesameconditions.Theef艶ctsofmagne-

siumonMMP-2productionwereinhibitedbyboth

genisteinandherbimycinA.Ourdatasuggestthatthe

beneficialef飴ctofmagnesiumsupplementationon

vasculardiseaseprocessesmaybedue,atleastinpart,

totheinhibitoryef飴ctofmagnesiumontheproduction

ofMMP-2inVSMCs,whichappearstobeassociated

withaproteintyrosinekinasepathway.
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Fig.4.Ef飴ctsofverapamilandnifヒdipineontheproductionof

MMP-2underbasalandPDGF-stimulatedconditionsincultured

vascularsmoothmusclecells.Neitherverapamilnorni免dipine

inHuencedtheproductionofMMP-2undereitherbasalorPDGF-

stimulatedconditions.Clearzonesagainstthebluebackground

indicatethepresenceofMMP-2.ColumnsareasdescribedinFig.1.

rolesinlow[Mg2+】 。-inducedcontractionandthe

elevationof[Ca2+]iinsmoothmusclecellsfromcanine

basilararteries[27].Therefbre,itislikelythatthereisa

closerelationshipamongmagnesium,MMP-2and

proteintyrosinephosphorylation.Inthepresentstudy,

weobservedthatinagreementwithabovestudies,a

hypomagnesium(magnesiumconcentrationsofO.5-O

mmol!l)-inducedincreaseinMMP-2productionwas

blockedbyeithergenisteinorherbimycinA.Wefurther

observedthatahypermagnesium(magnesiumconcen-

trationsof3.Ommol!l)-induceddecreaseinMMP-2

productionwasalsoinhibitedbyeithergenisteinor

herbimycinA.Therefbre,ourdatasuggestthatthe

ef飴ctsofmagnesiumonproductionofMMP-2in

VSMCsmightberelated,atleastinpart,toaprotein

tyrosinekinasepathway.
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