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Abstract

HHHyyypppeeerrrtttooonnniiicccssstttrrreeessssssaaasssnnnooovvveeelllmmmoooddduuulllaaatttooorrr
ooofff111αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeeddd
ooosssttteeeoooccclllaaassstttooogggeeennneeesssiiisss

iiinnnooosssttteeeooobbblllaaassstttaaannndddooosssttteeeoooccclllaaasssttt

SSSuuuoookkk---HHHyyyuuunnnKKKiiimmm
DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttiiissstttrrryyy

TTThhheeeGGGrrraaaddduuuaaattteeeSSSccchhhoooooolll,,,YYYooonnnssseeeiiiUUUnnniiivvveeerrrsssiiitttyyy

(((DDDiiirrreeecccttteeedddbbbyyyPPPrrrooofff...BBByyyuuunnnggg---HHHwwwaaaSSSooohhhnnn,,,DDD...DDD...SSS...,,,PPPhhh...DDD...)))

The bone remodeling is dependent on the balance between
bone-forming osteoblasts and bone-resorbing osteoclasts.During the
bone resorption,activated osteoclasts induce extracellular Ca2+/PO42-

concentrationtoreachupto40mM anddegradeorganicmaterialsinthe
extracellularfluidaroundbonecells.Inpreliminaryexperiment,itwas
found thatthe hypertonic osmolality inhibited 1α,25(OH)2D3-induced
osteoclastogenesisusing TRAP staining.In hypertonicconditions,the
expressionofRANKLanditsmRNA weredecreasedindose-dependent
manner,butnochangeoftheexpressionofOPGandM-CSFwasseen
using RT-PCR and ELISA assay. To demonstrate the effectof
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hypertonicosmolalityonbonemetabolism atthemolecularlevel.This
study investigated Ca2+-regulated signaling and the change of
intracellular Ca2+ concentration by hypertonic stress. Hypertonicity
decreasedtheexpressionofcalmodulin-sensitiveproteinkinase(CaMK
Ⅱ,Ⅳ)withdependentmanneroftheactivityof L-typeVSCCsand
inhibitedincreaseofintracellularCa2+concentrationintheosteoblast.To
know themechanism ofhow RANKL specificallyeffectsonoteoclast
differentiation in hypertoniccondition,wetook screening approach to
RANKLsignalmoleculesincludingMAPK(ERK,JNK,p38),NF-κB,and
NFATc1.The results show thathypertonic osmolaliry blocked the
activation ofMAPK activity,and NF-κB.Alsohypertonicosmolaliry
inhibited NFATc1 expression and RANKL-induced Ca2+ ocillation in
BMMs.Conclusively,hypertonicosmolaliryinhibitedRANKLexpression
via decrease of CaMKⅡ activity in osteoblast and blocked the
activation of MAPK, NF-κB, and NFATc1 in RANKL-induced
osteoclastdifferentiation signaling.The decrease ofRANKL-induced
Ca2+ ocillationbyhypertonicstressinducedtheinhibitionofNFATc1.
Hypertonicosmolalirymaybeanovelcandidatefortheregulationof
bonemetabolism throughboneresorption.

Key word : 1α, 25(OH)2D3-induced osteoclastogenesis, RANKL,
NFATc1,Ca2+signal,CaMKⅡ(Ⅳ)
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III...IIInnntttrrroooddduuuccctttiiiooonnn

Boneconfersmultiplemechanicalandmetabolicfunctionsto
theskeleton and undergoesaprocesstermed remodelling that
involvesbone-resorptionandbone-formarion,butthismechanism
isnotfullyunderstoodwhenonegoesupordownandtheother
usuallyfollows.Theboneremodelingisdependentonthebalance
involved the coordinate regulation and interaction of the
component cell types: bone- forming osteoblasts and
bone-resorbing osteoclasts. The function of osteoblasts and
osteoclasts are intimately linked. The osteoblast lineage
synthesizeandsecretemoleculesthatinturninitiateandcontrol
osteoclastdifferentiation.8,13,16 Theosetoclastisatissue-specific
macrophagepolykaryon tobecreated by thedifferentiation of
monocyte/macrophage precursors cells at or near the bone
surface.30Forthedifferentiationofosteoclastprogenitorcellsinto
matureosteoclasts,acell-to-cellinteraction between osteoclast
precursorsandosteoblastic/stromalcellshavebeendemonstrated
to be necessary.17 The essentialsignaling molecules of the
cell-to-cellinteractionincludeRANKL(receptoractivatorofNF-
κB ligand,also known asOPGL and TRANCE)and M-CSF
(macrophagecolonystimulatingfactor).
M-CSF,whichisimperativeformacrophagematuration,binds

to its receptor,c-Fms,on early ostoeclast,thereby proceding
signalsrequiredfortheirsurvivalandproliferation.RANKL is
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also important in osteoclast differentiation. RANKL is a
membrane-bound protein ofthe tumor necrosis factor ligand
family thatisexpressedontheoteoblastcellsurfaceandhas
been shown to play a majorrole in osteoclastdifferentiation
alongwithM-CSF.16RANKLbindstoitsreceptorRANK 21on
hematopoieticcellsand initiatesacascadeofsignaling events
thatleadstoosteoclastdifferentiation.23 Furthermore,osteoblast
cellsalsosecreteaglysoproteincalledosteoprotegerin(OPG)27,a
soluble"decoy"receptorofRANKL andpreventsitsinteraction
withthecognatereceptorRANK3,33,34.OPGhasbeenshowntobe
a potent inhibitor of osteoclast differentiation,survival and
functioninvitroandboneresorptioninvivo1,5,12.
Bone resorption leads to the localized degradation offully

mineralizedbonematrix,includingremovalofbothinorganicand
organicmatrixcomponents24.Thedegradationofmineralpartof
matrixprecedesthedegradationoforganicmatrix,whichmostly
takes place in extracellular resorption lacunae 15. During
osteoclasticboneresorption,crystalhydroxyapatiteisdissolved
intofreeCa2+/PO42- ionsintheresorptivehemivacuolewhereit
canreachconcentrationashighas40mM 26,36.Highextracellular
Ca2+resultsintheinhibitionofboneresorption37,38andinduction
ofosteoclastapoptosis 20.On the otherhand,when bone is
actively resorbed,itmightbepossiblethathigh osmolality is
providedduetothehigh concentrationof Ca2+/PO42- andthe
degradedorganicmaterialsintheextracellularfluidaround bone
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cells.Underthesehighosmoticconditions,thefunctionsofbone
cells could bechanged through thecellshrinkage.Itcan be
assumed that there are two pathways to arrest
osteoclastogenesis;oneisregulatedbyhighconcentrationofCa2+,
whichinducesapoptosisofosteoclst.Theotheroneisregulated
in response to hypertonic stress caused by degraded orgamic
andmineralmaterials,which affectbonecellsmetabolism.We
hypothesizedthatthehypertonicstressinbonecouldbeoneof
the regulating factors forbone remodeling. This study use
sucrose to make hypertonic condition and apply 1α, 25-
dihydroxyvitamin D3 (1α,25(OH)2D3) to stimulate osteoclast
formation.Toinvestigatetheeffectofhypertonicstressonbone
metabolism,itisnecessary ofstudy atthemolecularlevelof
osteoblast and osteoclast., The hypothesis suggested that
hypertonic stress might concern 1α, 25(OH)2D3- induced
osteoclastogenesisinbonecell;osteoblastandosteoclast.
To demonstrate whether hypertonic stress affect the

osteoclastogenesis,The authorapplied hypertonic stress to an
osteoblast/stromalcellsculturesystem.Resorption is regulated
throughOPG andRANKLexpressionbyosteoblasticcellsandis
alteredbyvatiousosteotropicfactorsthatalterplasmamembrane
permeabilitytoCa2+,including1α,25(OH)2D3orionophores14.1α,
25(OH)2D3 activates rapid,plasma membrane-initiated signaling
eventsand longer-term nuclearreceptor-mediated pathwaysin
osteoblastic cells by different receptor pathways 10.11. 1α,
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25(OH)2D3 activationoftheplasmamembranesignalingsystem
changes the functional properties of voltage-sensitive Ca2+

channels (VSCCs)and alters the expression and activity of
protein kinases 6,22,25,32.Application of1α,25(OH)2D3 increases
plasma membrane permeability to Ca2+ within milliseconds by
shiftingthethresholdofactivationtowardtheresting potential
and increase the mean open time of L-type VSCC 18.
SpontaneousandhormonallyregulatedopeningofCa2+ channels
leads to localized elevations ofintracellularCa2+ thatdirectly
controlthatrelease ofsecretory vesicles 2.Ca2+ influx also
directly orindirectly influencestheexpression and activity of
intracellularprotein kinases,including protein kinaseA (PKA),
Ca2+/calmodulin-dependentprotein kiase (CaMK),and MAPK
7,9,19,30,35.ThisstudyinvestigatedtheroleoftheintracellularCa2+

influxandexpressionofRANKLandOPG inosteoblasticcells
underhypertoniccondition and alsotried tofind thepotential
interaction between 1α,25(OH)2D3 and VSCC-regulated Ca2+

dependentsignalingandCaMK.
TodemonstratewhetherhypertonicstressaffecttheRANKL

induced osteoclastogenesis,we applied hypertonic stress to a
bone marrow macrophage cells cultrure system.Activation of
RANK by its RANKL leads to the expression ofosteoclast
specificgenesduringdifferentiation,theactivationofresorption
bymatureosteoclasts,andtheirsurvival.Thekeyprelimiminary
step in RANK signaling isthebinding ofTNFR- associated
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cytoplasmic factors (TRAFs) to specific domains within the
cytoplasmicdomainofRANK.TRAF2,-5,and-6haveallbeen
showntobindtoRANK .Especially,activationofTRAF6can
be induced by RANK signaling cascades.RANK signaling is
mediated by cytoplasmic factors that activate down-stream
signalingcascadesmediatedbyproteinkinasewhichareinduced
during osteoclastogenesisandactivation;NF-κB (IKK),c-Jun
N-terminal kinase (JNK), p38, extracellular signal-regulated
kinase (ERK) and Src pathway. The NF-κB and MAPK
(mitogen-activated protein kinase; JNK, p38, and ERK) is
required forosteoclastdifferentiation.However,Scrprotein is
requiredforosteoclastsurvival,cytoskeletalrearrangementsand
motility(Boyleetal.,2003).Recently,nuclearfactorofactivated
T cell(NFAT)-2(orNFATc1)isalsoinvolvedinmediatingkey
signals induced by RANKL-RANK signaling 28. RANKL
stimulation results in the induction ofCa2+ oscillation,which
wouldcontributetothesustainedactivation ofNFATc1viaa
calcineurin-dependentmechainsm.WhiletheactivatedNFATc1
induces a number of genes involved in celldifferentiation,
NFATc1 also acts on its own gene to amplify the
NRATc1-mediated transcriptional program. However,
RANKL-inducedCa2+oscillationinitiatesaslateas24hfollowing
theligandstimulation,preceded by induction andactivation of
c-FosandNF-κB,respectively (Takayanagietal.,2002). To
identifytheespressionofRANKL-inducedNFATc1 andchange
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ofCa2+ oscillation in responce to hypertonic stress,Western
blotting and Ca2+ flow cytometry were done in BMMS with
presenseofRANKLandhypertonicstress
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IIIIII...MMMaaattteeerrriiiaaalllsssaaannndddMMMeeettthhhooodddsss

111...MMMaaattteeerrriiiaaalllsss
Routine cell culture media was obtained from

GIBCO/BRL(Grand Island,NY).The Tartrate-Resistant Acid
Phosphatase Staining Kit was purchased from the Sigma
ChemicalCo.,Ltd.(St.Louis,MO,USA).Trizolwaspurchased
from Invitrogen Corp.(Carlsbad,CA),andtheICR micewere
from Koathech.Co.,Ltd.(Kyung-gi-Do,Korea).Sucrose(α-D
Glucopyranosyl β-D-fructofuranoside;Saccharose;cane sugar)
and 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) were also
purchasedfrom theSigmaChemicalCo.,Ltd.(St.Louis,MO,
USA). All other chemicals were of reagent grade. The
osmolalitiesofallmediaand solutionsweremeasured with a
FISKEONE-TENOsmometer(FISKEASSOCIATES,USA).

222...PPPrrreeepppaaarrraaatttiiiooonnnooofffppprrriiimmmaaarrryyyooosssttteeeooobbblllaaassstttiiicccccceeellllllsss
Primary osteoblasticcellswereisolated from calvariaeofICR
newbornmouse(KoathechInc.,Kyung-gi-Do,Korea)for1day
byapreviouslyreportedmethod[Takahashietal.,1988;Choi,B.
K.etal.,2001]withaslightmodification.Thiscalvariaewere
digested fourtimes for20 min,each time with an enzyme
solutioncontaining0.1% collagenase(SigmaChemicalCo.,Ltd.,
St.Louis,MO,USA) and 0.1% dispase (GIBCO-BRL,Life
Technologies,GrandIsland,NY,USA)inshakingwaterbathat
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37℃.Thefirstdigestionwasdiscarded,andthenaftersecond
digestionwascollectedcarefully.Thisdigestionwascentrifuged
1,100rpm for5minandwastransferredtoafresh α-minimum
essentialmedium (α-MEM)(GIBCO-BRL)containing 10% fetal
bovine serum (GIBCO-BRL, Life Technologies), 100 U/ml
penicillin G sodium,100 µg/mlstreptomycin sulfate and 0.25
µg/mlamphotricin B(GIBCO-BRL).Theosteoblasticcellswere
cultured in 100 mm culture dishes for 4 days at 37℃ in
humidifiedatmospherecontaining5% CO2inair.

333...PPPrrreeepppaaarrraaatttiiiooonnnooofffbbbooonnneeemmmaaarrrrrrooowww mmmaaacccrrroooppphhhaaagggeeeccceeellllllsss
Bonemarrow macrophagecells(BMMs)wereisolated from

mice long bones.The tibiae and femora of4-week-old ICR
mouse wereseparated and dissected free ofadhering tissues.
Bothedgesoftheseboneswereremovedsoastoinjectnew
media.Aftergatheringofthatsolution,itwasseededon100mm
dishesandculturedfor1~2daysin α-MEM containing10% FBS,
30ng/mlM-CSF (KOMA Biotech.Inc.,Kyung-gi-Do,Korea).
Thenon-adhesivecellsweremovedtonew dishesandcultured
forfew daysinpresenceof50ng/mlRANKL (KOMA Biotech.
Inc.,Kyung-gi-Do,Korea)and50ng/mlM-CSF.

444...CCCooo---cccuuullltttuuurrreeeooofffmmmooouuussseeeBBBMMMMMMsssaaannndddooosssttteeeooobbblllaaassstttsss
Each preparation ofBMMs (1×105)and osteoblasts (1×104)

wereseededoneachwellof48-wellplatesandculturedfor6
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daysincluding10-8M 1α,25(OH)2D3.Afterincubationfor6days,
thecellsweresubjected to tartrate-resistantacid phosphatase
(TRAP,anosteoclastmarkerenzyme[MinkinC.,1982])staining.
usinganacidphophatasekit(SigmaChemicalCo.,Ltd.). TRAP
positivemultinucleated (morethan three)cellwascounted as
osteoclast.Invitroformationassay ofosteoclastwasrepeated
fourtimes.

555...AAAsssssseeessssssmmmeeennntttooofffccceeellllllvvviiiaaabbbiiillliiitttyyy
CellviabilitywasdeterminedbytheconventionalMTT assay

[Mosmann T.,1983;Choi,B.K.,et al.,2001] with slight
modification.TheMTT (3-[4,5-dimethylthiazol-2-yl-]-2,5-di-
phenyltetrazolium bromide)testis based on theprinciplethat
tetrazolium saltsarereducedbyreducingmitochondrialenzymes
(succinate,and dehydrogenase),which allows the toxicity of
viable cells and the level of cellular differentiation to be
measured.TheMTT wasdissolvedinphosphate-bufferedsaline
(PBS)at5mg/mlandfilteredtoremoveanyinsolubleresidue.
TheMTT solutionwasaddeddirectlytotheassayplates.The
cellsweresubsequentlyincubatedforanadditional4hoursat3
7℃.Thepurpleformazancrystalsthatformedweredissolvedin
dimethylsolfoxide(DMSO)atroom temperaturefor20minutes
andwasdilutedwithsuitablevolumeofDMSOin96-wellplates.
Theopticaldensityoftheformazansolutionwasmeasuredona
spectrophotometerat570nm.
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666... RRRTTT---PPPCCCRRR (((RRReeevvveeerrrssseee TTTrrraaannnssscccrrriiippptttaaassseee---PPPooolllyyymmmeeerrr CCChhhaaaiiinnn
RRReeeaaaccctttiiiooonnn)))
TheexpressionsofRANKL,OPG,M-CSF and-actinwere

evaluated by RT-PCR using totalRNA isolated from murine
osteoblasticcells.Primary osteoblasticcellswereseeded in 35
mm culturedishes(1×104cells/dish)andgrownto2dayswith
10-8M 1α,25(OH)2D3andsucrose.TotalRNA wasisolatedusing
Trizolreagent(InvitrogenCorp.,Carlsbad,CA)accordingtothe
manufacture's instructions. The concentration of the RNA
obtainedwasdeterminedbymeasuringtheabsorbanceat260and
280nm.RT-PCR forRANKL,OPG,and β-actin mRNA was
carriedoutwithacommercialtwo-stepRNA-PCR kit(ELPIS
bio.).TosynthesizeforthecDNA,eachreactiontubecontained1
μgofmRNA,1μlofRandom octamers(40μM),8μlDEPCtreated
water,2μlDTT (100mM),and8μlRT& Go™ MasterMix2.5×C
andreacted5minat95℃,and60minat45℃.Polymerasechain
reactionswereperformedonathermalCycler96PCR machine
(BIO-RAD,MyCyclear™ ThermicalCycler,USA)using1㎍ of
cDNA (complementary DNA),2 pmoles each oligonucleotide
primer,200M ofeachdNTP,5μlofTaq& Go™ MasterMix5×C
and10× Taqpolymeraseina20 μlvolume.Theprimersused
were:forRANKL (750bp),5'-ATCAGAAGACAGCACTCACT
-3'(forward),5'-ATCTAGGACATCCATGCTAATGTTC-3' (re-
verse);forOPG (636bp),5'-TGAGTGTGAGGAAGGGCGTTAC-
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3'(forward)5'-TTCCTCGTTCTCTCAATCTC-3'(reverse);for
β-actin (366 bp), 5'-GGACTCCTATGGTGGGTGACGAGG-3'
(forward),and 5'-GGGAGAGCATAGCCCTCGTAGAT-3'(rever-
se);forM-CSF(395bp),5'-CATGACAAGGCCTGCGTCCGA-3'
(forward),and 5'-AAGCTCTGGCAGGTGCTCCTG-3' (reverse
1),5'-GCCGCCTCCACCTGTAGAACA-3'(reverse2).ThePCR
program initially started with a 95℃ denaturation for5 min,
followedby35cyclesof95℃ /1min,Ta/1min,72℃/1min(Ta,
annealingtemperature;48℃ forRANKL,50℃ forOPG,and55℃
forβ-actinandM-CSF).ThePCRsampleswereelectrophoresed
on 1.5 % agarose gels in TAE (Tris-acetate-EDTA electro-
phoresis)buffer.Thegelswerestainedwithethidium bromide
[10 μg/ml]andphotographedontopofa280nm UV lightbox.
Thequantity and basepairsizeofthePCR generated DNA
fragments were estimated relative to DNA ladder standards.
Densitometryvaluesweremeasuredateachcyclesamplingusing
theTINA software(UniversityofManchester,Manchester.U.K.).
RT-PCR valuesarepresentedasaratioofthespecifiedgene's
signalintheselectedlinearamplificationcycledividedbythe β

-actinpositivecontrolsignal.

777...EEELLLIIISSSAAA (((EEEnnnzzzyyymmmeeeLLLiiinnnkkkeeedddIIImmmmmmuuunnnooo---SSSooolllbbbeeennntttAAAssssssaaayyy)))
QuantikineM murineMouseRANK LigandkitandOPG kit

(R & D systemsInc.,Minneapolis,IN)wereused toanalyze
RANKL and OPG protein. Briefly, mouse soluble RANKL
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standard wasdiluted in CalibratorDiluentRD6-12solution to
makefinalconcentrationof0,31.2,62.5,125,250,500,1000,and
2000pg/ml.AssayDiluentRD1W,standards,andsamples(50 μl
each)wereaddedtoeachwellandincubatedfor2hoursatroom
temperature.A platelayoutisprovidedtorecordstandardsand
samplesassayed.Eachwellwasaspiratedandwashed,repeating
theprocessfourtimesforatotaloffivewashes.MouseRANKL
conjugate(100 μl)wasaddedtoeachwellandincubatedfor2
hoursatroom temperature.Washingwasrepeatedasdescribed
above.Substratesolution(100 μl)wasaddedtoeachwelland
incubatedfor30minutesatroom temperatureindarkroom.Stop
Solution(100 μl)wasaddedtoeachwellandmixedbygentle
tapping.Then theenzymereaction yieldsa blueproductthat
turns yellow.The Intensity ofthe color ofeach wellwas
determinedwithin30minutes,usingamicroplatereaderat450
nm.

888...WWWhhhooollleeeccceeellllllppprrrooottteeeiiinnneeexxxtttrrraaaccctttiiiooonnnaaannndddWWWeeesssttteeerrrnnnbbblllooottttttiiinnnggg
The osteoblasts and BMMs were washed with chilled 1X

DPBS,andresuspendedinlysisbuffer(10mM Tris-HCl(pH
7.8),150mM NaCl,1% NP-40,1mM EDTA,and0.1% SDS).
Protease and phosphatase inhibitors were added to the lysis
buffer(2mM Na3VO4,10mM NaF,and10 μl/mlaprotinin,10 μ

l/mlleupeptine,and 10 μl/mlPMSF).Thesampleswerethen
centrifugedat12,000rpm for20minat4℃,andthesupernatant



- 13 -

proteinconcentrationwasmeasuredbytheBCA proteinassay.
Proteinextractswereloaded(50 μg/lane)ontoasodium deoxyl
sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE)system
(BIO-RAD laboratories,Hercules,CA.).Followingelectrophoresis,
proteinsweretransferredtoanitrocellulosemembraneusing a
Bio-Radwettransfersystem.Proteintransferefficiencyandsize
determination were verified using pre-stained protein markers
(Intron Co.,Korea).Membrane were then blocked with 5%
non-fatmilkforanhouratroom temperatureandsubsequently
incubated forovernightat4℃ with diluted antibodiesdirected
againstMAPK (ERK,JNK,andp38:Cellsignaling,UK),NF-κB
p65,NFATc1,phospho-α-CaMKⅡ and β-actin (Santa cruz
Biotechnology,CA).Afterwashes,thisboltincubatedwiththe
horseradish peroxidase-conjugated secondary antibodies and
detected using an enhanced chemiluminescence detection kit
(ECL,Amersham PhamaciaBiotech,Inc.,Alington Heights,IL,
USA).

999...IIImmmmmmuuunnnooofffllluuuooorrreeesssccceeennnccceeessstttaaaiiinnniiinnnggg
BMMswereculturedoncoverslipsfor48htreated50μg/ml

RANKL,50μg/mlM-CSF andsucrose.Cellswerethenwashed
withcold-1X DPBSandfixedwith4% paraformaldehydefor20
minat4℃ andtreatedwith0.2% TritonX-100for10minat
4℃.Samples were sequentially incubated in blocking solution
(0.1% gelatine,1% BSA,0.01% Sodium Azide,and 5% goat
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serum) for an hour.The mouse- anti-NFATc1 monoclonal
antibodywas1:100dilutedinblockingsolutionandappliedtothe
samples for overnight incubation at 4℃. Fluorescence
isothiocyanate-conjugated (FITC) secondary antibody (Jackson
Immunoresearch Inaboratories Inc.,Boltimore,USA)was then
usedforanhour.Attheleast10randomlyselectedmicroscopic
fieldswereexaminedusingX 20objectives.Photoweretaken
withaLEICA,MZFLIIIdigitalcamera.

111000...IIInnntttrrraaaccceeelllllluuulllaaarrrCCCaaa222+++mmmeeeaaasssuuurrreeemmmeeennnttt
ForCa2+measurement,cellsgrownontoglasscoverslips(22

mm × 22mm)wereincubatedinPSS (138mM NaCl,5mM
KCl,1mM MgCl2,5mM Glucose,10mM HEPES,and1.5mM
CaCl2)involved 5μM ofthe 2-acetixymethylester derivative
(membranepermeable)Fura-2/AM (TeflabsInc.,Austin,USA)
and0.05% PluronicF127(InvitrogenCorp.,Carlsbad,CA)for40
minatroom temperature.Unloadingdyewaswashedout.For
fluorescencemeasurement,thecoverslipscontaining dye-loaded
cellswerethenmountedonthestageofaninvertedmicroscope
(Nikon,Japan)with microfluorometer(MetaFloursystem)and
maintainedat25~30℃.Theexcitationwavelengthwasswitched
over340and380mM.Emittedcellularfluorescencewascollected
at510mM andratiosfrom shortandlongwavelengthsignals
were obtained (R=340/380)at2 seconds intervalusing CCD
camera(PhotonTechnologyInternationalInc.,Lawrenceville,NJ),
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thus marking the measurement independent of variations in
cellulardyecontent,dyeleakageorphotobleaching.Background
fluorescence was subtracted from the raw signals at each
excitationwavelengthbeforecalculatingthefluorescenceratio.

111111...DDDaaatttaaaaaannnaaalllyyysssiiisssaaannndddssstttaaatttiiissstttiiicccsss
Allexperimentswerereproduced atleastthreetimes.The

results are expressed as the mean ± SEM.The statistical
significancesofdifferencesbetweenthegroupsweredetermined
usingthetwo-tailedStudentttest.A pvalueoflessthan0.05
wasconsideredtobestatisticallysignificant.
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ⅢⅢⅢ...RRReeesssuuullltttsss

111... IIInnnhhhiiibbbiiitttiiiooonnn ooofff 111αααα,,, 222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaasssttt
fffooorrrmmmaaatttiiiooonnnbbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnncccooo---cccuuullltttuuurrreeesssyyysssttteeemmm...
Osteoclastogenesiswasinducedby1α,25(OH)2D3inco-culture

system withosteoblasticcellsandbonemarrow/macrophagecells.
To clarify the role ofhypertonic stress on bone metabolism,
sucroseashypertonicstresses(25,50,100,150,and200mM)
wasaddedtoco-culturesandincubatedat37℃ for6daysto
investigate thedifferentiationofosteoclast.When10-8 M of1
α,25(OH)2D3 was added to the co-culture, TRAP positive
multinucleatedcellswereformed,whereasnoTRAPpositivecells
were detected in media only.In the presence ofsucrose,1
α,25(OH)2D3 -induced osteoclast differentiation was inhibited
(Figure.1A). Theadditionof 50mM ofsucrosereducedthe
numberofTRAP positivemultinucleatedcelluptoabout60%
(Figure.1B).However,itmightbepossiblethatsucrosecauses
celldamagedirectlywithoutinterrupting thenormalmaturation
ofosteoclasts.Toruleoutthispossibility,viabilitytestwasdone
byMTT test.AsshowninFigure.1C,sucrosedidnotshow a
toxic effectwhen treated atup to 100 mM.These results
suggestthattheeffectofsucroseon formationofosteoclastis
causedbyhypertonicstress,notbythe toxiceffectofsucrose
uponthecells.
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A.A.A.A.

*

*

*

* : p < 0.05

B.B.B.B.

*

* : p < 0.05

C.C.C.C.
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FFFiiiggguuurrreee 111... HHHyyypppeeerrrtttooonnniiiccc ssstttrrreeessssss iiinnnhhhiiibbbiiittteeeddd 111αααα,,,222555(((OOOHHH)))222DDD333---
iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaasssttt dddiiiffffffeeerrreeennntttiiiaaatttiiiooonnn aaattt dddooossseee---dddeeepppeeennndddeeennnttt
cccooonnnccceeennntttrrraaatttiiiooonnniiinnncccooo---cccuuullltttuuurrreeesssyyysssttteeemmm...(A)Inthepresenceof
sucrose,10-8 M of1α,25(OH)2D3 induced osteoclastdifferenciation
wasreduced(× 200).Theyellow arrow indicatesosteoclastcells.
(B)TRAP-positive multinucleated cellcontaining three ormore
nucleiwas counted as osteoclast.(C) MTT test result.One
hundredmM ofsucroseshowedremarkableahighcellinhibition.
Thestatisticalsignificanceofdifferencesbetweenthegroupswas
determined using thetwo-tailed Studentttest.In allstatistical
tests,apvalue<0.05wasconsideredtobestatisticallysignificant.
*,significantlydifferent(p< 0.05)incomparedto10-8 M of1
α,25(OH)2D3group.Eachdatawasshowninmean±SEM offour
cultures.
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222...EEEffffffeeeccctttsssooofffhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssooonnn RRRAAANNNKKKLLL aaannnddd OOOPPPGGG
eeexxxppprrreeessssssiiiooonnniiinnnmmmooouuussseeecccaaalllvvvaaarrriiiaaalllooosssttteeeooobbblllaaassstttsss...
Asshown in Figure2A,theexpressionsofRANKL,OPG,

andM-CSFmRNA inosteoblastsweremonitoredbyRT-PCRin
thepresenceandabsenceofsucrose.The β-actinmRNA was
usedforstandardizationfortotalRNA amountswhichremaines
unchanged.Astheconcentration ofsucroseinthecellculture
medium increased, the expression of 1α,25 (OH)2D3-induced
RANKLmRNA wasdecreasedwithdosedependentmanner.On
theotherhand,theexpressionofOPG andM-CSFmRNA were
notchanged.Thesefindingsindicatethatsucrose(25,50mM)
inhibits the formation of osteoclst by down-regulating the
expressionofRANKL.
RANKL and OPG were also analyzed with ELISA using

anti-RANKL and anti-OPG antibodies.RANKL wasdecreased
withtheincreaseofsucroseconcentration(Figure2B).However,
theadditionofsucrosehadnoeffectontheOPG quantitatively
which is consistent with OPG mRNA data (Figure 2C).
Consequently,theaddition ofsucroseinhibitedRANKL mRNA
and soluble RANKL,and led to altered osteoclastogenesis.In
addition,such changeofRANKL mRNA and solubleRANKL
wasdependentonthesucroseconcentration.
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A.A.A.A.

*

*

* : p < 0.05B.B.B.B.

C.C.C.C.
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FFFiiiggguuurrreee 222...HHHyyypppeeerrrtttooonnniiiccc ssstttrrreeessssss cccaaauuussseeeddd ccchhhaaannngggeee iiinnn RRRAAANNNKKKLLL
eeexxxppprrreeessssssiiiooonnn.(A)Variousconcentrationsofsucrosewereaddedtothe
mouse calvarialosteoblasts culture with 10 nM 1α,25(OH)2D3.After
incubationfor2days,totalRNA was extracted,andtheexpressionof
RANKL,OPG,andM-CSF mRNAswereanalyzedby RT-PCR.(B)
Theprotein analysisusing ELISA showedthatsucroseinhibitedthe
expression of soluble RANKL in osteoblasts.It was statistically
significant.(C)Ontheotherhand,OPG levelwasincreasedslightlyin
osteoblastsstimulatedbysucrose,butitwasnotstatisticallysignificant.
*,significantlydifferent(p<0.05)incomparedto10-8M 1α,25(OH)2D3
group.The results were expressed as the means ±SEM of four
experiments.
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333... IIIdddeeennntttiiifffiiicccaaatttiiiooonnn ooofff sssuuupppppprrreeessssssiiiooonnn ooofff tttrrraaannnsssiiieeennnttt 111
αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeeddd[[[CCCaaa222+++]]]iiiiiinnnrrreeessspppooonnnssseeetttooo hhhyyypppeeerrrtttooonnniiiccc
ssstttrrreeessssssiiinnncccaaalllvvvaaarrriiiaaalllooosssttteeeooobbblllaaasssttt...
From Figure2results,thisstudyestablishedthatadditionof

sucrose inhibits osteoclast formation by down-regulating the
expression of RANKL. In osteoblast, RANKL and OPG
regulatedCa2+influxacrosstheplasmamembrane.Applicationof
1α,25(OH)2D3 increases plasma membrane permeability to Ca2+

withinmillisecondsbyshiftingthethresholdofactivationtoward
therestingpotentialandincreasingthemeanopentimeofthe
L-type VSCC (Joeletal.,2004).In this reason,Itcan be
assumed that hypertonic stress decreases the expression of
RANKL in response to block the intracellular Ca2+ levelin
osteoblast.
To determine whether the hypertonic stress blocks 1

α,25(OH)2D3 -induced Ca2+ influx in osteoblast, The study
measured intracellular Ca2- level.As shown in Figure 3A,
stimulation of calvarial osteoblastic cells with 10-8 M 1
α,25(OH)2D3 was raised transient[Ca2+]i rapidly.However,the
additionof50mM sucrosedidnotraise[Ca2+]i(Figure3B).As
the addition of sucrose blocked 1α,25(OH)2D3-induced [Ca2+]i,
hypertonicstressinhibitedRANKLexpression.
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FFFiiiggguuurrreee333...IIInnntttrrraaaccceeelllllluuulllaaarrrCCCaaa222+++llleeevvveeelllwwwaaasssccchhhaaannngggeeedddbbbyyyhhhyyypppeeerrrtttooonnniiiccc
ssstttrrreeessssssiiinnnooosssttteeeooobbblllaaassstttiiicccccceeellllllsss...Afterisolatedosteoblastsfor4days,
osteoblasts(3x105cell) wereculturedontoglasscoverslipsat37℃.
Fura-2loadedoseoblastswereincubatedatroom temperatureforan
hour.(A)Cellsweretreated with 10-8 M 1α,25(OH)2D3.Increaseof
[Ca2+]i occurred rapidly atonce.(B)In the presence ofsucrose,
[Ca2+]i induced by 10-8 M of1α,25(OH)2D3 was blocked.Note that
hypertonicstresssuppressedCa2+responsesto1α,25(OH)2D3.
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444...EEExxxppprrreeessssssiiiooonnnooofffCCCaaa222+++///CCCaaalllmmmoooddduuullliiinnneee---dddeeepppeeennndddeeennntttkkkiiinnnaaassseeeIIIIII
(((CCCaaaMMMKKK IIIIII))) iiinnn cccaaalllvvvaaarrriiiaaalllooosssttteeeooobbblllaaassstttiiiccc ccceeellllllsss uuunnndddeeerrr ttthhheee
hhhyyypppeeerrrtttooonnniiiccccccooonnndddiiitttiiiooonnn...
AlternationinlocalintracellularCa2+ levelsregulatesactivity

ofseveralsecondmessengerthroughactivationorinactivationof
protein kinase, including protein kinase K (PKA), Ca2+/
calmoduline-dependent protein kinase (CaMK), and MAPK.
Especially,Ca2+/CaMK pathway is importantand itregulates
secretionofRANKLandOPGinosteoblast.Ca2+influxoccurring
inresponseto1α,25(OH)2D3 rapidlyleadstoinactivationofthe
osteoblastL-typeVSCCbyphosphorylatedCaMKIIinwholecell
recordings (Bergh et al.,2004).This study suggested that
inhibition ofCa2+ influx by hypertonic stress mightdecrease
phosphorylationofCaMKII.Itwasdecidedtoinvestigatewhether
phosphorylatedCaMKIIwereinhibitedbysucroseornot.Inthe
result,activationform ofCaMKIIwasincreasedinresponseto
treatment1α,25(OH)2D3for48hr,and72hr,ontheotherhand,
phosphorylatedCaMKIIwasnotincreasedwithboth1α,25(OH)2D3
and50mM sucrose(Figure.4).Itshowsthathypertonicstress
mightaffectRANKLsynthesispathwaywithsuppressionofCa2+

influxbyinactivationofCaMKIIinosteoblasticcells.
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FFFiiiggguuurrreee444...HHHyyypppeeerrrtttooonnniiicccssstttrrreeesssssssssuuupppppprrreeesssssseeedddppphhhooosssppphhhooorrryyylllaaatttiiiooonnnooofff111
αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeedddCCCaaaMMMKKKIIIIIIiiinnnooosssttteeeooobbblllaaassstttiiicccccceeellllllsss...Osteoblastic
cells from nowbone mice calvariae were cultured 4 days and then
treatedwith10-8M 1α,25(OH)2D3 and/orsucrose.After4days,the
expressionofactivatedCaMKIIwasanalyzedusingwesternblot.Anti-
β-actinusedforstandardizationfortotalproteinamounts.
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555... IIInnnhhhiiibbbiiitttiiiooonnn ooofff sssooollluuubbbllleee RRRAAANNNKKKLLL---iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaasssttt
fffooorrrmmmaaatttiiiooonnn bbbyyy hhhyyypppeeerrrtttooonnniiiccc ssstttrrreeessssss iiinnn bbbooonnneee mmmaaarrrrrrooowww
mmmaaacccrrroooppphhhaaagggeeeccceeellllllsss...
OsteoclastogenesiswasinducedbysolubleRANKL(sRANKL)

inbonemarrow macrophage(BMMs)cellculture.Toclarifythe
roleofhypertonicstresson osteoclastformation,RANKL and
sucrosewereaddedtoculturesandincubatedat37℃ for5days.
When50ng/mlofsRANKL wasaddedtoBMMscellculture.
TRAP positive multinucleated cells were formed,whereas no
TRAPpositivecellwasdetectedinmediaonly(Figure.5A).In
thepresenceofsucrose,sRANKL-induced osteoclastformation
wasreduced (Figure.5B).However,itmightbepossiblethat
hypertonicstresscausescelldamagedirectlywithoutinterrupting
thenormalmaturationofosteoclasts.
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A.A.A.A.

*

*

B.B.B.B.

FFFiiiggguuurrreee...555...HHHyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnnhhhiiibbbiiittteeedddsssRRRAAANNNKKKLLL---iiinnnddduuuccceeeddd
ooosssttteeeoooccclllaaassstttooogggeeennneeesssiiisss...(A)Inthepresenceofhypertonicstress(in
additionofsucrose),sRANKL-inducedosteoclastdifferentiationwas
reduced(× 200).(B)TRAP-positivemultinucleatedcellcontaining
threeormorenucleiwascounted asosteoclasts.Thestatistical
significance of differences between the groups was determined
usingthetwo-tailedStudentttest.Inallstatisticaltests,apvalue
<0.05wasconsideredtobestatisticallysignificant.*:significantly
different.Eachdatawasshowninmean±SEM offourcultures.
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666...EEExxxppprrreeessssssiiiooonnn ooofffMMMAAAPPPKKK aaannnddd NNNFFF---κκκκBBB iiinnn rrreeessspppooonnnssseee tttooo
hhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnnBBBMMMMMMsss ccceeellllllsss
It was demonstrated hypertonic stress is linked to the

sRANKL-induced osteoclastogenesisin BMMscell.In general,
mitogenactivatedproteinkinase(MAPK :ERK,JNK,andp38)
andNF-κB arepreferentiallyactivatedbycytokinesandcellular
stress,andplayakeyroleinregulatingtheactivityofvarious
transcriptionalfactors.Thisstudysuggestedthatthehypertonic
stressmightactasa signalforvariouscellularfunctionsin
osteoclastogenesis.ThephosphorylatedMAPK wereexaminedto
investigatewhetherthosekinaseswereinhibitedbysucroseor
notinBMMs.Asaresult,activatiedMAPK bytreatmentwith
50 μg/mlRANKLwereinhibitedinresponseto50mM sucrose
(Figure.6A).AlsosucrosehadaeffectoftheinhibitionofNF-κ
B expression(Figure.6B).Itwasshownthathypertonicstress
mightaffecttheexpression oftranscription factorswhich are
associatewithsRANKL-inducedosteoclastogenesis.
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B.B.B.B.
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FFFiiiggguuurrreee...666...HHHyyypppeeerrrtttooonnniiiccc ssstttrrreeessssss aaaffffffeeeccctttsss ttthhheee aaaccctttiiivvvaaatttiiiooonnn ooofff
MMMAAAPPPKKK aaannnddd NNNFFF---κκκκBBB iiinnn BBBMMMMMMsssccceeellllllsss...(A)BMM cells(2 x
106cells)weretreatedwith50ng/mlsRANKLand50ng/mlM-CSF
in presencewith 50mM ofsucrosefortheindicatedperiodsof
time.Aftercells arelysed,Celllysates werethen subjected to
Western blot analysis with a polyclonal antibody against
phosphorylated MAPK (phospho-ERK, phospho-JNK, and
phospho-p38)andnonphosphorylatedMAPK (ERK,JNK,andp38).
(B)WesternblotanalysiswithamonoclonalantibodyagainstNF-κ
Bp65.
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777...TTThhheeeeeeffffffeeeccctttooofffhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssooonnn ttthhheeeeeexxxppprrreeessssssiiiooonnn
ooofffNNNFFFAAATTTccc111 iiinnnBBBMMMMMMsss...
The NFATc1 may represent a master regulator of

RANKL-induced osteoclast differentiation, switching on the
transcriptional program for the terminal differentiation of
osteoclast,wherein the autoamplication ofNFATc1 intimately
participatesinsustainingtheprogram (Takayanagietal.,2004).
Itwasexpectedhypertonicstressmightinhibitetheexpression
ofNFATc1anddecreaseosteoclastformationinBMMs.
To identify the hypothesis, The author examined the

expression and cellularlocalization ofthe NFATc1 protein in
RANKL-stimulatedBMMs.TheNFATc1proteinexpressionlevel
wasincreasedin RANKL-stimulatedBMMsfor48h.However,
whenBMMsweretreatedwith50mM sucroseandRANKL for
48h,NFATc1proteinexpressionlevelwasdecreased(Figure7A).
AsshowninFigure7B,immunofluorescencestraining revealed
thattheincreasedNFATc1proteinbyRANKLwastranslocated
from cytosoltonuclear at48h,butwasnotdetectableinBMMs
after50mM sucroseandRANKLstimulationat48h.Consistent
with thisresults,hypertonicstress reduced osteoclastogenesis
byinhibitionofNFATc1proteinlevel.
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A.A.A.A.

B.B.B.B.

FFFiiiggguuurrreee...777...EEExxxppprrreeessssssiiiooonnnooofffNNNFFFAAATTTccc111ppprrrooottteeeiiinnnddduuurrriiinnngggooosssttteeeoooccclllaaasssttt
dddiiiffffffeeerrreeennntttiiiaaatttiiiooonnniiinnnppprrreeessseeennnccceeeooofffhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssss...(A)BMMs(2
x106cells/culture)weretreatedwith50 μg/mlsRANKLand50mM of
sucrose for2 days,and cells were lysed.Celllysates were then
subjectedtoWesternblotanalysiswithamonoclonalantibodyagainst
NFATc1.(D)ImmunofluorscensestainingofNFATc1proteininBMMs
stimulatedwithRANKL/M-CSFandhypertonicstress.
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888...TTThhheeeeeeffffffeeeccctttooofffhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssooonnniiinnnddduuuccctttiiiooonnnooofffCCCaaa222+++

ooosssccciiillllllaaatttiiiooonnniiinnnRRRAAANNNKKKLLL---ssstttiiimmmuuulllaaattteeedddBBBMMMMMMsss...
TheactivitiesoftranscriptionfactorsoftheNFAT familyare

regulated by the Ca2+/ calmoduline-dependent calcineurin, a
serine/threoninephosphatase,which allowsnucleartranslocation
ofthese transcription fators (Takayanagietal.,2004).Since
NFATc1 induced by RANKL undergoes efficient nuclear
translocation,onemayenvisagetheCa2+ -dependentactivation
ofcalcineurin by RANKL.A sustained Ca2+ oscillation was
observedinBMMsstimulatedbyRANKL (Figure.8A). The
RANKL-induced Ca2+ oscillation initiated aslateas24hrafter
RANKL stimulation,thatis,when NFATc1induction becames
notable;the oscillation was sustained thereafter,provide that
RANKLwaspresent(Hiroshjetal.,2004).However,hypertonic
stress blockedtheRANKL-inducedCa2+oscillation(Figure8B).
Thisobservationsuggeststhat RANKL-inducedCa2+oscillation
is necessary for the sustained NFATc1 activation during
osteoclastogenesis and the hypertonic stress blocks
RANKL-inducedCa2+oscillationbyinhibitionofNFATc1protein
expression.
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FFFiiiggg...888...IIInnnhhhiiibbbiiitttiiiooonnn ooofff RRRAAANNNKKKLLL---iiinnnddduuuccceeeddd CCCaaa222+++ sssiiigggnnnaaallliiinnnggg iiinnn
rrreeessspppooonnnssseeetttooohhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnnBBBMMMMMMsss...(A)Ca2+oscillationwas
abservedinRANKL-treatedBMMswhichwereincubatedwithRANKL
inthepresenceofM-CSFfor48h.(B)RANKL-inducedCa2+oscillation
wereinhibitedbyhypertonicstress.
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ⅣⅣⅣ...DDDiiissscccuuussssssiiiooonnn

Bone resorption leads to the localized degradation offully
mineralizedbonematrix,includingremovalofbothinorganicand
organicmatrixcomponents24.Thedegradationofmineralpartof
matrixprecedesthedegradationoforganicmatrix,whichmostly
takes place in extracellular resorption lacunae 15. During
osteoclasticboneresorption,crystalhydeoxyapatiteisdissolved
intofreeCa2+/POashighas40mM 36.HighextracellularCa2+

resultsintheinhibitionofboneresorption 37,38andinductionof
osteoclastapoptosis (Lorgeretal.,2000).On the otherhand,
whenboneisactivelyresorbed,itmightbeexpectedthathigh
osmolality is provided due to the high concentration of
Ca2+/PO42-andthedegradedorganicmaterialsintheextracellular
fluidaround bonecells.Underthesehighosmoticconditions,the
function of bone cells could be changed through the cell
shrinkage.Itispossiblethattherearetwopathwaysinarrestof
osteoclastogenesis;oneisregulatedbyhighconcentrationofCa2+,
whichinducesosteoclstapoptosis.Theotheroneisregulatedin
responsetohypertonicstresscausedby degradedorgamicand
mineralmaterials,which affects bone cells metabolism.We
hypothesizedthatthehypertonicstressinbonecellcouldbeone
oftheregulatingfactorsforboneremodeling. Thisstudyuse
sucrosetomakehypertonicconditionandapply1α,25(OH)2D3to
stimulateosteoclastformation.
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IIInnnhhhiiibbbiiitttiiiooonnn ooofffttthhheee111αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeedddooosssttteeeoooccclllaaassstttfffooorrrmmmaaatttiiiooonnn
bbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssss
Theboneremodeling isdependenton thebalanceincluding

thecoordinateregulation andinteraction ofthecomponentcell
types:bone-forming osteoblastsandbone-resorbing osteoclasts.
Forthedifferentiationofosteoclastprogenitorcellsintomature
osteoclasts, a cell-to-cell interaction between osteoclast
precursorsandosteoblastic/stromalcellshasbeendemonstrated
to be necessary 17.The essentialsignaling molecules ofthe
cell-to-cellinteractionincludeRANKL,M-CSF,andOPG.That
aresecretedinosteoblasticcells.RANKL isamembrane-bound
proteinofthetumornecrosisfactorligandfamilythathasbeen
shown to play amajorrolein osteoclastdifferentiation along
with M-CSF 16.RANKL binds to its receptor RANK on
hematopoieticcellsand initiatesacascadeofsignaling events
thatleadstoosteoclastdifferentiation 23.Furthermore,osteoblast
cellsalsosecreteanosteoprotegerin(OPG)27,asoluble"decoy"
receptorofRANKLandpreventsitsinteractionwiththecognate
receptorRANK3.OPGhasbeenshowntobeapotentinhibitorof
osteoclastdifferentiation,survivalandfunctioninvitroandbone
resorptioninvivo1,5,12,13.wesuggestedthathypertonicstresswill
mightconcern1α,25(OH)2D3-inducedosteoclastogenesisinbone
cell;osteoblastand osteoclast.Firstly,to clarify the role of
hypertonic stress on bone metabolism,sucrose as hypertonic



- 37 -

stresseswasaddedtoco-culturesinpresencewith10-8M of1
α,25(OH)2D3.After6 days,in the presence ofsucrose,1α,25
(OH)2D3-inducedosteoclastdifferentiationwasinhibitedandthe
numberofTRAP positivemultinucleatedcellsdecreasedupto
about60% in 50 mM sucrose (Figure.1B).To identify the
possibilityofhypertonictoxicity, viabilitytestwasdone.The
sucrosedidnotshow atoxiceffectwhentreatedatupto100
mM (Figure.2C).Itsaysthattheeffectofsucroseonosteoclast
formationwascausedbyhypertonicstress,notbydirecttoxic
effectuponthecells.Theseresultssuggestthathypertonicstress
mayinhibit 1α,25(OH)2D3-inducedosteoclastdifferentiationby
itself.

DDDeeecccrrreeeaaassseeeooofffttthhheee111αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeedddRRRAAANNNKKKLLL eeexxxppprrreeessssssiiiooonnn
bbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnnooosssttteeeooobbblllaaasssttt
ResorptionisregulatedthroughOPG andRANKLexpression

byosteoblasticcellsandisaffectedbyvatiousosteotropicfactors
thatalterplasmamembranepermeability toCa2+,including 1α,
25(OH)2D3orionophores4.Moreover,1α,25(OH)2D3activationof
theplasmamembranesignaling system changesthefunctional
propertiesofvoltage-sensitiveCa2+channels(VSCCs)andalters
theexpressionandactivityofproteinkinases6.22.25,32.Application
of1α,25(OH)2D3increasesplasmamembranepermeabilitytoCa2+

withinmillisecondsbyshiftingthethresholdofactivationtoward
the resting potentialand increasing the mean open time of
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L-typeVSCC 18.Spontaneousandhormonallyregulatedopening
ofCa2+channelsleadstolocalizedelevationsofintracellularCa2+

thatdirectly control 1.Ca2+ influx also directly orindirectly
influences the expression and activity of Ca2+/
calmodulin-dependent protein kiase (CaMK) 9,18,30,35.For that
reason,RANKL expression mightbe inhibited by hypertonic
stress in osteoblastic cells accompany with intracellular Ca2+

influxchange. AsshowninFigure2A,theexperimentidentified
theexpressionsofRANKL,OPG,andM-CSF inosteoblastsin
thepresenceandabsenceofsucroseusingRT-PCRandELISA.
The 1α,25 (OH)2D3-induced RANKL expression was decreased
withdose-dependentmannerinsucrose.Ontheotherhand,the
expressionofOPG andM-CSF werenotchangedregardlessof
sucroseconcentration (Figure2).Consequently,theaddition of
sucrose inhibits osteoclast formation by down-regulating the
expressionofRANKLinosteoblasticcells.From thisresults,It
canbesuggestedthathypertonicstressdecreasestheexpression
ofRANKLinresponsetoblockoftheintracellularCa2+levelin
osteoblast.Todeterminewhetherthehypertonicstressblocks1
α,25(OH)2D3-induced Ca2+ influx in osteoblast,the experiment
measuredintracellularCa2- level.Asshown in Figure3A,the
stimulation of1α,25(OH)2D3 raised transient[Ca2+]i rapidly in
osteiblastic cells.However,the addition of 50 mM sucrose
suppressed transient [Ca2+]i (Figure 3B).It is possible that
alternationinlocalintracellularCa2+ levelsbyhypertonicstress
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may regulate the inactivation ofthe osteoblastL-type VSCC
with phosphorylated CaMKIIin osteoblastic cells.To identify
such a possibility, It was decided to investigate whether
phosphorylated CaMKIIwere inhibited or notby sucrose in
osteoblasts.Asresult,activation ofCaMKIIwasincreased in
responsetotreatment1α,25(OH)2D3for48h,and72h,butinthe
same time,phosphorylated CaMKIIwas notincreased with 1
α,25(OH)2D3 and 50 mM sucrose (Figure.4).Itshows that
hypertonicstressinhibitesRANKLexpressionviasuppressionof
Ca2+influxwithinactivatedCaMKIIinosteoblasticcells.

IIInnnhhhiiibbbiiitttiiiooonnn ooofffttthhheeeRRRAAANNNKKKLLL---iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnn
bbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssss
It was expected that hypertonic stress might affect the

RANKL-inducedosteoclastdifferentiationinBMMsaswellas
in osteoblsat.To clarify the role of hypertonic stress on
osteoclastformation,sucrosewasaddedtoBMMsculturesfor5
days.When 50ng/mlofsRANKL wasadded to BMMscell
culture,TRAPpositivemultinucleatedcellswereformed,whereas
noTRAPpositivecellsweredetectedinmediaonly(Figure.5A).
Inthepresenceofsucrose,sRANKL-inducedosteoclastformation
wasreduced(Figure.5B).
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TTThhheeedddeeecccrrreeeaaassseeeooofffRRRAAANNNKKKLLL---iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnn
fffaaaccctttooorrrsssiiinnnrrreeessspppooonnnssseeetttooohhhyyypppeeerrrtttooonnniiicccssstttrrreeessssss
ActivationofRANK byitsRANKLleadstotheexpressionof

osteoclastspecificgenesduringdifferentiation29.RANK activates
sixkeysignalingpathwayinosteosclast:NF-κB,JNK,ERK,p38,
Src,andNFATc1.However,initiationofRANK signalingisthe
bindingofTRAF6.TheactivationofTRAF6canbeinducedby
RANK signalingcascades.Scrproteinisrequiredforosteoclast
survival,cytoskeletalrearrangementsandmotility (Boyleetal.,
2003).TheNF-κB andMAPK (JNK,p38,andERK)isrequired
forosteoclastdifferentiation.Toknow thewayhow hypertonic
stress,whichisthoughttoactasasignalforvariouscellular
functionsinosteoclastogenesis,islinkedtotheRANKL-induced
osteoclastogenesis in BMMs cell.The experiment investigate
whether those kinases were inhibited or nor by sucrose in
BMMs.Asaresult,activatiedMAPK bytreatmentwith50 μ

g/mlRANKL were inhibited in response to 50 mM sucrose
(Figure.6A).AlsosucrosehadaeffectofinhibitionofNF-κB
expression (Figure.6B).Itcan besaid thathypertonicstress
mightaffectthe expression oftranscription factors associated
withsRANKL-inducedosteoclastogenesis.
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TTThhheeedddeeecccrrreeeaaassseeeooofffNNNFFFAAATTTccc111eeexxxppprrreeessssssiiiooonnnbbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssiiinnn
BBBMMMMMMsss
NFATc1isalsoinvolvedinmediatingkeysignalsinducedby
RANKL-RANK signaling28.TheNFATc1mayrepresentamaster
regulatorofRANKL-inducedosteoclastdifferentiation,switching
onthetranscriptionalprogram fortheterminaldifferentiationof
osteoclast.The activated NFATc1 induces its own gene to
amplify.Theexperimentexpected thathypertonicstressmight
inhibitetheexpressionofNFATc1andthenresultininhibition
ofosteoclastformation in BMMs.Toidentify thishypothesis,
theexpression and cellularlocalization oftheNFATc1protein
werestudidedinRANKL-stimulatedBMMs.Theexpressionof
NFATc1proteinincreasedinRANKL-stimulatedBMMsfor48h.
However,when treated with 50 mM sucroseand RANKL in
BMMsfor48h,NFATc1proteinexpressionlevelwasdecreased
(Figure 6A). As shown in Figure 6B, immunofluorescence
strainingrevealedthattheincreasedNFATc1proteinbyRANKL
wastranslocatedfrom cytosoltonuclear at48h,butitwasnot
detectable in BMMs after 50 mM sucrose and RANKL
stimulation at48h.Considering this results,hypertonic stress
mayaffectosteoclastogenesis byinhibitionofNFATc1protein
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BBBllloooccckkkiiinnnggg CCCaaa222+++ ooosssccciiillllllaaatttiiiooonnn vvviiiaaa ttthhheee dddeeecccrrreeeaaassseee ooofff NNNFFFAAATTTccc111
eeexxxppprrreeessssssiiiooonnnbbbyyyhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssss
TheactivitiesoftranscriptionfactorsoftheNFAT familyare

regulatedbytheCa2+/calmoduline-dependentcalcineurin,aserine/
threoninephosphatase,whichallowsnucleartranslocationofthese
transcription fators 28. Since NFATc1 induced by RANKL
undergoesefficientnucleartranslocation,onemay envisagethe
Ca2+-dependentactivationofcalcineurinbyRANKL.A sustained
Ca2+ oscillationwasobservedinBMMsstimulatedby RANKL
(Figure.8A).Interestingly,TheRANKL-inducedCa2+ oscillation
initiatedaslateas24hafterRANKL stimulation,thatis,when
NFATc1inductionbecamenotable;theoscillationwassustained
thereafter, provide that RANKL was present 28. However,
hypertonicstressblockedtheRANKL- inducedCa2+ oscillation
(Figure8B).Thisobservation suggeststhat RANKL-induced
Ca2+oscillationisnecessaryforthesustainedNFATc1activation
during osteoclastogenesis, and the hypertonic stress blocks
RANKL-induced Ca2+ oscillation and causes the inhibition of
NFATc1proteinexpression.
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FFFiiiggguuurrreee 999... EEExxxpppeeerrriiimmmeeennntttaaalll sssccchhheeemmmeee fffooorrr rrreeeggguuulllaaatttiiiooonnn
mmmeeeccchhhaaannniiisssmmm ooofffhhhyyypppeeerrrtttooonnniiicccssstttrrreeessssssooonnn
111αααα,,,222555(((OOOHHH)))222DDD333---iiinnnddduuuccceeeddd ooosssttteeeoooccclllaaassstttooogggeeennneeesssiiisss...

Takenalltogether,thesefindingsrevealthathypertonicstress
maybenovelcandidatefortheregulationofboneresorption.In
osteoblast,hypertonic stress decreased RANKL expression by
blockingof1α,25(OH)2D3-inducedCa2+influxviaCaMKII.Onthe
other hands,various RANKL-induced osteoclastdifferentiation
factorwereinhibited inresponsetohypertonicstressinBMMs.
Also,hypertonicstressblockedRANKL-inducedCa2+ oscillation
viaNFATc1.
Furtherstudiesareneedtoknow thedetailsof intracellular

Ca2+ signalpathwayaffetedbyhypertonicstress inosteoblast
andosteoclast.
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ⅤⅤⅤ...CCCooonnncccllluuusssiiiooonnn
ThisstudyprovidedthefirstevidencethatHypertonicstress

inhibitedosteoclastformationinco-culturesystem.Inosteoblast,
the expression of RANKL mRNA and protein were
down-regulatedupontheincreaseofhypertonicstress,butthe
expression of OPG mRNA and protein were not changed
significantly and also hypertonic stress blocked 1α,25
(OH)2D3-induced Ca2+ influx and decreased the expression of
phosphorylated CaMKII in osteoblst. In case of BMMS,
hypertonic stress inhibited the RANKL-mediated osteoclast
formation andvariousRANKL-inducedosteoclastdifferentiation
factorswereinhibitedinresponsetohypertonicstressinBMMs.
Also,hypertonicstressblockedRANKL-inducedCa2+ oscillation
andinhibitedbothexpression andtranslocationof NFATc1
This results show that The hypertonic stress affects

osteoclastogenesisinosteoclastandosteoblast.Inthisregards,it
canbesaidthathypertonicstressis anovelcandidateforthe
regulationofboneresorption.
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Abstract(inkorean)

111αααα,,,222555(((OOOHHH)))222DDD333으으으로로로 유유유도도도되되되는는는
뼈뼈뼈파파파괴괴괴세세세포포포분분분화화화기기기전전전에에에서서서 hhhyyypppeeerrrtttooonnniiiccc
ssstttrrreeessssss가가가 뼈뼈뼈모모모세세세포포포와와와 뼈뼈뼈파파파괴괴괴세세세포포포에에에

미미미치치치는는는 영영영향향향...

<<<지지지도도도교교교수수수 손손손병병병화화화>>>

연연연세세세대대대학학학교교교 대대대학학학원원원 치치치의의의학학학과과과
김김김 석석석 현현현

뼈개조는 뼈를 형성하는 뼈모세포 (osteoblast)와 뼈흡수를 유발하
는 뼈파괴 세포(osteoclast)에 의해 조절된다.뼈파괴세포분화과정에
서 뼈모세포는 뼈파괴세포분화를 촉진하는 인자인 RANKL과
M-CSF를 분비하며,이와 동시에 RANKL 대한 저해제인 OPG를
분비하여 뼈파괴세포분화를 조절한다.뼈파괴세포에 의하여 뼈흡수
가 일어나면,분해산물로서 Ca2+ 이나 인산염 (PO42-),아교질,
osteopontin등과 같은 뼈무기질과 뼈유기질이 증가하게 되어,뼈모
세포와 뼈파괴세포 주위에 삼투압이 높은 상태의 미세환경 (hyper-
tonicmicroenvironment)을 유발된다.이러한 고삼투압 환경자체가
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뼈대사 조절에 영향을 미칠수 있을것으로 추측되며 본 실험에서는
높은 삼투압이 뼈파괴세포분화에 미치는 영향과 뼈대사에 미치는
영향을 분석하였다.
뼈모세포와 큰대식세포를 혼합배양하여 10nM의 1α,25-dihydroxy
vitaminD3 (1α,25(OH)2D3)을 투여하여 뼈파괴세포분화를 유도한
후,삼투성 자극으로 sucrose를 농도별 (25,50,100,150,200mM)
로 처리하였다.TRAP염색법을 이용하여 핵이 3개 이상으로 융합
된 뼈파괴세포의 수를 측정한 결과,sucrose농도가 증가함에 따라
뼈파괴세포의 수가 감소하였다.이러한 뼈파괴세포수의 감소는 삼투
성 자극으로 인한 결과라는 것을 확인하기 위하여 세포 독성능 검
사를 수행한 결과,sucrose50mM 이하의 농도에서는 삼투성 자극
으로 인한 세포의 독성은 나타나지 않는 것으로 확인하였다.삼투성
자극으로 인하여 뼈파괴세포분화가 감소하는 기전을 규명하기 위하
여 뼈모세포에서 뼈흡수 기전의 중요한 인자인 RANKL과 OPG의
mRNA 와 단백질 발현양을 역전사중합효소연쇄반응법 (RT-PCR)
과 효소면역측정법 (ELISA)으로 측정하였다.그 결과,삼투성 자극
의 농도가 증가함에 따라 RANKLmRNA와 단백질 발현양이 모두
감소하였으나 OPG mRNA와 단백질의 발현양은 변화가 없었다.
RANKL 발현은 1α,25(OH)2D3으로 유도되는 세포내 칼슘 유입이
발생되면서 시작되는데,이때 삼투성 자극을 투여하게 되면 세포내
칼슘 유입이 일어나지 않는다.또한,세포내 칼슘 유입으로 인한
CaMKII의 발현은 삼투성 자극에 의하여 억제되었다.이는 삼투성
자극이 뼈모세포에서 1α,25(OH)2D3으로 유도되는 세포내 칼슘유입
을 막아 CaMKII의 발현을 억제하고,이로 인하여 RANKL발현을
감소시켜 뼈파괴세포분화를 억제한다고 생각할 수 있다.
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또한,삼투성 자극은 RANKL로 인하여 유도되는 뼈파괴세포분화
과정에서도 뼈파괴세포의 수를 감소시켰다.본 실험에서는 그원인이
RANKL에 의해 시작되는 뼈파괴세포 분화과정에서 필수적 전사인
자의 발현이 억제되었기 때문일 것이라 예상하였다.이에 뼈파괴세
포 분화인자인 JNK,ERK,p38,그리고 NF-κB를 면역검색법
(westernblotting)으로 발현양을 측정하였다.그 결과,삼투성 자극
에 의하여 분화인자인 JNK,ERK,p38,그리고 NF-κB발현양이 감
소하였다.또한 최근 뼈파괴세포분화의 결정적 인자라고 알려진
NFATc1의 발현양 또한 삼투성 자극으로 인하여 감소하였다.특히
NFATc1은 RANKL자극 후 24시간 뒤에 발생되는 Ca2+oscillation
과 밀접한 연관성이 있는 것으로 알려져 있으며,삼투성 자극은 이
러한 Ca2+ oscillation을 억제하였다.이러한 결과는 삼투성 자극이
RANKL에 의해 유도되는 Ca2+ oscillation을 억제하며,이로 인한
NFATc1발현의 억제로 인하여 뼈파괴세포분화를 억제하는 것으로
이해할 수 있다.
이상의 사실로 미루어 삼투성 자극에 의하여 감소된 뼈파괴세포

분화는 뼈모세포에서 RANKL발현의 감소와,대식세포에서 뼈파괴
세포분화인자인 NFATc1의 발현 감소로 인한 복합적인 원인에 의
하여 발생되는 결과로 해석된다.따라서 삼투성 자극은 뼈파괴를 조
절할 수 있는 새로운 뼈대사 조절인자로서 뼈대사 기전에서 중요한
요소로 작용할 것으로 예상된다.
-------------------------------------------------------
핵심되는 말 :삼투성 자극,뼈파괴세포분화,뼈모세포,RANKL,
NFATc1,1α,25(OH)2D3
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