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1  | INTRODUC TION

1ɑ,25-dihydroxyvitaminD3(1,25D)playsanimportantroleinbone
metabolism,whichcouldreducetheriskofbonefractureinpatients
withdiabetesmellitus.1,25Disgeneratedbythe1α-hydroxylation
reactionof25-hydroxyvitaminD3(25D)catalyzedbymitochondrial
CYP27B1.11,25Daffects itsdownstreamtargetgenestoregulate
intestinal calcium absorption and bone metabolism though bind-
ing to its nuclear receptor vitamin D receptor (VDR).2 Increasing

evidencehasdemonstratedthat1,25Dcouldpromoteosteoblasts
proliferationviaincreasingtheproductionofosteopontin(Opn)and
osteocalcin (Ocn).3,4 1,25D could also enhance the expression of
membranereceptorLRP5ofWntpathwaytostimulateosteoblasts
differentiation.Conversely,1,25Dcouldpromotetheexpressionof
RANKLand inhibitosteoprotegerin, thusacceleratingosteoclasto-
genesis and bone resorption. Besides, research also showed that
1,25Ddown-regulated theexpressionofRunx2 throughBMPsig-
nallingpathway,therebysuppressingosteogenesis.3Theosteogenic
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Abstract
1ɑ,25-dihydroxyvitaminD3(1,25D)andfibroblastgrowthfactor23(FGF23)playim-
portantrolesinbonemetabolismthroughmutualregulation.However,theunderlying
mechanismbetween1,25DandFGF23indiabetes-inducedbonemetabolismdisor-
dershasnotyetbeenelucidated.Inthisstudy,weinvestigatedtheeffectof1,25D
onFGF23underdiabeticconditionbothinvitroandinvivo.Theresultsshowedthat
1,25Ddown-regulated theexpressionofFGF23 inosteoblast significantly though
adose-dependentmanner invitrowithinhighglucoseenvironment.Westernblot
andimmunofluorescenceanalysisindicatedthat1,25DactivatedPI3K/Aktsignalling
throughbindingtovitaminDreceptor(VDR),whichinhibitedthephosphorylationof
thetranscriptionfactorForkheadBoxO1(FOXO1).Decreasedphosphorylationof
FOXO1down-regulated theexpressionDickkopf-1 (DKK1), awell-known inhibitor
ofWntsignalling. Inaddition,weobservedthat1,25Dremarkablyamelioratedos-
teogenicphenotypicmarkerssuchasOcnandRunx2andrescueddiabetes-induced
bone loss in vivo. Our results suggested that 1,25D could promote osteogenesis
thoughdown-regulatingFOXO1/FGF23indiabetes.
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or osteoclastic effects of 1,25D depends on appropriate level of
1,25Dundercertainconditions.

As amember of the FGF19 subfamily, FGF23 is an important
regulatoryfactorof1,25D,whichisproducedmainlybyosteocytes
andosteoblasts.5FGF23couldreducetheexpressionof1,25Dand
promote its catabolism by inhibiting mitochondrial CYP27B1 ex-
pressionandactivatingCYP24A1separately.61,25DandFGF23are
tightlyrelatedtobonemetabolismandtheregulationofFGF23by
1,25Dvariesindifferentcells.Study7conductedbyIchiroKaneko
et al showed that 1,25Ddown-regulated the expression of Fgf23
in 3T3-L1 differentiated adipocytes, while up-regulated the ex-
pressionofFgf23 inUMR-106osteoblast-likecells. Indiabeticpa-
tients,FGF23significantlyelevated.8Whether1,25Dcouldregulate
FGF23 indiabeticpatients, thus influencingbonemetabolismand
theunderlyingmechanisms remainsunclear.Therefore,weaim to
investigatetheregulatoryeffectof1,25DonFgf23and itsrole in
bonemetabolismdisordercausedbydiabetesinvitroandinvivo.

2  | MATERIAL S AND METHODS

2.1 | Animal study

The animal experiments were approved by the Animal Research
Committee of Sichuan University (Chengdu, China). Animal care
was conducted followed the National Institutes of Health (NIH
Publications No. 8023, revised 1978). FoxO1fl/fl mice and BGLAP-
Cre mice were purchased from Jackson Laboratories (Bar Harbor,
ME) and crossed for the production of FoxO1fl/flCre± and FoxO1fl/
flCre-/- mice.9 Forty male mice (6-week-old) were divided into five
groups(n=8micepergroup)bysimplerandomizationmethodasfol-
low:WTmice (WT); untreateddiabeticWTmice (WT-STZ);1,25D
treated diabetic WT mice (WT-STZ-1,25D); untreated diabetic KO
mice(KO-STZ);1,25DtreateddiabeticKOmice(KO-STZ-1,25D).To
establishdiabetesmodel,micewerefedwithahigh-fatdiet(60kcal%
fat,20kcal%carbohydrate,20kcal%protein;D12492diet;Research
Diets)for3weeksbeforetheinjectionofstreptozotocin(STZ,Sigma)
atarepeateddoseof40mg/kg.10TendaysafterSTZadministration,
micewithbloodglucoselevelsof>150mg/dLthancontrolmicewere
consideredtobeasuccessfulmodel.The1,25Dtreatedgroupsre-
ceivedadoseof5ug/kgviaintraperitonealinjectioneveryotherday
for4weeks.Bloodwascollectedthoughacheekpouchpuncture24h
afterthelastinjection.Simultaneouslyvertebraewereharvested.11

2.2 | Micro- CT analysis

Vertebrae were fixed and scanned by micro-CT (Micro CT 50,
SCANCOMedicalAG,Switzerland)at7μmresolution.Thefollow-
ing indexes of bonewere analysed: bone volume per total vol-
ume (BV/TV), themeantrabecularnumber (Tb.N)and themean
trabecularthickness(Tb.Th)andthemeantrabecularseparation
(Tb.Sp).

2.3 | Enzyme- linked immunosorbent assay (ELISA)

Bloodserumfrommicewasharvestedandcentrifugedfor10min-
utesat1000g.SerumconcentrationsofFGF23,P1NPandCTXwere
detectedusingELISAkits(FountainHills,AZ)accordingtothemanu-
facturer'sinstructions.Serumcalciumandphosphateweredetected
bymultichannelautoanalyser(Hitachi717,BoehringerMannheim).

2.4 | Cell culture

CalvariafromnewbornWTandKOmicewerecollectedforprimary
osteoblasts culture using direct explants culture method.12 Cells
were cultured in α-MEM medium supplemented with 10% foetal
bovine serum (FBS, Gibco), 100 U/mL penicillin and 100 mg/mL
streptomycinsulphate.Osteoblasts in their thirdpassagewerere-
seededandincubatedinnormalglucose(5.5mm)andhighglucose
(22mm)withorwithout1,25D.PI3KinhibitorLY294002(20μm)and
AktinhibitorMK-2206(1μm)wereusedtoinhibitPI3K/Aktpathway.
VDRCrispr/Cas9KOPlasmid(SantaCruz)wasappliedtoknockout
VDRinosteoblastsaccordingtomanufacturer's instruction,which
has been previously described.13 Lentiviral vector carrying FoxO1
genewasusedoverexpressFoxO1accordingtotheinstructionsof
themanufacturer.Theeffectofplasmidtransfectionandlentivirus
transfectionwasverifiedbywesternblot.ConcentrationofFGF23
in supernatant of Osteoblasts treated with lentivirus vector and
1,25DwasdeterminedbyELISA.

2.5 | Real- Time PCR and Western blotting Analysis

Total RNAs were extracted using TRIzol Regent (Invitrogen).
mRNAswere reverse transcribed into cDNAusingPrimeScript™
RTreagentKitwithgDNAEraser(TakaraBio,Japan)ina10μLre-
actionvolume.PrimerssequenceswerelistedinTable1.Therela-
tivegeneexpressionwascalculatedbynormalizingtoendogenous
housekeeping geneGapdh using 2−△△Ctmethodwith ABI 7300
real-timePCRsystem (AppliedBiosystems)andSYBRPremixEx
Taq(TakaraBio).

For western blot, cell proteins were obtained using KeyGEN
WholeCellLysisAssay(KeyGEN)accordingtothemanufacturer'sin-
structions.Proteinextractswereseparatedona10%SDS-PAGEgels
andtransferredonpolyvinylidenedifluoridemembranes(Millipore
Corp),whichwerethenblockedandprobedat4°Covernightwith
primary antibodies: rabbit polyclonal anti-VDR (1:100, Abcam),
rabbitpolyclonalanti-pAkt (1:500,CellSignalingTechnology), rab-
bit monoclonal anti-Akt (1:500, Cell Signaling Technology), rabbit
monoclonal anti-pFOXO1(1:100, Santa Cruz), rabbit polyclonal
anti-FOXO1(1:100, Santa Cruz), rabbit polyclonal anti-DKK1 an-
tibody(1:1000, Abcam). Rabbit monoclonal anti-GAPDH (1:1000,
CellSignaling)wasappliedasloadingcontrols.Afterincubatedwith
HRP-conjugated secondary antibody (1:1000), immunoreactive
bandsweredetectedusinganECLkit(Millipore).
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2.6 | Immunofluorescence and 
immunohistochemistry

Cellswereseededoncoverslipsina48-wellplateatadensityof
10000cells/well.After72hours,theslipsweregentlyrinsedwith
PBS and fixed with 4% paraformaldehyde for 30 minutes, then
permeabilized with 2% Triton X-100 for 5 minutes and blocked
with 5% bovine serum albumin (Sigma) for 30 minutes. Cells
were incubated with primary antibody FOXO1(1:50, Santa Cruz
Biotechnology)at4℃overnight.Slipswere incubatedwith fluo-
rescein isothiocyanate-conjugated secondary antibodies (1:50;
Zsjq Bio Co., Beijing, China) for 1 hours at room temperature.
Nuclei were stained with DAPI (1:1000; Beyotime, Shanghai).
Fluorescent images were collected by fluorescent microscopy
(Olympus,Tokyo,Japan).

Forimmunohistochemicalstaining,femurswereharvestedand
firstly fixed in4%paraformaldehyde for2days.Washed femurs
were subsequently put into 10% EDTA-buffered solution until
complete demineralization and then dehydratedwith graded al-
cohol,vitrifiedinxylenebeforeembeddedinparaffin.Bonesec-
tionswerecutinto5μmthicknesslongitudinally,quenchedin3%
H2O2 for5minutesandunmaskedthroughsubmerged inboiling
citratebuffer(pH6.0)threetimesfor8minuteseach.Thensec-
tionswerewashedandblockedin5%goatserumbeforeincubated
withRunx2(Abcam),DKK1(Abcam),FGF23(Abcam)antibodiesat
4℃overnight.Sectionswererewarmedatroomtemperaturebe-
foreincubatedwithsecondaryantibodies.Stainedsectionswere
optimizedwith 3,3′-diaminobenzidine (DAB) and counterstained
withhaematoxylin.TRAPstainingkit(Sigma)wasusedtoobserve
bone resorption. TRAP-positive multinucleated cells with three
ormorenucleiwerescored.All stainedsectionswerevisualized
under amicroscopeusingNIS-Elements software (NikonEclipse
80i,Nikon).

2.7 | Statistical analysis

All statistical tests were performed with SPSS 20.0 (SPSS, Inc).
Unpairedtwo-tailedStudent'sttestwasusedbetweentwogroups
andone-wayANOVAfollowedbyTukey'stestwasusedformultiple
comparisons.Theresultsweregivenasmeans±SDP <.05wascon-
sideredtobestatisticallysignificant.

3  | RESULTS

3.1 | 1,25D down- regulates Fgf23 expression by 
activating PI3K/Akt signalling pathway

Toevaluatetheeffectof1,25DonFgf23expression,real-timeqPCR
wasconducted.TheexpressionofFgf23wassignificantlyincreased
inahighglucoseenvironment.Innormalmedium,1,25Dpromoted
theexpressionofFgf23,whileinhighglucosemedium1,25Dinhib-
itedtheexpressionofFgf23(Figure1A).Furthermore,asshownin
Figure1B.1,25Dsignificantlydown-regulatedFgf23expression in
adose-dependentway.10nm,1,25Dshowedremarkableeffecton
theexpressionofFgf23tendedtobestable,whichhasbeenapplied
infollowingexperiments.Tofurtherexploretheunderlyingmecha-
nism,Crispr/Cas9KOplasmidwasappliedtoknockoutVDR,which
was verified bywestern blot analysis (Figure 1C). The absence of
VDRrestoredthe inhibitoryeffectof1,25DonFgf23 (Figure1D).
PreviousstudieshaveshownthatthePI3K/Aktpathwaycouldplay
an important role in cell growth, proliferation, survival and me-
tabolism.14 Therefore, PI3K inhibitor LY294002 and Akt inhibitor
MK-2206werealsoappliedtoblockPI3K/Aktsignallingpathwayin
osteoblasts (Figure 1C). As shown in Figure 1E,Fgf23mRNA lev-
elsincreasedwiththeapplicationofPI3Kinhibitor,whiledecreased
with1,25D.SimilarresultswerefoundwhenAktinhibitorwasap-
plied(Figure1F).Takentogether,theseresultssuggestedthat1,25D
down-regulatedFgf23expressionbyactivatingPI3K/Aktsignalling
pathway.

3.2 | The Effect of 1,25D on FGF23 is mediated via 
inactivation of FOXO1

Asoneof thedownstreamtargets,FOXO1canbephosphorylated
byserine-threoninekinaseAktsuchasSer256.15Thus,wehypoth-
esizedthatFOXO1mightactasamediatorintheeffectof1,25Don
FGF23expression.Westernblotanalysisshowedthat1,25Dtreat-
ment ledtothephosphorylationofFOXO1(p-FOXO1) (Figure2A).
Inaddition,1,25DdecreasedFOXO1nuclearlocationasthecellim-
munofluorescentstainingdisplayed(Figure2B),indicatingthat1,25D
mightrestraintheshuttleofFOXO1fromcytoplasmtonucleusand
promotedFOXO1nuclearexclusion.TofurthervalidatethatFOXO1
might be responsible for Fgf23 gene transcription, osteoblasts

Gene Forward 5'→3' Reverse 5'→3'

Fgf23 GGCTGCTGGCTTCTAAGTGTG TTCCGTGACCGGTAAGTATTG

Ocn GCGCTCTGTCTCTCTGACCT ACCTTATTGCCCTCCTGCTT

Runx2 GGCGTCAAACAGCCTCTTCA GCTCACGTCGCTCATCTTGC

Cathepsin K CCAGTGGGAGCTATGGAAGA TCTGCTGCACGTATTGGAAG

Sfrp1 CCCTCCAAGGCTTGAGTAAAAG AGCACATGCATAGGCGGTGTA

Sfrp4 TGGAGCCACCCTTACAGGAT GCAAGTGGTATGTGGCCTTCTG

Dkk1 ACTCAAATGGCTTTGGTAATATGG ATAATCTCTTCTGAATTCTGCCCA

TA B L E  1  Primerssequencesfor
RT-qPCR
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fromconditionalFoxO1knockoutmiceand lentivirusvectorcarry-
ingFoxO1gene transducedOsteoblastswereapplied in the study
(Figure2C,2E).WhencomparedwithWTgroup,themRNAlevelof
Fgf23inKOgroupreducedremarkably(Figure2D).Overexpression
ofFoxO1up-regulatedtheexpressionofFgf23whereasalleviatedby
thetreatmentof1,25D.WealsodetectedFGF23 level insuperna-
tant,whichwasconsistentwiththetrendofmRNAlevel(Figure2E).
Collectively, these findings confirmed that the effect of 1,25D on
FGF23expressionmightbemediatedviatheinactivationofFOXO1.

3.3 | 1,25D promoted osteogenesis via 
inactivation of FOXO1 in diabetic mice

Evidence has shown that diabetes mellitus is always accompanied
withhypocalcaemiaandhypophosphatemia,whichcouldbeamelio-
ratedby1,25D.16Inthisstudy,weestablishedtype2diabeticmice
modeltoclarifytheeffectof1,25Donbonemicroarchitectureand
itsunderlyingmechanism.AsshowninFigure3A,WT-STZmicehada
higherbloodglucoselevelthanWTmice,whileboth1,25Dtreatment
andFoxO1knockoutshowedpositiveeffectsonglucose level.We
thendetectedserumFGF23level.Resultssimilarvariationsasblood
glucose(Figure3B).Inbrief,serumFGF23increasedsignificantlyto

aconcentrationof371.2pg/mL inWT-STZmiceanddecreased to
300.8pg/mLwiththetreatmentof1,25D(P <.05).Besides,FoxO1
knockoutreducedserumFGF23levelinKO-STZmiceandKO-STZ-
1,25D mice, with significant difference compared with WT-STZ-
1,25Dmice(P <.05).Ofnote,therewasnostatisticaldifferenceof
serum concentration of FGF23 between KO-STZ-1,25D mice and
KO-STZmice (P >.05) (Figure 3B), suggesting that FOXO1was in-
volvedintheeffectof1,25DonFGF23.Theresultsofimmunohis-
tochemistryshowedthesimilarvariation(Figure4J).Thoughserum
calciumandphosphateslightlydecreasedinWT-STZmice,therewas
nosignificantdifferenceamongthefivegroups(Figure3C-D).

Micro-CTanalysisrevealedthatWT-STZgroupshowedobvious
bonelosswhencomparedwithWT,with63.1%,55.0%and54.2%
reductionofBV/TV,Tb.NandTb.Th,respectively(Figure3F).1,25D
ameliorateddiabetes-inducedbone loss inWT-STZ-1,25Dmice to
someextent,withstatisticaldifferenceinBV/TVparameter(P <.05).
KO-STZandKO-STZ-1,25Dmicedisplayednosignificantdifference
inallmicroarchitectureparameters(P >.05),whileosteogenesiswas
better in these two groups when compared with WT-STZ-1,25D
mice,indicatingthatFOXO1mightbeamediatorduringtheregula-
toryeffectof1,25Donosteogenesis.

Thenwedetectedtheexpressionofosteogenicmarkerssuch
as Ocn, Runx2 and osteoclastic marker Cathepsin K in femur.

F I G U R E  1  1,25Ddown-regulatesFgf23geneexpressionbyactivatingPI3K/Aktsignallingintreatedosteoblasts.A:mRNAlevelof
Fgf23ofosteoblaststreatedinnormalandhighglucosemediawithorwithout1,25D(10nM).B:Fgf23expressionatdifferent1,25D
concentration.C:ProteinlevelsofVDR,p-AktandAktintreatedosteoblaststestedbyWesternblotanalysis.D-F:mRNAlevelofFgf23 in 
osteoblastswithVDRknockout,PI3KinhibitorLY294002orPKB/AktinhibitorMK-2206.GeneexpressionwasnormalizedtoGapdhasa
housekeepinggene,andtheresultsareshownasmean±SD,n=4specimens/group.*P <.05;**P <.01,***P <.001,forcontrolvs.others;#
P <.05,##P <.01,for1,25Dvs.1,25DcombinedwithVDRCrisprorPI3KinhibitororAktinhibitor;VDRCripsrrepresentsVDRknockout
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Real-timeqPCRanalysisdisplayedthattheexpressionofOcnand
Runx2decreasedremarkably inWT-STZmice,whileCathepsin K 
expression increasedsharply.1,25DtreatmentorFoxO1knock-
out rescued the inhibitory effect of diabetes on osteoblastic
markerstoalargeextent,anddown-regulatedtheexpressionof
Cathepsin Kgene(P <.05).Still,wefoundlittledifferenceofOcn,
Runx2 and Cathepsin K levelbetweenKO-STZmiceandKO-STZ-
1,25Dmice(P >.05)(Figure4A-C).Furthermore,twotypicalserum
markersreflectingboneformationandresorption,P1NPandCTX
respectively,wereassayed.Results showed that theP1NP level
waslowerintheWT-STZgroupwhileitwasrescuedpartiallyby

1,25DandFoxO1knockout.TheexpressionofCTXshowedcon-
versechanges(Figure4D-E).SimilarresultswereshowninTRAP
stainingandimmunohistochemicalanalysisforRunx2(Figure4J).
TRAP staining revealed that the number of osteoclasts was in-
creased by STZ treatment (P <.0001),whereas significantly de-
creasedby1,25D(P <.01)orFoxO1knockout(P <.01).Although
the number of osteoclasts in KO group was less than that in
1,25D treatment alone, there was no statistical difference be-
tween them (P >.05).TheKOgroup treatedwith1,25Dhas the
leastnumberofosteoclasts(P <.0001).Thenumberofosteoblasts
was also counted, showing theopposite trendwithosteoclasts.

F I G U R E  2  Theeffectof1,25DonFgf23ismediatedbyinactivationofFOXO1.A:WesternblotanalysedthequantificationofFOXO1
andp-FOXO1incontroland1,25Dtreatedosteoblasts.B:FOXO1ofosteoblastswasdetectedbyimmunofluorescentstaining,scale
bar = 20μm.C:FoxO1knockoutinosteoblastswasprovedbywesternblot.D:themRNAlevelofFgf23whenFoxO1wasknockoutwas
detectedbyRT-PCR.E:TheresultoflentivirustransfectioninFoxO1knockedosteoblastswasverifiedbywesternblot.Osteoblasts
wereinfectedwithlentivirus(50MOI)orcontrolvector.24hourslater,cellsweretreatmentwith1,25D(10nm),andthenthemRNAlevel
andsupernatantconcentrationofFGF23wasdetected.***P <.001,forKOvs.WT;****P <.0001.KOrepresentsFoxO1knockout,WT
representscontrol
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Thesefindingssuggestedthat1,25Dpromotedosteogenesisvia
inactivationofFOXO1indiabeticmice.

3.4 | Contribution of FOXO1/DKK1 Inactivation to 
WNT/β- Catenin pathway activation

Wnt/β-catenin pathway is one of themost important pathways
for bone formation.17 First, we detected the expression of p-β-
catenin/β-catenin (p-β-cat/β-cat),which reflectedWnt/β-catenin

activity.AsshowninFigure4I,p-β-catenin/β-catratioinWT-STZ
micewas4timeshigherthanthatinWTmice.Both1,25Dtreat-
mentandFoxO1knockoutcoulddecreasetheratio,implyingthat
they could activate β-catenin signalling (P <.05). No statistical
differencewasfoundbetweenKO-STZandKO-STZ-1,25Dmice,
suggestingthatFOXO1mightbethemainmediatorintheeffect
of1,25Donβ-cateninexpression.Toexplorethepossibletargets
ofFOXO1,weassessedtheexpressionofSfrp1, Sfrp4andDkk1,
whichwere known as inhibitors ofβ-catenin activity.We found
thatDkk1was 5.6-fold higher inWT-STZmice than that inWT

F I G U R E  3  FoxO1OB
-/-and1,25Dtreatmentpromoteosteogenesisinmice.Thelevelofbloodglucose(A),SerumFGF23(B),Serum

calcium(C)andphosphate(D).E:Micro-CTscanningresultofvertebrae.F:ResultofBV/TV,Tb.N,Tb.ThandTb.SpResultsareshownas
mean ±SD;n=4pecimens/group.*P <.05,**P <.01,***P <.001,****P <0,0001.WT:wildtype;WT-STZ:untreateddiabeticWTmice;
WT-STZ-1,25D:1,25DtreateddiabeticWTmice;KO:micewithconditionalFoxO1knockoutinosteoblasts;KO-STZ:untreateddiabeticKO
mice;KO-STZ-1,25D:1,25DtreateddiabeticKOmice
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mice.DiabetescouldinducetheexpressionofSfrp1andSfrp4,but
FoxO1 knockout slightly reduced Sfrp1 level. There was no sig-
nificant influenceof1,25Dtreatmentonprohibiting theexpres-
sion of Sfrp1 and Sfrp4 (Figure 4F-G). Additionally, 1,25D could
restrainedmRNAlevelofDkk1accordingtorealtimePCR(P <.05).
Dkk1mRNAandproteinlevelsinKO-STZandKO-STZ-1,25Dmice
weremuchlowerthanthoseinWT-STZmice,whichindicatedthat
FOXO1inactivationresultedintheDkk1inhibition,atleastinpart
(Figure4H-I).Besides, itwasobservedthatthechangeofDKK1
wasinaccordancewiththechangeofp-β-catenininproteinlevel.

Similar results were found in immunohistochemical analysis for
DKK1(Figure4J).Thesedatademonstratedthat1,25Dmightplay
acriticalroleinosteogenesisviaFOXO1/DKK1inactivation,thus
activatingβ-cateninsignallingpathway.

4  | DISCUSSION

1,25Disregardedasakeyfactorinbonemetabolism,whichcanpro-
moteboneformationunderhighglucoseenvironment.9Thisstudy

F I G U R E  4  FOXO1mightmediate1,25D-stimulatedβ-cateninexpression.mRNAexpressionofosteogenicgeneOcn(A),Runx2(B),and
osteoclasticgeneCathepsin K(C).SerumosteogenicproteinP1NP(D)andosteoclastCTX(E)weredetectedbyELISA(n=5specimens/
group).F-H:Theinhibitgenetoβ-catenin:Sfrp1(F),Sfrp4(E)andDkk1(H)wasinaccordancewiththechangeofβ-catenininproteinlevel
(I).J:ImmunochemicalstainingofTRAP,Runx2,DKK1andFGF23,scalebar= 50µm.K:Thenumberofosteoclastsandosteoblastswas
measuredtoassesstheosteoclastactivity.Dataarepresentedasmean±standarddeviation(SD),n=3specimens/group.*P <.05,**P <.01,
***P <.001,****P <.0001.WT:wildtype;WT-STZ:untreateddiabeticWTmice;WT-STZ-1,25D:1,25DtreateddiabeticWTmice;KO:mice
withconditionalFoxO1knockoutinosteoblasts;KO-STZ:untreateddiabeticKOmice;KO-STZ-1,25D:1,25DtreateddiabeticKOmice
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revealedthat1,25Ddown-regulatedFGF23expressionthroughin-
activationofFOXO1viaVDR/PI3K/Aktpathway,therebypromot-
ingosteogenesisinhigh-glucoseenvironment.

The PI3K/Akt signalling pathway plays a pivotal role in or-
ganismal growth.18Consistentwithprevious studies, our results
suggested that 1,25D could activate PI3K/Akt signal by binding
to VDR.19 As a downstream target of PI3K/Akt, FOXO1 can be
directly inhibited by phosphorylation.When FOXO1 was phos-
phorylated,avarietyofcellularprocessesinvolvedwerealtered,
suchasantioxidantstress,apoptosis,autophagyandcellmetab-
olism.16 Increasingevidencehasdemonstrated that1,25Dcould
promotethephosphorylationofFOXO1, leadingtoFOXO1sup-
pression.20,21 In ourwork, itwas observed that 1,25D could in-
hibit the activation of FOXO1 throughVDR/PI3K/Akt signalling
transduction pathway, thus inhibiting the expression of FGF23.
Contrary to our results,many studies demonstrated that 1,25D
couldup-regulateFGF23expression.11,22Thedifferencesmightbe
due to the fact thatFOXO1 is involved in insulin resistanceand
cytokine-mediatedβ-cellfailureintype2diabetespatients.High-
glucose environment could cause oxidative stress damage and
accumulation of advanced glycosylation end products, thereby
affecting the downstreammechanism of VDR. 1,25Dwasmore
inclinedtoexertantioxidanteffectstoinhibittheaccumulationof
FGF23 inhigh-glucoseenvironment rather thanpromoteFGF23
production as it in normal physiological condition. Besides, the
regulationofFGF23by1,25Dinasystemicsettingmightbepar-
tiallydependentonphosphorus.Whenthephosphorusleveldoes
notchangesignificantly,itisinsufficienttostimulatethecompen-
satoryeffectofFGF23.23

In vivo, we found that the blood glucose level increased ac-
companied with increased serum FGF23 concentration, which
wasconsistentwith theprevious studyconductedbyAntoaneta
Gateva et al24 Also, we detected thatDKK1, an inhibitor of the
Wnt pathway, was significantly down-regulated after treatment
of1,25DorFoxO1knockout.ItisknownthatWnt/β-cateninisa
crucialsignallingpathwayintheprocessofboneformation.DKK1,
a typical Wnt antagonist, could inhibit Wnt-mediated tissue re-
pair.25SungsinJorevealedthat1,25Dsignificantlypromotedthe
DKK1expression,whichisnecessaryforthemineralizationofos-
teoblasts.26However,somestudiesarguedthattherewasaneg-
ativecorrelationbetweenbonemineralizationdensityandserum
DKK1 in type2 diabetes.27 In thiswork, higherDKK1 levelwas
observed in STZ-induced diabeticmice, while 1,25D slowed the
upwardtrendofDKK1.InhibitionofFOXO1mightbeinvolvedin
themechanismwherebyDKK1wasdown-regulated.Theunderly-
ingmechanismmaybe thatFOXO1competeswithTCF to inter-
actwithβ-catenin,therebyinhibitingTCFtranscriptionactivity.28 
WhenFOXO1expressionwasprohibited,nucleusβ-catenincould
be enhanced. Then, feedback regulation reduced the expression
levelofDKK1andremoveditsinhibitoryeffectonthephosphor-
ylationofβ-catenin.29Carrillo-LópezNetal30alsosuggestedthat
FGF23coulddirectlyrestrainWntpathwaythroughanovelauto-
crineorparacrinemechanism.

Insummary,ourstudyilluminatedtheeffectsof1,25Donthe
regulationofbone formationand its endocrine regulatory role in
diabetesmellitus.Thesedatademonstratedthat1,25Dcouldreg-
ulate FGF23 expression through binding to its receptor VDR via
PI3K/Akt/FOXO1signallingpathway.Inaddition,theosteoprotec-
tiveeffectof1,25Dindiabeticmicewasrelatedtotheinhibitionof
FOXO1andDKK1.Ourstudyprovidedanovelideafor1,25Dtreat-
ment of diabetes-related bone disease. However, the underlying
mechanismbetweenFOXO1andDKK1stillneedsfurtherstudies.
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