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ABSTRACT

Abalonehaslong been used asa valuablefood source in EastAsian

countries.Althoughthenutritionalimportanceofabalonehasbeenreported

through in vitro and in vivo studies,thereislittleevidenceaboutthe

potentialanti-obesityeffectsofabalone.Thepresentstudyinvestigatedthe

inhibitoryeffectsofAP1onthedifferentiationof3T3-L1preadipocytes.AP1

potentlyanddose-dependentlysuppressedaccumulationoflipiddropletsin

adipocyte.WesternblotanalysisrevealedthatAP1markedlydown-regulated

theproteinlevelsofadipogenesisregulatorperoxisomeproliferator-activated

receptor (PPAR)γ, CCAAT/enhancer binding protein (C/EBP)α, sterol

regulatory element-binding protein (SREBP)1 as wellas a key enzyme

involvedinadipogenesis.Inaddition,AP1diminishedtheinsulin-stimulated

phsphoinositide3-kinase(PI3K),phosphorylarionofAkt,glycogensynthase

kinase-3beta(GSK3β)andforkheadtranscriptionfactors,whichmayreduce

glucoseuptakeinresponsetoinsulinandlipidaccumulation.Theseresults

indicatethatAP1suppressesadipocytedifferentiationandlipidaccumulation

throughmultiplemechanismsandmayhaveapplicationsforthetreatmentof

obesity.
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INTRODUCTION

Adiposetissueiscrucialforenergystorageandlipidhomeostasis,butan

imbalancebetweenenergyintakeandexpenditureleadstoobesity,whichis

amajorriskfactorformanychronicdiseasesandmetabolicdisorderssuch

astype2diabetes,hypertension,hyperlipidemia,andarteriosclerosis(Kopelman

PG.,2000).Obesityiscausedbyanincreaseinadiposetissuemass,which

resultsfrom themultiplication offatcellsthrough adipogenesisand the

increaseddepositionofcytoplasmictriglycerides(Lefterovaetal.,2009).

Adipogenesisistheprocessby whichanundifferentiatedpreadipocyteis

convertedtoafullydifferentiatedadipocyte(Ottoetal.,2005).Theprogrammed

differentiation of preadipocytes is accompanied by an increase in the

expressionofvarioustranscriptionfactorsandadipocyte-specificgenes.Lipid

accumulationincreasesthroughouttheadipogenicprocess,anditisregulated

bygeneticandgrowthfactors(Cristanchoetal.,2011).The3T3-L1cellline

isoneofthemostreliablemodelsforthestudy oftheconversion of

preadipocytes into adipocytes (Green etal.,1976).The 3T3-L1 mouse

preadipocytecelllinehasthecapacitytodifferentiateintoadipocyteswhen

treatedwithamixtureofdexamethasone,3-iso-butyl-1-methylaxanthine,and

insulin(DMI).Afterinitiationofdifferentiation,3T3-L1cellspassthrougha

transientcellproliferationstage,knownasclonalexpansion,beforeacquiring

thefunctionsofamatureadipocyte,includinglipiddropletaccumulationand

thesecretionofadipocytokines.

Previousstudiesrevealthatmanytranscriptionfactorsareassociatedwith

adipocyte differentiation. The ligand-dependent nuclear receptor type

transcriptionfactorPPARγ andtheleucinezippertypetranscriptionfactor

C/EBPβ,amemberoftheC/EBPfamily,rises2-4haftertheinductionof
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differentiationandgraduallyaccumulates,after14hC/EBPβ andC/EBPδ 

inducestheexpressionofC/EBPα andPPARγ,andthedifferentiationphase

C/EBPα andPPARγ induceadipocyte-specificgeneexpressionandmutual

expression,andthisleadstothedevelopmentofthematureadipocytewith

insulinsensitivityandthecapacitytoform lipiddroplets(Rosenetal.1999).

SREBP1 may regulate adipocyte differentiation by increasing the

transcriptionalactivityofPPARγ,andSREBP1expressionissignificantly

enhanced in responsetoinsulin (Kim etal.,1998).Ithasalready been

reported thatthe transcriptionalnetwork ofadipocyte differentiation is

dominatedbythreepathways(Insulin,GlucocorticoidandcAMP)(Farmeret

al.,2006).

The intracellular signaling cascade involving phosphoinositide 3-kinase

(PI3K)andAktisinvolvedintheregulationofmanycellularprocesses.In

particular,severallinesofevidenceshaveimplicatedthePI3K/Aktpathway

as a positive regulator ofterminaladipocyte differentiation in murine

preadipocytes.DisruptionofPI3K functionbypharmacologicalinhibitorsor

dominantnegativemutationsabolishesadipocytedifferentiation.Expression

ofconstitutivelyactiveform ofAkt,themaindownstream effectorofPI3K,

in3T3-L1hasbeenshowntocausespontaneousadipocytedifferentiation

(Magunetal.,1996).

Atleasttwodownstream branchesofAktsignalinghavebeenimplicatedin

the regulation of PPARγ expression and adipocyte differentiation.The

forkheadboxO (FOXO)familyoftranscriptionfactorsarephosphorylated

andinhibitedbyAkt.Theforkhead-typetranscriptionfactorfamilyforkhead

boxclassO(Foxo)isalsothoughttoplayaroleinadipocytedifferentiation

(Nakaeetal.,2003).Anothermajordownstream signalingbranchdownstream

ofAktresultsinactivationofthemammaliam targetofrapamycin(mTOR),
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acriticalregulatorofmRNAtranslationandcellgrowth(Wullschlegeretal.,

2006).Primarily through use ofthe mTOR-specific inhibitorrapamycin,

severalstudieshaveconcludedthatmTOR activitiyisrequiredforproper

differentiationofpreadipoytecelllines(Yehetal.,1995).

Abalones are medium to very large-sized edible sea snails,marine

gastropodmollusksinthefamilyHaliotidaeandthegenusHaliotis(Geiger

etal.,1999).Abalonesarelargely cultivated and used asvaluablefood

resourcesinEastAsiancountries.InKorea,notonlytheprotein-richbody

partofabalonebutalsothevisceraportionistakenintheform ofsashimi

orpickle and used as stamina food from ancienttimes.Although the

nutritionalcomposition of abalone visceralextract have not yet been

identified in depth,since abalone live on brown algae like Ecklonia,

LaminariaandUndariaforcultivation(Hwangetal.,2009).Itisregarded

thatthevisceralportion ofabalonemay contain concentrated nutritional

components derived from sea weed.Besides,it is wellknown that

polysaccharides and glycoproteins ofthe brown algae possess potential

immune-stimulant,anti-tumoralandanti-viralactivity(Smitetal.,2004).

However,thereisstillnotmuchinformationabouttheanti-obesityeffects

ofabalonevisceraitself.

Inthepresentstudy,theeffectofAP1inadipocytedifferentiationin3T3-L1

cellswasinvestigatedbymeasuringlipidaccumulationandevaluatingthe

expression levels ofadipocyte markerproteins.Moreover,we examined

whetherPI3K/Akt,FoxOspathwayrelatedproteinactivationiscriticalfor

the anti-adipogenic functions ofAP1 to better understand the specific

mechanismsmediatingAP1function.
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MATERIALSANDMETHODS

Design of peptide

Analogue peptide was designed from the primary structure of a novel 

antimicrobial peptide purified from the Gill of the abalone, Haliotis discus 

discus, as a parent peptide (Seo et al., 2012, unpublished data). To 

design the AP1 peptide, three basical points of views including αα

-helical structure having the optimal amphipathic character, C-terminal 

amidation increasing net positive charge and stability, and small size 

reducing cost were firstly considered.

To select the optimal αα-helical region in the parent peptide, the 

secondary structure was predicted by the GOR method. In addition, to 

optimize the amphipathcity and adjust the sequence length, a Schiffer 

Edmunson plot was generated by the DNASIS v2.5 demo program 

(Hitachi Software Engineering Co. Ltd. Japan). The theoretical isoelectric 

point and molecular mass were estimated with ExPASy. Hydrophobicity 

and hydrophobic moment were obtained from the DNASIS v2.5 demo 

program (Hitachi Software Engineering Co. Ltd. Japan).

Physical parameter of the designed peptide

The physical properties of the designed AP1 peptide were measured by 

several different methods as mentioned above. The peptide shows an αα

-helical amphipatic structure consisting of 14 amino acid residues with 4 

hydophobic residues and 5 hydrophilic residues containing 3 basic 

residues and contained a Trp residue for fluorescence work.
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Peptide synthesis

The designed AP1 peptides were synthesized by the solid-phase 

synthesis method on an ASP48S Pepsynthesizer (Peptron Inc, Korea) 

using 9-flurorenylmethoxycarbonyl (Fmoc)-polypeptide active ester 

chemistry. Two forms for the peptides, one amidated (NH2) and the 

other with a free carboxy terminus (COOH), were synthesized with 

Fmoc-NH-SAL resin or Fmoc-resin. The synthetic peptides were 

purified on a Vydac Everest C18 column (10 μμm, 300 Å, 22 mm × 250 

mm) with a water-acetonitrile (ACN) linear gradient of 3-40% ACN in 

0.1% TFA. Molecular weights and purities (>95%) of the synthetic 

peptides were confirmed using an LC/MS (Agilent HP1100 series) and 

the reverse phase HPLC using a CapCell-Pak C18 reversed-phase 

column (5 μm, 300 Å, 4.6 × 250 mm, Shiseido, Japan).

Cellculture

3T3-L1preadipocytes(American TypeCultureCollection,Manassas,VA)

weregrowntoconfluenceinDMEM (Cellgro,Mediatech,Inc.,Manassas,

VA,USA)supplementedwith10% fetalcalfserum (Gibco®,GrandIsland,

NY,USA) and penicillin (100 U/ml)/ streptomycin (100μg/ml) (PAA

LaboratoriesGmbH,Pasching,Austria).Thecellswereculturedinhumidified

atmosphere of95% airand 5% CO2 at37℃.To induce adipogenesis,

3T3-L1 cells were cultured untilconfluent,and 1 day after reaching

confluence(day0),theculturemedium wasexchangedwithadifferentiation

medium(DMI)containing1ug/mlinsulin,0.5mM 3-isobutyl-1-methylxanthine,

1μM dexamethasone(Sigma-Aldrich,Tokyo,Japan)and10% fetalbovine

serum inDMEM (Cellgro).

Onday3,theinitiationmediawasreplacedwithprogressionmedia(1μg/ml
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insulininDMEM supplementedwith10% fetalbovineserum).Onday6,the

progression media was replaced with maintenance media (DMEM

supplementedwith10% fetalbovineserum).From days0to6,thecells

weretreatedtotheAP1.

Oil-redOstaining

CellsweretreatedeitherwithAP1indifferentiationmedium from days0-6

ofadipogenesis.Onday6,cellswerestainedwithOil-redO.3T3-L1cells

werefixedinfresh10% formalin(JunseiChemicalCo.,Ltd,Tokyo,Japan)

andstainedwithstainedwithfilteredOil-redOsolution(in60% isopropanol

and40% water)(Sigma-Aldrich,Tokyo,Japan)for30min.Afterstaining

thelipiddroplets,theOil-redO staining solution wasremoved,andthe

plateswererinsedwithwateranddried.Thestainedlipiddropletswere

visualizedbyaninvertedmicroscope(Magnification,×200).

Measurementoftriglyceridecontent

Cellulartriglyceridecontentsweremeasuredusingacommerciallyavailable

triglyceride quantification kit(BioVision,Inc.,San Francisco,CA,USA)

accordingtothemanufacturer’sinstructions.Adipocytesdifferentiatedfor6

daysweretreatedwith AP1atconcentrationsof0,5,10and15μM in

6-wellplates.Toanalyzethecellulartriglyceridecontent,cellswerewashed

withPBSandthenscrapedinto200μlPBSandhomogenizedbysonication

for1min.Thetotaltriglyceridesinthelysatesweremeasuredusingthe

assaykit.
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Westernblotanalysis

ForWesternblotting,3T3-L1cellswereculturedandtreatedwith5μM and

15μM oftheAP1duringadipocytedifferentiation.Thetreatedcellswere

harvestedbycentrifugation,lysedinice-coldlysisbuffer[(50mM Tris-Cl

(pH 7.5),150mM NaCl,1mM DTT,0.5% NP-40,1% TritonX-100,1%

Deoxycholate,0.1% SDSandcocktailofproteinaseinhibitors(PMSF,EDTA,

aprotinin,leupeptin,prostatin A;Intron biotechnology,Gyeonggi,Korea)].

Afterincubationonicefor30min,theinsolublematerialswereremovedby

centrifugation at14,000rpm for20min.Theprotein contentofthecell

lysatesweredeterminedbyaProteinQuantificationKit(CBB solutionⓇ)

(DojindoMolecularTechnologies,Rockvile,MD,USA)withbovineserum

albumen(BSA)asstandard.Analiquotfrom eachsamplewasboiledfor5

min and then resolved by 12% SDS-polyacrylamide gelelectrophoresis

(SDS-PAGE).The proteins were electrotransferred to a nitrocellulose

membrane(PALLLifeSciences,Pensacola,MI,USA)andblockedinPBST

buffer(135μM NaCl,2.7mM KCl,4.3mM NaPO4,1.4mM KH2PO4and

0.5% Tween-20)containing 5% skim milk.Afterblocking,themembrane

wasprobedwithprimaryantibodies(anti-SREBP1,anti-C/EBPα,anti-PPARγ,

anti-mTOR,anti-phosphor-mTOR(ser2481),anti-PI3K p110α,anti-PI3K p110β,

anti-PI3K p110γ, anti-GSK3β, anti-phosphor-GSK3β (ser9), anti-Akt,

anti-phosphor-Akt (ser473), anti-phosphor-p70s6k (ser371), anti-FoxO1,

anti-phosphor-FoxO1(ser256),anti-FoxO3a,anti-phosphor-FoxO3a(Thr32),anti-β-actin;

CellSignalingTechnologyInc.,Beverly,MA,USA)andwashedthreetimes

with PBST buffer followed by incubation for 1 h with horseradish

peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG as second

antibodies(CellSignaling Technology Inc.).Theblotswerethen washed

withPBSTbufferandwerevisualizedbyanenhancedchemiluminescent(ECL)

detectionsolution(Pierce,Rockford,IL,USA).
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ImmunofluorescenceofC/EBPα protein

Cellgrownoncoverglass-bottom dishes(SPLLifesciences,Gyeonggi,Korea)

wereincubatedwith5,15μM oftheAP1duringadipocytedifferentiation.

Forthis,cellswerepretreatedwithDAPIsolutionfor30minat37℃ and

thenandthenfixedwith4% formaldehyde(Sigma,St.Louis,Mo,USA)for

15minatroom temperaturefollowedbyblockingfor1hin5% mouseand

rabbitnormalserum (SantaCruzBiotechnology,Inc.,SantaCruz,CA,USA).

Thefixedandblockedcellswereincubatedwithprimaryantibody(C/EBPα)

(CellSignaling Technology Inc.)for2 h,and then with 0.1 μg/mlof

anti-rabbitIgG (H+L),F (ab’)2Fragment(AlexaFluorⓇ 488Conjugate)

(CellSignalingTechnologyInc.)foranother1h.Thestainedcellsonthe

slidesweremountedwithProlongAntifadeReagent(Invitrogen,Eugene,OR,

USA)andwereobservedinafluorescentNikonECLIPS 50imicroscope

equippedwithcharged-coupleddevice(CDD)camera(Nikon,Tokyo,Japan).

ImageswerecapturedandprocessedwithaHigh-ContentAnalysisSoftware

(CambridgeHealthtechInstitute,Needham,MA,USA).

Statisticalanalysis

TheGraphPadPrism 5.0(GraphPad,SanDiego,CA,USA)forwindow was

usedtodeterminethestatisticalsignificanceofdifferencesbetweenvalues

forvariousexperimentalandcontrolgroup.Determinationswereperformed

intriplicatesandtheresultsarepresentedasmean±SD.Incaseswhereno

errorbarisseeninthegraph,thevariationissmallandthus,thebaris

hiddenbehindthebar.ANOVA posthoctestandsubsequentlyDunnett’s

multiplecomparisontestswereusedforstatisticalanalysis.
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RESULTS

AP1inhibits3T3-L1adipocytedifferentiation

To examine the effects of AP1 on adipocyte differentiation,3T3-L1

preadipocytesweretreatedwith0,5or15μM ofAP1inthepresenceofDMI

(0.5 mM 3-isobutyl-1-methylazanthine,0.5μM dexamethasone and 1μg/ml

insulin)orDMIalone.The differentiation medium was exchanged with

medium containingtheinsulineverytwodays.Tendaysaftertheinitiation

ofdifferentiation,lipidaccumulationwasmeasuredbyOilRedO staining.

Fig.1A shows the resultofOilRed O staining under an inverted

microscope.Oildropletswerenotvisibleinthemedium ofundifferentiated

3T3-L1cells,butmany lipid dropletswerevisiblein thatofthefully

differentiatedcellstreatedwith DMI.Thepresenceoflipiddropletswas

used asamarkeroflipidaccumulation.Microscopicobservationsofthe

Oil-redOstainingrevealedareductionintheamountoflipiddropletswith

increasingconcentrationsofAP1inadose-dependentmanner.Thehighest

concentration 15μM AP1 strongly inhibited the differentiation of3T3-L1

preadipocytesintoadipocytesandpreventedlipidaccumulation.

ToexploretheeffectofAP1intheinhibitionofintracellulartriglyceride

accumulation,3T3-L1preadipocytesweredifferentiated with AP1forten

days. Lipid accumulation, which was used as a major marker of

adipogenesis,wasquantified on day 6ofthedifferentiation period.The

resultsshowedthattreatmentofAP1reducestriglyceridecontentandthe

inhibition ofintracellulartriglyceride accumulation in 3T3-L1 adipocytes

occursinadose-dependentmanner(Fig.1B).TheinhibitoryeffectsofAP1

intriglycerideaccumulationduringadipogenesiswerealsodose-dependent.

TheseresultsdemonstratethatAP1stronglyblocksadipocytedifferentiation

in3T3-L1cells.
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(A)

(B)

Figure1.TheEffectofAP1onlipidaccumulationof3T3-L1adipocytes.

Confluent3T3-L1 preadipocytes differentiated into adipocytes in medium
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containigdifferentconcentrationsofAP1.Con,3T3-L1preadipocytes;MDI,

fullydifferentiatedadipocytes;5μM,fullydifferentiatedadipocytes(DMI+5μ

M AP1);15μM,fullydifferentiatedadipocytes(DMI+15μM AP1).Inhibitory

effectsofAP1inlipidaccumulationin3T3-L1adipocytes.Theintracellular

lipid accumulation stained by Oil-red O and obseved by an inverted

microscope(Magnification,X200)(A).TreatmentofAP1reducestriglyceride

contentandthattheinhibitionofintracellulartriglycerideaccumulationin

3T3-L1adipocytesduringadipogenesisweredose-dependent.Barsrepresent

mean±SDofthreeexperiments.***P<0.001(B).
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TheeffectofAP1ontheexpressionofadipocyte-specificregulators

duringadipocytedifferentiation

PPARγ andC/EBPα aremastertranscriptionfactorsintheregulationof

adipogenesisinadipocytes.AndSREBP1hasbeenreportedtoplayaroleas

centralhubsinlipidmetabolism.Hence,wenextinvestigatedtheexpression

ofPPARγ,C/EBPα and SREBP1 to characterize the effectofAP1 on

3T3-L1 adipocyte differentiation.As shown in Fig.2A,Western blot

analysisrevealedthatAP1markedlyreducedtheproteinexpressionlevelsof

PPARγ.TheproteinexpressionofC/EBPα andSREBP1wereincreasedin

differentiated adipocytes (PC)compared to undifferentiated cells(NC).In

addition,theimmunofluorescenceexperimentshoweddecreasedexpressionof

C/EBPα inAP1treatedcellscomparedtodifferentiatedcells.(Fig.2B)

These results indicated that AP1 suppressed adipocyte differentiation

throughinhibitionofSREBP-1,PPARγ andC/EBPα.
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(A)

(B)
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Figure2.EffectofAP1intheexpressionofadipogenesisrelatedproteinsin

3T3-L1adipocyte.Thedifferentiationof3T3-L1preadipocyteswasinduced

by DMImedium in theabsenceorpresenceof5and 15μM AP1.The

expressionlevelsof PPARγ,C/EBPα andSREBP-1weredeterminedby

westernblotanalysis(A).TheexpressionlevelsofC/EBPα inthetreated

cellsweredetectedbyimmunofluorescencestaining(B).Cellswerestained

withDAPI(nuclei,blue)andimmunofluorescenceantibody(C/EBPα,green)

andvisualizedunderfluorescencemicroscopy(Margnification,X1,000).
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The effectofAP1 in the regulation ofPI3K/Akt,FoxO pathways

duringadipocytedifferentiation

TodeterminewhetherAP1changedthephosphorylationlevelsofmolecules

thatweredownstream ofPI3K/Akt,FoxOssignaling,3T3-L1adipocytes

weretreatedwithDMIaloneorwithDMIandAP1.(Fig.3)

TheproteinlevelsofPI3K p110isoforms(α,β,γ)weredecreasedin3T3-L1

adipocytes with DMI and AP1. The protein levels of mTOR,

phosphor-mTOR andp70S6K weredecreasedin3T3-L1adipocytes.Inthe

DMIandDMI+AP1samples,wildtypeAktandGSK3β wereexpressedat

similarlevels.DMIstimulationof3T3-L1adipocytesresultedinasignificant

increaseinphosphor-Aktandphosphor-GSKβ.InthepresenceofAP1,the

expression of phospho-Akt was dramatically decreased in 3T3-L1

adipocytes.Similarly,the expression ofphosphor-GSK3β during 3T3-L1

differentiation was also decreased by AP1 treatment.These results

demonstratethatAP1treatmentinhibitsthephosphorylationofAkt,which

suppressesthephosphorylationofitssubstratekinaseGSK3β.

TheactivityofFoxOsisnegativelyregulatedbyinsulinandgrowthfactor

stimulationthroughAkt-dependentphosphorylationandnuclearexclusion.To

determine whether AP1 can modulate FoxOs signaling pathways,the

potentialinvolvements ofFoxO1 and FoxO3a were evaluated by using

anti-phospho specificantibody in Western blotanalysis.In differentiated

adipocyteswith AP1treatment,both FoxO1andFoxO3aweredecreased

comparedtodifferentiatedwithDMIalone.AlsobothphosphorylatedFoxO1

and FoxO3a were dramatically decreased.These results ofimmunoblot

analysissuggestedthatAP1inhibitedactivationofFoxOs,andsuppressed

3T3-L1adipocytedifferentiation.Altogethertheseresultsdemonstratedthe

effectofAP1onPI3K/Akt-dependentFoxOssignalingin3T3-L1adipocytes.
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Figure3.TheeffectofAP1ontheregulationofPI3K/Aktpathwayduring

adipocytedifferentiation.Thedifferentiation of3T3-L1preadipocyteswas

inducedbyDMImedium intheabsenceorpresenceof5and15μM AP1.

TheexpressionlevelsofPI3K/Akt,FoxOspathwayrelatedproteinswere

determinedbywesternblotanalysis.
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DISCUSSION

Numerousstudieshavedocumentedthatadipocytesareapotentialtarget

foranti-obesitystrategy,andmanydietarynaturalproductsareconsidered

to be attractive anti-obesity drugs through inhibition ofdifferentiation,

regulationoflipidandglucosemetabolism,andinductionofapoptosisand

cellcyclearrestinadipocyte(Rayalam etal.,2008).

AP1purifiedfrom theGilloftheabalone,Haliotisdiscus.Therearesome

previous reports thatthe body and visceralportion ofHaliotis discus

showed in vitro antioxidantactivity (Zhu etal.,2008).Antioxidantsare

present abundantly in the dietary substances and their potent

chemopreventiveeffectsagainstmanytypeofcancershavebeenreported.

However,mechanismsinvolvedintheanti-obesityeffectsofpeptidefrom

abalonehavenotbeenfullyclarified(Khanetal.,2008).

Theaim ofthepresentstudywastodeterminetheeffectofAP1inthe

adipogenesisin3T3-L1adipocytes.WedemonstratedthatAP1inhibitedlipid

accumulation and differentiated 3T3-L1 adipocytesthrough modulation of

multiplemolecularpathways.AP1treatmentdecreasedtheexpressionofkey

adipocytedifferentiationregulators,includingPPARγ,C/EBPα andSREBP1,

anddown-regulatedPI3K/Akt,FoxOspathways.

In the presentstudy,AP1 treatmentremarkably reduced thelevelof

Oil-redO staininginadose-dependentmanner,andmicroscopicinspection

revealed a significantdecrease in the levelofaccumulated intracellular

triglyceride.Thetriglyceridelevelincellstreatedwith15μM AP1displayed

a marked reduction in adipogenesis.Adipocyte differentiation and fat

accumulationareassociatedwiththeoccurrenceanddevelopmentofobesity

(Fèveetal.,2005).Thedevelopmentofobesityischaracterizedby both
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increasedadipocytenumber(hyperplasia)andsize(hypertrophy),whichis

regulatedbygenetic,endocrine,metabolicandnutritionalfactors(Wolfram et

al.,2005).TheseresultsindicatethatAP1inhibitedthedifferentiation of

3T3-L1preadipocytesintoadipocytesandalsoinhibitedtheaccumulationof

lipiddropletsinthecyroplasm.

Ourresultsshow thatAP1treatmentsignificantlydown-regulatedPPARγ,

C/EBPα and SREBP1 atthe protein levels,compared to those in fully

differentiatedadipocytes.Thedifferentiationofpreadipocytesintoadipocytes

isregulatedbyacomplexnetworkoftranscriptionfactors.Andtheyinduced

prior to the transcriptionalactivation ofmostadipocyte-specific genes

(Farmeretal.,2006). Moreover,PPARγ deficientcellsfailtodifferentiate

intoadipocytes,andtheoverexpressionofPPARγ andC/EBPα accelerates

adipgenesis (Akune et al.,2004).Recent investigations suggested that

SREBP1 is the earliest transcription factors involved in adipocyte

differentiation and SREBP1isrequired toinducePPARγ downstream of

C/EBP family(Payneetal.,2009).Therefore,theseresultssuggeststhat

AP1 suppresses adipocyte differentiation through PPARγ,C/EBPα and

SREBP1duringadipocytedifferentiation.

Manystudiesusingnaturalsubstancesandherbalcompoundsfocusonthe

PI3K/Aktsignaling pathway in preventing obesity;hormonesandgrowth

factorsthatarespecifictoadipogenesisactviatheirreceptorstotransduce

externaldifferentiationsignalsthroughacascadeofintracellulareventsin

thePI3K/Aktsignalingpathway(Kim etal.,2001).Thus,Aktactivationhas

beenidentifiedasamajortargetforthecontrolofobesityanddiabetes(Xu

etal.,2004). Aktplaysacriticalroleintheinsulinsignalingpathway,and

the insulin-stimulated phosphorylation ofAktvia PI3K is an important

indicatorofproperinsulinfunction(Greenetal.,2008).Constitutivelyactive

Aktcausesthespontaneousdifferentiationof3T3-L1cellsintheabsenceof
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insulinstimulation.TheAktsignalcascadeisimportantforadipogenesis,

anditactivatesPPARγ andC/EBPα during3T3-L1adipocytedifferentiation.

Moreover, Akt regulates adipogenesis via the phosphorylation and

inactivationofsubstratessuchasFoxo1andGSK3β,whichdirectlyregulate

PPARγ,C/EBPα (Grimesetal.,2001).

The serine/threonine kinase Aktplays an essentialrole in adipocyte

differentiation.Mouseembryonicfibroblasts(MEFs)lacking Aktfailedto

differentiate into mature adipocyte (Baudry et al., 2006), and an

RNAi-mediateddecreaseinAktwasfoundtoblockthedifferentiationof

3T3-L1 cells .Moreover,the overepression of active Akt in 3T-L1

adipocyteswasfoundtopromoteglucoseuptakeandadipocytedifferentiation

(Xu etal.,2004).Aktphosphorylates and regulatesa largenumberof

substratesthatareinvolvedinadiversearrayofbiologicalprocesses(Green

etal.,2008), manyofwhichcouldcontributetotheroleofAktindriving

adipocytedifferentiation.GSK3β isacriticaldownstream signalingproteinin

thePI3K/Aktpathway.Insulinsignaling activatesAktthroughPI3K and

inducestheserine/threoninephosphorylationofdown-stream targets,suchas

GSK3β (Summersetal.,1999).GSK3β isacritically importantprotein

kinaseinadipocytedifferentiation becauseitphosphorylatesanumberof

substrates,includingthetranscriptionfactorbeta-catenin,CCAAT enhancer

bindingproteinbeta(C/EBPβ),andC/EBPα,whichregulatestheirfunction

(Grimesetal.,2006). Therefore,toinvestigatethemolecularmechanism

underlyingtheanti-adipogenesisstimulatedbyAP1,westudiedtheeffects

of AP1 in the activation of PI3K/Akt related proteins.Our results

demonstratethatAP1causedamarkedanddose-dependentattenuationof

phospho-Akt,GSK3β,PI3K p110isoformsinducedbyinsulin.However,DMI

inductionofthe3T3-L1cellsincreasedPI3K/Aktsignaling.

Atleasttwodownstream branchesofAktsignalinghavebeenimplicated
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intheregulationofPPAR-γ expressionandadipocytedifferentiation.The

forkheadboxO (FOXO)familyoftranscriptionfactorsarephosphorylated

andinhibitedbyAkt.Theforkhead-typetranscriptionfactorfamilyforkhead

box class O (FoxO) is also thought to play a role in adipocyte

differentiation(Nakaeetal.2003).TheknownFoxO subfamilyconsistsof

Foxo1,Foxo3a,Foxo4,andFoxo6(Reagan-Shaw etal.,2007).FoxO protein

havehighlyconservedphosphorylationsite(Thr-24,ser-256,andSer-319)

and are phosphorylated by Aktand SFK through theinsulin-dependent

PI3K/Aktcascade(Czechetal.,2003).Adipocytedifferentiationwasmost

severely inhibited by exposing cellstoFoxo1-siRNA beforeinduction of

differentiation.ThedownregulationofFoxo1decreasedtheexpressionof

thetranscriptionfactors,PPARγ andC/EBPα.SoFoxo1playsanessential

role in adipocyte differentiation (Munekata et al.,2009).Our results

demonstratethatAP1inhibitstheFoxOssignalingin3T3-L1aipocytes.

Anothermajorsignalingbranchdownstream ofAktresultsinactivationof

themammaliam targetofrapamycin(mTOR),acriticalregulatorofmRNA

translationandcellgrowth(Wullschlegeretal.,2006). Primarilythrough

use of the mTOR-specific inhibitor rapamycin, several studies have

concluded thatmTOR activitiy is required forproperdifferentiation of

preadipoytecelllines(Yeh etal.,1995).Theeffectsofrapamycin were

foundtocorrelatedwithareductioninPPARγ mRNA andproteinlevels

(Kim etal.,2004).Interestingly,mouseknockoutsaffectingspecificmTORC1

targetssuggestthatbothS6K1activationand4E-BP1/2inhibitionmight

contributetoapro-adipogenicroleformTORC1activation(LeBacqueret

al.,2007).PreviousstudiesrevealthatactivationofmTORC1signalingisa

criticalstepinadipocytedifferentiationandidentifiesTSC2asaprimary

targetofAktdrivingthisprocess.TheTSC1-TSC2complexregulatesthe

differentiation ofmesenchymalcelllineages,atleastin part,through its
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controlofmTORC1activity andPPARγ expression(Zhang etal.,2009).

mTOR activatesp70S6kinase(p70S6K)byeitherdirectphosphorylationor

inhibition ofa phosphatase p70S6K in turn regulates the transcriptional

activityofcAMPresponseelementbindingprotein(CREB),whichhasbeen

showntobeimportantfortheadipocytedifferentiationof3T3-L1(Um et

al.,2004).OurresultsrevealedthatmTOR,phospho-mTOR,p70S6K were

inhibitedbyAP1,indicatingthatAP1maypromoteinhibitionofPI3K/Akt

signaling that caused inactivation of FOXOs. However, the detailed

mechanism remainstobeelucidated.

In conclusion,in the present study we demonstrated that the AP1

significantly suppressed 3T3-L1 adipocyte differentiation and lipid

accumulation.AP1exertsanantiadipogeneiceffectthroughdown-regulation

ofSREBP1,PPARγ andC/EBPα,modulationofmultiplesignalingpathways

including PI3K/Akt-dependent FoxOs signaling (Fig.4).These results

provided the molecularmechanism ofAP1 on suppression ofadipocyte

differentiation.Onthebasisofthesefindings,wesuggestAP1havegreat

potentialasanovelagentforthetreatmentofobesity.
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Figure 5.Possible mechanism ofAP1 on the suppression of3T3-L1

adipocytesdifferentiation.
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국문초록

전복은 동아시아에서 주로 먹는 수산물로 특히 전복의 내장 추출물을 이용하

여 항암효과가 있다고 많이 연구 되어 있다.하지만 항 비만에 관한 연구는 미

비한 실정이다.본 연구는 전복에서 분리된 펩타이드를 이용하여 3T3-L1전지

방세포를 지방세포로의 분화를 억제하는 기작을 확인하는 실험을 진행하였다.

전복 펩타이드를 처리한 세포 내 지방 축적에 대한 효과를 확인하기 위해

3T3-L1adipocyte를 분화 후 지방만 특이적으로 염색하는 oilredO염색을 하

였다.물질를 첨가하지 않은 대조군의 지방구는 크고 둥근 형태인데 비해 물질

을 처리한 지방구는 크기가 작아짐을 확인하였다.지방 축적을 돕는 지방 생성

관련 단백질 발현을 western blot으로 분석한 결과 LPL(lipoproteinlipase)과

FAS(fattyacidsynthase)등의 지방산합성 관련 유전자 발현을 유도하고 지방

산 합성 (FAS)과 유입(uptake)을 증가시키며 지방 조직 내로의 지질 축적을 증

진시키는 것으로 보고된 SREBP1,PPARγ,C/EBPα가 전복 펩타이드에 의해 발

현이 감소하고 이는 지질 축적을 억제하는 효과가 있음을 알 수 있다.다음은

많은 비만 연구에서 중점적으로 연구되고 있는 PI3K/Akt,FoxOsignal의 활성

을 Westernblot으로 확인하였다.호르몬이나 성장 인자들은 adipogenesis에서

특이적으로 반응하여 분화 signal을 통해서 PI3K Aktsignal까지 작용하고 있

다.물질 농도가 증가함에 따라 PI3K,Akt의 발현이 줄어들었고 GSK -3β의

발현도 억제되었음을 확인하였다.또 FoxO1,FoxO3a,mTOR,p70s6k의 관련

단백질들의 발현도 억제되었다.이로써 전복펩타이드가 3T3-L1 adipocyte의

Glucosemetabolism에 관여하는 PI3K/Akt,FoxO pathway에 관여하여 지방대

사를 억제함을 확인하였다.이로써 물질이 3T3-L1adipocyte의 전 지방 세포에

서 지방세포로 분화하는 과정에서 지방 조직 내로의 지질 축적과 지방 분화를

억제하여 지질대사 개선에 효과가 있다고 생각된다.
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송영환 교수님,김영태 교수님 진심으로 감사드립니다.언제나 학과를 걱정하고

좋은 말씀 해주시던 이명숙 교수님,항상 살갑게 대해주시고 따뜻한 관심과 많

은 가르침을 주셨던 최태진 교수님,김경호 교수님께 감사드립니다.또 좋은 물

질로 논문 작성할 수 있게 해주신 박남규 교수님 및 연구원들에게도 감사의 마

음을 전합니다.

3년 넘는 시간 동안 거의 하루의 절반을 매일 함께 보낸 실험실 선,후배들 감사

합니다.항상 챙겨주시는 성영애 선생님,늘 웃으며 인사해주는 Kasin,실험 잘

가르쳐 준 진수선배,항상 공부하며 앞으로 잘 나아가고 있는 우석선배,멀리

떨어져 있지만 같은 졸업동기 은수선배,다방면으로 열심히 하는 스티치 사랑

덕현,얼굴 보기 힘든 Coy,열정적인 석사생활 보내길 바라는 민석& 종용이,앞

으로 갈 길이 바쁜 창원이,몇 명 없는 학부생 늘 열심히 도와준 보은이,지현

이,민재,영익이,함께 실험실 시작하고 함께 끝내는 초원이,난희 너무 수고했

어.나 졸업한다고 울어준 고마운 친구들 지혜랑 쪼미!너무너무 고마워!!모두

에게 감사의 말을 전합니다.세포신호전달 연구실을 통해서 즐거운 인연 맺은

오목계 감사합니다.또 학과 생활에 있어 많은 애정을 주신 선배,후배님들에게

도 감사의 말씀을 전하며 모두 좋은 결과 있으시길 원합니다.

언제 어떻게 만나도 변치 않는 우리들 수현,정하,지원,혜리(절대!!생일순임)

너무 사랑하고 고마워!!모두 성공하자!

늘 기도로 도와주는 사랑하는 청 C1셀,신애언니,똥박,군대에서 고생하는 건

희,지호 감사합니다.2013년도 찬란한 해가 되길 기도합니다.

여기까지 인도해 주시고 늘 바른 길로 인도해주셔서 하나님 감사합니다.

부족하지만 늘 물심양면으로 도와주시고 함께 해주시는 부모님,언니 잘 데리고

놀아주는 동생 순홍,감사 합니다 사랑합니다.미안하고 고마운 마음 다 표현

할 수는 없지만 진심으로 감사하며 이 작은 결실을 바칩니다.

Icandoeverythingthroughhim whogivesmestrength.(Philippians4:13)
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