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                              clatcgegew m:

                                Prefa¢e

    A coittinuo"s supply of giucose is itecessary to ensure proper functioR and survival

of agR organs. Whiie hypoggycerx}ia prodwces celltglar death, chroRi£ hypergaycefinia also

can resuk in organ darnage. Therefore, the plasxna gl"cose level is xnaintained in a

narrow range around 5 itzaM, despite periods of feeding aRd fasting status (1). This tight

controg is governed by the balance between food intake, gRkicose production by the liver

and uptake aitd rrtetabolism by pergpheral tissvges such 3s skeletal xx}ggscle and adkpose

tissue. The glucose metabolism gn feeding aitd fastiitg statuses is reguRated by the organ

cfoss-talk betweeit tisstaes as indkcated in Fig. a and Fig. 2. IRsugRn is one of the key

hermones, invogviitg whege-body glgcose aRd lipid horrkeostasises. Lgver and adipose

tisstge are key organs targeted by iitsaiRin, and they have ifixRpertant roles iit ovefalg

ggucose metabolism ( fl ).

    The liver keeps the bloed glecose level neargy const3itt throk¥)gh breakdown of

glycogen (glycogepalysis) and de novo synthesis of glucose frem iton£arbehydrate

precRjgrsors sggch as iactate, glycerog, and alanine (glEgcoiteogenesis) iR fasted stat"s,

because hypoglycemia cakkses serious dagnage te brain and the neewak systenms ¥(Fig. 1

aft(1 Fig. 2). i{epatic glkkcoReegenesis is finely mecgiateCg by horme]ltal signaAs, insasRiee

and glucagoft. IR the fastiitg state, insgklin levels drop while gluc3gon secfetioft gees "p,

resuking in increased gl"coneogeitesis. CPR the other hand, iit the feeding state, insa]Mit

increases, premeting the ggucose uptake in peripherakissues, whiRe suppressig}g glwgcese

production in the livem Accordingly, the expfession of geites such as

glucose-6-phosphatase (G6Pase) and phesphoenolpyrEev3te carboxylase (PEPCK),
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which afe key eitzyines of givgcoReogenesis, are repressed by iitsugSn (2,3) (Fig. 3).

Conversely, liver-specific disrRjgptioR of iRsulin recepter knock out rnice (LIRKO geice)

exhibiteCE a fail"re ef iRs"lin to suppress hepatic glaxcose prodasctgen, p3rtRagly becagxse

the expression gevel of G6Pase was abnermally incTeased iit thegr liver (4). T"hus, inskgliit

3Rd iitsulin receptor signaling in the lkver have a potent role in the regaJEIation of hepatic

gl"ceneogenesis.

    Adipose tissue is found in mammals in two different forms: white adgpose tissue

¥(WAF¥) and brown adipose tissue ¥(BA[E"¥). WAT plays impomant metabolic roles by

storing fat Rit the form of triglycerides iit periods of energy excess such as pestprandiaR

status (Fig. I), aRd releasiitg firee fatty acids (FFA) and glycerol dasrgitg encrgy

deprivation (Fig. 2). Fat metaboiism, incRuding glyceroiteogenesis, fatty a£ids

re-esterificatioit and lipolysis iit WA Hr is irK}portant for overalA eitergy fiow irk fasted

status (Fig. 4). Most of alg, fatty acids re-esterificatien aitd lgpolysis of triglyceride are

iritportaRt rnechanisgns for the controR of concentration of whole-body FFA, which is

reconsidered as an adipecytokiite (see beaow) as well 3s eitergy sokJEr£e irg niEascge and

ketogenesis in giver for long term starve (5). Fatty acids re･-esterificatioR requires

gayceroa 3-phosphate, w}ikich can be syftthesized firog}k ftoncarbohydrate precursors Aike

pyrv#vate, iactate or amine acids in the fasted status (gAyceroiteogenesis) (5,6). [ffherefoye,

even though the adipese tissgge could accouRt for gess than iO% of whole-bedy ggucose

upt3ke, glucose rnetaboRism iit this tissue plays a potent roge in fatty acid

re-esterification. On the other haitd, WA[T-derived secreting rrkoiecuges skich as FFA,

]eptin, adipoftectin, twxnor itecrosis factor ct ("MNIFct), interiekEkin 6 (IL6), resistin, aitd

recently identified visfatin, have beeR c]igafacterized (7-13). Soxxke of these mogecggRes

associate with obesity and iitskklin resistaitce. BA[Ir is gxltkggtilocular lipid storage
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comprising a large nvgmber of g)aitechondria and plays a crijg£iag role iR Ropm-shiveriitg

thermogenesis, which could physiolegically defense against obesity and type-2 diabetes

t]ixro}sgh energy expenditure (14). Regulation of whoie-body glkicese hoxgkeestasis is

strongly associated with ins"gin response in WAE" aRd BAEr. IRsalin promotes

differentiation of preadipocyte, reveaied using a preadipocyte cultkgre systesx) (15). Fat

specific disruption of insulin receptor knock out mice (FIRK() rrltice) dRsp13yed gmpaired

adipocyte differeittiation and marked adipese tissue hypotrophy. In additien, they

exhibited promoting gl"cose toaerance and insuiin seRsitivity (16,17). Oit the other haitd,

BARr specific inskklin receptor knock out mice (BAE"IRKO mice) exhibited diabeti£

phenotype without iitsuain resistance (A8). Thus, the insuRin has beeit reagized te be

criticai roles in adipose metaboggsm aRd overall insulin sensitkvity, bkgt its signag cascade

resxsking ift the affect oftranscriptionag regulation largegy remains elusive.

    There are fundamental baologic questions in glggcose metabogisgx}, bow ipmsuliR

sigRaling coordiRates the physgogogy of animals aitd what Rs 3 responsiblle factor for the

effect ofthe signal. rl"he breakthrovggh of yxgeleciegar detaigs in target of insk]Rin in the ceen

have recentgy been revealed by genetgc anaiysis "siitg Caenorkabditis elegesns ¥(C.

elegans¥). The C. elegans dof2 pathway controls longevity and metabogisxn, aRd gs

orthologoggs to the rnammaliaR iRskklin aitd IGFI sign31ing cascade (g9). ))ecffeased deLf 2

signaling causes gife-span extension, increased fat storage, aitd coRstitutive arrest at the

da"er diapause stage. These phenotypes were suppressed by a icaiutatioR in the aglele of

dnf16, indicating that dnf16 is negativeiy regulated by dof2 sigitaling and gs the major

downstrearn effector (20-22). The dn7[ 16 is the ortholog ofmarE)itaali3it FOXO farxltily of

forkhead transcriptien factors (23), aitd is regglated by ncatritional condRtgons (24).

Notably, Libina N et al. (25) have currently shewrk that cinfLl6 activity in the intestine of

3



C. elegans, which £orresponds to the animal's adipose tisskxe, was sufficieRt to extend

lifespan. F"rtherxrkore, ovefexpressed Drosophila melanogaster dFOXO in ad"lt fat

body correspoftding to the animal's liver aitd adipose tissue exhibited gengevity,

accompanieCg wit}k regxglatioit of fecuncgity, overalA irksEtlin sensRtivity anCg lipi¥(di

metabolisna (26,27). These observatiens provide the corxirrkon theffxfte that FOXO preteins

in rrRammalian liver aRd adipose tissue xitay regulate gxitetabelism and life span under the

varieus natrgent coitditions. rTherefore, I speckklated that aitignal"s FOXO proteiRs pessess

a criticai role in energy homeostasis.

    A FOXO fagnily of forkhead transcription factor Foxeg (Ferkhead box Ol) is

expressed in marxxmalian insulin-respoftsible tissues, such as liver, skeaetag masscle, WA[{r,

BAlr, hypothaiamus and P celAs of the isgets of Langerhaitce in the pan£reas (28-30).

ReceRt biochernical studies have revealed that Foxoa is an importaRt target fbr

meCEiating the effects of ins"lin or severaR growth factors skxch as insgRin like grgwth

facter fi (IGFI) on the expressioit of genes involving rrftetabelisxEk, stress response,

apoptosis and cell £ycle downstream froftE phosphatidygiRosgtog 3-kimase (PI3K) and Akt

¥(also called as protein kinase B; PKB¥) ¥(3g¥). In respoRse to insuliulIGFI, Fexoa is

phepherylated at Thr-24, Ser-253 3nd Ser-316 by Akt, leading to nvgcgear exclusgon

¥(32,33¥) and subseqkJEent degradation threugh SCFSkP2-gnediated e]biqa3itiftatioit ¥(34-36¥).

In additgon to phosphorylation, Daitokkk et al. (36) and others (37-4a) have showit that

reversible acetylation of Foxol gnediated by CBP/p300 3n¥(l Sir2/SIR:[if1 Rs involved gn

modulating its transactivation fuRctioik. Furthermore, a recent report has fouRd that

acetylation of Foxol weakens its DNA binding aRd faciRitates PKB-dependent

phosphorylation at Ser-253 (42). Together, I s"rxirnafized the rnoie£ullar mechaRism of

posttranslatioRal rnodification ofFoxol in Fig. 5.
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    From a physiological point of view, the genetic anagysis with gain- and

loss-of-functioit aEleles has identified Foxol as a key gxkodwalator of hepatic

glk}coneogenesis Ejgitder the insulin-Akt sigmaling pathway (43,44). Saipperting these

findings, hepatic production of Foxol-A256, which xg2ataitt intefferes with Foxol

fuitctioit, rescued a di3betic phenetype in dbidb ]xxice by redax£ing the G6Pase geite

expression (45). On the other hand, Foxol haploinsufficiency pifotected agagitst insglin

fesistance cakksed by geneticaagy defective insulin sign31ing or diet iitduced obese,

associated with increasing an adipogenic gene, peroxisome proliferator-activated

feceptor-y (PEARy) in WA:I' (46).

    The okktstanding qtiestions iit the regulatien of energy xnetabogism of Foxea are

how the n"trient responses due to fasting er feeding control Foxol in vivo and how

Foxol have physiological functioR in adipose tissEge. First of all, I demeitstrated ghe

mechanism of nutrieitt control of gluceReogenic gene expression throggh

p}taosphoryEation anCE translocatien ofFoxog in vivo (Chapter ffg). Fa grthermore, I revealed

the physiological fuftctions of Foxoa t3rgeted iR the adipese tissue in transgenic mice,

including the control efmass in WA[ff" and BAT, fegulation of fatty acids re-esgerificatioit,

insRjlin sensitivity aitd energy xrketabelism (Chapter III). Fiitalgy, g wigl disckkss an

integrative physiogogical functioit of Foxol in gluicose a[Rxd lipid metabolisrgas iit

combination with Chapters II and III (Chapter IV), in which Foxoi strongly participates

in overall eRergy metabolism.
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SeeEKRllNktherY

  The nvgtrient response xnediated by feeding er fasting plays an irnportaitt roge in

controaling glaxconeogeRic geite expression such as G6Pase and PEPCK. Foxoa is a key

regtglator that stimulates the expressien of gluconeegenic genes in the nkgcle"s but is

phosphorylated by Akt and translocated to the £ytoplasm in response to insugin.

Althekkgh it has been widegy accepted that the cellugar signaliRg ef inskJEIin represses

Foxol function threugh the A[kt-depeRdent phosphorygatioit, the molecular rrtechanisg]E

}kow the nutrient response incRaxding feeding or fastiRg xxtodulates Foxeg functioit

remains isnkrtewia in vivo. Here, I investigated the consequences of the nutritional

changes in the Akt-mediated Foxol phosphorylation and tfanslocatieit in the River with

control C57BL/6 af}d diabetic dbidb mice. I found that feeding proxnotes the

phosphery13tion and nucgear excRusion of Foxol, whereas fasting £oeenteracted thena in

C57BL/6 mice. Notably, dbidb mice exhibited censtitutive phosphorylation bat

dominant nuclear accumuiatien ofFoxe1, even though CREB phosphoryRation normalRy

occurred in the fasted status. Furthermore, in contrast to C57BL/6 ssxice, downrega]latioit

of G6Pase and PEPCK expression dkxring feeding is not observed in dbidb xnice. Thus, I

suggest that the accurate fegulatiort of Foxol via the Akt-depeitdent phosphorylatioit is

fequired for the physiolegicaA adaptation to the diffk¥)rent nutfitional statuses.
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imetrodieeetR*me

    Hepatic gltgconeogenesis is strictgy centrolled by the activities oftwo fate-giniitgng

enzymes in the iiver, G6Pase and PEPCK. The genes encoding these proteins are

regulateeE at the traRscriptional level by key hormones, w}i"Ech are precisegy secreted in

respoitse to various nutritionag statuses mediated by fasting or feeding (2). In the fasted

status, glucagen is secreted and robkkstgy stimulates glaicoReogenesis to maintagn bliood

glucose levels withiit a basal range, while iit the fed statiss, insgxAiR markedly increase

and powerfugly sa tppress gluconeogeResis for prc>te£ting the b()dy 3gaEnst hypeffggyceffifxia.

On the other hand, aberrant hormon31 responses te the nigtritioitaR statEtses are ifi x)pli£ated

iit the pathogenesis of type-2 diabetes, producgng excessive hepati£ gakgcose, and

resugtiRg in the fasting hyperglycexnia aRd the exaggerated postprandial hypergiycegnia

¥(47¥). It is weil establgshed that Foxoi plays a critgcal roge iR nxediating the effects ef

inskeliit on the gene expressioft of G6Pase aRd PEPCK (4g-50). E{owever, the Rggtrient

responses due te fasting or feediRg control the Foxo fi fuitctieit remains kgnsolved in vivo.

    In this stkxdy, I sought to address the two qwgestioits; the first is whether the

endogeno"s Foxol protein is actualRy regulated by the nutrient response, the second is

whether the nkitfitional reguiation ef Foxol is also observed in dgabeti£ rnice. To this

end, I examined the phosphoryRation levels and the iRtr3cellwglaif gocalization of }Foxol

disriRg ad libitesm feeding, fastiftg or refeeding in controli C57BL/6 and diabetkc dbidb

mice. I derxkonstrated that refeeding iitduced the Alkt-dependeitt phosphorylatieit aitd

nxgclear exclusioR ofFoxea in C57BL/6 ]nice. CoRversely, £enstitutive phosphoryaatiofi

but dominant nEgclear accurrixglatioit of Fexel was ebserved throkggheut each nutritional

status iit dbidb rr¥)ice. Mereover, doidb mice did not exhibit the dowmegulation of the

12



G6Pase and PEPCK ge"e expression even in the fed status. These results sgjgppopt the

itotioit that the fine gnodulation of Foxol function aJgnder different nutrient signaling, at

least in part, contrib"tes to giucose homeostasis.
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Mat£erwhgs awack Meetko*dis

.igesiueesis

     C57BL/6J and dbidb male rni£e at 6 weeks of age weffe purchased frogn CLEA

¥(Osaka, Japan¥) and adapted to the envirormeRt for2 weeks before iitgtgation ef the

stgdies. AJnimals were fed standard rodent diet and water ad libitesne in sterile c3ges ¥(one

mice per cage) maiRtained under a iight / dark £ycle of 12 h (lights en at 7:OO h). In the

feeding experirrkent, mice were kiAled at the st3tus fed ad libitesm (fl8:eO h), starved fof

16 h (aO:OO h), or starved for 16 h folgowed by refeeding hggh -sucrose/fat-free dget for 4

h (g4:OO h). Care of experimentag aftimals was within institutRonal guideline 3ppreved

by the Laboratery AJnirnag ResokErce Center at the University ofTsixkuba.

Prepewastoes ofwhoee afissese exgmacts

    A nirrkals were kiiRed 3nd the reK] aoved livers were qvgickly frozen in lgqkkid nitrogen.

0ne h"Rdred gnilligrams of the givers were hogikogenized kksing a polytroit oit ice iR 2.5

gnl ef the bviffer contaiRing 50 mM HEPES-KOH (pH 7.9), 1% NoRidet P-40, 250 gnM

KCa, 5 rgtM EG'IA, 1 mh¥( PMSE 1 ixgM Na3V04, a mM NaF and protease inhibitefs.

Samples were rotated for 1 h at 40C and centrifuged at g4,OeO gpxEa for 20 min at 40C.

The supernatants were stored at -800C uRtig anaiysis. Totag proteiit coit£entratioits ofthe

extracts were rneasEgred kksing a pretegn assay kit (BIO-RAD).

ltescttoesessises ofcyafopinsrwic eseea ssescgeesrprsgeiess

    Cytoplasmic arkd nRiclear protein extracts were fr3ctienated using the NE-PER

extfactieitfeageptts (Pierce). The livers from fnice wefe cut iitto srrkall pieces, 3nd theit
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homogeptzed using tEssue horx¥)ogenizer for preparatieit of single cells. Thereafter,

packed cell (40 mg) by centfifugation at 500 rpin for 3 min at 40C was homogenizedin

400 ge1 of the ice-cold CER-I solution (Pierce) supplied wkth protease ig]hibktors.

Subsequent steps for fractionation were according to the mait¢tfacturer's instrxg£tioit.

/intthodies eseed gig>lestetw bloafgiesg

    A rabbit polycgonal antibody specific for mogse Foxol was des£ribed previously

¥(51¥). ARtibodies for phospho-Foxol ¥(Thr-24¥), phospho-Foxoa ¥(Ser-256¥), Akt,

phespho-Akt (Ser-473), CREB and phospho-CRIEB (Sef-R33) were pairchased frogi CelX

Signaling Technogogy (Beverly, MA).

    Protein extracts were separated by 8% SDS-PAGE, foRlowed by electrotransfeif

onto PVDF xK}errkbrane and probed with indicated first antgbodaes. Chemilumines£ept

detection relied on horseradish peroxidase-ceajkkgated secondary aittibodies. The

inteitsity of the protein bands was quantified by densitorrltetry using Ignage qkkant

software and expressed as the meaits ± S.E.

imueesswskistochemg"stmp

     The livers were fixed in 4 % paraformaldehyde oveggxight at 40C and then

embedded in paraffiit. The paraffin sectioits (4 gexik) on slides were deparaffEitized in

xylene (3 ftzkin, three times), aRd rehydrated iit a decreasing ethanog series diAuted in

distilled water (10e%, leO%, 96%, 80%, 70%, 3 min ea£h). We used 3

microwave-based antigeit retrieval inethod to eAhance the reactiviky of age aittibody as

described previously (52). Endogeflokjgs peroxide actgvity was gnactgvated by 3%

hydrogen peroxide iit nigethanoft for 15 min. The sections were blocked with 2.5%

                                   15



normal goat serkinx in PBS centainingO.25% Triten X-100 for 30 rif¥)ien. The anti-Foxol

¥(1:lOO diga]ition¥) antibody was iitcubatedwith the sectieits at room ternperatgre for R h in

a hkxmidity charrtber. Peroxidase-based detection was perforirted using the DAKO's

ERvision systerrx, foglowed by color reactioit usRng the DAB stibstrate. Pictures were

ebtained usiRg aR optical microscepe (Leica).

fotwg RZV2zfi exafrescgion esuea Nk7rtherss blog eseseslysis

    The livers were honkogengzed ggsing a poEytreit and total }klNgA was iseRated tgsing

the ISOGEN RNA iselation reagent (Nippoit Gene). Fifteen ixiicrograms ef total RNA

wefe dematured with glyoxal aRd DMSO, separated by electrophoresis aRdtffaRsferred to

a nylon g}kegnbf3ne (NEN Life Scieftce Products). The megnbraites were hybridized with

the 32P-labeled probes xinder stringent conditions. HybridizatioR products were dete£ted

by an image amagyzer (Tbxhoon 8600, imersham Biosciences) and standardized against

hgman P-actiit bands. A prebe foff Foxol was generated by PCR pxsing prixy}ers as

foilews: forward, 5'-gaattcaattcgccacaatctgtccc-3', aitd reverse,

5'-ttagcctgacacccagctgtgtg-3'. Probes for ¥(}6Pase, PEPCK aRd P-actin were prepared as

described previously (53). The iitteRsity of the RNA bands was quantified by

densitorrxetry using Image quant software aRd expressed as the gneans ± S.E.
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ReseeRgs

Effacts ofnutrigioitnt stwafuses oue /fikaf-rwediestea Mkrx$2 pk$sphsayingi$ue

    rlro verify whether endogenoxgs Foxog is actEgallly regulated by nutritgonal statkgses

in viyo, I first exarrkEned the phosphorylation Ievels of Foxol at "lrhr-24 and Ser-253

residues, beth of which are phosphofylated by Akt via the insulin-signaaing p3thway. g

prepared the liver extracts frerra C57BL/6 aRd dbidb xrgice subjected to the conditions of

"ad libitesue feeding", aR overnight "fasting" or the fo11owing "refeeding" and analyzed

the expression and phosphorylatien levels of Foxol aRd Akt by Westerr} blotung.

CoKnpared to gd libitum feeding, an overnight fasting attenvgated the phosphorylation

Revels of Foxel at both rl"hr-24 anCg Ser-253, whereas refeeding restored these levels in

C57BL/6 nkice (Fig. 6A aRd C). It sheuld be noted that the akeratgoR of nutritional

statuses showed no substantial effect on the arnokJgnt efhepatic Foxol protein (Fig. 6A).

To further assess whether the instilin-AJkt-signaging pathway is agse invoaved in the

nutrient respoftse, I examined the phosphorylation levels ofAkt at Ser-473 under fastiitg

er refeeding conditions in the liver. Consistent with the resajalt ef Foxel, the

phosphory1atioit Ievel of Aikt was attenk}ated dixring fasting, suggestgng that the

phospherylation of A[kt and Foxol is controiled under the different ngtritionaR stat"ses,

pfobably through the insulin-signaling pathway, in C57BL/6 mice.

    Next, I ernployed dbidb xnice as a modeA of type-2 diabetes 3nd irwestggated

whether Foxol phospheryl3tion cascades ceuld be normalRy transfinissed by itutriewt

responses. Surprisingly, in contrast to the £entroi C56BL/6 rrkice, the phosphorylatioit

levels ofFoxol were not decreased by fastiRg (Fig 6B and D). Moreover, the n"tritional

changes did itot aker the phosphorylatioit levels of Alkt in dbidb mice. rlrhese fiitdings
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suggest that dbidb mice are deficieitt in the nutrient-iitdxgced phesphorygation of both

Foxo1 and AJkt in the liver.

ewfacts ofesutgeg"gioesnt stwtwses ases ofnvB phospkoaylaafigees

    Duffing a period ofprolonged fastiRg, giRxcagoit stirrk"1ates protegit kRRase A (PM),

which in tkkm phosphoryiates the cycAic AMP (cAMP) respoitse eRer[kent biRding

(CR[EB) protein at Ser-fi33, thereby prox[ltoting the gau£oneogenesis th]rok]gh ghe

induction of the nucgear receptor coactgvator PGCI (54). To test whether the

gl"cagon-signaling pathway actually responds to fastRitg, I menitored the

phosphorylation levels of hepatic CREB pretein in C57BL/6 3nd dbidb mice. As

expected, fasting increased CREB posphorylation in C57BL/6 mice, whige refeeding

slightly decreased it (Ffig. 7A and C). Interestingly, in coRtrast to the constit"tive

pospherylation of Foxol aEkd A[kt throughokit e3ch nvktritionag statgs (Fig. 6B and D),

dbidb mice showed a marked increase in the leveli of CREB posphoryRatioit by

appreximategy 7-fold iR the fasted statEgs (Fig. 7B aRd D). Moreever, a drastic effect of

refeeding on CREB posphorylatioit was also observed in dbidb r[ii£e. These data

indicate that the nxgtrient response is normally transrnitted to CREB, probably via the

glEgcagoit-PKA sggnagiitg pathway, even in dbidb mice.

Efi'k?css ofreutristiguent stwtwses oes .e7lagxg] gocntg"zntigss

    Since the insxxlig]/Akt-fix}ediated phosphorylation of Foxel has been shown to

£orrelate with its intracellular locagizatien iR m3mmalian ck]ltured cegls (31-33), g

investigated whether FoxGl covgld be also regulated by fastiRg or feeding in the mogse

liver using an immunehistechenticak assay. As showgi in Figure 8A, fasting c3Mjgsed 3n
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exteRsive nEgclear accumulatien of FoxoR in C57BL/6 mice. In contrast, Foxol

predominantly localized in the nRgcleus in both fed ad libiteem and fasted statvgses oR the

sectioits from dbidb mice (Fig. 8B).

    To further support the above d3ta, g next perforrx}ed Westem blog amalysis kising

cytoplasmic and nuclear fractkon3tiofts of the liver extracts. In C57BL/6 mice, the

amount ofcytoplasmic Foxo1 protein significantgy decreased by fastiitg cegnpared to the

fe¥(S ad libitesm status, w]aiRe the ngkclear liFoxofi was also redgced by the fo11owing

refeeding (Fig. 9A and C), s"ggesting that the intraceRlgiar localizatioit of }Foxel is

tightly controgled in respoftse to nutrient respoitses. Regnarkably, in agreen¥)ept wgth the

res"gts froxn immnunohistochemisty, the nkxtritioital changes did pat affect the amokgnts

of nuclear and cytoplasrxxic Foxol proteiRs in dbidb mice (Fig. 9B and D). Taken

together, these findings indicate that feeding stimagllates the ftucilear exit ofFoxog in the

liver, but this nutrient response to the Foxog transiocation is impaired in dbidb ixkice.

Efacts ofesutrigiossnt suttwses ox thxiff=-neediutea euaesscripgi$ss

    To exagniRe the effects ef nastrient respoptse on the transa£tivatgon function of

Fexol, I evaguated tke expressieR leveis of G6Pase and PEPCK genes, which are the

targets of Foxol. CoRsistent with the fiRdiRg from NMestem blottRRg (Fig. 6A), no

dkfferences were observed in the mRNA levels of Foxoa throughout ea£h itutritional

status in C57BL/6 rrki£e (Fig. 10A); however, the levels of (}6Pase and PEPCK were

sRkbst3ntiaily iRdkkced in the fasted stata)s (Fig. ReA and C). Moreovef, refeeding eittgreAy

diEfkinished the mRNA levels of two glEgcoReogenic genes. In £entrast, neither fasting

nor refeeding changed the expression levegs of G6Pase and PEPCK in doidb xngce ¥(Fig.

10B aRd D¥), suggesting that it is aaso deficient in the nutrient respoitses to the
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giuconeogenic gene expression as welg as the deregulation of th

phosphorylation and translocatioR.

e Akt-r[kediated Foxol
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pmkseceessfigmp

    My present study demoRstrates a direct correaation between the nk]tritionag statuses

aitd the traitsactivation functio!a of Foxol iit the mouse liver. I have shown that fasting

drasticaAly decreases the phosp}aorylation geveg of }Foxoi, wAaereas refeeding markeday

increases it, thereby promoting the ituclear exclkksioft of Foxoa (Fig. 6, 8, and 9).

Accognpanied by the phosphorylatioR and the intraceAllamgar translocatioit of Foxeg,

refeeding reduces the expression leveAs ofG6Pase and PEPCK, but pmot Foxofi (Fig. ae).

These results lead rrte to concg"de that the metabolic information on the rrketabogic

changes dtge to feeding or fasting is converted into the phospherygatioit ofFoxol via ghe

/V<t-depeRdent pathway, and aft extent of xnodification represents the expressioit keveks

of glucefteogenic genes in the giver.

    Aj] 31tem3tgve finding of this wofk is that diabetic dbidb mice showed 3n 3berr3nt

nutrieitt controg of Fexol, nanltely its cogestitutive phosphorylation and necgear

3ccumuiation threkkghovkt each nutritioRal statvgs (Fig. 6, 8, and 9). Sgpporting these

results frorr} dbidb r[gice, we alse fbiignd an irrRpaired ntgtrient ceittroR ofAkt and Foxol ift

aRother diabetic rnodei, New Zealaitd Obese rrRice (data not shown). InterestEnggy,

Altomonte et al. (45) h3ve reported that dbidb rrkice exhibit a sigeeificant inductioit of

hepatic Fexol protein as weaR as increased its nuclear locagization, cognpared with their

heterozygoEgs lgtterrrkates (dbl). CoRsideriitg thgs fiRding aleftg with my present resEkks,

a plaEgsible expgaruation for an excessive hepatic gRuconeogenesis in dbidb g¥)aice reiiay be

ag abnormal regulation ofFexo1 in both transcriptional and posttranslatienal gevels.

    ]¥)espite the aberfaRt nutrfient control of /V<t and Fexog in dbidb gxkice, I foasRd that

the itvgtrient response by fecding robustly correlates with the phesphorylatgon levels of
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CREB (Fig. 7). This finding strongly sxgggests that dbidb rrRgce possess an adeqEjEate

respoflse te glkicagon, which in turn phosphofylates hepatic CREB protein thireugh the

PKA-signaliRg pathway. Given the coitstktvEtive hyper-phosphoryiatien aitd abparm31

nuclear accumvklatioR of Foxog iR the liver of dbidb nti£e, a coRtributing factor to

hypefglycemia in diabetes appears to be aft irnpaired sEgppressien of Foxol

transactivation fuitction in response to feediitg throvggh the insRJgkin-signaging pathway.

    ORe significant question of iity results is the xgftechaitgsm whereby the itistritioftaa

conditioits do not agter the iwtracegl"lar localizatgen of Foxog despite its

hyper-phospherylatioit status in dbidb mice. Notably, a recent stkkdy has reveafted that

c-Jun N-terminal kinase (JNK) directEy phosphorylates FOX04 and this leads to the

ngclear transgocation aitd the transcfiptional activatioft (55). MNIK has beeR shown as a

gg}ediator of an oxidative stress iitdggced by tumor necrosis factor ct aitd hypergAycemia

and also revealed to be abitermally elevated iR gbesity 3itd insuliR reskst3nce (56,57). IR

view of my present resEglts, it is possible that an irKignoderate JNK activity might

override the Akt-rrltediated nuclear excausion of Foxoa, aRd skxbsequent increasing

ituclear accvgmEtlatieit might reskgk in sustained expressioit ofthe gguconeogenic genes in

dbidb mice.

    Iit coRclusioa this study presents a critical roae for Foxgl in respense to a n"trieRt

signaling. IKnpaired nutritionall regulation of Akt-mediated Foxog phosphorygation and

translocatioR could, at Eeast in part, acceunt for an gitcontrolRed expression of

ggvtconeogenic geites. IR additRon to phosphorylation, Daitokgg et al. (36) previokksgy

derx}oitstrated that Foxoa is acetyiated by CBP, the modification of which is reversed by

                                                       '
the NAD"-dependent histone deacetylase Sir2. Interestingly, it kas receittly been

reported that SIRTI/Sir2 controls the hepatic glgconeegenic/gly£oiytic pathways in
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response te fastiRg through the transcriptioRag coactivater PGC-la (58). Ggven that

SIRTI pretein levels and NAD" coitcentratioR iRcre3se in the fasted status, it ls

conceRvabRe that the nutrient signaling inckudiitg fasting oif ifefeeding alters the levels of

Foxol acetylatRon via Sir2/SIR[lrl-mediated deacetylation in the giver. Further staidges

are Reeded to clarify aR akeration ofthe levels of acetylatgon as wegl as phosphoryiatgen

ofFoxo1 tw respoitse te the itutritional statkises.
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Fig. 8 Hepatic immunohistochemistry of Foxol in C57BL/6 and do/dlb mice. A and

B, Paraffin sections were prepared fbr immunohistochemical staining with anti-Foxol

antibody. Positive staining for Foxol is revealed by the brown color. Original

magnification is x 40. The liver sections from C57BL/6 (A) and dbldb (B) mice in fed

ad libitum (loj7panels) and fasted (rightpanels) conditions.
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                               SeegNNerNkewY

    Adipose tissue piays irrltpertant physiologicaa roies incl"diRg lipid sterage and

regulation ef ggucose homeostasis throgghout secreting adipeocytokiRes. Increase in

adipcse xnass or dereggglation of sigitaling iR 3dRpocyte can resuat an the disrkkption ef

overaRl insulin seitsitivity, which leads te obese and type-2 diabetes. In this stgidy, I have

ideRtified Foxog as a key regulator of adipo£yte xnetaboliism in vivo. I generated

transgenic mice (aP2-Foxol nxice) overexpressing Foxoa seRectively in WA Er and BA[E].

The aP2-Foxog itiice exhibited adipocyte hypetwephy and increased adipese gnass, but

not hypexphagia Emd obese. Elevated £oncentrations of iitsuliit and FFA sixggested

hyperiitsulinerrtia and hyperiipodemia in aP2-Foxog mice. Notabgy, aP2-Fexoa xnice

exhibited insultw resistance with itormal gl"cose tolerance. [E]his pheRotype was

associated with a rrearked reduced gene expressEoit of P}}ARy and GLUT4 ift WA g" ef

aP2-Foxog mRce. More interestingRy, aP2-Foxog mice exhibited ir[ftpaired adaptive

thermogenesis associated with decreased UCPI expressioR in BA[¥(T, saxggesting that gow

energy expenditure in these mice. Th"s, these resvgits revealed that Foxol in adipose

tissue plays important roles iit insulin sensitivity and energy expeitditkgre by affecting

expression of genes invogved in metabolic regglators, secreting factors and energy

expenditixre.
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    WAT and BA fir play criticaa roles iit energy homeestasis and endocrine function

(7-11). in both animal models and hkkman, obesity is chara£terized by ait excess

acckimulatieit of adipose tisskke and invelved iR the pathogenesis of iiaggtiple diseases.

These associated pathologies incl"diitg cardiovasc"lar diseases, type-2 diabetes,

dysgipiderRia, hypertension and sleep apftea (59). ParadoxicaAly, Rot ongy an excess of

adipose tissge, bast agso the total abseitce of fat is associated with increased risk for these

cemplications (6e-62).

    The role of adipose tissue in everall glucese rrtetabolisitit is net £gear. Althoaxgh

WM accounts for gess than 10% of whele-body ggucose asptake (63), the 3dkpose

seiectgve disruption of GLUT4 gene, which is the rnajof glkJgcose transporter regulated

by insulin stimkxlation, causes ggucese iRtolerance and hyperiitsxaginemia in rni£e (64).

Accerdingly, the downregulatioR of GLUT4 expressioR in imx rtan adipose tissEge bwt net

in skeletal muscge is comsnon of iitsugin resistance status, inclkxdiRg obesity aitd type-2

diabetes (65). Reduced glucose transport iRte adipo£ytes ligixftits gly£ereg synthesis

foElowiitg igikpaired lipogeitesis and re-esterification ef fatty acids into tfiggyceride,

resEgking in increased serugik FFA (so £alled nonesterified faety acgds, NEFA) (66). ThEas,

the gliscese uptake in adipose tissue has important reles net ongy in autenEEation ofblood

glucese coitcentration but also xnaiittenance ofFFA ceRcentration.

    Insulin is a critical regulator of various aspects of adipocyte physiology, aitd

adkpocytes are eRe of the most highly insvgliit-responsive cell types (67). InsE2Rin

promotes triglyceride stofes in 3dipocyte via prornotiitg the differentiation of

pfeadipocyte into mature adipocyte, sti]rkugating glucese traRsport and triglyceride
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syRtlaesgs, as well as inhibitiRg gipolysis (68). Insaxlin aRso increases the giptake ef FFA

derived from circkilati$g lipoprotein by stimulating lipoprotein lipase activity ige adipose

tissue (66). Metabolic effects of iRskglin are involved iit rapid changes in pretein

phosphorylation and function, as wegl as changes in gene expressgon. However, the

responsible facter for the effect of iRsulin in adipose tissRse has beeit EargeRy xtnimewn.

    Foxol is an inkportant target for mediating the efflects of insasgin sigRals (3 fi-33).

Recent studies have sxgggested that Foxog functions as a negative regkxRator of adipocyte

dkfferentiatien in vigro (46). Iit adlCgitgon, iFoxog haploiitskkfficiency prevented Ensaxgiit

resistance induced by a high-fat diet (46). Nevertheaess, the physiologicag foles of

Foxol iR adipose tissue and regMglatioft of iRsulin sensitivity have not been resolved. rlTo

iRvestggate the physiological roles of liFoxol RR adipose tissvee in vivo, g gener3teCg anCk

analyzed transgenic mice (aP2-Foxel rnice) overexpffessing Foxoa in their adipose

tissues. The aP2-Foxol mi£e showed the adipocyte hypertrophy aitd ipmcreased fat mass.

Re]narkably, they deveioped hyperinsuiinemia and hyperlipgdexrtka and exhibited insugin

resRstance, eveR thoggh a normal gRkgcose tolerance. Fuirthermere, I identified

down-regulated geites for insuMn sensitivity and adipogenesis s"£h as P}IARy aRd

GLUT4 in WAI". Interestingly, aP2-Foxel mi£e exhibited impaired adaptive

thermogenesis associated with decreased UCPI expressien in BA Er, sEgggesting the low

energy expenditewe iit these mice. Thus, my results suggest that Fexol iit the adipose

tissue has irnportant roles in whole body insuiin sensitkvity and eRergy Krtmetabolism.
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Tlresessgeese c$esstweses esssa geeserwafioss ofafmasssgem"e neg"ce

    As iitdicated in Fig. 1IA, the traRsgenic constrasct was desigfted for the two copies

of chicken P-globin 5"HS4 ins"13tor seqkjEence iit taRderg] forrrR placed on either side of

the aP2-Foxol chirneric gene, which cog}]prgses the 5.4-kb aP2 prorifgeter/enhancer

fragxnent, the itaokkse Fexol cDNA that added FLAG epitope tag oit N-tefminags and the

3'-uittranslated regien of a rabbit P-ggebin gene containiitg spgice site, and the

pogyadeitylation signal. 'The traitsgenic coRstrvact was generated as the fo11owing way.

First, I cgoned the 5.4-kb pfoxnoter/enhaRcer of itftouse aP2 gene froxgx C57BL/6 gix}ice

gcnofifkic library and subcloned into the pBlkkscript II KS+ vector (Stratageite) usgng the

foigowiRg strategy. The cloniitg gene was confirmed by seqgencing. Seceed, I prepared

the iitsuaators-censtruct, which was xnodified pJC13-1 ¥(kEndgy previded by Dr. G.

FelsenfeId¥) by deleting y-NEO reperter on the BamHI site and naEIS2 enhancer eit the

EcoRI instead of maiultRple cloftRng site coptaining fragmeRts. rifhird, I generated the

aP2-Foxol chimeric gene. The Bam}II -Bglll fragrEkept containkitg Kozak and FLAG

peptide tag sequegeces geitefated by oftigonucleetide synthesis was insepted into the

BaneHg site of the pcDNA3 (invitrogeit). The 1.2-kb BesneI!{g - Mzol fragitient, the

3"-"ntranslated regioit of the rabbgt P-giobin gene was excised fronx the pSG2 vector

¥(kindly gift of Yl Ogawa¥), and a 2.0-kb BamHI fragggieitt from Fexel expression vector

¥(35¥) ligated imo the BamHI site of pcDNA3 vector containing Kozak and FLAG

peptide tag sequences. The 3.2-kb KZ?nl- Mzol fragmeRt was excised from the resglting

plasgnid and made bltgnt with Klenow treatrxient and s"bsequeRt Eigatien into the SmesI

site ofpBluscript II KS+ vector containing the 5.4-kb promoter/enhancer of rnouse aP2
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gene. A ge.3-kb .thol fragment cofttaiRing the aP2 prorrioter/enhanceff folgowed by the

cDNA for FLAG-tagged Foxog was excised frorE} the plasrxkid and ligated into .Vzol sgte

of the inskkaators -construct. ifhe p13sg]gid was seqxgenced over ligation sites. A g5.R-kb

fragment fianked by the unique sites sy7I at inserted rrkultipge cloning sites, hafboring the

two copies of insulators placed on either side of aP2-Foxol chimeric gene, was used to

gencrate transgenic n}ice. Foliewing gel purificatien, the transgene was grljected gnto the

prongcleus of fertilized zygotes from C57BL/6J ¥(Nippoit Clea, Osaka Japapt mice and

traRsferred to pseudopregnant ferEltaie using standard techniqEkes. Fo"nders were gnated

with C57BL/6J ggigice, arxdi their offspring were obtained. Alg st"dies were £onducted

using 3 menths of age heterozygo"s nxice. TraRsgeitic mice 3nd theiif wild type contrel

littermates were fed esd libtum with a staitdard diet and rnaiRtained kknder a light/dark

cycie of g2 h (lights on at 7:OO h). Care of experirnental anirr}als was withiit institutioRai

gkkideline approved by the Laboratory Anirnai Resouffce Centeff at the Uitiversity of

Tsukuba.

2ksgeuttoes ofgempomeic DNA esesd Sgeutheres blog esitsslpsges

    Genomic DNA was extracted freita the tails of foisnders and their offSpring. Taiis

were lysed with the buffer coittaiiting 50 mM Tris-HCI (pH 8.0), 1Oe g) iM NaCl, 20 iEkM

EDM (pEff 8.0), 1% SDS and O.3 ing/ml proteinase K (Wako, Osaka Japan). Lysates

were treated with RNase and subsequent of arrRx xkgmoniurn acetate for the pewification ef

DNA. DNA was precipitated with ethanog and dissoRved iit TE ¥(fle mM Tris-IICR ; pil

8.0, 1 mM ED'IIA ; pH 8.0¥). I"wo micrograms agiqkkots of saxnple DNA were digested

with BamHI, subjected to eRectrophoresis in O.7% agarose gels, aRd transferred to *yloft

xnembranes (NEN Life Science Pfodacts) by the alkagiite traRsfer method. The
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membrancs were hybridized with the 32P-labeled O.75-kb probe on the

c3rboxyl-terxxkinus of Foxel (shown as a bar-S gn Fig. 1IA) ugeder stffingent conditions.

The rv}embranes were washed in the buffer containing l% SDS ewid 100 rriM Tris-HCI

¥(pH 8.0¥). Hybridization products were detected by ait image analyzer ¥(rfyhooit 8600,

Arnersham Biosciences¥) aitd coxriputerized by using Image quant 6.1 .

ewkgprepesrutigue eseedMrmberes bgos eseseslysges

    Total RNA was prepared frorrk tissues with ISOGEN (NIPPON 6ENE) as

previously described (53). I ggsed £DNA probes for GLUT4, SREBPI, which were

prepared by Rrlr--PCR x}sing first-straitd cDNA frorrx moase epididygnag faa totag RNA as

previeusly described (69). The Foxoa pfobe was prepared as des£ribed in Chapter gg.

The cDNA prebes of gnouse UCPg, and PPARy, arkd LPL were kindly gifted from Drs.

H. Katagiri (University ofTohoku), S. Kato (University ofTokyo), Yl Kameg (University

of Tokye Medical and DeRtal¥), respectively. Equal aliqRJkots oftotal RNA frorn adipose

tissvte of five mice were pooled (total gOgeg), aitd northergx bgotuftg was peyformed as

described previo"sly (53).

uaesceres bgog essseslysis esssa imeneesxopgyepiafitwgiges

    Mice were killed, and WA Er and BA[if were removed and qkigckly frozen iniiquid

nitrogen. Totag proteiR extracts from WAT and BA[Er in buffer coittainiitg 50 mM

HEPES-KOH (pH 7.9), i% Nenidet P-40, 250 n}M KCI, 5 mM EGri A., g rrftM PMSF, i

gikM Na3V04, l mM NaF and protease inhibitor. After £entrifugatkoit at 14,OOO rpm for

20 n2in at 40C, the supematants were stored at -800C untiA analysis. W3stem blot

analysis was perforgxged as CEescribedl previ([)assRy (5g). ImmgERopfecipitatioR was
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performed 3h at 40C with antibody agaiitst FLAG (M2, Siggscga). The rabbit polycloRal

aRtibody specifi£ for xnouse Foxol was described prevgogsly (5g). Aptti-P-3ctiit (AC-74)

wefe purchased frogg} Sigma.

ewsgge$gy

    EpidRdymag and parainetrial WAg" and iitterscapaslar BAT were iselated. Tisskges

were fixed for 1 week in ae% Fomalin Neutral Bkgffer Soiwtien (Wako) at 40C,

dehydrated, embedded in paraffin, sectioited (5 gerx}), and stained with haenikatoxylin aRd

eosin.

Beewa eests

    Foff measvgrements of biood gltgcose aitd serusux insgliit, saniples were obtaiRed

frorxi mice at the statgjks fed ad libitaxm (18:OO h) and staifved for overitight (le:OO h).

Blood ggkicose was Er}easured kxsing ait ONETOUCE{ Assist (LifeScan). Serkgfiixx iftskigiR

concentration was gxxeasured by ELISA using g]ko"se insEklin 3s a standard (Morinaga).

Serum triglycerkde aRd cholesterel levels were irteasured using fasted ankmals by

£oRorigxketric enzyme assay gsing FUJI dry-cherrE systergii (Fajifilrn, Tokyo, Japark).

Sertgm-free faety acid levels were rrlteasured using fasted aitlnxags by the NEFA-C test

Wako kgt (Wako, Osaka, Japan). Serum adRpoitectiit was rrReaskxred ajsiRg the ELISA kit

¥(R&D Systexns¥). Sertkifk geptin and resistiit were gneaskjgred Egsiftg the ELISA kit ¥(Linco

Research¥).

Ggescesse esesa isssesgies toeeresesce tests

    Fof glucose togerance test, naice were fasted overnight (froitk 18:OO h to 10:OO h).
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Mice were theit iiijected intraperitoReally with D-glucose (1 g/kg of body weight), aRd

sutbseqEgently blood was collected froin tail vein. Blood glucose geveas weife rneasgred at

O (prior to irijectieR), 30, 60, 90, and g20 min post-iajection. For insulgn teleraRce tests,

animals were fasted for 6 h, (from le:OO h to 16:OO h). Mice weffe ajected

intraperitoneally with a O.5 U/kg of recoEk3binant human insuiin, HEEptcrxulin (Eli Lilly),

and blood glkkcose levels were measEjgred at O (prior te iajection), a5, 3e and 60 rrltiR

post-znjectlon.

Pkysioeogicag neeasesrerwents

    For measvgring food consairnption, mice were housed individajg3Riy in xgmetabolic

cage and measvgred in mass of food intake for 6 days. Rectag tefita xperature was xnonitofed

during earRy afternoon with a digital thermog]keter (C'IL1310D; CUSTOM) eqvgipped

with a rectal probe. For cold exposure expergment, mice were treated the cold exposufe,

and rectal tenkperat"re ofmgce was measured 30 gkin aftef coid (agOC) exposure.
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Generasiges ofgresmsgewic y?gice gyerexpressieeg ff7lapxol ies ssdipose afg"ssue

    I gencrated traRsgenic g]aice overexpressiRg FLAG-Foxoa ajgnder the controg of the

enhaRcer/prornoter region ofthe adipocyte fatty acid biRding proteiR (aP2) gene, knewxit

te prosnote a transcription in WA E] and BA:ir in vivo (62,70-73). To dgstingugsh between

the endogeno"s and trangenic Foxol proteins, the FLAG epitope sequence was iitserted

on 5'-termingJEs ofFoxol cDNA in my construction. Rerrxarkably, to avoid swppressioit of

the transgene expressiopt dyge to its integration site dependept on a pesitgon effect, I

actempted to employ the insugator elements at the 5' end of chicken P-globin locexs,

which can act as a barrier to chrogr}osom31 position efifects wheit it surrounds a stabgy

integrated reporter. They have beeR preven usefu1 in construction of vecters for

transgenic experimeitts in aniKKkags, resulting ift "giiform and high gevels of expression

¥(74-76¥) ¥(Fig. 11A¥). Taia DNA frorga petential transgeitic itigice was screeited for the

presence of the aP2-Foxol chimeric gene by SoEgtherrk bgot analysis (data not shown).

'I"wo independent RiRes of aP2-Foxol trafisgengc mice were obtaiited and designated 3s

gine A and line B. Fig. 1gB shows the resuit frorn Southem blot anagysis ofDNA derived

from tagls of the line A aRd lgne B mice. LiRe A and Eine B coittagn 3begt 10 and a2

cepies ofthe traitsgene, respectively. Fig. 1gC shows that the transgene overexpression

was limited to BAEr and WA[E" in the line A of male and fesxiale mice. The level of

expression was greater iit BA Er than WA Ir, and the similar resgglts assing gine B were also

seen (data not shown).

    EndogeRovts aftd traRsgenic }Foxog proteins were £onfirmed by immxanol)Rot

aRalysis vEsing anti-Foxol antibedy. MobRlity shift of high nkogecaigar weight ef FLAG
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predvgcts was detected in lysates from transgenic mice, whereas only slight endngegeokis

signal was seen front lysates from both transgenic and controg gngce (Fig. glD upper).

No differences were observed iR the P-3ctin levekhrogghogkt each lysate ¥(Fig. IRD

midele¥). The geveg of FLAG-Foxofi protein was approximately Kgkore thaR ten foRd

greater in both of traitsgenic aines thait in coRtreg rnice. Fgrtherxyptore, to £onfirm the

transgeREc expression, FLAG-Foxol fusioR preteiit was ixxxmkkRoprecipitated usgRg

anti-FLA() aptibody from tissge kysates aitd skibjected to iffERKit"iteblotting "sing

anti-Foxol antibody. FLAG-Foxel fusioR protein was detected fronik transgenic Rysates,

but itot detected from nontraRsgenic lysates (FEg. 11D lower). ZErhese data £learly

indicated that aP2-Foxog xnice have everexpressed FLAG-Foxeg pfotein in adipese

tissues. I perfbrmed foliowing physiological and pathologicaR stE]dies Egsing two gines of

traRsgenic mice as welll as their control gittermates.

dexifi asyerexpressises gea to isscreasefaafpesd sweighg esmea gipid esccesueutastoes im the

esaipgse gisseses, esssd esdipsewee hJpzpersuophy

    Both xxkale and feREkale aP2-Foxol rrtice appear norxEaal in terms of growth, geiterag

behavior and repreduction. At 3 xx¥)onths after bipth, despite ito significant difference of

body weight (Fig. 12A), gonadal WA fir wekght iitcreased signifi£antgy Rit beth fEgales (g.4

foRd) aRd feaiiales (1.5 fold) mice compared with control mice. interscapkk13r BA[g"

weight also increased in both rrkales (1.4 fold) and ferxiaRes (1.3 foRd) mi£e cognpared

with their controi mice. There was no skxbstantial dkfference in the weight of liver 3Rd

kEdney (Fig. 12B and C). Merphogogy shows that gnale traitsgengc lirii£e exhibRted

enlarged interscapular BA E" aitd gonadal WA[T depots (Fig. 12D). Hgstological anagyses

of WA[if" and BA[I' were pefformed intraftsgenic, as well as controg mice. A large amount
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oflipid droplets in BA[ff" and large celg size in gonadaR WA ff" were observed in aP2-Foxe ft

rrgice (Fig. g2E-H). Similar resixks were obtaiRed froitik morphological and histrogi£aa

experiKxkents ggsixg female mice (data Rot shown). These data sggggested that the higher

Ripid accumulation in adipose tissue caused by the hypertrophy ef adipocyte, probably

indkkced by overexpressioit of Foxel. LRvers firorrR coRtrog aRd 3P2-Foxog mice appear

normal iit terms of gross morphology (data not shown).

ueesideogic disorders imp essw-thxg] mice

    Siitce it is weift ]mewn that the adipose tkssue regxgEates insaiMn actien en glagcese

and lipid gnet3begism (8), I me3sured glkicose and iitsuliit conceittratiens ef aP2-Foxol

and coRtrel mice in fasted and fed statuses. Giucose coRcentration was gitdistinguishable

between aP2--Foxel mice and their litterrrtates (Fig. 13A). Agthegggh there was ne

dgffereRce in glucose cencentrations, fenkale transgenic gng£e showed sggnificantgy

higher insuXn concentratioRs in both fasted and fed statuses compafed to contfoR xngce.

Male transgenic mRce also showed higher but itet significant £haitges (Fkg. BB). The

hoKxkeostasis ]nodel assessrrkent on iRsuliit resistance ¥(HOMA-R, mM ggucose x pg/ml

insuliR) was ab()vgt 2.5 fbRd higher in aP2-Foxol than centrol gixice, ineEicating the

peripheral ins"Rin resistance.

    Since Ripid metabolism stroRgly affects insgggiit seRsitivity, ff measkkifed trigaycerids,

cholesterog and FFA froxx] r]kice serum. Serasrn triglycerids and FFA conceRtr3tioit

significant increased, whereas seruna cholesterol concentfatEon decre3sed in 3P2-Foxoi

gxkale mice as coitptpared with control mice (Fig. 13D). There was pa significaRt

difference in seruxixx tfiglycerids and sergm chelesterol coitcewtratien in each geitotype,

while serum FFA coRceRtratioit in female tfaRsgeRic mice wefe notabXy increased ¥(Fig.
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g3E¥). Increase in serum FFA level in both male and ferrkage sygggests the devegopgneRt of

lipotoxicity in aP2-Foxol xnice, which ginks to insugin resistance (77).

esP2-flpxoZ yesice exdeibitea isssutiss resistwrece wgeth ssgrmnd gincose g$gevaescg

     firo investigate the possibilRty of insulift resistance in aP2--Foxol mice, I performed

intrapefitoiteal ggucose and insuggn toleraRce tests (Glrlr and I[grlr, respectRvely). In G gr'Ir,

rEkaRe aP2-Foxol mice were normal glucose telerance, whige, sverprisRitgly, fegnaRe

traRsgenic fiixice show gnoife seftsitive to glEgcgse ¥(sigftificantly lower than ceRtrog at 60

3nd 90 rrkin; p < O.Ol¥), indicating that aP2-Foxog gnice had entirely nermaa glucose

tolerance (Fig. 14A aRd B). To examkne the pancreatgc functioR involving insulin release

in respoRse te an intraperitoneaa glEtcose, I examkRed serkim insukit coRcentr3tgon dkgfing

ggucose toleraitce tests. Reinarkably, hyperinsuAinerrtia was detected in aP2-Foxoa

ferrtage gnice throughout the time course of the experiraaent (Fig. g4C and D). Mage

aP2-Foxol mice also exhibit higher inskklin conceRtratioit (sigitifi£aittly higher than

control at 6e and 90 min; p < O.05¥). Iit g[firT, the glgcose-Roweriitg effect ef exogenous

insulin was aueituated in gnale agkd ferrltage aP2-Foxol mice as conltpared with ceittrog

mice, indicatiitg that whoie-body insulin sensitivity was xgaarkedgy impaired in

aP2-FgxoR mice (Fig. 14E and F). Similar results ef GT lr and I'firT were obtaiRed Egsing

the line B oftransgenic rxiice aitd their control mice (data not shown).

/$dip$cytwkines im essw-foxoZ yssice

    Adipose tEssue has a substantiag infiuence on systemic glexcose homeest3sis

through secretion of adipocytokines (7-a3). Recent studies have shown the reles for

leptin and adipeite£tiR as ptitediators of insugiit-sensitizing, bgat for ffesistin aged [grNFct as

                                  40



iRd"cers of insugin resistance (7). The geptiR conceRtration iit aP2-Foxog mice was

sigRificantly lower thait that control rrxice, whereas seraigit adiponectiia concentratioR in

aP2-Foxgg rrkice was 15% higher increased as compared with coRtrel xxitice ¥(Fig. a5A

aitd B¥). Serum concentratioit of 'INFct was begow the level of detection of the rnogEse

enzyme-linked immkjknoserbent assay (ELISA) in control and aP2-Foxol rriice. }Iowever,

I fownd elevatioR of TNFct expression in WA[I" of aP2-Foxol xEgice by microarray

analysis (data ftot shown). Serkifi} resistin concentration in aP2-Foxol mgce was 2e%

lower than that in centrog gx}ice (Fig. 15C), paralleling a sgight decrease in its nARNA

level, revealed by Northern blet analysis (data not shown).

impntrea esaoptgyg thermggemesges ewd decreased blew1 eupressgew in essw-foxof mice

    Regulatioit of e"ergy balance ks deterinined by the food intake and eReifgy

expeRditisre, and the grxxpaired regugatioR could account for ca"ses of obesSty aRd iitsveXn

resistance (59). Energy expenditure represents basag body teglitperaSEgre and adaptive

thermegenesis iR response to diet er eitvironment ter[ltperature. Thus, I exagxkined food

coitsumptioit and the rectal temperatwre a3nder the foom temperatM]re (200C) and cogd

¥(40C¥) conditions. NotabEy, aAthough a}}2-Foxol xgaice had Encreased fat mass ¥(Fig. a2B

aitd 12C), fbod iRtake oftransgenic rykice w3s sixnilar te that ofcoittffol rrkice (Fig. a6A).

Rectakemperature of both rrkage and femage aP2-Foxol xnice was significantly gower

than that of control, indicatiRg that energy expeRditure iR basal £oRditioit couad be

decreased in aP2-Foxol rxxice (Fig. 16B). Wheit aP2-Foxoa and centroa rEEice were

exposed to cgld 3t 40C for 30 min, the rectaA terrRperatvEre of al¥)2-Foxol gnice dropped

¥(4.4% decrease¥), whereas that of control mice oRgy slightly dfopped ¥(g.5% decrease¥)

¥(Fig. g6C¥). To detegg]kine whether the failure to induce thermogenic rcnechanisges due to
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decreased in the expressioit level ef the uncoxgpling protein l (UCPI), the mest

iirltportaftt thermogeitRc molecuie, I performed Northem blet anaiysis. The levegs ef

UCPI expressioit in BAT wefe lower in aP2-FoxoR than iit contrel femage mice ¥(Fig.

16D¥). These results suggest that igix}paired eftergy expenditgre and svebsequenk

hypometabolism may be revealed ift aP2-Fexol mice.

]foxol oyerempressiore in esdipose tissese has ptei$twopg"c efik?ct eses gene expressisee

    To investggate the g}ikechangsm of the adipocyte hypertrophy 3nd actenuated insgliR

sensitivity in al¥)2-Foxol xnice, I analyzed the expression ReveR of genes involved in

adipocyte differentiatRon, glucose and lipid metabolisxta by Northern bgot aitalysis ¥(Fig.

17). ExpressioR efperoxisome prolkferator-activated receptor gan Nnea (PPARy), the most

important molecule for adipogeResis (78,79), was decreased iR aP2-Fexoa mice as

compared with centrog. Interestingly, GLUT4 gene expffessioit agso drarxiati£aggy

decreased iit aP2-Fexol mice. On the other hand, GLUrT4 expressioit aevel in skeletaR

mkkscle was not significantly diffk)rent in each genetype (data ftet shown). The genes

involved in lipid ptgetabolisnR skkch as SREBPI, iipopfotein Mpase (LPL) aRd PEPCK

were also decreased in WA[T of aP2-Foxel rnice. The abeve resglts were consistent with

decrease in insugin scnsitivity of aP2-Foxog mice.
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                              DfisecewssR$wa

    Using a traitsgenic approach, I exan kined the metabolic roge of Foxea in white and

brown adipose tissue (WA[gr and BAlr) in vivo. The Foxol transgene was dognRnantRy

overexpressed in both WAff' and BA:T (Fig. Ii). The aP2-Foxog rritice exhibited the

distinct pheitotype from fokkr prominent features; hypertrophic adipocyte iit WM aRd

BA:I' (Fig. g2); hyperins"ainegnia and hyperlipomia (FEg. 13 and Fig. g4)s gnsgliit

resistance with normal ggEgcose hoxneostasis (Fkg. 13 aitd Fig. 14); decreased energy

expenditure (Fig. 16). In contrast te other mouse rnedegs of inskkgiR resistance (80,81), it

should be noted that the aP2-Foxol mgce were not obese (Fig. R2a 3nd g2b). These

results led me to conclkkde that Foxol in adipose tissue has an important roRe in terms of

the regulation of insulin septsitgvity and energy rx}etabolism. How dees Foxol regglate

fat mass and kRsulRit seRsitivity associated with the pleiotropic effect on geRe

expressioft? Ift this point, I wokkld lgke to Cgiscuss the caaxsal reRatioitship betweeR the

effect on various genes by everexpressed Foxol in adipose tissue and phenetype of

transgenic xnice. I present some possibilities of the nkogecxelar pathegeResis of Rnsulin

resistance iR aP2-}Foxol g] kice in begew text aRd Fig. 18.

    FRrst possibility might relay oR sEkppressioR of GLUT4 gene expressiok in WA]r ef

aP2-Foxol gxkice (Fig. 17A and g7B). GLUT4 in rKi"scle 3nd adipose cells is a

predominaitt glvEcose traitsporter aRd is essential for rnainteitance of ins"lin sensitivity

and ggucose horneestasis (82). Disruption of GLUT4 gene selectiveRy iR the adkpose

tissue res"lted in iRsvglin resistance ofrrk"scle afld liver (64). Conversely, overexpifessien

of GLUT4 gene selectSvely in adipose tiss"e (aP2-GLUT4 mgce) exhibited iiacfeasedi

insugin sensitivity (72). Thus, the iitsxglin resistaRce of 3P2-Foxog mice r[kay be
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accovknted for dominant suppressieit of GLUT4 expressioft.

    Second possibility might reRay eniow PI]ARy expression in both WA if aRd BAr

¥(Fig. 16D and Fig. 17A¥). PPARy, a member ofthe nuclear receptor, has been considered

to be a key regkklator in the adRpocyte differerlttiatioR, glucose aRd lipid K}Aetabokism ige

WAT and energy expenditure in BAff". It gs well known that activation of P}iARy by

antidRabetic thiazolidiritedieites ('TZDs) drugs Reads to arR gmproveifpteRt in iRskgaift

sensitivity (83). Moreover, PPARy promotes the expressgon of adipocyte spe£gfic genes

such as aP2, LPL and PEPCK, to premote nofgxal adipose differentiation and

subsequent regkxlate insulin sensitivity (84-86). Interestingly, all of these adipocyte

spe£ific genes as well as P}ARy expression are dowmegugated gn aP2-Foxog mice (Fig.

17A and B¥), suggesting that Foxol negativegy regglates activity and/or expression of

PPARy. A receitt moAecv$lar iRvestigation has derrtonstrated that Foxoa antageitizes

PPARy activity (87), which could disrupt DNA binding activity of PenRy/retinoid X

receptor ct (RXRor) heterodigneric contplex by Foxog. Accerdingiy, Foxoa

haploinsufficiency exhibits increased PPARy expressRon (43), stroitgfty suggesting that

Foxol is a itegative reg"later of PenRy. Althovggh I did net verify the gxkeleciigar

mechanRsm of suppression in PPARy activity by its expressien or activity in tlitils study,

xtxy resuats skkggest that the antiadipogenic effect of Foxog throggh saippression of

PR4xRy activity in vtvo rrRay result gn inskxliit resistan£e and abitormal adipogeResgs

folgowkng adipocyte hypertrophy.

    Third possibiiity xxkight relay on the £h3nges adipecytokines such as leptgR,

adiponectin and resistiR (Fig. 15). Reduced serum leptin leveg iR aP2-Foxel xniR£e gnay

caxgse insuZiit resistance. }Leptin, iRvelved in the control of foed intake, also enhances

whole-body glucose utilizatioR and redkkces P-ceAl irksi elin secretion (88,89). Accordingly,
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glucose uptake in rat adipocyte in vitro has been skEggested to regugate leptgn se£retion

and reduced biood leptin level may resuits in insulin resistance (90). RedEgced

adiponectiR is another possible gxkechanisrk] for deveRoping gnsuiksu resistance (91).

Siirprisinggy, hewever, I fouitd that serkxfgii adipenectgn coRceittratgoR was elevated iR

aP2-Foxol mice cornpared to cGittrol mice. Another sgrprgsiftg thing is that serasgn

resistin conceittratioR was reduced in aP2-Foxog gnice. Reskstin has skown to be a key

endocrine factor for the indgctien of G6P geRe expression, folgowiRg premoting hepatic

gluconeogeftesis in the liver (92). In rEty study, there was Ro difference fiit hepatic G6P

expfessioit, compariRg fasted aP2-Foxog with control gxltice (data not shown). Elevated

adipoitectin agxd redxgced reskstiit coftcentration may acco"nt for that aP2-Foxoa xifxice do

not affk¥)ct gAucose tolerance even though serve gRsuiin resistance and hyperliponigia.

    Fourth possibility Kikight relay on the atsenaxation of fatty acids re-esterificatkoit kn

adipose tissue and skgbseqRtent increase in FFA concentration in aP2-Foxel gxRice.

Adipose tissue moduiates an overaRl gaucose metabelisgn by reguAating leveis of FFA

¥(75¥). Fiirthermore, there is also a cgear evidence froxrx clinical agd bgockgegnicaR sgkxdies

that circuaating FFA could impair gnsEggiit seitsitivity in n}ggscle (77). Servank F}iA

coitceRtratiog in the fasted state was increased in aP2-Foxel mice as £ompared with

control mice (Fig. 13D and E). ElevatioR of circulatiitg FFA may cause iRsugiit

resistaRce by impairiRg insuliit signaling in peripheral tissues of aP2-Foxol mice.

Interestingly, reduce in glucese transport iitte adipocytes limgts gAycefol synthesis

¥(ggyceroneogenesis¥) following impaired re-esterification of fatty acids gRto triglyceride,

resultiitg in incfeased serur[k FFA (5). Accordingly, the expression level ef PEPCK, the

enzyme catalyzes the rate-limiting step gft adipese giyceroneogenesis, was aeteituated gn

WAgr of aP2-Foxol gnice (Fig. g7A). ThEis, the biocherrRi£ai evidences such 3s the
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impaired glyceroneogeResis and re-esterification may accokznt for the rrtechanisrrk of

iitcyeasing FFA coitceRtration in aP2-Foxol ynice.

    The insEglin resistance fo11owing the obesity and type-2 diabetes is g3rgegy linked

to excessive caloric intake aitd ixnpagred energy expeftditure (59). Althoesgh I fokxnd that

food intake was uachanged between aP2-Foxofl and contfog Eif}ice, rectag ternperature

was decreased in aP2-Foxol coxxxpafed with control rni£e (Fig. 16). Faxrtherxrtore,

aP2--Foxol fiilixice exhibit failure te induce therrrkogenic me£haitisms for cogd sensitivgty,

pfobabRy CEue to ixx}paifed energy expendgture. Regulatieit ofthermegenesis is associ3ted

with gene expressioit linked to mitochoRdrgai UCPa and its mediated energy

expenditure (93). Accordingay, decfeased UCPg expressien was theaxght to dge to iow

expression ofPPARy by overaoad efFoxog in BA[Er oftransgenic it itice (Fig. 16D). Thkks,

Ipropose that the phenotypes of adipocyte hypertorophy ift aP2-Foxol mice dase te, at

least in part, defective energy expendkt"re iit response to foed intake.

    Nakae et al. (46) have repepted that Foxel prevents differentgation of

preadipocytes, s"ggesting that Foxol fuRctions as a neg3tive reggggatoif of 3dkpocyte

differentiatien in vitro. In addition, Foxol haploinsuffXcien£y preveRts iRsEEEiit resistaRce

and diabetes induced by a high-fat diet, possibiy by preventiRg adgpocyte hypertfophy.

Interestingly, aP2-Foxol mice exhibgt adipocyte hypertrephy and insaigiR resistan£e. My

resuit wit]a overexpressgon of Foxol iR the adipose tissue is £ensisteRt with an in vivo

reie ficom FoxoA haploinsufficiency. rl7ogether, these fiitdings iftdicate that the regaslation

of Foxog in adipose tissvEe rnay criticaRly affkDct insuRin sensRtivity, prebably

ac£ompanied by modulatigg adipocyte differentiation (9ag).

    In conclusion, the data presented here lead me to svaggest that Foxoa in adipese

tissue has an important physielogical rege iit insulin sensitivity aitd energy expeRditkxre.
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P-globin gene coRtainiitg intfon regioit was ernpioyed for poayadeitygatieR sigital te

express stably transgene. The bar-S and bar-N indicates cDNA probes gsing Sokkthern

and Nerthern hybridization, respectively. B, Southem blot aRalysis of genomic DNA

frorrR the tail ef nontransgeRic (NifG) aRd aP2-FoxcA mice. Arrows iftdicate the

eRdogenous (upper) aitd traitsgengc (lower). C, Northern blot analysis of endogeitous

aRd transgeitic expression in varieus tgssvkes frcm mage and ferrtale aP2-Foxog ntice.

¥(ZPperpesnel, Tetal RNA from white adipose tissue ¥(WAT¥), brown adipose tissvie ¥(BA Rr¥),

heart, testis, ovary, brain, spleen, kidney, skegetai mxgscle (gastrocftemgus), beng and iiver

were an31yzed. Arrows indicate the endogenoags (z4?per) and traRsgeitgc (lower) RNA

baRds. M and F indicate RNA sargiipRes from male aitd fernale sukice, respe£tivegy. LGwer

panel, The 28S and g8S riboserrtal RNAs for the present analysis age shown. D,

Irgtgnunobgot an3Rysis of proteiR extracts (30 ptg) ER paranftetriag WA ff and intracepter

BA[F frorrk ferx}ale aP2-Foxol as well as controg (NTG) gnice. Lipper panel, The broad

sigRals fregn FLAG-Foxog were described as siightly separated from the signak from

endogeRo"s Foxeg using by 8% SDS-PAGE gel. Ax rows indicate the transgenic (upper)

and endogenoEks (lower) protein bands. .lva'dtWle?panel, 6-actin was shown as an ipternaR

£ontrog. Protein expressions of FLAG-Fexel in WAE' and BAff" were detected by

immnunoprecipitatioft with apti-FLAG amibody followed by irEtgK}ggnobaowiRg with

anti--Foxol antibody. EqRjEal arnounts ofprotein were used for gnmainoprecipitation.
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Fig. 12 Increased fat mass and adipocyte hypertrophy of aP2-Foxol mice. A-C,

Body and tissue weight ofaP2-Foxol (TG) and control (NTG) mice (each group n=12).

Body weight of male and female mice. (A), and WAT, BAT, liver and kidney weight of

male mice (B) and female mice (C). D-H, Morphological and histological analysis of

epididymal WAT and interscapular BAT in aP2-Foxol (TG) and control (NTG) male

mice. Data are mean S.E. *, p < O.05.

49



A

B

feci act' Sibs'tgm fasteci

!.2ee

.eefse

ii'f2e

' so
Men

v40g･ ,

 female
        o 2ee        g.
        ts 16C
        ;g
        :p 12G        g
        di se
        ?
          4G        R･
        meN¥g TG
    fed aci gibg'twm

male

NTG TG

c

male eemale

.---

ulze
btr 2ee
V se
S ss

2a 4e

8 2e
fi e

g 3seo

l' 3eee

:- ;ggg

i eooo

E feee

e soo
inv e

 4i.3s

-E"m2-3

s

S2
;tt5

e,1,

 e

"ITG TG

male

NTG

:ti:-

 2fiOB

ts 1oog

;' a2se

:
2 seg
g 4ee

gg

     s
   S 2.5
   .rE

   {2   dm
   ij t,5

   Q -,
   a   2 o,s

     oTG

m

m

bl

ne

N

m

ptTG. TG

female

st･

NTG TG

temale

eiiTG TG

 7 1,2g
 "U-}-fgg

 g se
 g fie

 g..
 g 29
 ge
fa $ted

mai･e

NTG TG

g
k
;
g
E
g
si

seg

Geg

Gee

2Be

 e

mal･e

NTG TG

g
'm.'

.

;
i
5
E
'v"

.

D

ZGO

Geo

5GO

aee
3efi

2ge

tge

 g

fernala

  ftft

NTG TG

   ggx a Se

E

f'

g
E
g
g
E

S4B

t2S

!oo

as

ee

ee

2g

chegesterGg

elTG TS

f'

:
E
i

g
:y

3co

2se

2{}e

f5B

s{>g

ua

trlglyceflds

ptTG- TG

ife ggg Gg e

g
!-

:-

:
E-

!-

lsoe

t2fte

sea

`ssa

 s

ifree fatty ftcici

N¥G TG

l
:
i
s
:.

g

teo

,sg

6･g

ES

2S

 o

c.holesteroi

N'TG TG

f'

g
es

!

g
i

tsie

t20

so

4･D

 e･

triglyeeriGs

efr?G ifG

g
t=

i

:
E

g

dego

t2oe

ss･e･

sog

 s

fifee fattv ecidl

P{TG VG

asfig. fl3 IN(EewtbgAic geawamstg£gev g* aP2-gegxgg ptNkg¢e. A and B, Bloed glk}cose (A) 3nd

seruxn iRsuRin (B) levels of aP2-Foxol (TG) and cofttrol (NTG) KRkice in fed esd libitasm

and fasted status were determined. (each groEEp it=10-fl4) ¢, HOMA-R index of insulim

seRsitivity (mM glucose x pg/gnl insugiR) w3s calculated vesing results frem fasted

cendition described as Fig. 13A and i3B. D and E, CoRcentratkon of sert}m chogesterol,

triglycerids and FFA ef aP2-Foxol and control male (D) and feg]gale (E) mice (n=le,

each group¥). AIA ofiipid parameters were aRalyzed mice serunit gn fasted status. Data aife

rrxean S.E. ", p < OD5, "", p < O.Ol.

50



A 2sg

  SA2ee
  '-.-･4

  s  v fsg
  g
  go leg
  -os

  e se  -as
  ss

c
nm"n"'

ff

Nc;]

･g
..S-"

-:,

ee
i-g`･;

E
=tsthb

$

g

fggg

geg

g#g

7eg

6eg

seg

46g

3gg

2g#

fee

 g

wt ft ie

g 3g sg gg 12g
g"E$ute$ aiterikjecglDit

B 2se
gii- 2g"

-.

g  gsg$
g
pt., fgg

g
m#. 5#
"

g

  te gvil a.! g
ft

ktite･

tw

 TG
ee YG

g 3g gg gg s2g
 wtissasges ftgae･gr iRSecSlek

ss

o

D   gee
  gge.･-mu"･L

ss

  7gg-.
& 6gg
.-K

  sggee

.ge 4eo

E 3g6
;la

$ 2gc

  sgg
   g

g 3g se ge scg
gvei#ute$ afSerinSecaig$

 YG
ss T$

ew

o

g 3# sg g# f2g
ggileqgXes atteer SgejeeSEg$

E .A
.s: seg

g
ou･ gg
*
Wsg
g'

-g 4g

"ew
 2g

o･

Sg
  g as 3g sggNkggeitXe$ att,eg g"sasgwt leej'ecaig#

F mufi

ewla $ee
g
O gg
*-

$ sg
e
S 4g
-pt

xxa 2g
nte

A#
 TG
ee YG o

 g es･ 3g 6gffg'tixtastes Gstey iit$esXit gstSecSicge

ptfig. fi4 GNee¢$se kgedi SgesskMtw ggfieptkge£e geset grk aP2-gegx$g agedi ec$eetw$R gggfiece. TSke s(])gid

squares and the errtpty circies represent aP2-Foxol (TG) and coittrog (INJ'g"G) nRR£e,

respectively. A and B, Glucose tolerance test using controR nikale (A) and fe]nage (B)

mice (n=8-1g). ¢ and D, Comparisoit of insulin release iR respoitse to 3n iittraperitoneal

glucose in male (C) and female (D) rnice (n=7). E and pt, Insulin toaeraitce test of male

¥(E¥) and female ¥(F¥) gnice ¥(R=8-12¥). Data are rnean S.E. ", p < O.05, "", p < O.Ol.

51



A B c
  sg#
=ec
x. ajg*

vk
･ptec--3gg

mst.x

g 2gg
:3:-ni

pa
ec ･$ge

    g
ewG YG

=g
).ecitsg

.g

$gge

g6
ig. aj

s
:.#

2
as

   *
ee T$ TG

 ;･

g
-.
vg:k.

.g
ss
.es

xe

ee

k.

as

5･

aj

3

2

s

$
NTG

rk$t k

T$

zzg. RS 'g]ke ¢gwacewtffatfigmp *ff asdigge$¢yg*kiike tw esP2-tw*xgg ptgkgce. A-¢, Seraina leptin

¥(A¥), adiponectin ¥(B¥) and resistin ¥(C¥) coitcentration ift aP2-Fexog ¥(TG¥) and control

¥(NTG¥) female mice in fasted state. Alg of therrk were determined by the ELISA assay

¥(R=9-i4 gft each parameter¥). I¥)ata are meaR S.E. ", p < e.05, "**, p < O.OOI.

52



A
  ;ts

  ]t5

  2.4

  93
  f.2

  ff s

  g
  Ee

c

male

 39.5
tti" 3S
-v
st 3S.S
:
ee 3g
g
E 37.5
s
v' 37
6 36.s

  36

tw TG TG

i'g

&
S'3

:"2

i'i

:te

femtsee

NTG TG

B

 :. 3g

 :.3g.6

 i. 38.2

 S 37.g
 E･

 "'.'37'4

 EEX 3･7

rkfa
dvdv･

NTG TG NTG TG

e 3e

D

Fexef

vcp$

PFARv

rRNA

ferveaEe

NT as

gvEiags

2gn?$ {wtin}

ewg. g6 es**di fieeeak£ awark e*exgy exgeextdigtwme im aP2-ge$xgg iigNE£e. A, }Fo()d iittake iit

aP2-Foxol (TG) and cofttfol (NTG) mice (n=7 each group). Resgks are shewrx as food

intake per day. B, Rectal terrgperature at early afternoon (13:30 h) ik sxiale aRd ferrkale

mice (n =12 each group). C, Rectakemperature dv!ring colld exposuffe in aP2-Foxel

¥(TG¥) and control ¥(NTG¥) maie rnice ¥(n=4 each groecp¥). D, NortherR blog aRalysEs of

UCPI and PPARy expression in BA[H] froifn aP2-Foxol (TG) and cowtrol (NTG) fexiikale

mice uRder fasted status. S-actin was kxsed for interma1 control. Data 3re meaR S.E. ", p <

O.05, **, p <O.Ol, ***, p < O.OOI.

53



  geexas fi

  PPARy

 GecewW4

    SPk

 PEPCK

$ReePfi

 SNac itg ee

N# TG

    ew

ew

"･me･

w. me

-ee

ptfig. W N*erekexge bN*g axagysgs *ff Wsu fiee aP2-ew@x*fi g]iRtiee. NorthergE blot analysis of

total RNA fror[i pararnetrial WA[Rr iR aP2-Foxol mice. The expressien aevels of Foxog,

PPARy, GLUT4, LPL, PEPCK, SREBPI and P-actiit gn aP2-Foxel ¥(TG-A; line A,

TG-B; Mite B) aRd control (NTG) mice were coi [kpared. FvglR nagigike of probes are shown

in text.

54



sgsg,eeigeee$ge iti$$agtw ¥(w,gsiigtugur esgees geApmg">

                               Foxef

                                  ee pPAi:tyW

                            i"$vagglilkskeeln'vsty"

                        si xeq

    gg -g$a #ificat to ge , gly eere ge esasge ee e$ i$ Wk ergg"keg@ ee g$ i$

    esgees Svaee$gegpt "f geFA                                           vce fi
     $ResgPf, wag anct PeePCK"

                w

        ee

eegeewgey exgeeegedjtueree W

         eeA as -----ltw-

gedv#ggebeecesg xg$$ase$

           ss

in$eegtw $ege$igsvity

     gge$Stii'ggge $
"
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ffesgsSait¢e tiit aP2s-pt*x*g NNkgee. OverAoad Foxol in adipose tisswee incgudgng both WA[Hr

and BA ff could negatively regulate the activity or expfession ofPiARy, which is a key

transcriptional a£tiv3tor of genes, involving iit glyceroiteogenesis, adipogeResis, fatty

acid re-esterification, adaptive thermogenesis 3Rd giucose asptake in adipose tisskge.

UCPI expression is sggppressed in aP2-Foxol mice becavgse PRXRy also activates UCPI

expression. Therefore, aP2-FoxoR rx}ice rrkay exhibit impaired egeergy expenditure.

DecreaseCe fatty acRd re-esterifi£atioR results in in£reasiitg concentratien of free fatty

acid, aitd subseqwgent impairment of EnsEglin sensitivity in peripheral tissues s"ch as

rnuscRe. Lower insulin sensitivity in rEixgscle could lead te cor[tpensatoffy sggpply of

iitsulin frem the paitcreatic P celas.
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                              ¢kmpeer m"v

                         ¢igge¢gasdifieeg Remageffks

    Liver and adipose tissEge are key organs targeted by the nkktrgent signag, 3ftd they

have impertaRt roges to keep energy (glkgcose and fatty acids) concentration eveit in

fasted or fed coRditions. I elascidated the two potentiagly iitxportant aspects of whole

body energy xEketabolism in the Iiver and the adipose tissk]e wgth respect to biochemgcaR

aitd physiologicag aitalyses of Foxog. First, in Chapter II, Foxog iit the liver pgays ait

important role in gluconeogenic geite expressioit through the nvatrient responses due to

fastiRg or feeding. Second, in Chapter III, Foxol in the adipose tissge plays ark

gftitportaitt role in contreg of overall Ripid metabolism, inskiXit seRsitivity aitd eitergy

expeRditure. [firhese observatioits prempted me to speculate ait iRtegratgve physEolegical

function of Foxol in energy metabegisrrt throkigho"t nkstrient status (Fig. 19). NaxgieRy,

duriitg fasted coftditioits, Foxol can control gluconeogeitesis iit the lgver, and

glyceroneogenesis and fatty acids re-esterifi£ation in the adipose tisseee. These

p}aysiologicag activities of Foxol could result iR an overagl energy supply in ordeif to

keep whole-body energy ceitditioR both for short- and long-ter[n starvatioR. In the

short-term starvation, hepatkc glkgceneogenesis is reqaiired for the basic ggkkcose

nRetabelism becakkse mammaiiait cells such as red blood cells and iteeirens use glucose

as a majer energy source. On the other haRd, adipose tisskke promotes Rgt ongy lipolysRs

of triggyceride but also an attenggation of fatty acids re-esterifi£atioR, thereby iftcreasing

fatty acids concentration in the geng-term starvation. [ifhese cait briRg P-oxidatiog iR the

m"scle aRd the liver, aitd prornoting ketogeResis in the River. Ketene bodies are certaiit

chemicals produced by catabolizing fatty acids n}ainly in the liver and p3rtgctgllargy

important for energy source of the brain (95). Thus, I represent here that Foxoa is
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precisely required for supply of overall encrgy sogkrce.

    Other insvElin fesponsible tissues inay be required for Foxol activity in response to

itutrieRt statuses. One of the physiological roles of iRsvagige is to postpfandialgy clear

circaslating glucose by enhancing glgcose uptake in the skeletal gxkkgscle (96). The

skegetal xxRvkscle Foxeg regulates skeaetag xn"scle rnass and myoblast differentiation (97).

Moreover, Foxol everexpression iit skegetal musele in gnice exhibited iniftpaired glk]cose

tolerance 3nd insulait sensitivity (98). On the other hand, Foxol negatively coRtrols the

progiferationofP cells in the pancreas (99). Transgenic mice everexpressing the

consititaxtive active Foxel rx}utant in the liver aitd the P cells devegop impaired gRucose

tolerance and insaslin resistance because of deficiency ef P celgs aRd abnormag increase

of gluconeogeitesis in the iiver (43). Cenversegy, the h3ploinsufficieR£y of the Foxol

restores insvgliit seitsitivity and resckkes the diabetic pheitotype iit insk}Rin-resistaRt rritice

by reducing iaepatic expression ef glucogenetic genes and increasing imsglin-seRsitiziRg

geRes in adipose tissue (43,46). CoRsidering these fiitding along wgth my presept resaslts,

Foxol rrEay be a gatekeepef of energy homeostasis and insugin sensgtivity in respense to

nutritional sigitaling.

    A number of genctic stvgdies have demoitstrated that dafL16, the orthoRog of

rnamniaiiait FOXO transcriptional factor, controls lifespan and fat i[eetaboaism in C.

elegance in response to nutrient coftditgons (2e-23). Based oR rny resaglt, Foxel cait be

reguAateCE iR response to nwtfient statvEses iR gitice. rlTakeR together, t]2e nvEtrient contfog of

Foxoa may be largegy conserved in evelutEen from C. elegance to mamrxiags. If the

speckjglatic)it is rRght, the resvElt of this work has le(S me te develop a geew hypothesRs that

the Foxol regulates Iife span in anirrkals. Many genetic data deffrkonstrated that inhgbited

iRsuMptIGF-1 signaling extends life span in animals (100). I spe£kklate that the leRgevity
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is necessary for whole-body insulin resistance unless impaired ggycemic control.

Accerdingly, the sixkkilar resuits of my study iR terms of inskglin fesistaRce with norrrtal

gaucose togerance aRd parmal bgdy weight were shown iit longevity ef Klotho

transgenic mice (101). However, it is uncgeaf whether the geitetic interaction of Klotho

artd insvglixx/I¥(}F-1 sigitagiftg participates iR Rife span. Fesrther stxtdies would be reqeaired

te elucidate the gongevity mechanisniE.

    The pathophysiologic consequeitce c>f altered posttransRatioitag g]iEodgficatic¥)it of

Fc)xol in response to nxatrient statggs ceul(di accokxRt for everalR insgjElgrt sensitivity an(li

ggucose metaboAisgxk. As demonstrated in Chapter II, ixnpaired RaxtritEonal regvglation of

Akt-twediated Foxol phosphoryAatien and traRslocation implicates defective suppressioit

of glvgconeegeitic geRe expressiept in diabetic (dbidb) }iEaice. 'I"he result skiggested that a

posttranslational rrtodification of Foxoa rnay be sigitificant tw pathegeasesis of type-2

diabetes. Considering kit this resugt, the vafiogs growth factors kncluding insEelir¥)/IGF-1,

ait exiCgative stress and varic)tgs cytokiRes cokild 3ffect the transcription3R activity ()f

Foxol, feswitiRg in regvtlation of nvix¥}erovgs genes invoRve(S in llkpid aftd glascese

xrketabolisgn and sabsequent deveRopRitg insEg]in resistance. Fkkrther stakdies are needed to

clarify the regatgonship between the posttf3nslational modificatioit of Foxol and the

pathogeResis of inskkgin resistance.

    I represente¥(S on this thesis that FexoA strgngly participates in overagg energy

metabolisxifk. Finally, I'd Mke to gain insight of the itew perspective into the rrRogecular

therapeutic of insgRin resistance via gxkod"lation of Foxol function. The skkppression of

gAucoiteogenesis and hepatic glegcose oxgtp"t remains a very attractive therapekitic target

iit diabetes (102). Based on rrky resEglt, attenEgatioit in the protein Revegs of Foxoa iit ghe

itucReus could corrgpensate for insulgn fesistance in the liver. [Fhus, drvtgs that sequester
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Foxol in the cytosol or lower gts levels might be effective Rn treating diabetes. rl"he

exiting specgglation of drug discovery targeted Foxol is bvgetressed by my observation

that metformin, whi£h gs now world widely used for anti-diabetic drasg, lower the

proteiit levels ofFoxol in hepatema celg line (ggnpubRished observations). 'irhus, I sought

te that Foxog is a possible tkkerapevgtic target to dRabetes.
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