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FUSHIC :

1935 4, KEOXREFETH 5 McCay Hid. HEL
BEATO) —DOFIFR (caloric restriction; CR) #%5 v b
DEHBLUOBEREMTEML. MBERBORELH
MEZTBRT2ZE2H/EL-(1. UE BEPH
BASFoEEr G LBIHLEICESL T THA 24
WMEIIBWT. CRAPZIMEEE, FHBLUORKES
REMTHIEFBELNICENTE (24,

CR DAL - EHFEMPBHRICE. A MF—REBHC
BhbbI s FUTHREELRBEZEHIEZ26N
Twa Bl F/2. CR OZANVF—-RFOFEHIZ, =5
VE-HEOBCIEEXFIATAHILETHS 6] ETHE,
IANFE-DOFEETHY, HHETL D56
B (WAT) ioBWT, CRAEI var Fy 7HEE2 T
HEag, BERB2EELIELEVIREIHS <
RENTWAE[B8 F4d,. 6 ABECRLASy +@
WAT 27074 — 2L, CRAFI P FY7R
BB aRICED 2 7 YV RERFENS LI LR
HE L9 ABTIEZ, CRICX D WAT TORERS
BLDOREMZET» 5, CRICLBRBOSF A=
ARV THRET 5,

1. FEESHRREO/BULE P T 4 RA1 >

WAT LB 2 XERHERMETH L EHARE. £
DFA XL TTFARAL VWM TAT 7L NVE
CESRAEIEFMOENTVS 10l F72. CRICHEW
WAT TR /AEL L., 7754 R F 05
WAL, L7F R E L ORERT A M4 v D5
WHRPTEIEFMOEN TS (1113 774 K27
F i3, WSS EHRGL EOFEHRETCOREE®E %
BYE, A VAU VBREELTLESES (14, F72.
L7F i, BRTEBOSEREN L TR 2B
RIINVF-HETNHESE S [15k

I, RARBEHHEROEEENEREL ALY R
HICEEPENT T4 KR F b LTF Y OREYR
WEAT o720 WAT OHBENFTIIBVT, CRE®D
BEEFAIBR O 4 XX B HIEE (ad libitum; AL) B2k

S - T 278851

T3 BB LI 264

TEL : 04-7121-3676

FAX : 04-7121-3676

E-mail : taku6384@gmail.com

W2, M #E. L H—
HREAKY EEH E¥H

aFRE - AHEEE

X5 ARCREM 2 » B) b BEIBA LIz T T4
RAA4 Y DEIFWBVT, CREDTF4RERZF VD
mRNA ZHE X, 35 » AR TEEL ER L. —A.
CREONOVL 7+ O mRNA BHEIX. 5+ B#»5 AL

FIHRERIIBS L (B1),
9

! Leptin j, l
5

Adiponectin t

At 35 B
CREM 05 2 6 ~A

1 BERSHRRY A X&F T 4 KA+ ORIHZEAL

2. FERREESHY

BETOBRzD 41362 AMCRLAESY b
WAT 27074 — L@ L. CRPIEHESRICED
A8 N BBEEREMIELTLERELADG). F
7. CR2*WAT ORIBIBRERDEZENESEEL LW
HBELDH 2 (6]

KABEBARICBVWTEELZBETH S
FASN (Fatty acid synthase). ACC (Acetyl-CoA
carboxylase). ACLY (ATP-citrate synthase). ME1
(Malic enzymel) @ % Y87 BREBEOZBNEILE
TIRT 7Oy MRICIVER LA, $5&, WAT
Tk, EABIEBWTCRTCINLDORIBEAKEE
YN EOFRMENFEECEMLZ, LALE2S,
545 AEICBWT CRIZHE WMA—RaICHFI S 1
7o CREOAZRNICRHEETHRZ L, 57 A#%
BIDVERERLTW (H2), KIS, 35, 5. 9+

Age (montns) 35 4 5 6 9
AL CR AL CR AL CR AL CR AL CR
rasy |- ~bd Bd e~ bd|
ACC [ . -bd -] ba Uj

tACLY F«“--H“-u = NJ

PACLY ]- B -0 o= ~|
MEIl B @ - oo .-]

K2 ErEaREERTORENZEL
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BEIZBWTINS OB EKREERT ® mRNA %
BEOMWETo7e ¥ 8V HER L FBEOEL,
mRNA BHTH RSN, CRICHES S B LIEEE
VARV THBEENRTWE EEZ LRI,

3. SREBP1 (Sterol regulatory element-binding
protein1)

SREBP1 & basic helix-loop-helix (b-HLH) leucine
zipper OB B RFTH Y, Fasn. Acc. Acly, mel
HEORHBEARAEETFERACLICEERHHET S
[16-18]c SREBP1 {Z & SREBPla & SREBPlc ® 2 oD
TAV T a4 —LDBFETEH[8 TNHD2DDT AV
T A —ADEHESHFIIHBRIZ L > TER Y, SREBPla
EEELEMEk~Ys 77—V, BEBIKARE L
DRIFEPCHIEICHET A B X UM CEMICER
LTw3BDizk L, SREBPlc X BFR i@k &0
1R VERSERECEMICREEL TS 19,
7=, #H2 A @ SREBP1 it. Srebp cleavage activating
protein (Scap) ¢ #AE%EEH L. SREBP] H & DK
EE#EE %A L C/hatk (ER; endoplasmic reticulum)
BIZEAELTYWS, Sterol XEERBIZIZERELT
insulin inducing gene (Insig) ¢ ZEBH#HZEHKL Tw
%, Sterol 254 T 5 & Insig & DB A LRI
XN, Srebp-Scap BEEB TN VERICHE XN L, I
WV ZRIC BT, site 1 protease (SIP) B X Usite 2
protease (S2P) 2 &Y CEMAEERIE <. &8
ZHOREREA & bHLH $i8 2 &4 N KRl 0 A DF
CHRE R YBRCBITL CESEEERT (201

FAIGH208R T ) SREBPL i B I ol
Th5L, CRELBIAMEREREUENIZSZFEHERD
SREBP1 M % » 37 HEBES, 57 ABETHEIIVE
B E R Lo E 72, Srebpla, Ic ® mRNA %31
BEBIF L Z A, CREED Srebpla @ mRNA 3
B EABTALBULAEELRERIR bR 2o
—7. Srebplc ® mRNA £ giX. &5 TALBEIC
HREL, B35 > AR THEEILEP o7 BELD,
SREBPlc #3CRIZ X B IERFEREBIE Y XV H D5 7
H@zBII L VFEORREMIES LWL EE

Lipogenic gene

AHND.

4, ARV EVTFUICKD SREBP 1 OFEE#4E
SREBP1 OEEFEHIZ, 1 2A) 2L TFrildo
THEZNTWEIEFMONTAE[2]), 41V RAY
X SREBP1 0B 2 {2#& 3 5 45 412 SREBPlc @
BHREPWFET S (22, COBREBEHR, £ YR
YEBEROTRICH D PI3k/Akt BB —EIEET 5
SREBPlc PEEHHEF L LCHES R TV 50N
Liver X receptor (LXR) T& 5., LXR i SREBPlc ®
T UE—F —EAIFET 5 LXRresponsive elements
(LXRE) #4r LT, T0OEE % TET 5 [23), PI3k/
Akt BERO PRI, BABIT L2 pAkt 25, LXR 2 #
#14 5 Forkhead box protein Ol(FoxOl) %V » Bk &
&, BNBITEE5 2 & T, Srebplc ® mRNA ¥EE
EEMSELEWIMRALHL[24] (KH3)e —H. V
7 F 12 IE M © SREBPlc DEEEZM|HI L. T
#ZF TH B Fasn. Accl. Acly, Mel % LaminBl ®
mRNA #HEBZEKT EE5 25, 72, b0
BEAREEREDEEDIET S5 L HEI D 5 [26]

% X SREBPL ODEEREHTHL v XY RV TF
CWEELRATORNMEB I kol BABITLL
pAkt D& 23y BEBREIL, CRED 35 » AB TR
Bhole —F. VLTFroy v BREREE. CR
BOSABTE o/, /2 L7F VI DRBEIK
TE2EWIHREND S LaminBl D ¥ > /37 FHEIL.
CREOEBBTEL. VL7F oy ERBEL
HEL T, : -

BEXY., CRYVBERBICRITTEEL. CROH
Bl TELLZEFHL, -7, BHOCRT
A4 2 YEREEOEICI Y., pAkt OBABIT
M L. SREBPlc DEEEEZ HMET 5, —H. &
HoOCRTE., V7FYyDETICL Y. SREBPlc Dz
EREEEHTAILEILNS, Lo T, CRIZELA
WAT TORBREREZ, A1 YRy ELVTFUIRHAL
T, BEBLUEEHRE 215 SREBPIc 2B KHFT
BT LERETAS (K3),

(&=

Tnsulinis %
I2&HER

Leptinf§F
I2L5 R
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OF 65 M HAHBEMEFE SRRV PRI T L3/ Mk & BEREER
Bl%  BEXNT - HNER

Zr 0 ) —HIBRIC K BT - FaniEHhRO A 7 =X 4
~EMEO Y 7Y v 7 L IRERB OB~
S MEEZ R

F——F Ao —H#KE (CR). RiGHEE REANRHE I b FY 74422 2 (MtBio), sterol regulatory
element binding protein 1l¢ (SREBPI1c)

caloric restriction, adipose tissue, lipid metabolism. mitochondrial biogenesis. SREBPic

R H o) —#lR (CR: caloric restriction) 12X APUEL - FMEMENED A H = X L1220 T, HKEFRV
EVA AN CHEERT LY 7T LI REBERA L AOIH, F—F ol vomiil. S Iy FUT
WL FT 2 m T AO AR A T (I‘{’JJPBLL) bUmﬁ Bbol eAMEEINTVE, LaLed s, KI5F

O R f%t%é F4ld, WL B CRICEDFEINLHIEISOL FRIFHEICBOTHES K
LIS, CRIZXBHE - Ha MRl 'ﬁ’ﬁh‘f“ DA %‘ ThbLEIMELIToTEL FLT,
FRibfE RO E %7341,» INF T % sterol regulatory element binding protein Ic #5CR 219 ﬂuﬁf%ﬁr’&@u(
RPN HEOTEEA, S5 ICRINEL . BHFEMICEETH L L% BT AR EHE. AT, THED
CREFRIZOVTIRIL 2D, HADEENT — 5 H 5 CRICHBITBIRNAEO B2 28T 5.

({#uphE. 50 © 192 ~ 195, 2013)

H= 1. CRICEBDRHREFRILEL 7412 R BEERF

. . - IO
A a ) —#B (CR: caloric restriction) &, 1T Wl 12 7F N O

ONHB LR RGFGEMEAL. MECE LA 4 - CRIZEYD., MEFSVEX (GH) 4 ¥R VKR
WAL 2 H T A Y. Z o, HEZ AL -0 KT 1 (IGF-1) OB AT 5 £/, Ames B/
WAATBEIT B 7, GO {HITELT 5. Holliday (& <7 AR Snell BN A, GH 2K 7 Fa v >3 8

RIZEZPLEL - FMEMARDO A A =X L%, H#LH 2927 bh (KO "9 R, 7rFErRAGHMETD
MELE A G, BLFO L HcFES LAY A S0 k] BAWZE D GHRHZHH LS v AV 22y 7 (Tg)
24, SRR & AR CRMICAEIT 2 S ETT R Iy MAFERICHRTELGTHS ™. LHL, Ames
L, SHUCHEMLT L E - #Hﬁﬁ&(WAT Wi T AR T FE Y AGHTg T v MY T CRIC
WA, —7i BEFIALT LU, RO ERE EH BOITHFGAERE L7 ~"7J' GH ZFIk/ #50v 5
L. WAT L:b?‘rif'li)v—’fr“~’%ﬁw:cf)%. # NWZHEHKOTT AT CRICE ZHFMEMIPED LN L
GEREML, EUFAEFCRONARIEES. LS #ot”._hbmﬂmi.Cwa%iGHmmdwﬁ
ZRMAEIIN T HBISEE IO %E LT Lo LA, RN R A 2 AL Lo ThHHEEh TN S
BTBINESNTEL CRIE. ZOREAMIIHT 58 ZEERBT L.

OB RETE L L, PUEML - ST pE b s T

. |
CR 1= X BHEAL - AL SR ORI £ A = % A1 2. CRICLDBHEA b L 2O

KNI L LY L, RO NHE A TH LA TIE, WAL A P L W, BT (ROS: reactive oxygen
PTFIDRT IO BERO AN LD 58 S Tna, species) FEAOBIME ZICH T 20O FI X
D, METAH ROSWEEMAKRIIBWT, I bar Y7
SRR KRR SRR R - (U EFRERE GO BIUBILL DIEASNE. 3 b
T 278-8510  T-SEULBFHITH 111 2641 KO 7EARERTIREAERIC L IVIZBWTHES

(192)




F10) —HIRRIZ &

%41@(%1®m5ﬁk%w(ﬁﬁ@€
WIS B 2 EATREN, oD
B CRICES I oy FY 7IsEROS #EAEOHH O
—HTRE e EELZLNL Y. EEESRIZROSIZS S
FG—ERhENHODWEANIRY Yy =2 AL LI DR
FE3nA. I bV FYTRIRIGICH &5 —EhBH%ER
Lz w2k BHEARL™W CRIZH ¥ 5 —+¥% SOD
OFEVEERR, D L MBS D S oK Y & Ji
LY CREBINLOREEALT. BILA ML A%
TEEEZLND.

3. CRIZEBHY—F a1 DiEHt

Sir2 (h—F a4 ) EEEEOZHEERTE L TR
wENz IFFHTIE SIRTL 225 SIRT7 £ T 720 Sir2
FRETSWVHFET A BIET T NADIREERT 70
LG E % /9 % SIRTL & 3, ADP V) K L ILEEEE
WEHTAHSIRT6 B WT, CREDHEMIAREN T
5

SIRT1 i CRIZE ) WAT R HHIZBVTEI UL
B, T AT URIBORT 2FMLEMNL
T, CRICL 2 DNARZEMR A L RALAZ EEHEHT

HFEMARIB SN T A L LAds, HFRIZBWT
i, CRIZE W BBz - THA L, FFEHRER Sirtl KO
77 ATIEMREREAWHT 5.

SIRT3 i CRIZX h WAT AWM (BAT). ¥
BB TR LAT S, /2 TEFVCoADERK
AR b REE BB RN Y E
Hotme i LA b L ACHT 58850 LHEIC D

n, Zoif
RIDENEZ 25D

BG4 5.
SIRT6IE CRIC L H WAT LB, HBIZBWT3EHR
WERT L T/ NFeBR7F0 2 7HOREN poly

(ADP- rlbose) polymerase 1 7 &ML R &8 U THRAER
DNA {875 2575, Sirt6 2 BREZGEH LM~ Y 2
TP IGF-1 I T L, HFMIEET 5.

4. CRIZEKAIFALRNUTNRAFY 223 ADQTE

CRIZ & ©, PPARycoactivator-la # 7 L T. WAT
PHIE A ETI MYy FYTARALAF TRV R
(MtBio) DICHENHSE XN TVB 2. L Lids ﬂ
#, CRIZEBZDIEIZREZIHZ 2 %X#ﬁn;ﬂf
ﬁ&@S&H%;DCR%%%Ltg&U%7/b®
WAT % BAT. WF&ZMBH L, CR i WAT TI38E3F12
JFFHEE C LI BRI LC MtBio 2 7034 b M9, BAT TIEHH
FTHrZEFWSACLAY. 720 WAT IZBWT MiBio
T OHA N FT—h — 2RI L 2
A CROMMIZE o TEDOBENRE 57 102,

(193)

LMELN - FHENHROAH 2 L

CRIZ & % MtBio ~? 8L, e dligic L h®Rah,
it@R@%ﬁLiof%ﬁﬁéﬁ.¢&<E%WATK
BWTREBE (67 BRME) CRT5&, MtBio 28 7TH5
LR ERbNRE (REEF—7).

ZD\'

5. CRILBIT2HEEHEGOEEM

WAT W7 714 RH 1 25l HHNGTRAETH S,
TFEARDA NN, A T2 v EGERIEICHAL
RIEFRTBEFETFI XA 2 THETF 4 RHP o F
VR, BOVEREZRTELET 71 KA 1 2 Th HIEEET
HfarEhdsr ™ 72 WAT RAEHRATOIREDH
e R, HEEMET AN (REIIHT 5 &) %
45, TOWAT OREGEEIEBEIND &, E“”"
PUERRBIHARCER SN, 0S5 HIERICE
4>X0>mﬁﬁ%ﬁﬁﬁém.%ﬂ@i.%ﬁ??{
FhAE2EHWL, IRERBEREOBVIRIFHARDS 4
RIZE 5> TRW WAT Th 5b.

HE, WATRT T4 R FDD U)f)"‘#ﬁﬁﬁﬁﬁlﬂl
EELEHEN > ThWLIENP SN L-TEL JE
IR RN v 2) Y EREKO <Y 2T R
D LI LR RS FCTd 5 C/EBPa #{EFEIC

C/EBPB % / v 7 4 » L7:C/EBPA/B =% A V. IFIEIZ
BOWTT7TFA R F o ORREeRAMES - Tgev X
FEHETH O, i 2FTIEWAT TO MtBio 25/ L T
Wwa, AT, BAEI <y 2 CRNEEL O R8I RR
FHAERIZE>THRT, FHEEETEH. BEL2RT
GHR/BP KO =% X TORMIGIE O BIE. TiE s R

FYZEAREsRAY. ol ki MEICEo TR
WWAT SV WATHHDHZ EHRLTWAS.

WAT ZFasdlic i ETH B k. CROGIRLEE

JiE, GH/IGFL ¥ 7 MKHFM B L R RIEN 2 A H =
ZA#% ZEehh, kel BINEELLET T2
AGHTg 7 v FEMARCR T v PO WAT TOHEL T
RE7OT7 7 ANE KT A LT, CR O GH IR AF1E
AU XL ERFER LA EORLE. CR & GH/IGE-1 YLk
FRIZIRIFR A RBERET OB TFHFB L. Rl
HET OSBRI L. /20 #T# 3 sterol regulatory
element binding protein (SREBP) 112X D#HfI ST
7=

6. CRIZH(TD SREBPlc DEEM

SREBP i, BEEMAH BT AT ELWLENT T
%%HakZ@jo@?{/7i~A#ﬁf¢
B, AW WATICBUAELBTA V7 +—LThh
SREBP1cKO w7 2 L #p: vy 2 & 412 CR %17\, ¥F
GEIILOETARALNRTA— 5 —FHN L7 ZO




Iakeieiiisd
B B4 RITIECR L OSEFEMGAEML /205 KO TR
L BER LR ‘75‘07”’ F72. CRIZHE- CHF/ER
THEENL WATIIBU LMIEBARMESY 7 8

FEH O JC R MtBio U)JL:@. b2 b L Aoz &
T I o7 BEX b, SREBPlc #1474
CEHCRIZEEZ WAT TOHO)EFY v 72/ LT

PUEAL - FHEHEEO—iE - T B W
7!\ é‘&T 57)
7. CRICBUAEHESOVETT 7 EBERH
DEHAL
CRIZfED BICKE® 5 H WAT T, GH/IGF-1 v 7
F VIR RTE L SHE D] & BE AR & B R O WP L2 El 4
Ehi ¥/ B&13 SREBPlc ok 1L% LTHY,
MtBio DL E LA b L ADOIF - Tz, E51C

H—F 24 DTk (SIRT1. SIRT3. SIRT6 5B 01
h bEEshD, Cnky % WAT Tof#oy 57
Vo2 EBRERELFERTF 4RI P ENLRNES
BL. BFENASHESEICTA CRIBZALF-HELT
REOMAETES TS Y REAHOMMIL Y, f
fEER OB AN TAEH &N, ROS O REAALTF 2 A
BRLA b L R BT 5 it b R S s 2.

BHYIC

FTeld, CROFLENL - BHEMA S =ZALELT.
GH/IGF-1 JHMREEYED A 1 = X 4 00—-21213 SREBP1c #
AU 70 7 LR E O {LvE B
THAHHEEZTWE. TOEZ )X, HELERIBILSS
Holliday 24¢MI L 2282 L83 5 L0 Th B, BIRITE
65 B L] 4 EL Al w2 L‘/‘O)y/-]-yﬁm By
DS xbu:mﬂn e EETHWAEE AT IE o7

AR F o 7 5 USRI R 571 u,'p,.ﬁ%h& LEd.
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Abstract

Anti-aging and pro-longevity effects of caloric restriction
——Remodeling of white adipose tissue and activation of lipid metabolism——

Yuka Sudo. Naoyuki Okita and Yoshikazu Higami

Molecular Pathology and Metabolic Disease, Faculty of Pharmaceutical Sciences, Tokyo University of Science,
Chiba 278-8510, Japan

Caloric restriction (CR) can extend both mean and maximum lifespans, and delay the onset of several age-related
patho-physiological changes. It has been suggested that the beneficial actions of CR may be involved in several adaptive
responses against food shortage including suppression of growth hormone (GH) /insulin like growth factor 1 (IGF-1)
signaling. reduced oxidative stress. activation of surtuin and enhanced mitochondrial biogenesis. However. the exact
underlying mechanisms are still debatable. Recently, we found that CR promotes metabolic remodeling with the
activation of de novo fatty acid biosynthesis, mitochondrial biogenesis and reduced oxidative stress in the adipose tissue
via sterol regulatory element binding protein (SREBP) lc, a master transcriptional factor of fatty acid biosynthesis. Our
findings suggest that SREBP1c¢ might play an important role in the anti-aging and pro-longevity actions of CR in the

GH/IGF-1-independent manner.
{The Autonomic Nervous System, 50: 192 ~ 195, 2013)
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The p53 protein is known as a guardian of the genome and is involved in energy metabolism. Since the
metabolic system is uniquely regulated in each tissue, we have anticipated that p53 also would play dif-
ferential roles in each tissue. In this study, we focused on the functions of p53 in white adipose tissue
(adipocytes) and skeletal muscle (myotubes), which are important peripheral tissues involved in energy

Keywords: metabolism. We found that in 3T3-L1 preadipocytes, but not in C2C12 myoblasts, p53 stabilization or
11315)3 ’ overexpression downregulates the expression of Ppargcla, a master regulator of mitochondrial biogene-
argcla

sis. Next, by using p53-knockdown C2C12 myotubes or 3T3-L1 preadipocytes, we further examined the
relationship between p53 and mitochondrial regulation. In C2C12 myoblasts, p53 knockdown did not sig-
nificantly affect Ppargcla expression and mtDNA, but did suppress differentiation to myotubes, as previ-
ously reported. However, in 3T3-L1 preadipocytes and mouse embryonic fibroblasts, p53 downregulation
enhanced both differentiation into adipocytes and mitochondrial DNA content. Furthermore, p53-
depleted 3T3-L1 cells showed increase in mitochondrial proteins and enhancement of both Citrate Syn-
thase and Complex IV activities during adipogenesis. These results show that p53 differentially regulates
cell differentiation and mitochondrial biogenesis between adipocytes and myotubes, and provide

Adipogenesis
Mitochondrial biogenesis

evidence that p53 is an inhibitory factor of mitochondrial regulation in adipocyte lineage.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Tumor suppressor p53, which is known as a genome guardian
that functions in various intrinsic and extrinsic stresses, is one such
protein [1]. Under stress conditions, p53 is stabilized and activated
via post-translational modifications such as phosphorylation and
acetylation, whereas under non-stress conditions, p53 protein is
maintained at low levels by proteasomal degradation via ubiquiti-
nation involving ubiquitin E3 ligases such as MDM2 [1]. In the last
decade, diverse physiological functions of p53 have been reported.
Regulation of metabolic pathways such as glycolysis, oxidative
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phosphorylation, and fatty acid oxidation are among these func-
tions of p53 [2]. Furthermore it has been shown that p53 regulates
mitochondrial function, which is closely involved in metabolic reg-
ulation [3,4]. An important regulatory system of mitochondrial
function is mitochondrial biogenesis. In most cases, mitochondrial
biogenesis is organized by a transcriptional coactivator PGCla,
which is a protein product of Ppargcla and upregulates nuclear
genes encoding mitochondrial proteins via enhancement of mRNA
expression of transcriptional factors such as NRF1 and NRF2 [5]. It
has been reported previously that p53 positively or negatively reg-
ulates Ppargcla expression according to each tissue or cell type
[6-9]. Furthermore, it has been reported that p53 deficient fibro-
blasts show low mtDNA copy number [10], and p53 accumulation
in neonatal cardiomyocytes leads to mitochondrial impairment [8].
Thus, although there are emerging evidences for links between p53
and mitochondrial biogenesis, the distinct physiological roles in
each tissue type remain unclear.

Control of cell differentiation is also regarded as one of the di-
verse physiological functions of p53. For example, it was recently
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reported that in the process of reprogramming differentiated cells
into induced pluripotent stem cells, p53 functions as a barrier to
dedifferentiation [11]. Also, in the field of cell differentiation, roles
for p53 in adipogenesis and myogenesis have been reported.
mouse embryonic fibroblasts (MEFs) or bone marrow-derived
mesenchymal stem cells (MSCs) derived from p53 knockout (KO)
mice and p53 knockdown 3T3-L1 preadipocytes differentiate into
adipocytes more efficiently than p53 proficient cells [12-14]. In
C2C12 myoblasts p53 knockdown or p53 mutant expression inhib-
its differentiation to myotubes [12,15,16]. Thus, the roles of p53 in
cell differentiation differ according to cell types.

Investigation of individual tissues involved in energy metabo-
lism appeared to be important to elucidate the diversity of the
metabolic roles of p53 in energy metabolism within the whole
body. Therefore in this study, we selected adipose tissue and skel-
etal muscle, which are peripheral metabolic tissues, as the target
tissues. Adipose tissue, which is mainly composed of adipocytes,
functions as an organ for energy storage and release via lipid
metabolism. Skeletal muscle, which is mainly composed of myotu-
bes, plays a central role for basal metabolism in the whole body.
Using 3T3-L1 preadipocytes and MEFs as the origin cells of adipo-
cytes and C2C12 myoblasts as the origin cells of myotubes, we
found that p53 has a differential contribution to mitochondrial bio-
genesis and cell differentiation in each cell type. Our results imply
that p53 is a key factor that reflects on tissue-specific diversity in
metabolism.

2. Materials and methods
2.1. Cell lines and drugs

3T3-L1 preadipocytes were purchased from RIKEN Bioresource
Center (Ibaraki, Japan) and 3T3-L1/shGFP and 3T3-L1/shp53 pre-
adipocytes were previously established by our laboratory using a
retrovirus system [17,18]. Primary mouse embryonic fibroblasts
(MEFs) derived from p53 WT and p53 KO mice (RIKEN Bioresource
Center) were established as previously reported by our laboratory
[19]. C2C12 myoblasts were kindly provided by Dr. Kazuhiro Shi-
gemoto. C2C12/shGFP and C2C12/shp53 myoblasts were estab-
lished as the same retroviral systems used for 3T3-L1/shGFP and
3T3-L1/shp53. Nutlin-3a was supplied by Cayman (MI, USA).

2.2. Cell culture and differentiation

3T3-L1 preadipocytes were maintained in DMEM (low glucose)
(Wako Pure Chemical; Osaka, Japan) with 10% fetal calf serum
(FCS) (Bovogen Biologicals; Victoria, Australia) and 1% penicillin/
streptomycin (Sigma; MO, USA). MEFs were grown in DMEM (high
glucose) (Wako Pure Chemical) with 10% FCS, 0.1 mM 2-mercap-
toethanol, and 1% penicillin/streptomycin. Differentiation of
3T3-L1 preadipocytes or MEFs to adipocytes was performed as pre-
viously reported by our laboratory [18]. C2C12 myoblasts were
maintained in DMEM high glucose supplemented with 10% FCS
and antibiotics. Differentiation of C2C12 myoblasts to myotubes
was performed using horse serum essentially as previously
reported [20].

2.3. Western blotting

Western blotting was performed as previously reported by our
laboratory [18,19,21] with the following primary antibodies:
anti-p53 monoclonal antibody (clone Ab-1; Calbiochem; CA,
USA), anti-B actin monoclonal antibody (clone AC-15; Sigma), or
anti-o. tubulin monoclonal antibody (clone DM1A; Sigma), anti-
PPARY polyclonal antibody (E-8; Santa Cruz Biotechnology; CA,

USA), anti-FABP4 polyclonal antibody (Cayman), anti-COXIV poly-
clonal antibody (Cell Signaling Technology; MA USA), anti-
TOM20 (clone 4S3; Sigma).

2.4. Oil Red O staining

0il Red O staining was performed as previously reported by our
laboratory [18,19]. The stained cells were observed by a BIOREVO
BZ-9000 microscope (Keyence; Osaka, Japan).

2.5. RNA purification and RT-PCR

RNA purification and RT-PCR were performed essentially as pre-
viously reported by our laboratory [19,21]. Total RNA was ex-
tracted from cells using RNAiso PLUS (TaKaRa; Shiga, Japan) and
purified with a FastPure RNA kit (TaKaRa) according to the manu-
facturer's protocol. The purified RNA was subjected to reverse tran-
scription with PrimeScript Reverse Transcriptase (TaKaRa) and
random hexamer (TaKaRa). The semi-quantitative RT-PCR was per-
formed using Platinum Taq DNA Polymerase High Fidelity (Invitro-
gen). Quantitative RT-PCR was performed using the Applied
Biosystems 7300 real-time PCR system (Applied Biosystems; CA,
USA) and SYBR Premix Ex Taq Il (TaKaRa) according to the manu-
facturer’s protocol. The sequences of primers used for RT-PCR are
shown in Table 1.

2.6. Mitochondrial DNA (mtDNA) content

mtDNA content was evaluated essentially as previously
reported by our laboratory [21]. Briefly, extracted total DNA was
subjected to real-time PCR using COXIl primers (forward,
5-CCATCCCAGGCCGACTAA-3'; reverse, 5'-AATTTCAGAGCATTGGC-
CATAGA-3') or B-Globin primers (forward, 5'-ATCCAGGTTACAAGG-
CAGCT-3’; reverse, 5-GGGAAACATAGACAGGGG-3). The relative
mitochondrial copy number is represented by the ratio of COXII
encoded in mtDNA to B-Globin encoded in genomic DNA.

2.7. Citrate synthase (CS) and Complex IV activity

To prepare cell lysates for the measurement of mitochondrial
activity, 3T3-L1/shGFP and 3T3-L1/shp53 were homogenized in
homogenization buffer containing 50 mM Tris-HCl, pH 7.4,
150 mM Nacl, 1% phosphatase inhibitor cocktail, 5 mM EDTA, 1%
protease inhibitor cocktail, 1% NP-40 and 0.05% sodium deoxycho-
late. Protein concentration was determined using the BCA protein
assay kit (Thermo Scientific; IL, USA) according to the manufac-
turer’s protocol.

CS activity was measured by monitoring color development of
thio-bis-(2-nitrobenzoic) acid (TNB) generated from reduction of
5,5-dithio-bis-(2-nitrobenzoic) acid (DTNB) by CoA-SH, the by-
product of citrate, as previously reported [21]. Briefly, cell lysates
were added to reaction mixtures containing 0.1 mM DTNB,
0.5 mM acetyl-CoA, 0.1% Triton X-100 and 100 mM Tris-HCl, pH
8.0. After incubation at 25 °C for 5 min, reactions were then initi-
ated by the addition of 0.5 mM oxaloacetate in a final volume of
200 pL, and the change in absorbance at 412 nm was recorded
for at least 3 min using ARVO MX/Light Wallac 1420 Multilabel/
Luminescence Counter (PerkinElmer; MA, USA).

Complex IV activity was measured by monitoring the change in
absorbance at 550 nm of cytochrome c by oxidation as previously
reported [21]. Briefly, reactions were initiated by adding cell
homogenates to the reaction mixture containing 50 mM Tris-HCl,
pH 7.2, and 25 pM reduced cytochrome c. The absorbance at
550 nm (at 30 °C) was measured using EnVision Multilabel Reader
(PerkinElmer). The first order rate constant (k) was calculated from
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Sequences of primers used in RT-PCR.
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Gene Forward sequence Reverse sequence

Actb 5'-TCTTTGCAGCTCCTTCGTTG-3' 5'-GGCCTCGTCACCCACATAG-3'
Fabp4 5'-TCGATGATTACATGAAAGAAGTGG-3' 5'-CGCCCAGTTTGAAGGAAATC-3'
Gusb 5'-CCAGAGCGAGTATGGAGCAGAC-3 5'-GGTGACTGGTTCGTCATGAAGTC-3’
Myod 5'-CTGCTCTGATGGCATGATGG-3' 5'-TATGCTGGACAGGCAGTCG-3'
Myog 5'-ATCCAGTACATTGAGCGCCTAC-3’ 5'-TGTCCACGATGGACGTAAGG-3'

p21 5’- AGTACTTCCTCTGCCCTGCTG -3’ 5'-GCGCTTGGAGTGATAGAAATCTG-3’
p53 5'-TAAAGGATGCCCATGCTACAG-3' 5'-GACCGGGAGGATTGTGTCTC-3
Pgcla 5'-AGACGGATTGCCCTCATTTG-3' 5'-CAGGGTTTGTTCTGATCCTGTG-3’
Pparg 5'-CACAATGCCATCAGGTTTGG-3' 5'-GCGGGAAGGACTTTATGTATGAG-3
Rps18 5'-TGCGAGTACTCAACACCAACAT-3’ 5'-CTTTCCTCAACACCACATGAGC-3
Tbp 5'-CAGTACAGCAATCAACATCTCAGC-3’ 5'-CAAGTTTACAGCCAAGATTCACG-3’

the natural logarithms of the absorbance after the addition of cell
homogenates.

2.8. Statistical analysis

All statistical analyses (Student’s t-test with or without Bonfer-
roni correction) were performed using R software (R project for
Statistical Computing). Differences with p values <0.05 were
deemed statistically significant.

3. Results

3.1. Distinct effects of p53 on Ppargcla expression in 3T3-L1
preadipocytes and C2C12 myoblasts

By using Nutlin-3a, which is a chemical inhibitor of MDM?2 E3
ligase [22,23], when examining metabolic regulation by DNA dam-
age-independent p53 stabilization in adipocytes and myotubes, we
obtained interesting results. In both C2C12 myoblasts (Fig. 1A, left
panel) and 3T3-L1 preadipocytes (Fig. 1B, left panel) Nutlin-3a in-
duced p53 protein accumulation and p21 mRNA expression in a
dose dependent manner. Interestingly, in 3T3-L1 preadipocytes
(Fig. 1B, right panel) but not in C2C12 myotubes (Fig. 1A, right pa-
nel), Ppargcla expression was decreased in a dose dependent man-
ner. To exclude side-effects of Nutlin-3a, we examined whether
p53 exogenous overexpression decreases Ppargcla expression.
Consistent with Nutlin-3a treatment, p53 overexpression in
3T3-L1 preadipocytes (Fig. 1D) but not C2C12 myoblasts (Fig. 1C)
reduced Ppargcla expression significantly. Next, to investigate
the effects of p53 downregulation on Ppargcla expression, we used
p53-knockdown (KD) C2C12 myoblasts and 3T3-L1 preadipocytes
(Fig. 1E and F, left panel). As shown in Fig. 1E and F, no significant
change of Ppargcla expression occurred in either of the cell lines. In
these experimental conditions, although we analyzed the protein
levels of PGC1a, a protein product of Ppargcla, by Western blotting
using two commercially available anti-PGClo. antibodies (Santa
Cruz Biotechnology, Cat. No. sc-13067 and Merk-Millipore, Cat.
No. ST1202-1SET), we were not, unfortunately, able to detect any
specific signals (data not shown). These results indicate that, p53
up-regulation in 3T3-L1 preadipocytes but not C2C12 myoblasts
reduces Ppargcla expression.

3.2. Effects of p53 downregulation on Ppargcla expression and mtDNA
content in myotubes differentiated from C2C12 myoblasts

Previous studies have suggested that p53 plays a positive regu-
latory role in mitochondrial regulation in skeletal muscle and myo-
tubes [6,24]. However, our data indicated that, at least in C2C12
myoblasts, which were established from skeletal muscle [25],
p53 may play an opposing role (Fig. 1). We therefore sought to

investigate the involvement of p53 in mitochondrial regulation in
myotubes differentiated from myoblasts (Fig. 2). Several studies
have shown that p53 positively regulates differentiation of
C2C12 myoblasts into myotubes [12,15,16]. Consistent with the
previous studies, p53 knockdown inhibited multinucleated myo-
tube formation slightly (Fig. 2A) and tended to reduce the mRNA
expression of differentiation markers (Myog and Myod) during
myogenesis compared with control cells (data not shown). Inter-
estingly, we found that Ppargcla expression (Fig. 2B) and mtDNA
content (Fig. 2C) were not affected by p53 downregulation, even
in myotubes. These results indicate that p53 does not affect mito-
chondrial regulation in myotubes, although differentiation of
C2C12 myoblasts to myotubes is suppressed by p53 knockdown.

3.3. Effects of p53 downregulation on Ppargcla expression and mtDNA
content in adipocytes derived from 3T3-L1 preadipocytes and MEFs

"As shown in Fig. 1, it seemed to suggest that p53 is a negative
regulator of mitochondrial biogenesis in 3T3-L1 preadipocytes.
Because previous studies have reported that mitochondrial bio-
genesis is upregulated during adipogenesis of 3T3-L1 preadipo-
cytes [26,27], we sought to confirm the effects of p53
knockdown on signs of mitochondrial biogenesis during adipo-
genesis. The results of Oil Red O staining showed that p53 KD
leads to efficient accumulation of lipid droplets (Fig. 3A). Consis-
tent with this result, the mRNA expressions of adipogenesis mark-
ers (Pparg and Fabp4) during differentiation of 3T3-L1/shp53
preadipocytes to adipocytes tended to increase compared with
control (data not shown). Similar to the result in preadipocytes
(Fig. 1), we found that p53-knockdown mature adipocytes have
significantly increased Ppargcla expression (Fig. 3B). Interestingly,
since Day 8, mtDNA content in p53-knockdown cells significantly
increased compared with those in mock cells (Fig. 3C). Further-
more we quantitatively analyzed protein levels of PPARY2 (a form
of PPARYy protein responsible for adipogenesis) [28] and FABP4,
which are protein products of Pparg and Fabp4, respectively. As
shown in Fig. 3D, the protein levels of both PPARYy2 and FABP4
in 3T3-L1/shp53 cells at Day 8 of adipocyte differentiation are sig-
nificantly higher than in the control. These results are consistent
with a previous finding that p53 downregulation promotes adipo-
genesis in 3T3-L1 preadipocytes [14]. Since p53 downregulation
in 3T3-L1 adipocyte-committed cells leads to the enhancement
of adipogenesis and increase in mtDNA content, we analyzed
whether the similar results were obtained in p53-deficient MEFs,
adipocyte-uncommitted cells. Primary MEFs from p53 WT mice
and p53 KO mice were differentiated into adipocytes. Oil Red O
staining of the differentiated MEFs revealed that adipocytes from
p53 KO MEFs accumulated more lipid droplets compared with
those from p53 WT MEFs (Fig. 3E). Furthermore, as shown in Sup-
plemental Fig. 1, the mRNA levels of adipocyte differentiation





