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2-DG: 2-deoxy-D-glucose

5-1PF24-VI: 5,90,110-trihydroxy-(8)-prosta-6E,14Z-dien-1-oic acid
8-150 PGF2q: 5,90,11a-trihydroxy-(8p)-prosta-6E,14Z-dien-1-oic acid
ADP: adenosine diphosphate

AEBS: 4-(2-aminoethyl)benzene sulfonamide

AEC: adenylate energy charge

AMP: adenosine monophosphate

ATP: adenosine triphosphate

BHT: 2,6-di-tert-butyl-p-cresol

CA IX: carbonic anhydrase IX

CCCP: carbonyl cyanide m-chlorophenyl hydrazine

DMEM: dulbecco’s modified eagle’s medium

ESI: electron spray ionization

ESR: electron spin resonance

ETC: electron transport chain

FBS: fetal bovine serum

Fe-S cluster: iron-sulfur cluster

GFP: green fluorescent protein

GLUTI: glucose transporter 1

HPLC: high performance liquid chromatography

LC-MS/MS: liquid chromatography-tandem mass spectrometry
LDHA: lactate dehydrogenase A

LOD: limit of detection

LOQ: limit of quantitation

LiNc-BuO: lithium 9,14,18,23,27,32,36-octa-n-butoxy-2,3-naphthalocyanine

M10: 1-decyl-triphenylphosphonium bromide
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MCT4: monocarboxylate transporter 4

MRM: multiple reaction monitoring

NAD*, NADH: nicotinamide adenine dinucleotide

OCR: oxygen consumption rate

PDH: pyruvate dehydrogenase

R-SG:  2-(4-((2-(4-amino-4-carboxybutanamido)-3-(carboxymethylamino)-3-oxoproyl
thio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-dihydro- 1 H-imidazol-1-
oxyl

ROS: reactive oxygen species

SQ: semiquinone

TCA: tricarboxylic acid
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3 A DIRTRIZIZ FNTHMERIE, ALFIRIER b NS IFEE S W BT

ZOHTHHAHFRIERIZIFREN TH Y | RITHEN TE 5071k E LT£L
DEIZIR L THOW STV D, EFE T, B FR-CERLF#R 78 £ DTRER D

AR EZET L THE XD 2 & PR D U R A 2 E o K i
S THIBNT S A DB RN @ E D | BURBIARIZEIRIZINE > TV D, Fio,
R & IR ABIOOFANIES N DN TEY . ZRENEM T+ 7250 5%
HF S WIS ) L TR R A e, E OREARS T I L TIER
Ff~ORIVER 2/ NRIZEI 2 5 Z E KD, Lov L, & DICIER Rk

DR A AR L 22 MAABIR DN A Eh 572 DI2iT, 28 AR FR S 22 A
2 RO 2 BN D, — RN BB X 2 Ml EFE o 222 R3O
DNA DHEEFIZL DD TH D EEZ LT 5, DNA M35 1T D BURBROER &
LTIE, BRI TH 5 DNA ICHEZEEM L, DNA B S 23 EHES L < I3
B35 & THEEZECDEHEEM. JEEDKSF OSBRI IRED T H1%
PEREFTE (ROS)Z I L CHEFELZE ZIHMEEMND 2 o0R3d 5 L 5P TnD,
ZDO XU THAE L DNA HEHE, BRx REERBIC L VRS D, &
BETERD o7 DNA ZFFOMBITMAEESCHE N AICE D & —IICE X bl
TW5,

VAETIE, BB O EHRIBEE % O DNA OEIC L 2L T T,
JEC R B 1 DA 2 72 MBI Z DS ORI K 2 AR ZEIC BEE L T D 2 & 3
BN TE T, Bz, MEEMICE > TET 5 ROS TiE/e <, HBA#HER
SR EORERE > D AR RE % ICIRINICAE T A ROS 3 ER95 2 L X0, Hiigbw
B TdH D Trolox % HHHEITHIIZALIET 2 2 L1 X > THIKASES I &b 2
ERWESNTND 3D, oz Lanh, X MBHERICEE 2E#EERL L
HEMHEERIC & - TAE L 5 DNA HBELSMT . X BRI 7> & - HRF 1% (2
MNIZA T % ROS MHIRISEIZEIE- L TWD Z EARBEEIN TS, Z OHINIC
AU DHROS DEAJE LT, T hary RUTEMER EBTONREZ ST
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% 4664100 I hay R 7T IE= (X — & EAT HERIC, ETC THR A L
TWDHD, ZOFRIZET 1~2%DMHEN 1 EFEILIND I LT Oy BARS
e T ha R TRLIREHL TS EZEX RTINS 29, FEIZ, i
FHIRHHBIC L DA L RIZE - T, I b FU T HKRO ROS FEAEN I
ATHZEnWESNTEY 599 51 har FU THEKRD ROS A
mtDNA DERLCI a3y RY TIEEMOK T 2Eb E LI har KU 7 O
BRIKTICEAE LTS ED@lELH D 8899 =Dz Lnh | iz RS
L7ZHIRCIEI ha v RYUTICHRTH ROS A EH L, 2 b2 KU 7 OHKRE
KT 2SHIRSED —EBICEA G- L7V | ML ZER L7 LTWD Z ERIES
hTnsb
T har RYTIEHRANIZBWTERZ VX —DEAJRTH S, MANT
MOMFF O DI RNV F—JHTH D ATP ZEAEL TR, ZOEANR
[IREL 22035 2 ENHKD, 1 DHOREIIMIER TH 0 | MARNIZE
DVIAENTZ TNV a—ZAbELVEVBRAET, EORRIT ATP BEA SN, BV
BB ITREGE RIS LI~ L B S IV Clfasb A~ LB S D Z OfERER TIE L
DFDTINA—=ANE 2 53 F 0 ATP BEASND, 2 DHIZI = R T T
b, T a—ZNSEHBMENT-ELE VNS T EF L CoA NED, S b
Y RUTHD TCA EIE~EAD | EHICEDTDI Fa FU T ETC 2B
TATP A SIS, X har R T TR EEET H L LD K& x
WE—ZEC N GTDT N T—A0D 36 451D ATP BNEA I D, — &I
EH 7o CIXABESE FIZB W T b= KU 7 ETCIZ ATP FEA ZKTE L T
5o — T A TIZBEN+2IChHREICH>THI h=2 KUY 7 ETC
BREITIH SN TR Y | ERICT XN F—EAZEKFE L TVD 2 ENRHBN
THEY, ZOBRGIV—NAVTNNTHREEMEINTND P, ZOZEIE in vivo D
HIHT HEMBRATHEN TS L FEbN TV, BDAMRIZIENTY —L
TNT RN K o TIREERDTTE L TV D AEHMERICOVW T I E TIC
A RERR P72 SN TETWD, BlzIE, MEERTIE 1| HFO7va—xnk
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PEAESIND ATP I Fa v RUT X0 D0, iERIZI h=a R T
XU HIEFTHENITHLS ATP 25 TE 5720, HiERE Em<. REICZRLX—
B2 S AR IR A TLE L TV D B BT D 2, £z, U—
VTNV THRAC K o THRBER O R ERZ BN B T 20 h— R U IR b IHE
b 272D, IO T DICM BRI, 7 VB RNEE L Wo T A 4+
ADEEBRESND T2, DAMIBIZY — VTNV THRIEFE L TND EE
ZHAIVTWD 9 G SRR 1 OIS R L 5 2 DRSS T R
ROMIZAN ROS EH LIS, =0 L F — R OB 53R E S TETWD
RO LI DA TIZY — LTV THERE T TWAT= ., fERICER
L7EAFEDN 2 E TELAThIL T\ 5, filxiX, PR %A% T % 2-deoxy-D-
glucose 2-DG)DMLFIZ L > T, b M 82 A MK HeLa Mifid, & RN A H
K MIA PaCa-2 A, b NEL23 AU HIK SkBi3 Mifid, MDA-MB-468 i 7z & N
MCF-7 Ml CHIRRFEMEZ RS AN D Z @S Tng 116, - b

I RS AR P198 Ml 2B L 7o~ 0 ZIZB W T, /b a—Afko e /L e
VRN D IR~ L BT B TH D lactate dehydrogenase A (LDHA) D [HE A
Fll Z~ U AT 5 L BRBBORE NN SN D 2 LR ST
U, & 512, HeLa Mifd, b MBI H K U373MG Mifa7s & ONZ & kAR AS
AvHIK AS49 AR~ 2-DG ALERIZ X o THURBROBIEIEN L7252 & bk
BEENTND 3489,

— T, V=T NTHROTEZOIZZNETHAMIICEBNTI b3 R
TIEbEVEEHEINTI R0, IO TIE, A RRAIVZ2MHD &
THRR% I b FU T ETC IS 2 BAFALERIC L - T, 28 AL oM
FEDHINT 5 2 E R BT/ T D 2410 K5, YHFFEROMFFE TIX
b b FESHA A K HeLa # L Ot MliRAS A HSE A549 fBICB VLT, X
FRERS 2 I 72 0 OFERHE =R, ATP FEA, X b= KU 7 HKO ROS
ERDLNII bary RYTHEEMD EATL2ZEZ2B60ICLTEY ., X R
HHZ X5 TI v FU T ETC BWEMHE(ET 2 2 EMNRm@shTng 19, 35
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2 by R THEAOLIIZE > TI b2 KU T ETC OIS EIZ X
DIEMHALR L7 < 72 5 L IRITHTIEZ MR ER3 252 L LN -
TWD 1) DLEO@ENDL, BDAMICEWTH I hay R TS no%
FafH - THEY | BRI T DA ET G LT D ATREED & 2 53 BURBRIC
%9 HI b RU T ETC OFENCHOWTIIARHAAR R B, L0 2R RN
PARIRDOBRRZIT 2 729DIZH I b2y KU 7 ETC O BURHRIGNE OFEM 2 B & 2>
IZTDMENRD D,

ZHIVE TIZ= 1 — NI BE L 72 2E I B WD T LB O FEN % < O
HTITON TS, flziX, I har R TREOBIE CH L2 FHERONE
(XIS 7 Z 7 AT F I AP —E O BRRHRE NS, I OFIEIE A
R COHNIRE DL R Lo MAEIRIE L, BRICK 290357 =
FUOTEREZRIME L TR SEDOENET ) T IVZ A LZFHI T 2 HETH D7
B, GFP O X9 Rt s NV B 2B LIS I BN WD LR =T
¥—L LTS RIEOUIIN TE RNV E VST RERH D, S HIZ, ZOFET
PEEMBROMEIZE L CWD 7m0, HFoh iR e Mintg AT 2 2 &
WEETHL LWL T A vy bbb D, LTI TR TR, EF AL LG
(ESR)IERCEHIEIA 7 n~ 7' 7 4 — (HPLO)EZR A & LE-EEEOEWF
A, R D AN BTV DIFEFIED R R A O FHIE DB T 2170,
Z DI EAE VT X BRI 2 M RIS E Ol 21T - 7=,

T, X BISHT 208 AMIEO I h = KU 7 ETC Ox /L X —3H
BEOI bz FUT7HRROS EEADEENIAER Lz, £9, ESRAF A |
U—iEIC X Dkx 72 hay RY TEMEA Z AW ha s KU 7 R EGE
DFMEEHENL L, ZOKEZHAWTI oy B U 7 IR EERE O i SR
AL E ZA X MIBEHZICI hay RY TR AT A—2—T LR L
B, ZOEEZMEYE7Z0 DI har RYTETHIET S & FERSoMiaofE &
FRREChHoTc, 2O ENL, TNETOWRE TR LN X BBHEZO I T
22 RU T ETC OIFMHALIZI har RUTEPEMLIEZZ ERFLSLTVWDHEHE
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WRENTz, 72, 2 har U7 ETCIZET 2 E 1 ORZICEHE R &E %24
STWVHEIF /Y (SQT UV HNLELOE-id (Fe-S)7 7 A X —DHIE%
110K DIKIE T2 5 ESR JIEIC L - TIT o 72, Z OfES. X SRIRE % O #ii
IZBWT SQ IV AN EFLTWEZ 200, X BBHEH#ZICI har YT
ETC OE T OWNBIEEL L T Z RSz, L LR 5, FeS 7
T AL —IZOWTIE X BB #% b2 e o lo 2 Eonh . X BERRTEZIC E5
L7 b RUTHEDROS EAIZZDSQ TV HILBLNFe-S 7 T AKX —
DR Z DINEDBE VLDV Ry 7 ARHHIC L DBE TH 2 F 1R
eI, o, XBBEREZICI by RYTHEDO ROS EAN EFT52 L
LRSS, D ROS OFRE~D B E TG T 2 72012, Ml %k
TLHUIEEOT 7% RUBfE ROS L DFUSTHELD F2-4 Y 7 24 ORI
Ex bY T NVNEBE &SI EHWRE 7 a~ N7 T 7 44— 20T NEE
SIHT(LC-MS/MSHEIZ L VAT o7z, ZDFER, ROS FEEANAEIC AT 5 X #i
e 24 %S F2-1 Y 70 22 U wICEIT R o7, £, MlaNTx
X — R EYE OWE & mdikik s v~ 77 7 4 — (HPLOEIZ L VAT
ST & 2 A X MRS S 12 FEFIT IS ATP 38 X OV NAD A, 24 BEfEI#4 1213 AMP
BLOWADP & FH L7z, &5H12, HIlENOT R L —REDEIETH LT T =
JVER T %L ¥ —FE LR (adenylate energy charge; AEC)IE X FRHRH 7> & 24 FEf %
FOAMIER L EITAEBREME T O/REEZ R Lz, ShbORERNS . X B
K% ATP FEA D ERIE. BUOHRIC X 2 MBS O &1 0w g | 2 5 e %
FEZRZLTEY, 2O by R T7TORFICEZHET 5 F THRABRIZ X
DEICHR AR I HF P HR D WA R L TS 2 &b, I hav i
U7 ETC IEA A DS FREIR OIER) & 7 DR ST, £72. AWFFE T
S L7Z ESRYEIC K D X by R U TR OFME T, BEENE < DRl
B CHIEN AR TH Y . SHICHBEITONTRICT S Z L FHMENITZ D
728 i 2 BRIEDWENILN D 72 &L S ATRIEDIER ORFISH 23H] < A H 72
FETHD Z LR ENTZ,



U—NTIVTBIENEZ 5T D LD T2 MO B BIRHR 2 %
A% ETIE. S har FUT ETC DR R DBEBICEIZ OV T
HONZTDMERD D, TDIOE _ETIE, 7 a—AREHOFRE L LTl
fastER A B, 7L 2 — 2R T o % 2-DG OHIFAN~DHELY IAT-72 5 TN
FLIEPEA D U E N DWW TR 21T = 72, £ OfE R Mifa s M v 1>
WTIHZERIZR SN o7z b DD, 2-DG OHLY IABRLCIHLERFEEIZ DN TIE X
WBEHRIC EH L2 ens . v a— 2R GRS X - TIEMEE L
RSN, D EDRRNS, I hary R T ETC OARRBT, 7=
— ARHNZONT S DA DI RIBIR OEE) & 72 V15D AR STz,

ARENFR ST BT D - X 1~6, 10~11 OFEFIE Yamamoto K, Yasui H, Bo
T, Yamamori T, Hiraoka W, Yamasaki T, Yamada K I, Inanami O, Genotoxic Responses
of Mitochondrial Oxygen Consumption Rate and Mitochondrial Semiquinone Radicals
in Tumor Cells, Applied Magnetic Resonance, 49: 837-851, 2018 72 & TMNZ[X] 8~9, 12~14
DifEFIZT DOV TIE Yamamoto K, lkenaka Y, Ichise T, Bo T, Ishizuka M, Yasui H,
Hiraoka W, Yamamori T, Inanami O, Evaluation of mitochondrial redox status and
energy metabolism of X-irradiated HelLa cells by LC/UV, LC/MS/MS and ESR, Free
Radic Res, 52: 648-660, 2018 |Z B W TREIZEE EREBHF A TH 5,
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<F—E>

A S b ay R 7 =g X — R 5 2 5 8O

1. FFim

AR E—MRBOI . SFR R R TIZB W TR VX —EAEZ I ha v
KU 7 ERER ETOWKTFE T, EICHER TIToTEB 0, ZOHRETT —
WTNTHEL L TES PBMLENATND 9, L LITETIE, BAMIRICE
WTHI P RUTIEMEL TWAZ L2 RTHENRZEINTETEY 109
I = RUT ETC OFHFIZ L > TP AR b= ZARENEMELT 5 Z & bl
ENTWD D, Lu HIiE, FLASA K MCF-7 fifld, K23 Ak HCT116 #ifE 72
O ONTHRREBAHIE UST M i\ T, Al E D RFIRAECHIER . A h LR
BREDVTFNERE L, MlAORE &R E ST 2 2E & FF> mTOR 23/
HMBHIZL>oTI har FUTICBE L, MERHEY X7 BETHD
hexokinase I Z#fAET 5 Z L 2R L7129, ZDfiRE LTI b= MU 7 EER
O _EH BEREEROBINR SN ATP EEAD LR DI ha RY 7 ETC
DIEMAL 2 RIET DB E 5 Z LIS Ko THREHRBEIZ Y — L 70 7% 3
DR A FFES 2 2 ERRBIN TN D, HHFEED LIRTOMIE T, X SR
% D~ 7 ZHRHELE RS NTH3T3 MRS £ O~ o AARSEALIRRRMESERI AL 35\ T
S har R T oS ERIET S X R Té %D dynamin-related protein 1
(Drp)DFAFEIZ L > THEIREN DT 5 Z L 2B I LT g 100100
7o, b MFESENSAHK HeLa Milaz 15 & LIZERIERIC X #2 KNI 52
EIZE ST hayr RUTHERD ATP pEASCTEMERESR T (ROS)PEAE DN Z
BNDZ END, X MBI NAMEOI Fa> RY 7 ETC i b s85 2
EWTRBEINTND P X5z, I b RU T ETC BHEOHRZRT
lipophilic triphenyl phosphonium cation (TPP*")% 73 A AR IZ ALER L X #f & RS2
&L X BBHIC LY R U7z ATP BEEAED I S 4L 5 & T HURRIC X DM sE
DHNT 5 2 L2l LCnd 1M, Fio bk IRbiE A2780/CP70 AlfEIC
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BT cisplatin BFMIZ K DA M & g5 &, F ki NPIZL->TI B
a2 R YU TIZREERAYIC cisplatin 23HiE S L7 BRICHIREME N RO LA BIE S
A, mDNA Lo hay RUTHEDIR T HE I > TWnd ZEnHlE sh
TWD I, % BAJIC, 2 b= R U T ETC ZiEMALAIT 21EH 249 % 3-methyl
pyruvate |%, & M2 AU HIR AS49 fifinds L O~ 7 2/ BREAS Ak SCCVIT
AfEIZHB TR b KU THHED ROS L-bd EFAZ X o THU &S % %
ERSELIFELREINTND O ZHOM%ENL, I har RUTIERA
D FEHRE L OMEFFRIEOF T2 RIER L 72 0155 Z ENRB I TN D,

b MITHE2S Ak HLE #ifid, HeLa i, & MEHERIRN BN (HUVECS),
b AR F ok K562 i, HL60 Aifu, 1% b bl #RHESE H1 5k BI-hTERT
HRL72 D NCTF ¥ A =— AN AR X —IREIIZ BN T, BB R o B3 14
2 h 2y RU T HSROBIENED ROS BEAT H 2 L HE S Tng 32756
37.39. 44,45, 64.7) - X512, DNA EEEHZFRSTLBAKTH S cisplatin 35 L
doxorubicin 23X b= KU 7 HKD ROS FEAZFHFE L, ZHMEEHEDOT A h—
VAREELTWS Z b EIN TN D BB c b0 EIEL, I R
U 7 RO BEZEM: D ROS 1FEAR B MERIEC X 2 Mifa sl L C BBkl &
HoTWbH AR H 25, I har FRUTHEKRDROS EAB LI ha R
T RO, DNABEF = v 7 KA > ML D G2/M HifE 1k & BRzIc B L
TV5 12, MilN h= FU T ERIXGL, S, 725 NS G2/M HIDNRIZ#E 0
L 40, fEN O ROS D /R PEAEJRIZ S =2 KU 7 ETC @ complex I 38 X OV T
ThdLEBZEZHLNTNDIZD 080 HifaN D ROS L~/ Ea)E H1C & - THl
WENDI hary RYUTERICEIIKGFEL TS ZENRBINTND, SHIT,
Yoshida & 1%, v #RIHIZ X > T mtDNA HBEOFFESLI h=2 KU T ETC 225
7 ROS PEA Z i3 2 DICEE 2R Tdh 5 NADH /KERERTEMEDR T 23
HHENDTEERLTND IO, LnL2ns, XBRFHZEOI b KU T,
B DIRIEM: D ROS FEAED EHOEENZSOWTIIHA LN > Ty, 2T
ARFIETIE, HERRBSHC LD 2 2 R U 7 ETC OIEMEALD 2 B = X LK%

12



FNZOWTH LN THZ L2 HE LT,

T har R TORBENT 2 ECEHER AT A—F—ThLO0MIAD
RFEIHE S (OCR)THh 5, ML OCRIE, FRZ I = R U 7R RE 4 Kk
LTW5 & END, il Tl sOtRESIN &2 e filash 7 2 v 72 27 F 54
' — (Seahorse XF Extracellular Flux Analyzer, Agilent, Santa Clara, CA, USA)% H >
o, Bia e 2 b ay R TEERREE [ATP Al HELEHA] (oligomycin) | i M
#l (FCCP & L <X CCCP) 725 NI b2 KU 7 ETC complex I 3 & OV I BH
FHl (rotenone ¥ X TF antimycin A) JOFETFCTHOI ha v RUT DALV AT
Z M, KTIERT I, 2 hay R TR AT A —2— (EHERE . ATP
KER, v hor U —7 R, PIRFFREEZR HTNZ X F = B U 7K
{ERER) 2R3 2 72 D OFEHER 72 HiEE L THE SN TG 779, 20—%
T, BEEZHEORZE T 0 —7 Th % lithium 5,9,14,18,23,27,32,36-0cta-n-butoxy-
2,3-naphthalocyanine (LiNc-BuO)% FH\V 7= A & 3Lg (ESR)IEIC X 2 fE 5l
RZ 31T 2 BR SRR FE O E R0 K DI R IR E B L T T g 65 102
100 ZZ TABIZETIE, ZOESRAF T A MU —Lfia/eI bar R TR
RIEOMAGDLEIZEY, I ha sy N TR/ ST A — % — OFHiiE % i
NTHZEEE D 1 OOHE LT,

F72, ESR B IF TV 00 (SQB L OEk-Hidh (Fe-S)7 7 AH —&
WoleX hary FIT7oL Ry 7 ZREZFHET 5 ETHIR L TEY
Bl & LT, DO MAERER., OFE. BULEZ & NI A OFEEE & L TR
A BTN D 102578.8) - Ryuge & 13RI FEHETTIC & - COMERERRIZ BT SQ
(9=2.004) % L Nz~ il K E 2B kD Fe-S 7 7 A X — (g=2.02) D ESR + /'
TN ER L, BHAERZAT o 72D G HBEL 72 h=a R 7 TlEA—
NR=FFH A F (O )VNEEITHEML T2 L AR L7527 Burlaka & D #H
HIZLb e, BRADAT—VICHAF LT SQ @ ESR v 7 Vs Ix EH-3 %
—7J5C. NADH i/KEEFEH KD Fe-S 7 7 A X — (g=1.94)IZB8 L Ciddid 45
ZEMHLMNICENRTWD O & 51T, 1-hydroxy-2,2,6,6-tetramethyl-4-oxo-
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piperidine (TEMPONE-H)¥ X O Fe/DETC Z# W= A > b T v 7YEIC L D EBR
Tl RED AT — V> TEBGHHEKD O B LU= FrAFH 1 F (NO)D
PEAEN EFT D2 EBHLMNIR-> TS W, ZH0®WEND, ESR bk
AP AREUEHZ BV T, BE A b L AZxT 2 = p L X — AR L O ROS
OIHIZEET S I har KU T OV Ky 7 ZRREO R % 3495 72O D
BRI PIRE LCHEATED Z EDRBEIN TN D, FHRRIRE % O 23 A
WZBTLIFaryFIT7ToV Ry 7 ZREOFM 21T 5 72912, 110K B LT
20K OKIRE FIZH1F D ESREIEICELY I b= FUTHRSQ B X WNFe-S 7 7
A2 —DRE BT T2,

Fo. XBRBHZEONAMIO I b2 KU 7HK ROS O EHOFEE 2L
PNZT D721, ROS &Ml & ORI k- THE L 2mIbigE F2-1 V7
B AL ANOREL N IV ERE &SI LD a~ N7 o7 4 —X
VT DNEESHTLC-MS/MS)iEZ W T To T2, S HIT, =T —IREOIFE
ELTCTT /X7 VAT ROWEZ UV RESRIC I 2K 7 n~ 757
4 —(LC/UV)iEZ HWTIT o 7,

14



2. MBS LU
2-1. W

Rotenone, ATP, ADP 72 & NI AMP X Sigma Aldrich (St. Louis, MO, USA)7)> &
JE A L7-, NAD"$ L O NADH (3 Nacalai Tesque (Kyoto, Japan)7» HEEA L7z,
MitoSOX Red F3 & O MitoTracker Green | X Thermo Fisher Scientific (Waltham, MA,
USA))» 5 AT L7=, Oligomycin 33 L O antimycin A % Wako Pure Chemical Co. (K
M) 5 AT L7z, 8-Iso PGF24, 8-i50 PGF24-d4, 5-iPF2q-VI 72 & TNZ 5-iPF2,-VI-d11
X Cayman Chemicals (Ann Arbor, MI, USA)7> & i A L 7=, (1-decyl) triphenyl
phosphonium bromide (M10){Z% Santa Cruz Biotechnology (Dallas, TX, USA)2> 5 A
L7,

2-2. Mifakkds L UG ik

b R FESEA AUHK HeLa AR, & MRMGAS AR SW4S0 A, & kg2
AUHKR A549 HMifa7e BN & b ERRDS AR MIA PaCa-2 fllfd OEFE 121X, 10%
fetal bovine serum (FBS: Biowest, Nuaille, France)3 & O' 3.7 g/L NaHCO; % & ¢
DMEM £5#fi (Thermo Fisher Scientific, Waltham, MA, USA)% A 7=, fifaid ™
F—F =Ty AL U F 2 X—F—|TT37°C, 5% CO 5 T THERF L7,

2-3. X MR d L OVEEAI AL B

X HRBEES %, X-Rad iR-225 (Precision X-Ray, North Branford, CT, USA) & i L .
B 200kVp, BT 15mA, FRIFEERE 650mm, 1.0mmAl 7 1 /L& —%
T 1.37 Gy/min OFRER TR L7 X BBRFIXY — 07— 70 BICHlila % & X |
[AlR S /7203 B =EIR TIT o 70, MI0 AAERIZHOW TR, HREREN 0.5 uM 12725
O TEF I HEIN L, 12 FEfEL 37°C. 5% COx - FTA »F 2_X— F&{T5
770
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2-4. ESR A 2 A b U —IZ K D8O MRIATHE R ORIE
FEsE oy EIE, MR ERICEE 7 VAN ERF T a—7 L LTIRIML, Z20%
BT VAN ENALTPANTH LR P OB & DAY - A R AAEM
CEDTR—=T DT VHNOFEMH DL EZ ESR AT FLOZfLe LT
flilic, BETZ VANEVELID ESR AT bV OMRIEAEEFR /3 EIARSE T
52 & aFM L, MR OWER o A E Lic, MBI ML E T VAN &
L THIV 72 LiNe-BuO (& Pandian & O FIEICHE> TULFO@Y ARk L7z 270, 7
N EBTOF AT T ATNT3.5mg DU F 7 LABERIZ pentanol 7.5 mL % ¥R
AU AEEE L2223 5 60°C DA A LN Z T THSR L 7=, Z D 7.5mL @ Li-pentanol
A & 50 mg @ octa-n-butoxynaphthalocyanine (Sigma Aldrich, St. Louis, MO, USA)
ETNVAEBRET AT T X ANT 140°C, 2.5 R 2 4 — T —IT X > THFR LT,
=7 7 AT EROKIGK E 150 mL @ tert-butyl-methyl-ether (Wako Pure
Chemical Co., Osaka, Japan)Z iR & L, & U W ZHWTAE LIz, AHIND
40°CHO TN L — & — TEFEBEABRE | 15 mL @ hexane |[ZWfig L, K= 3R L
— X —TCEiE L7z, #EMEHEIZ 10 mL @ methanol Z /%, 7 A7 4 )L & —TClH|
I L7z D& S, LiNe-BuO ORE M 4 1572,
10 Gy D X % B L Th b 24 Iefil#4 IR A [B10 L PBS T 3 [BI¥EE L7z,
AAEIE 2 mg/mL LiNc-BuO 35 & T8 2% dextran % & $e M IEES I Rl S B/, 2
Fay RUTMRANT A= =255 0I2, I har FIT7z2ERE L
Tl 2 DA 2 AR U7 4 FH OB 2 IE L7c, 1 2 B I3EAI 2 LB L Tuven
ar hr—/Ufifa, 2 21X b= KU 7 ETC @ ATP synthase (2351 % 7 1
KD ANEFLEST H3AITH D oligomycin (Wako Pure Chemical Co., Osaka,
Japan) (1 uM) % ZLEE U 7=#ffa, 3 -2 H 1% 1 uM oligomycin & i3 HCTH 5 1 uM
carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (Sigma Aldrich, St. Louis, MO,
USA)Z /LB U7=#fifid, 4 > HIZ 1 uM oligomycin, 1 uM CCCP 72 5 N2 k=
KU 7 ETC complex I DFHZEHIT& % rotenone (Sigma Aldrich, St. Louis, MO, USA)
(1 uM)F K O complex 1T DFHEHITH % antimycin A (1 pM) % 4LE L 7= i TH
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Do AFEAN AL L 72 7.5%10* E OMME A F e 30 pL OAIRIREIR & T 7 A % ¥
7 U —IZE AL, Mz 272, ESR HIEIZ-DU N Tid JEOL-RE X-band ESR %
& (JEOL, Tokyo, Japan)Z i L, {RE = v —F— (ES-DVT3, JEOL)% >
T 37°CIZHERF L CHIEAIT 272, BSR /N T A —H — %, v A 7 a JE 1mW,
B2 5 JE e #0100 kHz, B8 iR 6.3 nT, Bi%fmoliE +0.5 mT & L7z,
ESR A7 k)L ORREDfFEHNT X Win-Rad radical analyzer system (Radical Research,
Tokyo, Japan) % VN TIT o 72, BAFE D EICKTT D EMRDOIERL D72 12, 0 mmHg
X7 AR 38, 76 72 HONT 152 mmHg [ZRA LAz migFE L T v
Y OIRE T A, 159.6 mmHg | ZRKESRIFIT T ESR A7 MAZEFGL, £D
IR SRR A VERL LT, % X Far B U THEEASEFI 2 U % = & T, 5Ln
FPO% . ATP ARAFIER., 7o ko U —27 e R, TRFFIRREZR H TNZ S b=
KU 7 IEEAFRFR D 6 DD/NT A—F =B 6T,

2-5. 7a—HA b AR —IZLDI har R 7 R&OMEHT

I b RYTEOFMbIX. X b=y FY TEEMIFRFEOHEAFETH
% MitoTracker Green FM Z i/l L THIldDO I b= RU T A3 25 2 LI &
> TIT > 72, Mifd % 10% FBS 5 X OF 50 nM MitoTracker Green FM % & A 72 DMEM
T30, 37°CTA rFax—h Lk, TO®K, b7V A K> Tl
Z [ L, PBS T2 [Ale L7z, PBS (il & {548 S &, BD FACSVers™ flow
cytometer (BD Bioscience, Franklin Lakes, NJ, USA)% F N CHENT L 7=,

2-6. ESR{EIZEAI Fa vy RUTHED SQ TV HNELRNFe-S 7T AKX —D
e

X BRIRGT LT B 24 KR 0 3107 [ OM A - Y 773 AL K- Tl
L. PBS T2 [m[¥i L7z, fild% 300 uL @ PBS (Zf#¥# <+, natural quartz ESR
tube (¢5 mmx250 mm, Tokyo Chemical Industry Co., Tokyo, Japan){Z# L 7=, 103K 35

JOT10K DIBFET TORIED - HIZ, A7 KL% JEOL-RE X-band ESR HE &
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(JEOL)Z W TiEE 2> e —F— (ES-DV3, JEOL)Z i L CTHIEZ1T > 7=,
20K (23317 % ESR #IE L. ELEXSYS E580 (Bruker GmbH, Mannheim, Germany) %
FHWTITVY, ER4112HV (Bruker GmbH)IZ X » TIRE ##EFF L7z, ESR /3T A —
H—IE, A 7 aRE 2mW, BES A TR EEL 100 kHz, B2 R iRME 1 mT,
Be5mtR e +£50 mT & U < (ZWE5Z550 5% 100 kHz, W& Z5 R IRIE 0.63 mT,
Weshfw o g +5mT & L7z,

2-7. 7a—H A R XA MY —IZXDHI har U T HKROS EOHIE

I haRUTHEK ROS B22RETLHHOIC, FFEHW T o —TThHD
MitoSOX Red Z il L7z, X % FRET L CH 5 24 BE[#1% O HeLa fiflas b U 7
VUMBRIZ Lo TR L, PBS T L7Z, £ D%k, 2 uM MitoSOX Red % & e
I M B M TR 2 R L, 37°C T 30 0o ¥ 2 X— K L7z, £ D1k, PBS
T 1 EIFEE L2 b o &RENE L, 10,000 fHOAAZIZ- SV T BD FACSVerse flow
cytometer |Z X Y M 21T > 72,

2-8. LC-MS/MS IZ X DN T 7 & R U BRIBR LY F2-1 Y 7 u A% ORIE
A Y70 AL MRS E R IR EWRC AR TH Y . BB A B LRI
F o TEMAESFAENIE N DA SN D, Z DT, A Y T R Z AT {EA |k
LA ==L LTAES NS TND #3%, 2 Z TRl X #R1C X D8RR
NV RIGEZRRDHT-DIZ, LC-MSMS ZHWTT 7% RUBOBRILY Th 5
F2-A YV 7’1 A% 2/ (8-is0 PGFaq I & OV 5-iPF2,-VI) % Labuschagne & O (2 HS
&, WL ONPOBEEMZ T HFEITTHE Lz 9, BEMICE, X SRS L
HeLa ffifidz &V 73 ALBRIC K-> TEUX L, 1,000 rpm, 4°CIZT 5 Zrfjzo L
72 EiEZFRE L, PBS THlIEZ Pais L7712, 1,000 rpm, 4°CIZC 5 4y O
L7z, EiEZFREH. PBS 100 pL CHlfa 2 S, NEEEYE (8-iso PGF2.-d4
BE O 5-iPF2,-VI-d11) &2 4 27 ng T DU U7z, Hilaz @85t (5 #x3 [a))
L. &fE L7, #EHT 100 uM 2,6-di-tert-butyl-p-cresol (BHT)% & A72 3 M KOH
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(3:1 v/vHO:MeOH) & %, & — R 7 1w 7 |Z7C 45°CTC 45 4y [ Ko fiE Uiz,
ABFZEIRICIE L, 6 NHCI CTpH % 3 LAFIZ LT, #EHE T 7 ZAORBRE ICHE
L. 4ml OFFE=F /IZ T3 M vortex L, A Y7 mAX il Lz, 2047
oK B TEf L L, 1.5mL F 2 —7128 LT 3,500 g, 4°CI2T 5 4y 04y e
L7z, FEORBEZ B L B 21T - 72, B O GBI FISR T,
NH; Sep-Pak 77— K U » 3(Waters, Carlsbad, MA, USA)% 5 ml ® hexane (2T =
Tava=r 7Lk, Bz L72%IZ, 3 mL OB (ethyl acetate :
methanol : acetate, 10:85:5, viv:v) COE M % 2 [BIfT - 7=, 5l 2 DA . 0.15%
NH4OH: acetonitrile (90:10, v:v)IZ THERE L, 2114 LC-MS/MS 5kt E LTz,

M2 X HPLC-ESI-MS/MS % 7z, BEIFE A i (0.15% NH4OH)F KL O B
#%(95% acetonitrile, 5% methanol 72 & TMNZ 0.0125% NHsOH)Z{HEH L. & 0.35
mL/min 8L OB 7 LA —T RHE45CE L, 7 IV h TRy T A8 LT
DA E - o 36012 3% D B kA 2 73k L, IROD 8 53T B RO IR % 30%
(2725 K 512 buffer O A BEMAICE(LSE, S HIT5 2T BIROE
A 95%ICZbEE, 3 nHREZMFE LI, BT DTHHEI T L THD
Wakopak Ultra C18-3 (2.0x100 mm, 3 pm, Wako Pure Chemical Co.)% i\ 7z, H&
DRI O ML LT, =27 hue X7 b — A F bk (electron spray
ionization; ES) R A7 4 7 — NIZ X DA A 1bZITV, ZEKIGSE=FY 7
(multiple reaction monitoring; MRM)\Z X > TH —% > M A OFIREIT o T2,
BRLIZT IV I —Y—A A Ta s b I 72 bNNCA F v O FBED
BRI 1 IR L, BRI 50nM O 8-isoPGF2q-d4 35 & TN 5-iPFa,-VI-d11
Zete, 10, 25, 50, 100, 200nM @ 8-isoPGF2q 33 L TN 5-iPF2q-VI OFEHEY)E D
RAWZFR L, 225 [\ L7BOESEIC T, ftlhz ©— 27 i, 4
2 EEY)E ORE & U CER LT, 72, ORI OHRHER (limit of
detection; LOD)3 X OVE&FRS (limit of quantitation; LOQ) & & H L7-, R 5k
/6= W AbT
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_ REBO G R OEER A
LOD (nM) = = e

x33 (1)

MR OY)  OFEHE R % 10

LOQ (nM) = Sz o @

T — A AT KOOSR I, EEEUYERT (Kyoto, Japan) # K U 7L DU S A
BN EF LCMS-8040, > A7 A2 hr—F CBM-20A. &7 7 LC-20AD,
F— F Y75 —SIL-20A, I T LA —7 > CTO-20A Z H /-,

2-9. LC/UV IZ X 2 #lilaN AMP, ADP, ATP, NAD'Z¢ & TMNZ NADH &DIE
HEREPN O AMP, ADP, ATP, NAD'72 5 UNZ NADH O #IE (X Bornhorst & O]
BRI OO # N2 7= 7% W TiT 72 7, HeLa AIEIZ 10 Gy @ X
RE MRS U, X BRIBE D 12 FEfES KON 24 RIS Ol 2 b U 7> iz
Lo THEUL L7z, PBS T L7, 1.5mL F=—7|ZHlaz® L, 314g, 4°C
T4 BEL Lz, EEEBREE. 300ul © 0.5MKOH &L v MIiiz., 23
gauge #1112 10 [B38 L7z, FAIARRIT 2 10% H3PO4 (2T pH 7.0 & L. 14,100 g,
4°CC 30 srfili.L L7z, LiEIZEFE S 7 5 Toh % TSKgel ODS-80Ts (4.6%150 mm,
5 um ¥ Y —, Tokyo, Japan)Z W THrRff L7z, BEMMHE L TAHKIOmM U
7 ) v A (pH5.0). 3% acetonitrile, 2 mM tetrabutylammonium hydroxide]# & O
BiE[10mM U >l U v A (pH7.5). 50% acetonitrile] & V7=, UV MHZRIT
260 nm, BT LA —T 1T 40°CIZFRE LTz, FATIZIZLLF D7 V= v
7T KWz, DT A% 100% T 0.8 mL/min (2T 0.6 /L, 1.5 T
B IRDOWRE % 25%F THIM S, 114 53T 30%FE THINE ¢, 612345 T
BIRDRIE%E 710%E T EIF, 1.5 T95%IZ LTz, 7 — X INER L O IX, 1
YV — T ) AT I (Tokyo, Japan)H LC-8020 Model 113/ V) — R 5 — & flLEE
HE & SC-8020, UV FHi#Es UV-8020, 24K 7 CCPM-II, A — K477 —AS-
8020, 1 7 LA —T7 1 CO-8020, 7 # % —SD-8022 M\ 7=, #lfaN AMP,
ADP, ATP, NAD'7¢2 & TNZ NADH ORI ZNEN DG Z L IR ER 2 1F
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L., 1x108 4720 Ol TCEE LT, =3 —RHOEETH S
Adenylate energy charge (AEC)IZX=IZ TR D72,

[ATP]+0.5[ADP]

AEC = [ATP]+[ADP]+[AMP] 3)

F/2. 2 b NU TERERD Fo/F1-ATPase [LEHITH 5 oligomycin (2
ng/mL)ix X #RARGTE A ICET AT L, 12 R U 7= 2 IS/ A R L 72,

2-10. HEFHEHT

BTORRIE, D &b 3 EIOMNE L7z B b FLHHEAERR 2 (SE) TR
L7-. #aHIENTIX. Student’s ¢ test, Dunnett 72 5 ONZ Tukey DFE & W TIT -
7o fRMTY 7 BT T Student’s £ test (% Microsoft excel, Dunnett 33 JX O
Tukey D i€ 1% JMP Pro 14 (SAS Institute Inc., Tokyo, Japan) & i L 7=, P<0.05
THEHICAR TH D LR LT,
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x1 BIEEYDOMRMN/INSA—5—

Precursor ion Product ion QI Pre Collision Q3 Pre
Compound
(m/z) (m/z) Bias (V) Energy (V) Bias (V)
8-is0 PGF2q 353.40 193.10 10 26 19
8-iso PGF2,-d4 357.40 313.20 18 20 22
5-1PF24-VI 353.40 115.10 17 23 24
5-1PF2,-VI-d11 364.30 115.15 30 25 19
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3. MR
3-1. LiNe-BuO # M\ 7z ESR AF T 2 MU —iEIC k5 I b R 7R HEHE
DFAME O SL

I har R TIEERNVFT =2 EAT HBRICBBEZEET D720, Mo
FEEHBERIII Fary R TZx X —R#toBEL s, BETr—T L L
THWZ LiNe-BuO XL ER T UV —F VLG TH Y | BRI ITIAA T
WA TN T HEHR EHHEAEMNT 2 2 LIC Ko TR AT 5
7o, MRFRBEEIZELAE] LT ESR AT NIVORRIEN IS DR &2 FF> 7D, 4
2D TN E TOFFRIZBWTEEIZ, 2 LiNe-BuO (X 2A)% FHV 7= ESR I E
&0, Mo 2R E R OFE A T C& i 102109, 37COEMETT
LiNc-BuO % & Tp35#11C HeLa fiflfid 2 Wi L 7236 ESR IiE 41T 5 &, ESR &
A7 NV ORRIRITRFRIRGE Z S hS < o T T ERBIE IR (X 2B),
AT TEENMEE SNDS LIk BEHINEXFYET Y —thofg
FREDRAIE T LTS 2R LTS, AFATIHEEIHIZI v
R U T OFEAMRIER T A —Z —%455 12012, oligomycin, oligomycin+CCCP
72 5 ONZ oligomycin+CCCP-+rotenone/antimycin A % I X 7= HIIE DO FE 36 1 & 2 % 7 F
fili U7z, BB O R o pOy (mmHg)iE, X 2C (IR Lo BRERRICHE > T
ESR A7 ML OMIEN BRI Lz, 2 b —/Lifd (5.35+1.03 mmHg/min)
IZxF LT, oligomycin Z /1% 5 &, ATP FEAITAKAT L 72 MR 25 BHE S 5 7o g
FIMERITWA L (1.45£0.20 mmHg/min), <& 212 CCCP ZMx 5 & har R
U7 ETC 7 v kAR ORILEIC L > CTRENE RN EH L2 (10.1£1.56
mmHg/min) (4 3A), & 512 rotenone 33 £ N antimycinA # MMz 5 &, I has RN
U7 ETC @ complex | BEL NI BHEFEIND 72D, BIEOHEBEITIFEALERS
N7 < 72 o7 (0.42+0.06 mmHg/min), 9 CIZHlaNhN 7 7 v 7 A7 F T4 HF—7T
ML ST WD FIEIZHE - T, SEMEFPL . ATP RAFIFR, 7'm F ) — 27 (xR
NEE . PARPERRE e HONC R b= R U TIRIFIER DT XA —2 —ZHH L
7= (K 3B),
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3-2. X MG I KOV M10 LB S Al DR RTHE RIS L OV b= R U 7 IF
W8T A — B — .2 5B

UAFFEEDOLIFTOMFFLTIX, & N FE S AH K HeLa fifid, & AR A H
K A549 fMifld, B MBS AHSKE MKN4S fifld, & A F  —~ H2k MeWo #ifid 72
B NS~ & AHE A F ok NIH3T3 Mg~ X #HRE 2 12 Bpfi 25 24 FFfH]
BRI EEN EH L7z 19, —J57 T, lipophilic TPP*#5E A M10 (X3 k=
> KU 7 ETC OFLEHIE L CTE &, HeLa Mifds X OY A549 HifR OB 2 & 4
i) L7z %199 Trendeleva o135 ® lipophilic TPP #5EAR (M12)282 ha > KU T
ETC ORiEAE LTERT2Z2 2R LT0D Y, Znbofba®mo k=
R THSBE~DRE L S BT LNCT 572012, MI10 2B L7202 b
ay RY T RT A —2 =Dl Z1T > 72, 4A RS (BT 5) . 10
Gy ® X IR D 24 BRI (SR Z 4) 725N 0.5 uM M10 ZLBED 5 12 IKf
f& (Fy b7 L) OHMfdO OCR O k%R L7z, OCR DfENG, I h=av
RU TR ST A —2—% B L7z (K 4B), X #RIES1% O HeLa Mifld Cik, %
BRERENL . ATPARAERE . 7'v R U — 2 B KR 72 & NS TR R EEDS A RIS
FALZ, 202, XHREHTMIEY7ZY DI b2 FY 7 ETC #ie
FRIEDZ ENRREINTZ, £z, HeLa Mid & [FIEE O BRI ZE DML D D3 A
HRIZIBNWT B Z 200 % MNP D 572012, B N KRB AHK SW480 Hifid,
b RTRAS A HI SR AS49 Hifa7e HONT B B EERE DY A3l MIA PaCa-2 #ifid 2
THRERIZX BB Z DI ha >y RY TN T A —2 —OFHhi#1T > 7= (X4C),
AR DOFEFHIZ K > TREDZEITH 7o b D0, SWAR0 #lifid, A549 M7z b ONT
MIA PaCa-2 23T H HeLa flifa & [FERIC X #RIRE 25 24 FREfEIZIZ X B
2 RY TR AT A =2 — X EEMERICH D Z BRI NT, 2D LD,
A RIREMG 21T > 72 4 FEO 23 UM Tl X AR %I h =2 R Y 7 ETC 23EHE
635 Z LR sz, ARTOWIETIL, X b=y R U THRENL, ATP pEAE7R
BRI hay FUTHEA=R—FF N (0 )EADN X BBE%ZIC LR
HZEHRLTNDZ LG 1 WMEHERD EFIT X MBH#ZEOI Fa R
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U 7 HSREDIRMEL E B L QWD Z &R S Lfe, — 5T, MI0 ZALEEL7-
MR Tl AR IS K OV IRPERRE N BAMEIIC H - 72 2 LD MI0 (X3
Fa RU T ETC ZHET 5 2 &R S iz,

WL DMORRZE S )V — TN E B O G2/M HIORIZHEND X h a2 K
TENRKIZRD ZEEIELTWND Z L 349400 KpfFseic BV CHtla i o
S har RYT7EN X REEE X MI0 LBEZICZL L TW D RTEEMDR S 5,
Z ZTWIT, XSS L <IE M0 % oMIdN o X o R U T &RZ4L
LTCWDEMNE I MERLNZT 572912, HeLa #lfid 2 V) C MitoTracker Green
FM #fWnCT7a—H% A 8 A M) —IC KD EEMITEF LRI h2 v R T
WETZ2bbI hary N 7E&OFMOEZITo7c, MSA 7 a—Y A FA MY —
DREMRE A NI T K% mRm LTz, TORE, 2 be—Lfifal iz LT X
PRI ZOMIBTIEII har RYUTEREEICEA T2 ERHALMNIR T,
— 5T, MI0 ZABEL7=MIfETIEI b= RU 7T &I LITA 6o Tz,
arhr— OO 7 e —H A FA M) —HENGELNLI ha s N7
BEOVHE & LT, X BRBRB IO MI0O LB L-Miao v R T &
IZZENEIN 185 R L0994 (FTH 7= (X 5B), ZDOFEENG . LLATO 4
FEEOWE LFERIC 199 X BRI E D G2M T = » 7 R A v b OIEVE(RIZ
EoT, MEY7=V DI har RUTENREM LT Z EARB ST,

WA, AR IC FH L2 OCR 8 by RU T EOHINCL 50T
HLONH LIEI by B U 7 IFREHORESR OTEMHACIZ K 5 b O Z DD
H7IT, M4A BELTUB O OCR OfEZX 5B DI h=a RU T & THIIE LT
(X ARFRST IS L OV M0 ABEDEIZ Z 4 1.85 B LV 0.94 2 #hi)72), X 5C K
JUODIIRLEL I, MilaS720 DI har RYUTETHEZITY &, X
FISICE D OCRB L hay RU TR AT XA =2 —D ERP RN
o7z, —J7T, OCR @D M10 IZKT DB DWW TIE TR o 7o, LA LD
RN 6| HeLa MR DO HSFRA% DO I F 22 R U T ETC Ok, M7=
DO Far R T7EOBEINCER L TWD Z EDNRSNTE, SHFIEED L]

25



DOWFFETIT. A549 MIfIZ W TH X BRI HRICI b2 FU 7 &N+ 5 2
ExRWELTERY 19 HeLa Mlildd A7 &7 DWW < DD 8 AHIFEIZ F5 1)
D XMRAZDOI Fa RY T ETC OIFHLIZOWTH I b R Y 7 EOH
IMZE DG THDZ DRI, X BITKD ZOREETD A OFFIKFE
T BIEMESECEEA R b O TH D Z LIRB ST,

3-3. HeLa i DRIR SF T2 F 1T % ESR #lIE

1960 FfRIZ, £ < OBFEE DS 100K FREEDOIKIR NiZH1T 5 ESR JlEIZ L 5 IE
FRLRkd L OMEEMARO I ha KUY T SQ O A#RE L Ting 1766899

DB ORI AT Z 0 | Milao SQ IZHISKT 5 ESR ¥ 7 /LAs | JEEHEGH,
A VARG, BUiE, B, PRIRRL D EAEdS X OVEREHUN O X 5 7oy
FETOI hay RUT ETCIEEO AL, F~—h— & LT TE % alaetkEns
IREFUT & 72 918252685, 110) © ORAFSECld, HeLa MlAD SQ T 27 1 /L DFIFHTIZ O
WTR hay RUTEERNE LA OFEAEZHWNTITY, 612, SQ 770

(X3 % X RIS DR A T L 72,

WED ESR TR T, IEFMAkIL L 6060t S - Miaicilks
T =194 B LV g=2.004 D> 7 FNZ&FZLeFEERD ESR A7 MLas#EiE 41T

B O AEICEBNTH, v 7 ADLE, RS L O > 0L Es b
BEL72I Fa FU TICHBWT g=2.004 35 X1V g=1.941 D5 53R T 7= (X
6), 103K DIRE FIZI\\T 310" HOAMIED ESR PIEEIT o= & 2 A, ML
HEEL723 ha v FU 7 & REEEIC g=1.941 1 L (8 g=2.004 DALEIC S 7 LR A,
S (K 7A, L), [REED ESR {5575 HeLa i, A549 filfa7s & NI H A3 A
(T2-4, NO-2, MO-1 72 &5 NZ G1-G4 fifa) Zhhsd & L7 s AR Z IV Tl &
T 5 10448 - Emanuel 13, FE4 D23 AMIFRIZ IV T g=2.004 f+iT D ESR v
TFMIFEICI Far RUTICRETSSQIZLD2HDOTHY  g=1.94 D> /)
ITHFEIL AWM EZETL I bay R T OE~NLEICHK TV 7L Thd L
WL TW5 2,
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WEDHFETIL, RKIBFWROI Fa R 7 SQ HRB XD 77K TO D v Db
DI F= R 7 SQ HKD ¢g=2.004 D1 51% 10 pW LA FOIRW~ A 7 1
5L CAIFN S FL 5 41, half saturation (P12)i% 10~100 uW T 5 Z & AR ST
% 0.8 gl HiE e O TR O hay Y 7B 5 12.5~20.7 K D&
J£ @ Ferredoxin-type Fe-S 7 7 A % — (2Fe-2S)i% P12 OffEIE 0.1~0.4 mW LI T
DHFIPFATH L ZENREENTND N, ULEORENS, Fe-S 7 T A X —DfE
FIEFMEIX, SQ 7V ANV L B L THWZ EAVRENTW D, EFRIZ, g=2.004 D
{55 ® P12 1% 103K T 0.04 mW TH YV | g=1.941 OfF 5D Py 1% 103K TiX 0.35
mW, 20K CTi£ 022 mW ThH-o7z (KBABLUB), LhEDZ &5, HelLa ##l
fI TR b g=2.004 B3 LN g=1.941 D 7 uidEnEn, 2 har KU To0
SQ 7V HNB LI F =z KU 7 D ferredoxin-type Fe-S 7 7 A X —HKTH 5
ZEMFRE SN,

WIZ, 10 Gy D X # A& W5 L TH S 24 BifE14 D 3x107 {8 > HeLa Hifn> ESR
HIE % 103K DIRE T TITo72 (KTA, T), % ESRIG5OE—7 O & & HIE
L7zl 2 A, g22.004 OfF5HRET X fRIERZICAERIZ EA L2 (K 7C), Jong
F L Y Albracht 2935 T Vinogradov ® *® 5 1%, NADH % L < I succinate |2 & %
U BO YT I h 3 R U TR ORI OIEPE(KIZ L o> T, g=2.004 ® ESR
7 VEREE S ESH L rotenone (2K o T DIRERZIHI S ND Z EERLTW
HZEMB, SQ FVANEI har KU T ETC (ZRIF 5 HRIAE L CTHEE
TWDHZENTRBRENTND, g=2.004 DIE 5 DBIHREIIC LS EHEI =
v RUTHERE & ORRIEZ B 52T D72 DI2, X BRSO HeLa Mifiiz Xk
21> R U 7 ETC complex I DBHEHITH 5 rotenone ZALFLL . £ > F=2X— kL
Too TORER, XBBEHZ XKD g=2.004 D7 F LD EFHIZ, rotenone JLERIZ K
STEBIZA LN L o7z (K TBF L NC), FEFRST D HeLa Hild CTlX, rotenone
LB 1o T g=2.004 DIEBIREDKIEFITIR T2 &b, g=2.004 D7
JUIEHER /I complex I IZHR L TWAH Z EW/RENTZ, 61T, X MRS &
rotenone ZLER Z (FF L 7= /lifid > o 77 LR EE T, rotenone % ZLER L 7= FEFE G i
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DY T FNBRE L RO Z /R LT Z E 0D X BRIBHHIC K- TIN5 SQ i
S ha FUTETCHRE LIRS BEEL TWD Z LAVRS T,

—J7C, g=1.941 ® ESR ¥ 7 /L DIEE X X R ZICELIZ RS-
7= (K 7A), L2xL, g=1.941 O > 7 F V58 % 103K Ol T CTIEARFIRER] 235
<. BB 75mMT IR EL720, EEIZBW TIEM TIXRWATREMER H 5,
KO EREeT — 2 215572912, IRIZ HeLa Mifld% 20K OIRE T2\ CTHERN
M2 R < LESRIFETHIEZIT-o 72 (K 9A), 20K (28T 5 g=1.941 O 7 F v
OFEIL 41 mT THY, SHIZSIN S EL TV, 20K OiE T T HelLa
IR 2 E U2 b . X BRI 1 9=1.941 O 2 7' )VIREE I LIT R B 7 h»
S22 NG (K 9B)., XMRIEH%ZIZ SQ 7 ¥ /MTIMNT 5 M, Fe-S 7 7 A X

LN EAURE T,

ST, AP CBIENTZ SQ TV ANDIEZNRI Fary FUTHKETH D
Z L HMEREDT H 720, b MBS BRIk RPE-1 MO ha RU T
DNA 73 %48 L 7= RPE-1 p* Ml > g=2.004 D 27" F L DS RIS ZNS O TEEAT
%17 o72, B 10A |2 RPE-1 MlaDIERH (1) B RO X#MREF#E (F) @ ESR
AT AR LT, ZOfE%, HeLa il & [FFRIZ RPE-1 MIf2IC BV TH X ##
FRETZ1C @=2.004 D> 7 F VR B L=, X 10B 121X, RPE-1p® Ml DIERR
5 (1) BXOXBBEEZ (F) ©ESR A7 LR L7Z, RPE-1 A& i
KTHRAYIZ, RPE-1 p MR Tl X IS 1% & ¢=2.004 O 7 F VI GIT A
b oto, Fio, FERE O RPE-1 Ak (¥ 10A F)¥ X OYRPE-1 p® flife (4]
10B 1)?D g=2.004 O 7 F /v i3 % & RPE-1 p® fillfdod o 7 F /L X455 LA
72> TWAHZ ENHBLNI R >T, ZTHWHEDORERNE, ¢g=2.004 D SQ 7
ANVDOEZFFEI R RYUTIEELZY 7L THY, 512 har RY
7 ETC (28 2 BT DOfthuid X SRR ICTERIZ R > TW D FIIRIR S Lz,
BB, X MRIBE IS EH LT g=2.004 D2 7 F VBRI 5 M10 ORBED
Al 24T o 72, X 1118 L72AEIC, MI0 13 HeLa #H0 00 HERRST O(E 5980 B & 98
D EE, X BRBEZ OB OWT b KIFICHE S8,
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3-4. X BRSO X b3 KU 7 H3E ROS FEA~D RO G

S har RYTHEOROSIZ, 2T h=a KU 7 ETCcomplex] B XUV 725
WAV BT LBEPRISTHZ LI TEAIND Z EPBEICHE S
TWNDH 728 3080 X MRERAHZ £ 5 ETC 205 ORI 2B ORIV LS 0 & &
Lol ROS L~ L DN Z 5| E T AletEni & %, £Dd, I ha s R
U7 O M7 1 —7 T % MitoSOX Red Z# i\ T 7B —H A F X h U —|(C
X0 XBREBOMIED I b2 KU 7 H%K ROS OFHli &4 1T - 72, X #rIEE 2>
5 24 REfE £ OB Tl FERRA OMIf & i35 & . MitoSOX Red D# K HHR
IFAEREIZESR L2 (K 12A,B), & 51T, rotenone & 4L L7l CiX, =2 b=
—/L O L Y b MitoSOX Red DHEIREEAS AL, X #REEHHZ X 5 MitoSOX
Red D HEFRE DN A2 S S IR SH72 (K 12B), S0 H DFERMND | X HRR
LTI b= RUT ETC OIEMHALIZES>TI b= R U THZRD ROS
PEAEMN AT 2 E R I,

3-5. X BRIBES 2SN F2-o Y 70 R X N H 2 5 B0

7 7% RUBITMALEMICB W CER MR FEEE TH 0 . RO
HERFICEHEE BB ZH S TN0D, A YT aRZ L NIT A RAE T T 0P Ul ikE
FUNZERL LTAbEMTHY . ROS L7 IF RUBRKIGTHZ EICk-oTT 7
¥ RUBomiR & U CAKRN TIERERANTTER S 11D ¥, AWFZETiE, X #it
FRESIZ &> THIIN L 72 ROS DMl N DN E IR L~ DRI OV T~ 5 728
2, TI7% RUBOBRBBILERM THD F2-4 VT A X v &OF % LC-
MSMS IZ L > THT o7z, A A OBFILMRM IZ K-> TITV, 8-iso PGF2 3 &
W 5-iPF2u-VI DZNENDEEME DT ) —HP—A F L BI OB 27 T 7
AV M AU EK 1BABLOB (Gtic FE) 103 L7, £/, 8-iso PGFa B &
W 5-PF2-VID 7 B~ b 77 AR 1BABLOB (JICTE) IRz, 2hE
NOFEEYE O IR, 8-is0 PGFao 1 7.8 47, 5-iPF2-VI 1L 82 43 TH Y |
FaslEHZ B W TIE 2 6 OWE IR 2 5 8-is0 PGFaq 38 £ TN 5-iPF2-VI O B — 7
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ZURE LT, XM 13C IFFERRET oMM 15 57N D 8-iso PGFae ((EEX)
BELOWEHEEME Th 5 8-iso PGFa-dd (TEY) D/ u~ N7 I L% RLTH
V. X 13D IZIERH ORI A5 DN MIRN O 5-PFa-VI (B 36 XU
TEAEY)E CTd D 5-iPFau-VI-dll (FE) O/ v~ 77 A%RL TS, K 13E
T X RS 12 Kl L <X 24 R OMBLA 8-iso PGPy AR LT
. 8-iso PGFa, &1 X #RIRH 705 24 Bl £ TRKIT R bR o 7z, X 13F
1T X 225 12 R b L < 13 24 el % O MIE N 5-iPFao-VI AR L TH Y |
8-is0 PGF2q 2 & [AIFRIZ 5-iPF2e-VI J & X #RIRE 20 5 24 WFfH#% £ T IT L 6 h
o Te, K13G T — 27 HAEN D 8-iso PG A ERLTZZ 77 TH Y, M
JIN 8-iso PGFaq 1L X FRIRET /0D 24 WifEI1E & IEMREHIE & ik L CHE A
{bix 727> 72, LA L, rotenone Z ALER L7-flfid CTlid= > b o — Ll & i L
T 8-is0 PGFy, IIH EIZ EH L7z, RIEEDMHB A 5-iPF2-VI THEER I = (K
13H), 25 DFERNS, X RIBEHNZ X - THE I -z ROS EOHEINIL
DR G IT Z N E L TORW I LR ST,

3-6. X FRIU DAL AMP, ADP, ATP, NAD'72 & TNZ NADH (2% 9~ 5520
A

X FREEH DSHIAN O = 3L F— RN G- 2 B EZ T 572012, N
AMP, ADP, ATP, NAD'72 &5 TONZ NADH O E &% HPLC I TiT- 72, X #RIE
BRSO HeLa fifld O FH) 72 HPLC 7 v~ k7 Z A% X 14A (EEHIZ R T, NAD",
AMP, NADH, ADP 7g & N ATP O RIS AR REY 7L ORIEIZ L 0 ik
EL. ZTNTH 6.1 47, 11455, 169 7. 21.0 372 HTNT 233 ;3 Th o7z, 10
Gy O X #ERE L THE 24 Rtz OMIaD 7 v~ 77 A (K 14A, TEBY)T
1%, FEME O/ & i LT, AMP, ADP 72 5 NT ATP DB — 27 D SRS
INZ EH LT, XA 2 5 12 FEETIS 1 OY 24 FEf# % O HeLa AIIRIZH 1T 5
#MAEN AMP, ADP, ATP, NAD'72 5 (NI NADH &% X 14B B L OD IZ/R L7z,
AR ATP S=ITHRH 205 12 B 12 ER/- LAR® ., ATP, ADP 72 5 NI AMP &
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(THEST N 5 24 RF[E2 I FE IR M & Phile L TR EICHEIIN L7z (X 14B), — 5 T,
AEC [T/ 5 12 Befilde K OF 24 B2 & IEME 0L & e~ TEITR 50
2o T-(K 14B), F72. 2 har KU T D ATP GkEER O HgkTF ¥ v %L
Z 3 % oligomycin Z MM ALERS 2 & | FERASS MR ATP EIZAEKITA S
NRnolzb 00 XHHRENZ X 5 ATP OB S Z LR Eniz (K
14C), F 7=, AN NAD 1% X FRHREF 20 5 24 B IS EI2HIN L7243, NADH
IIHEEREITR LN -T2 (K 14D), L2>L. NAD/NADH % X 52>
5 24 KR £ CHIMERNICIE S > 72 b OOFERZELIER b e d o 72 (X
14D), LA EDOFERN D, 2 b= KU 7 ETC @ FoF1-ATPase/ATP synthase |2 K17
L7 ATP PEAEIZ NAD DN > TXFBBHRIC LR/ 2 2 RSN,
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Olgomyen Antimycin A £L<[&rotenone/antimycin A

(Fof, ATPaselHEHD (Complex IEEHIEHLLIEcomplex I/ 1l FAEH)
250 FcePHL<IECCCP l
GESLE _
200 |
=
£ 150 7]
o
E ___________________ =AM
@ 100 |
O
le)
50 |
0 ShavRUZ ERERR
T T T T i
0 8 16 24 32 40 48
Time (min)

B1. MEANISVIRT AP —ERANRAEAEICLLERAER (OCRFHAIZEITHI
FAURYTIER/ATA—E—DERE ., SFAVRY T AL ZXFHIEIL. oligomycin (FoF; ATPasefH
E & . FccPt LLIXCcCCP (fr £ & &) 7% 5 U [Crotenone/antimycin A (complex 1 KU
complex MAZEFDEWLNSI-ZSFAV R T EFIEEREIZEMNE T IHFEDEHTMMN D RENL
ARMZ&>TIThhd,
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A LiNc-BuO B

R = O(CH,);CH,

13.5 ———'—/\/_H
19.5 _—//\/___
25.5 m;./v,m_
315 e
. N
(min) 02mT

C 150 -
-
=
)= 100 A
o
% 50
[
£
0 T T T
0 50 100 150
pO,(mmHg)

2. #pAL RILIZH T BESREF AN —i%

(A) Lithium 5,9,14,18,23,27,32,36—octa—n—-butoxy—2,3—naphthalocyanine (LiNc-BuO) D #&i&,
(B) LiNc—BuO (2 mg/mL). HeLaffif& (7.5 % 10* cells/tube)’EHUNZ5% THARSUE ST M
NoBON-RRIMTESRARIML, BIE E30 R T15~3150F TITof=, (C)LiNc-
BuOE ST M SFONTIZESRARIMLD#RIE (1 MITx T S Dp0, TRyl
RER. T 2L T ESETRLT =, I LIERIRO X 4218 (1 T)=0.685 % pO, (mmHg)+35.51%

wR/NZFEITE->THELN, HEERE (RDIX0.998TH 1=,
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200 H
s Oligomycin+CCCP+Rotenone/Antimycin A
i e T S
1 o it R R S
150 N S B "
. kN F S SO ] Oligomycin
=) \ *s R S %
T R XN -
£ 100 A B } t
= } Control
N 3] ~,
O N \\\
S 50 - %
Oligomycin+CCCP
O T T T 1
0 10 20 30 40
Time (min
B 15 (min)
w
E:
=
>
0
]
c
£
T | B
=
E
14
S Thavky7y
FEMRTF R
Oligomycin - + + +
ccep - - + +
Rotenone/Antimycin A - - - +

E3. ESRAF L AN —KIZ&BI PV RYFIER/NSA—E—DRTE

(A)HeLaffifZ 2351+ 5p0, DEFHIIFBA S LD EL , FFIKRNEDHIE (@: Control). 1 4 M
oligomycinZH&INL7T-#1A2 (@: Oligomycin). 1 1 M oligomycin+1 M CCCPZALIELF-#Afa
(M: OligomycintCCCP)%5TANZ1 M oligomycintl 4 M CCCP+1 uM rotenone/1 g M
antimycin AZLIEL1-#H/E (A: Oligomycin+tCCCP+Rotenone/Antimycin A)MD 458 D AIE
%1121z, (B) (A) DEHEDIEENSEH LI=0CR (mmHg/min), T—RII3E DRI L=
ERDFESE TRL Iz BERAVRY TEEIR/NASA—E— (TN TSVIRT F 5145 —
DAHEIZH->TEHLT =,
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25
25 1 *% = ocControl
= B OControl _’;‘m 20 nX-rays
'_E% 20 mX-rays ES amM10
Bo oM10 £L2 151,
ES 154 E2 r 3 .
x| g Exo = E
xl 0 ~
g= 8= . I
5 -
' ’ ?; )
0- =z & o 2 o\
Oligomycin + + + %‘S& Q‘Q\g@ 'j & @gﬁ @3\{&
+ + P‘S gy
ccep
Rotenone/Antimycin A~ - - - + —/
=7
SW480 A549
2 OControl » O Control
m X-rays _ m X-rays
€, 20 Eo 20
53 58
To 15 %fe 15
£ sa 10
HAE 58
© = * % = o 5
E = =
0
S o0 o s o @s @‘; D o
5o ?‘4‘ Mg @;@ ™ 8 o 2
\— 7 /\_'
v >
o5
MIA PaCa-2
25 O Control
m X-rays
S, 2
58
jE:B 15
EX
Em 10
or:
© 5
T )
N‘f“ §$ P P
7 %ﬂ‘ 4@“ s
o o’
9/

4. ShaYRY 7R/ S A—F—~DXERE S UMI0DE
(A)SRaVRYTEZMEL-ERZRMUIZFEDHeLaHIFEDOCR, B : X#RE LU EHIFK
MBI AO—) LA, 2:10 GyOXREBHLTHS24EM B OMA. Fvk:05 4 M M10
ZNELTHLI2EBEEZOME, T—2(XWMIL-3RDREDFH ESETRLT-,
DunnettDIRTEZEITL. #RETHIF ZZ (Fxp <0.05, *#p <0.01 TRLT=, (B) (A) hSBLNT=
SRaVRYTRER/ AT A—S—, (C) SWAB0HARE . AS49§ARR7E5 TN TMIA PaCa-2ffiIfBDI
VR TR /NTA—E—, B : XERIEBGME. 2:10 GyOXIEZBELTH L2405/ %
DA, T—R(FIRII L =3B D EERD T £ SETRLT=, Student’ s ¢ testZF{TL\, $HETHY
HEE F*p <0.05, *xp <0.01TRLT=,
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A
3 Control
400 + ' B X-rays
| =IM10
300 |
E /
8 200
100 A
O ¥ T T T
0 102 108 104 10°%
MitoTracker Green intensity
C
%)
T 2>
o D
é § 25 - O Control
X £ mX-rays
w o
=3 207 QoM10
c
=0
E = 15 1
€S 10
E’S
o L ¥ =l —
- +

Oligomycin
cccp

Rotenone/Antimycin A

N.S.

* %

2.00 1

1.50 A

1.00 -

0.50 A

Relative MitoTracker Green
intensity

0.00

Control

O

25 1

20 A

15 A

10 A

*

OCR (mmHg/min)/7.5 x 104 cells*
MitoTracker Green intensity

N 2\

&

X-rays M10

O Control
W X-rays
GM10

*

*

&
Tt
R

3

P
-~

B5. X#RBHELIEMI0LEE DHeLafilD I,V FYFRER /NS A—F—ESI LR
TEOMR®
(A)7A—H A AR—DRRIBERNT 5L, SOV R 7 £ EHeLafiBE % MitoTracker
GreenCHABL, 7O0—H A A—F—([Z&>THIFEL=. XIRBEHE M S24F5/ % B L<IF05
UM MI0SLEEANS 1285 fE % DM D% T o1z, (B) ZRMREDILaU R 7EDHEFRE,
FT—HI3E DI LI-REED T £SETRLI=, HET(EDunnett DR EEIT o=, N.S::
not significant, *¥/X0.01(B) (A) hidcFbNi=Skar R FEER/NSA—4—, (CHKLUD)
R4AE LU 4BDEE (B) IZ5RLF=Mito Tracker GreenDI W ETEFNEFNMIELI-ED
OCRBLUE OV R FIER/ASA—R—,
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103K

Mouse =

Bovine heart mitochondria

B6. 103KIZH(TH T ADIE. FrEEHSASKICOS DL ENSEEEL-S,a R THD
BENTF-ESRRRINL,
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= 2.004
9 C

l g=1.941

A 103K

e WMWMWWWWWWW

g 1-5 - *%
o_ *
24 h after X-irradiation N
(@]
@
2 1.0 -
(7]
c
9
B 103K k=
With rotenone 3:)
w o5
Control g
WWWMMW“WWW s
(0]
04
24 h after X-irradiation 0.0 -
X-rays - + -
Rotenone - - +
-
20mT

7. ESREIZ & BHeLa#ifAIZE 1T AXEDIFM VR 7B FIEERBEEMEICHTIHE
(X

(A)FERSH(E) B L0 GyDXIEEESTLTHH24HE#% (T) DHelLaffif4 (3 x 107 &) A
S5RB35NT=KRIMITESRARI ML, ESRAIFE [L103KDEE T TiTo7=, KHIEe=2.004F &
Ue=1 941DV T FILDEEERLTULVS, (B)g=2.004 (SQ)H&LUWeg=1.941 (Fe-SUTRA—)
DT FIVIZH T Brotenone M EE, FERBET (E) B XU10 GyDXEREIBETL TH 52405
% (F)D#AEIZrotenoneZF B L =R D X RIZESRAR I JL, Rotenone LB [ZDLNT
[T, ZEEEIN uMIZHBESZrotenoneZFXIFIBRST EZ QMO IEH (AL | 2455
A2 FaR—kL7z, ESRAIFE F103KDEE T TITo7=, (C)10 GyDXIREBHEL TMhH24
B2 DHeLaflifa M S8 5N T-g=2.004DESRI T FIL DIEE 4 E D% B, Rotenone i
BIZDOWTIL(B) ERBRIZIT oz, BRI LI-IEIDERDFHESEEZRLTHEY.,
DunnettMIRTEZITL. #FTHIE EZE [L*p <0.05, **p <0.01 T5rLT =,
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g =2.004 g=1941
10 1 10 5
103K (P, = 0.35 mW)
103K (P, = 0.04 mW)
v L ¢ 1
[ ] [ H
() ]
< - s
g g
a a 20K (P, = 0.22 mW
B 013 R @ 01 (Puz mw)
b
0.01 +——rrr——rr e 0.01 +——rrrrm——rrrrr——rrr
0.01 0.1 1 10 0.01 0.1 1 10
Power (mW) Power (mW)

8. HelLafifIZH1+5=2.006 (A) 5L Ue=1.941(B) DESRI T FILDIEFEE), ESRAITE
[£0.01~10 MWD YAV RERE TITol=. ¥ 57 klog (RAVBEEE)IZXHT Blog (VT F
JILRRE/ A HOKEE)TTOY ML -, Padmakumar# & U Bamerjee [J. Biol. Chem.,
270:9295-9300, 1995]HVRLTIZESRI T FILIRES)ET AV DERE PIZREEL TS ELY
SlogS/(P)°5=logA/(1+P/P; , 2 DX TEREIN . CZ TP, B L VAIFEN TR FEAFIT /O
EEERLUVEECRFETT . bIEFY—H/INSA—2—%FRL. TH—REHNYD1.0M
LY —HBIEMNYD20ETEILT %, P, DIEILEERICKS 8T —2 (AT UOKRED
B ELTDESRIESRE)ZCORICHTIIODAEITEYREL. BRIN_FXKIZKSD
FT—RBDT1IT425 1% Microsoft ExcellZ&>TiTo7t=0

39



A ook B 20K
- 1.2 - N.S.
Control 55_
T 1.0 -
(@)
?& (2]
>= 4
2908
o TR
24 h after X-irradiation .*é“; 0.6 A
r ™
m\
o 04 1
=
8
2 0.2 4
0.0 -
A Control 24 h after
20mT X-irradiation

B9. 20KIZHFBHSFaV R 7EFRERBEEVE DESREICKDHAIE
(A)FERBST (B) BETM0 GyDXIRERBE L TH D248 () DHeLaflifaM BN 1=K
RIIZESRARI ML, ESRBITE [£20KDEE T TTofz, KENE=1.941D LT FILDILE
#RLTW%, (B)10 GyDXHREBG 2L TH 52485 EZ DHeLafila N SBF SN F-g=1.941D
ESRVIFILDIEESREDHERE, REBIZIEILI-SEINDHERDFEHLSEEZRLTNS,
et ALI8 (L Student’ s ttestZ{To7=, N.S.: not significant
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g=2.004
RPE-1 J/

X-rays (-)

X-rays (+)

RPE-1 p°

X-rays (-)

X-rays (+)

20 mT

B10. (A)RPE-1#fEH KU (B)RPE-1 o Y@M oF o i-IElRST (L) B R UXIRER
1% () MESRARIM L, $HHAIZ10 GyDXFREFEHT L THDH24BRZIZ110KDEE
TESRAIEZE1To71=,
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A g=2.004
without drug \l/

X-rays (-)

X-rays (+)

M10

X-rays (-)

X-rays (+)

20 mT

E11. HeLa#ifa~AM10Z LB LI=BRDESRARI ML
JEREH (L) BLU10 GyDXIBEEBE L TH 524812 (F) DESRARIR L, (A) ZHK|
AL H LU (B)05 M M10Z 126 BN LF-#FE%110KDEE T CESRAIELT=,
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= 1.0 1
0 T T T ®
0 102 108 10 T oo J
MitoSOX Red intensity ’
X-rays - + - +
Rotenone - - + +

12 X#RhHeLaMH A DI,V K1) 7 AEROSLARILIZE R HRE DT
(A)SFaVRYT7HEEDROSLAJLIEMitoSOX RedZEALVE=TA—H A AR —IZ k> TEEELT =,
X$#RIEMEET (Contro) B LU0 GyDXIFEEEIL THS24EEEZ DM (X-rays) DR
A—H A AN —DEZETRLTz, (E) XRIEBEHLIIIBE Z D HelaMIBBD I,V R 7 HE
ROSLAJLDEXEZETRLTI=Y T, Rotenone MIB[ZDNTIXRELEEMNT uMIZHEB K5I
rotenoneZEH IR . XERE B RICHIEICALIEL, 12854 > FaR—kL Tz, T—2(X T
+SEZRLTHEY. TukeyDIREZEITLY, HETHEEZE [T++p <001 TRLT=,
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8-i50 PGF,, (MRM: m/z 353>193) 5-PFo,-VI (MRM: m/z 353>115)
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150 . - 353 iy N
= A U |115 :
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E13. LC-MS/MS#% ML f=HeLaffiRED $HAI A F2-1V TAR I A DXIRD FE D 5l

(A)8-iso PGF,, DIZERMOTOF IR AU ZARIML (L) EMRMYOT N T L(m/z 193)(F) . (B)5-iPF,,-VI
DELEAHOTOFT IR AV ARSI KL (L) EMRMY O NS L(m/z 115)(F) , (C)HeLa#iBEMDLC-MS/MSH 47
7L Bonf-#iaMRs-iso PGF,, (L) & &LUHeLaHiFRFHTHMLIZNEMEZLE (8-iso PGF,,~d4)(F) DMRM
YAIRT T L, (D) HeLafiBADLC-MS/MSHHZEITLY ., BSNF-#RBN5-PF,,~VI (L£)&H IUHeLaMliRELFIHZ
ARIUI-NERIZEE (5-iPF,,~VI-d11)(F) OMRMY AT 5L, (ESKUF) XHR IS DHeLaMiRRIZ 35 11 2 B 12
BIZ & B8-iso PGF,, (E) & KU5-iPF,,~VI(F) D EZESIZ&BLC/MS/MS%F AW TEE L= #i5H 2L [XDunnett
DREZIToT. (GEEUH) XIRIERET 5 K UXIRB I Z DA+ Broenone D HiRAM8-iso PGF,, (G) &5 &
5-iPF,,~VI(H) 23X I 222 8 D FHE 1% . XEREBST A5 2485 £ (ZLC/MS/MSHEHTIZ &5 THTo7=, Rotenone L3 [
DNWTIEREIEENN uMIZHED LS (TrotenoneZ M ITHML . XIRZ BT ZCHIARICQIEL, 1285/ > Fa
R—bLtze T—RITFEHESEFZRLTEY. TukeyDREEZEITLY., METHIBEZE (Txp <0.05, *+p <0.01 TRLT=,
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ATP

_Z 400 o
=3y NaDs  AMP
L O
<X 200 napH PP
§s | = L 15
g3 ! £5 :
E 0 A 'k T 8 %
= 0 10 20 30 §°
Time (min) 59 1 8
. L. =R <
24 h after X-irradiation T %‘
i v ATP C £
= 400 1 AMP 2&
5 © NAD* - F 0.5
e ADP
= ¥ 200 1 l l NADH l
[
<
o<
E 0 L JL ; 0 T T 0
T o 10 20 30 0 12 24
Time (min) Time after irradiation (h)
C D
5 -
wk 0.12 4 * o 7
*
- 4 L 6
=
3~ £ - l 5
3 32 008
o 3 € o 5
o g Tl oa
':( o ) i
o X Eg .
8o 24 el |
55 2] 23 NAD*/NADH 3
P E 2o
g~ £ NADH r2
= 1 -
F 1
0 - 0 T — 0
X-rays - - + + 0 12 24
Oligomycin - + - +

Time after irradiation (h)

E14. HPLCEZ FALVX#E BB ST D HeLa#ARA =5 [+ 5 FAPNAMP, ADP, ATP, NAD*AE S TS
NADHEIZx ¥ 5 E D EMH

(A)FEBBEH(E) BETM0 GyDXEEZBELTH S24B: /% (T) DHeLafila M S B{ON - K
BIZEHPLCY AT R 54, (B) HIFENAMP (A) . ADP (M) 7E5UNZATP (@) ELAECIE (@),
AMP, ADPESUNZATPE (FIEZERB DB EICK>THERLI-REHENSEH L=, AECITLL
TOFEKICL->TEH L= AEC=([ATP]+0.5[ADP])/([ATP]+[ADPI+[AMP]), 1y +SEZ 5
LTHY. Dunnett DIRFEZEITL. $HETHIBEZEI*p <0.05, **p <0.01 TRLTz, (C)X#REEHIL
T=HeLafRE DR NATPEIZXt 3 Boligomycin DTN . HeLaflifE 2%t L TIERBETAZ S TNIZ10
GyDXHRBH AT o= B #&(ZiE #h[Zoligomycingd2 ng/mLERDESITHML., 12B/MA 2
AR—KkL7-RITHPLCAICTHIRENATPED BIEZ1ToTzo FHESEZRLTEY. TukeyDHE
EETL. HETHIEEZE Exp <0.05, ¥xp <001 TRLI=, (D)10 GyDXIEBEMNS12B/ % E
KUV 2485 & DHeLa#AE DM AINAD* (A) . NADH () 2725 TITNAD/NADHLE (O) DZE
i, NAD*EELUNADHE [FIZ# R DA EIZL>THERLE-BRERIOEH L, T—2IFFE
HESEZFRLTEY. DunnettDIRTEZEITLY, HETHIB B ZE [L*p <0.05, **p <0.01 T/RLT=,

45

NAD*/NADH



UAEORZETIX, B N KBS AH K HCT116 #ifE, ‘B ANER K HPS11 #ijE 72
SN B MRS A 3K AS49 HIFRIC BV T, X BIBH#ZICI har R 7=
INF—RPFNEEET LI ERN RIS TS 1D F7- 0 BIEEM
triphenylphosphonium #FE AR I F 2> KU 7O R LX—REHOEE N LT
HHHRZ X D HISE 2 RS D72, I b2 RUTRIZEIT S5 =R LX—
R OMI A A > F o 7B DN A DT OIZEHE TH L FN RIS TW
% 109,

I har RYU TGO AT S BT, MIOBREEERITEER/NT A —
L —Th b, BFEHEROWEIIZ, M7 Z v 7 27 F 7 A4 F—=n3JK< Hn
HNTNDD, ZOFEITFEOCTREORIEIC X 0 it OF23E 3 42 7 T %
728, GFP Zhfhh & LIcdot R 2 B4 HMaiIhnic< nwz &7 o F
Y=L LTESEADMEHTE RN E VST RERH D, 51T, BIEEATOM
AR T 52 LN TERWED, EEMEICOWTHRERH 5, £ 2 TRIF
FETIL MRS 7 Z v 7 27 F T A4 B —DOREE L LT LiNe-BuO % AV 7= ESR
FFXR AN —ICLoT, ML _XVCETLHI hary RY TR AT A—XH
—iMiEZ L LTz, ZOFEEZHNDZ T MANT T v 7 AT 74—
ERERD I =y RY TR AT A= =207 Bio, BBERE <, D7
VWAIREE (7.5%10* E) THRMEAAIRE TH 72, S HIZZ O FIEIZIE, GFP O X
9 IRAE AR B LI MRV C O OB DB AT D 2 L 72K pOy D
KHED LI FEE ICIE TE D L WO RIEDR H D, FTARTFIEITREER TOH
EDTD, MRS T T v 7 AT F T A B —TITR T < WIFIER AL O JE A
G CHDHID, MIEHEOMIIRC A 7 = 14 RN AR O FZEEERIC
DWNTHFHMAFRETH D,

Z DFEZE Tz HeLa i, SW480 #lifld, A549 #lifld7s & ONZ MIA PaCa-2 ##f
faod I hay FU TS, X BRE#ZIZI har RU TR T A
—Z =N EFATHZEBHALNIR T, RIS, MIENO I ha s RUTHE
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HEITMRES R LT, GLH#, SH, G2M #IDIEIZ L35 Z & B3
ENTWD 4, BEOYBIFIEOMIE TIE, B A RS Lza vz
THIERI S HERERIZIC G2 T = v 7 RA "SRR Z Y | G2 MO HIfa DERE
MWLM, I har Y TEOEN, I Far FY TIREMO LA ATP
O 5NN ROS O _EFHPNEERFR Z 2@ L Tns 192 K
I TIE, T har FUTEDOHINIfE->TI b= R U7 ETC OiEME L)
Tl REL, T har RUTHR AT A= —DEZMEYS 720 DI h=a
R U7 & THIIE L7z, € ORER. X #RIRE 1 O DX IR RS oM o8 & (7]
BRETHZ b RIS, XBBHAEZO I Fas B U 7R oFEEE
Fay R 7R B SRR OIEMEL TIER<, T b2 RUTEOHEIMZL S
HDOTHDLZENHLNI ST,

Fiz. R TIE SQ BEL W Fe-S 7 7 A ¥ —~D X M D24 IR
IZB1F D ESR VEIZ L » TR L7, HeLa (KR ESR HIEIZ L V. g=2.004
BLWg=1.941 O 7 F i Gbiiz, X BEHHNT L - T g=2.004 O 7 F )L
FEIZ EF L7, g=1.941 7 T A X —IZHOW T IR b 72> 7=, HeLa #l
RlZ BT D~ A 7 vl BB KT D Aufn 3k (K] 8)<° rotenone ZLEE (IX] 7)™
FERND, g=2.004 BLW g=1.941 O 7 FLiFEzNZENI Far KU 7o SQ
BLOT7xz L RXL U FATDFe-S 7 T7AX—HKTHDLERELE, Fiz,
rotenone ZLERIZ L5 T SQ D> 7 F VBN A U, X ARG X 28 s 76
Nl ipoz @7, EHIZ, S b RUT7DNADKEIZE DI har R
THERER 2D P M VT, SQ TP W AN bar FUTHRTHDH Z &
R L7= (¥ 10), De Jong 3 L TN Albracht =° Burbaev 5 1% & DL & Hig
L7222 haar R 72T NADH OEHIRIO &G (10 ms~15 s)2% g=2.004 D
SQ DY 7 FINVFREIL LA SE D0 g=1.94 D Fe-S 7 T A X —(ZILHENR /N T
L. SHIZZONADH 2L D SQ ¥ 7D EFH- D rotenone MLFRIZ L - TH. 5
N B2t HRELTED %29 SQ OFHEIT complex I & EF /2 Ln
BOS LTZBEOHBUATH S Z BRI TS, ZIh ORESCARIFIE THIE
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SNTRERNE . X BRES D 24 FFEZICI 2 FU T ETC IZBWTET
DPWHEFRIZ IR o T Z EDBRB SN, L, =T 2ADLBIZ T 5 i<
OFIE & W o 72Dk A b L ZREETIL Fe-S 7 7 XA ¥ — D8k A A4 3@k
52 LIZE 5T Fe-S 77 AX—DEFBENENTHZ LS > Burlaka &
(X, T v MO EJE W O BRGSO BRGNS L0 | I, OlEZR S ONS KB
FARED g=2.00 BL N g=1.94 DL 7' FILIZBWT ESR EEMEMNMET 45 2 &
ZRLTVDIZHED LT IRBIE CTIL Fe-S 7 7 A X —D v 7 F LB IL X ##

DB L TR no T2, NATBRIZIBW T, JT4E T lipophilic TPP #5E (A LA
(2% metformin, MKT-077 72 5N T/ Ki {72 &, I b FU T 2fER & Lz
HIHAEH STV D 489 REFSE T, Hela fif~0 M10 A2 L - T
SQ kD v 7 F NABRENRL L, S HIC X BMIBHIC LDV 7T AsiED L& ¢
M L7z &b, MI0 XX b= RY 7 ETC OFE O &2l 25 2 &2
RN,

AR T, XTI AKID L 5 72 DNA 154 5] &k 2 934 2 Mifaiz
BT 5 & BIEHEDO I F 3> KU 7 ROS 23 A L 131527, 36,37, 39, 44, 45, 64,79, 83)
Z D ROS FEATT R b — T ACMIa AL & BIE L T D H 2k & 22l ld bk T
HINTHD P, 12 TRLEEDIZ, BB EOI Far R Tnb
? ROS FEAED F5-73 HeLa Ml TR 7223, IEEEE(EH T 5 8-isoPGFa,
B LN 5-1PF2o-VI 1L X BRI 2 5 24 Ffff#% £ TEIZR. o Ze o7z (K 13E
BLOF), K 12BIZRL=L91Z, 2 =2 KU T ETC complex 1 OREEHSIT
& % rotenone A MIKIICALEE G5 & I h= KU T ROS EANBHIML, X#RE
rotenone D HFF TIL X HIZ ROS FEAENHIMLIZZ 6, ROSIEI har RY
7 ETC complex I 2> HIRIVIHTZEF DR F LIS L TEAEASINTEY | X#
FREHC > THIIN9 5 ROS 28 complex 1 2> HEA L TWVAD Z EAVURIRE -,
13G BELUH £V, 8-i50PGF24 35 & N 5-iPF24-VI & rotenone Z ALE§~ 5 &
ABEITHI L7212 b 2000 63 X SRS OMla TIEZ IR 5Nz 7,
ZOBRIT, M ROS DIREA X MRS S A 7ofild THEREK L v TH 5
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Hrais, MRNO TR L E A L OB LR 2 B < T2 DIC 43I FE L C
WHZ LERBL TS, —J5 T, rotenone & X FROPEHLELIZ BTN
? ROS 23 EH LTV Z LTI L Tk, JilgfbAllc L > T ROS ZIHEL &
T, BERBRERNE Z v | BREIRE O Ul metE N & 5,

AWFFETIX, WEOHRE & [FRIZERREE R (X 4)°° ATP PE4E (K 14B)7S X
PR 20 6 24 RERIRIC BAT 5 2 L 2O MIT LA, ZDORERIC AEC i X
MRS 0.76 05 0.86 D] T—E Th o 7o, AW 725M4 T OMfE Tlx AEC
fE1% 0.7-0.95 DFIPHNTH Y 217 Z OfEIT rotenone ALBE, KEEFEIER & TN
R MR AESSE D = KL X — DN D D B ST I BV TR 2 FR
WS TND #1008 X512 X #IRE#(Z NADH &IZZ(RIT A /e
ST, NAD'B LN ATP &I ML T\ =2 £ (X 14B B8 L VD), TCA
[FIEE E L <V OFEEE - B O NADH OHEA X RN Z b+ Th D 2 & AR
B, ZHHOREEND, HIFEN NADE KO ATP 7 — L O KR RS I
X DEINE, AR AR A A AZ VADTE TR I > TWDH I ERENT, &5
2. B METSZARAS AU SE NQOIT il (PC-3. DUI45 72 & NI LNCaP #ifR) iz $
T poly(ADP-ribose)polymerase one (PARP1)IC & » THHE SN DB ERF IC L D
NAD B L' ATP &K TR IC L D7 v — 2% B SE 550
W SN TND720 P ZOMSHRE %D NAD L ATP 7 — /L BT
R R % O DNA JEIxE ™ 2 BIGE CTh 5 ATREEN R STz, 202 &
725  NAD'B LN ATP 7" — /L O #R AT K o8N BEs 2 I h= v R Y
7 ETC H§REZS . 23 A DFEBIBIR DIERIC 22 V15D 2 L 3R S iz,

DS AUKBREZ 33 1T 2 fRbE R DU RIS T DWW TIE, Fujibayashi H723t kK
25 AUHE S LS180 HIIEIZ I\ T 30 Gy D X BRIRS 725 3-5 B[R4 (2 fiihs R B d i
{5+ [glucose transporter protein type 1 (SLC2A1)E L A~ F Y FF—F B L O
[*H]-2-deoxy-D-glucose DHLY IAZMN EFH L TWAHZ EARLTWD, ZONH
#RIZ & 5 [PH]-2-deoxy-D-glucose DHLY iAZ D 51X, mRNA (actinomycin D)5 &
W& X7 B AR (cycloheximide) Dl 7 DILFIC L > T L7 Z b, 7
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Na— 2RO EFITBEFORRAEZT L THIEREISNTND Z &R EN
TW5 2, JEFTIE, Wang 6L MRS A H 3K HepG2 e s S OB H
3 HMCL-7304 HBAIZIUVN T, 2 Gy @ y fRERE S 4 Bl 7 va—2 6 Y
VEE, BRI DT T =0 N ERT L2 L AME L TR BRI X o
THIRVE O HFEFED ERA BB E R Z SN TND Z EARBENTND M,
L2rL., B 14C TR L2 L 912, oligomycin LRI K - T X SR HIC EH L
7= ATP FEANSERICIfI SN2 L b, X BRREZIC EH L7z ATP 133FIC
F=z2 R U T ETC @ complex IV IZH1F % FoFi-ATPase/ATP synthase 2R Td %
ZEMRBINTND, ZHOREN D, HeLa M2\ Tk X #RIRSHZ &
LR DIEVEI L, fEFERICIRIT D ATP FEADLR QATP/Z/ V3 — R 1 4y
FNEELEY U VBB (36ATP/Z /L — A 1 43 )Ll LT TH/NE W,
BIRD ATP FEAIZZIUZ ETFE LT RW T &Rl S u7z,

F LD &, ARAFFETIL HeLa ff~D 10 Gy @ X #RIES 5 24 FEREIZIC
OCR, ATP &72 65 NI ROS FEADHMMB R 6722 &inb, I har R 7
REDNEM (L L7z 2 E R iz, 20X by KU 7 OIEMHEIEOERIE, AEC i
X° NADH (I SEMEOHIPE T ETh o7, S HIZ, ROS EEADHEMN RS
NIz X5 24 FEZ CTH T 7% RUBOWMB(EHm TH D F2-1 V 7'r A
H U EIZEIE R oot 2 b BRI ER LI b RY T
KD ROSVFAEMBEIZENRREEL 52 N2 EAVRBE SNz, LLEDZ &
5. XMBHF%DOI b2 Y7 ETC OFEMACIT SRR IS S T 2 #IG0E Th
. Z DB ENTD DS BIBR ORI L 72 0152 2 LSRR STz, £z,
AWFIETHENL LT ESR XA R —{EIC KD I ha v RU TR AT A—X
— OFTHFHnELHE L~ L OIRIE T O ESRICL 2 SQ BL W Fe-S 7 7 A X —
DOFAMIEIL, 23 A DI FERIER K OSHBRIEICE T 5 I ba v RY 7 2458
L LTEHROREEEZ ROT 5100 AMRFIETHD 2 ENRB ST,

FEIENED ROS FEAE & IEEHIMA~D X SRR D ATP FEAE DI O EffE 7R A
H=R R GENCT D721, 2 hay RU T ETC 720 Tlidze < ik R,
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TNHE Y AR 5N TCA 81 D = )L X — R O K RS2 O FEAm 23 &4
BETH D | RO BRSNS B TR 21T -7,
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5. /MME

ARETIE, ESR AF A MU —{EZHWIHHLO I 2 R Y 7 R RERE
iz L. BDAMROI = KU 7 ETC O3 F— @zl E Lz
RIS S DRI 21T o7, #ix7eI ha vy KU T 2R L U735 o WEr |z
£ o TIEREMEWL . ATP (RAFIFNE, 7’0 b U —2 | S RIPIR ., TR RE 72 & OF
W bay RYUTIHEGRERD 6 DO hay RU TR T A —H—%155
Z DR, 2D EAEHWT HeLa Mifiod X k= KU 7 RER O BURBRIG
AAHBL72E 2 A, XIS 24 FERRIZICI hay R 7R AN A —2 —
T EALTWE, &6, 2O EFITMaL720 O Far R 7 EOHEINT X
HHDTHDZ ENHLNTI 5Tz, F7o, MKIRERME T T HeLa flifa> ESR
ELY, I ha FUT ETCIZBWTCETOZITELEZIToTND SQ 7Uh
WEBED Fe-S 7 FAX =Dy 7T NVEMHERT HZ ENHKE, X BRESEZD
HeLa ffTIZ SQ 7V HNMIFZ ERH L TWZbDD, Fe-S 7 7 A —ITB{LIT A
B ol=Z Enb, X BIBFHZRICI Fary FUTIZEBITFAL Ry 7 ADR
PR & T\ D Z LRI S LTz, £z, MK ROS EHEE & DRIGIT & -
TH U D RERBILD OFM 21T 5 72912, LC-MS/MS IZ X H2MIBNT 7% K
VEE DMLY D 8-iso PGFaq 3 £ O 5-iPF20-VI ORGSR Z 7l LT, D
R, EEb0aWb X MBS % IR & OETR SR Tz,
HPLC {£% W7/l AMP, ADP, ATP, NAD'72 5 (NI NADH &OHIE T
X, ZHE TOBE TIIHHBRIC L > T ATP OHO_EFJHBHL NS> T
B, ARBFFEIZ BN T X BRERFHZ L - T ATP O #7253, AMP, ADP 72 5 NC
NAD'2S E5-L, NADH IZ—ETH D Z ERH LMoo, S HIT, =x/LF
—FEE (AEO)ZHRMT 5 &, BFZLEITR LT, AR ST oM
fa LR~ ThDH 0.76~0.86 DiEZR LTz, PLEDOKEEND . MR %
DI b3 FU 7 ETC OIEMHALITHES IR T 2 BN E Th D 2 & DRE S
i,
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<>
ESR £ % FN 7= Al e Ah A bosk B O F R FEM L O RN 6 L OY
FIEHE R D F SRR D REAM

1.

=11
=D

—EHETHBRR LI, DAMBIZ= VX —ZEAET D01, ABFET
ZhHho>THI hary NUTEHRER ETCO)ZMES LV b7 va—2AnbAER
N EBHA DRBEIMKIFEL TN D P,

Z DDA BT DR DTTHED A = X AZHOW T I E TIZE <
DWFFED 72 ST E TV D, BRI, FFIEDS Aoy BEEDS v, FLs A 72 B TRNC
ffims v thd & LI < OB AT, MIREEEZ A LT oV a— XA DEEAT )
sz X7 CTd % glucose transporter | (GLUTH)DFEHLN EH LTS, &5
(2, & MELBR EEGHIIE HMEC & bl 9% & v R3S AUk MDA-MB-231 #ilfid
725 N MCF-7 il Tl e Ve v e ik~ & B+ 2835 O lactate
dehydrogenase A (LDHA) <> %L1 % il ful S 12 HE H 3 2 g o5 & > X 7 /5
monocarboxylate transporter 4 (MCT4)DFEHLA LH LT\ 5 Z & vlE S Tn
% 30, Fio. ZOBARERN T H D ARRER O TUHEE U R IA R OFER) &
THRAAEEZINTEY, flZE, & M FESENAHK HeLa M, B Pt
JEZFIE >k U3TMG a7 & NS B B IR/ 2Y A H Ok NCI-H460 i (2 350
T, Ihva—2Rzr7na—2A 6 U U BIIERTOIMATHL~AF X —ED
PRI D 2-deoxy-D-glucose ZMLEET 5 & | FAHHR O BIERH R OHERMN R 5L D
ZEMHESHTNDS 3B Lanl, ZOMEHREIE A B = X L OFEMIZ O

TIEH B DNTIER o TR, BIECYMIEED 2 E TOREN S | X FRHH
BIZI b FU 7 ETC BMEMAEL TV D Z EAVRIBE LTINS 102100 L
LR, DA TIIY — ATV TBRNEZ > TWDH 2D, BADIRIEIZD
WTHISNZT 2720121F 2 by KU T ETC O 7e T ik R O B RIS
IZONWTDOIFRLETH D,
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TN a—ARKOENE NI LB I, Z OIS~ & HE
HEnd &, ARHED HIZ L > THlEs o pH IZIK T35, 20729, #ila
AEMALIEE X 7V 2 — 2B W THERRXT A—F2—Th 5, Fllust pH
OREZ DN TIEIER W E R OMRIE & RIS 7 T v 7 AT F T A F—»
JRK WL TS, L LE—ETHIR_= X5, Ml 7 v 7 27+ 7
A VP —ITHH Y VR T BEFEBL LTI 2 BN e, R A Mtk
BT D EDRRETH D L VWO REDR S D, £ DT, ARBFFETIEMIEst
79I ATFTITAPF—OFROREEM O NEEL LT pH M7 n—7 T
%) % 2-(4-((2-(4-amino-4-carboxybutanamido)-3-(carboxymethylamino)-3-
oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-dihydro-1H-imidazol-1-
oxyl (R-SG)% HV 7= ESR {EIT & 2 MRS BRI Lo B O FEME DL 2 BN & L
2o ZHNETIZ, RSG % pH 7o —7 L LCTHWEESEET L~ T AD
in vivo =¥XJG pH ¥ v B2 ZIZOWTIEHREDR 2 STV AR 39D i L
T BN TIEIRTEFHIED HENL T E TV RN | AWFFETIEL, Ml L~z
7 B HRass pH OFEME 2 fESL L, 70 2 — ZRGHT XT3 D U RSB OB D
Rl A T o 72, SHIZ, Zha—ARHOBELE LT, Zva—XA0ELARTH
% 2-deoxy-D-glucose (2-DG)DHX V) IAHLFEAMR, 7 /v 2 — A O HMEEW & L
THEHH SN D AR D PELEEIZ DN T OIS BSE DO 21T - 72,
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2. MEERXOT5E
2-1. W

2-Deoxy-D-glucose |% Wako Pure Chemical Co.7>5 AF L7, MitoTracker Green
< Thermo Fisher Scientific 7>5 A L 7z, 4-(2-aminoethyl)benzene sulfonamide
(AEBS)iZ Sigma Aldrich 7> 51§ A L7z, 2-(4-((2-(4-amino-4-carboxybutanamido)-3-
(carboxymethylamino)-3-oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-
dihydro-1H-imidazol-1-oxyl (R-SG){% West Virginia University ¢ Valery V. Khramtsov
Hi 72 b ONTALHEE R ARG E A AR TR O BB 2 & TR 772

Ay

2-2. MRk KONGRSk

b M FESS AHCKE HeLa M, & R R AR SW480 M, t ki3
AR AS49 MR 7 HONZ B b NS A SR MIA PaCa-2 fllfd 085212 1E, 10%
fetal bovine serum 35 X T8 3.7 g/L NaHCOs % & £» DMEM 8iHiZ2 Hv 7=, ffifnid ™
F—H =T ¥y A U F 2 _X—F—(ZT 37°C, 5% CO» 514 F THERF L 7=,

2-3. X HRIR S

X MR 1X, X-RadiR-225 ZfHH L, &%/ 200kVp, EEW 15mA, FRIREE
B 650 mm. 1.0mmAl 7 ¢ /L% —Z% T 1.37 Gy/min DFEER TITo72, X ##
BTS2 —o 7 —7 Vv EICifaaE S, RS TN HERTITo 7,

2-4. ESR 73 0GIEIT K % M oAb EE o0

RSO pH 1L, MfFERIC= s X v T A0 pH ES A Y 7'r—
T THDHR-SG (KM 15A)ZHIL., #FHiziT 72, 2D R-SG X (¥ 15B)IZRT
L9z, 7a hALBRL L FET v b AR O B2 2 MBIy SLE SR A R pH KT
D ESR A% b VEIRT,

10 Gy ® X #a M LT b 24 Brf oMa 4= L, PBS T 3 [EI¥ES L
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7zo HEREIX 2 uM R-SG 8 & Y 2% dextran % 1 €9 0.1 mM tricine (28 <72, 7
Jba— 2N B U 72 RS R M L EE 2 E L CWD 2 & 2D 5729
(2, 7 a—ZRENCBRE L7 i3E A NN L7 4 FE OB RE Lz, B
BN, 1D EIE, BRI ZOUE L T ay e —uiiia, 2 o BIZfER O
HETHH I NVa—A2 Q5mM)ZRIM LM, 3 2HIX25mM Zva—x kb
I b= KU T ETC @ ATP synthase (Z351F 57 1 b > Oyt A% [HE T 2 3HIC
& 5 oligomycin (1 pM), 4 D HIE25mM 2 /L2— A 1 uM oligomycin 7 & ONZ
TN A—=ANE T A—A-6-Y VENEBEMT LR THL~AF Y FF—ED
PREAID 2-DG (100 mM) & L L 724l Td 5, A3 A5 Te 0.1 mM tricine {2
7.5%10* fE DAL 2 R S, HIE PRI MR FIRRBIC 2 2 Z L 2B ST
IZHAFBEETH LRI AF AT o #MoFy BT U — (N 90.76 mm)iZ
HifE 2 B A L7z, ESR JIEIZ -2V CTlE JEOL-RE X-band ESR #57& A (5 L | 1R
2y hr—7— (ES-DVT3)%& H\ T 37°CIZHERF L CHIEZ1T > 72, ESR /37 X
—Z =3, A 7 m R 1 mW,  R5ZSR)E AL 100 kHz, 525 IRRIE 0.1
mT, BiR5IHE £2.5 mT & L7z, ESR A7 KL Of#ENTIE Win-Rad radical
analyzer system (Radical Research, H 5% F\CT1To 72, pH IZXxIT 2 EMRDOIE
DT, 10mM U /Ny 7 7 —% 0.1NHCl % L < 1% 0.1 NNaOH % v
T4 pH IZH P, ESR AT MAZIG L, 1 KEDES1D 3 KHDOESH
D REHE SRR ZER LTz (X 15C),

2-5. 2-Deoxy-D-glucose (2-DG) D H V) 1A Z»

A% 35 mm dish (ZFEAE L. X RIS 5 24 BRI 12 40 nM (2.4 pCi) [1,2-
3H(N)]- 2-DG)ZEe iz i L, #ilaz 20 43ff. 37°C, 5% CO &4 FCTA %
2=y gL, TO%, MEAEH PBS I mL T3 EPEFL., 1mL ®0.1N
NaOH T fif L7z, 10 pIFHE L7-f%, iR L7ofilaz S 7V ic B L,
 ZAZHAL v F L— & —AQUASOL-2 (PerkinElmer, Waltham, MA, USA)% 5 mL
Mz T, WK v FL—var v Z— (LSC-5100, HALT7 1k, W) T *H
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WHED BRRE T T L, AN ERIREIC L0 BEHEE (DPM)Z R 7,

2-6. RS FLER O HE

AREAMZHEH S 7= B O P E X, Lactate Assay Kit II (BioVision Inc., CA, USA)
ZHWT, WEEOBHEFINE-> TIT o7, #ildZ 60 mm dish (CREREL ., —WE
A Fa_X— Lok, Xfa RS Lo ER IS A 28 (SmL) L., 24 FFff#
(B2 B A N L=, 96 /X7 L— hT 50 IR L= g% 50 ul &%
L. FLRRBERIEE 50 uL Mz, 30 =R TA o Fa— L7, AL~
VX Victor Nivo™ vV %€ — K7L — F 7L — [ J —%— (PerkinElmer) %

VT 450 nm OGRS 2 RIE LTz,

2-7. WERHEAT

BTOFRERIL, D7 &b 3 BIOMSL L7 FEBRD b FHHERERFE (SE) TR
L7z, #EHENTIZ. Student’s rtest & VN TIT-o7=, P<0.05 THRIHMICAETH
D ERIR LT,
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3. ik
3-1.R-SG Z v 7z ESR AT & 2 e SR A b s B2 oD B 5 OO e S

FENE R Tl A& PEM & U CRLEED EEAE S, Z ORI HE S v D
ERIfESN D pH OIR T38| & Z SN D72, Hifush pH OFEME LR X7 L 2
— ZARHHZBWTEERNNT A =X —Th b, RIFFETIL, pHEZME T 0 —7
D R-SG V% AT HeLa #lifil O AR AR AL DJTE 24T > T2, N v 7 7 —ITIE,
W72 pH ZA LA HE 2 2 72 OICKEERE & #1272 0.1 mM tricine Z M L7z, F 72,
HE ISR IREBIZ 22 Z L 2P <Tewic, Milda AT LRy B
U —IZII A AFREDOR Y AF LT o (TPX)R-O L D &EEH Lz, 37°CDH
SMET TREFRFIFMEAEIZ ESR IE 21TV, 556072 ESR A7 FL &K 15C D

EHRNORMEE D pH 77> F L7z (K 16A), = hr—/LAlfaIZ
X pH OZAITIZ E A ERo T2, 7V a— AR L > TRIELD RS,
oligomycin ALHE|Z K - T pH OFEMALNRE L ooz, £ 21T 2-DG W7 5
ZETIOMMER AN 725 2 LRI, 2y b —/Ufifa & R E
F O LR EE 23 I S 72 (X 16B), 2D OFERNG . RFHIEIZ 7 v =
— ARENT & DS R b 2 S L TV D Z L AVRE T,

F 7o M ORRMACIIAERE R RO OPEH D HZ R B~ b —RA Y
FEIRIEES° TCA I DEA SIS CO, DFEAIZEI - THEIERZ S5,
Carbonic anhydrase IX (CA IX)IZHIfESMZHEE S 72 COx A3k Fn & T HCOs &
HICAME DB L TR TH D Y, Lieh> T, CA IX IHHlf
HDOFEMALIZE G L CTW A EERKFDO—2Th 5, AW TIL, CAIX O
SMBEMAL~DTFEIZ DWW T BT 5729012, MIA PaCa-2 fliflaicxt LT CA
IX OHERITH 5. 4-(2-aminoethyl)benzene sulfonamide (AEBS)% #LHE L 7= B2 D
IR B AL IR DR 21T > 7= (X 17), FOFER, 7V a—ZADOLFIE T THI
RS AL XA BT 5 2 LR asiiz, 202 b, MIA PaCa-2
A Tix CAIX 235Hifash D pH Z10IZH 5- LT\ D Z & AVRIE S Tz,
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3-2. X ARS8 AU 331 2 B SR 1S3 5 B O R

— B ZAVE TOMSE 021996 X BIBIRICB MO I Fa s R T
ETC 2MEMHALT 5 Z E B LN/ o723, TV 2 — AR O SIS BT D
WTIEF A ST 22 > TW WD (X 16 THENL L 72 #F-i{%E % HV T HeLa
AHRE, SW480 i, A549 Hifi@7e & NI MIA PaCa-2 fifid MR s ER P I k3
D X MRS OB LN L7z, K18 1ZR L2 X 512, HeLa Mifid, SW480 Hifia
72 5 ONZ MIA PaCa-2 FliEIZ RV TIiE 10 Gy O X BRIREH C 8 flia st et b
FEITIERRA O & AREE CTH 0 X BOEBITALNRNWZ L BRBIE S,
A549 HIfE Tid, oligomycin ALHEIZ & » T X AR ICHEIC EFITI L2 D0,
7V 32— AN O AMRIAEYEAL R FE 12 DWW TR D 2 D ORMIFEE & [FIERICZ
fBIXR 672 o Tz,

E 527 a— 2 O BEHRIGEIZOWTH LN T H72dIic, Zra—
ZHAAED 2-DG DML ~DHL Y 1A TR DM S~ O Pk H B D 7Tl 217
572 (K 19), 2-DG DELY IAZEIZ-OUW Tl HeLa M, SW480 #llfi 7z & NC
A549 MR DT OMIIKIZINT X BBHNG 24 FFHZRICAEIZ BH L
(4 19A), FLEAHEHIEIZ DWW T HeLa fifds L O SW480 Mifattic X #RH S 14
AR L (K 19B), ZADDORENS, v a—A b~ & A
S DRI DWW TR R IR IS L > TIEMEA LT 2 25, AR A IR M Lo 1T
ZE U EREZ XN &R ST,
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E15. R-SGZALV=ESRIZ&BpHDAIE

(A)pHRER Z2 80 —7J TH % 2-(4-((2-(4-amino-4-carboxybutanamido)-
3-(carboxymethylamino)-3-oxoproylthio)methyl)phenyl)-4-pyrrolidino-2,5,5-triethyl-2,5-
dihydro-1H -imidazol-1-oxyl (R-SG)M#&i& (Goodwin et al/, NMR Biomed. 27, 453,
2014), (B) pHKFHIZER-SGDESRAR YL, HFCIFI A B DIEES N S3AREH DIESM
DiERE (hyperfine coupling constant)Z&F{fiL 7=, (C)R-SGDRE R, /\wI7—IZIX10
mMDY) BNy D7 — LTz, HpHD /Ny T 7—IZ5xt F HESRA R k)L D hyperfine

coupling constant (mT)ZTAYkLT=, T4y T4 [image JIZTIToT=,
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I
5 /.00

A e Control B
¢ Oligomycin
A Glucose
7.60 A m 2-DG 0.040 ~
7.30 -~ < 0.030 H~
£
7 - 0.020 A
o
6.70 1 0.010 - '
6.40 T T T T 0.000 . ﬁ\
0 5 10 15 20 & o <;\<\ 96
©
(}0 6\\) Qo
Time (min) N

®16. R-SG% AL \f=ESRIZ &k dHeLaffli i D #IRE 41 Bt 1L BE DI T2

(A) HelLaffifA7F7E TIZH11537°C THREFFHIIZESREBIE LR DpHD B EE B LD E
bo 71Xy T77—&LTO.1 mM tricineZ{E ALz, #IfAL/\vT7—DHDHAE (Control).
25 mM ¥ JLa—XRZEHNMLT=HEE (Glucose). GlucoseiRXFH 1 puM oligomycinZiZNL 7=
#ARa (Oligomycin)ZE 5 TN ZO0ligomycinik$4(Z100 mM 2-deoxy—-D-glucose (2-DG)Z 7N
LT-#fE (2-DG)DAHAF D AIEZEZIT o1z, (B) (A) DEMHRDESHoEH LIS B
LR E (pH/min), T—2E3E DI LI-EERDFH+SETRLT =,
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0.050 ~

O Control
®E1 mM AEBS
0.040 A
**%
0.030 A
£
£
T
S 0.020 -
0.010 A

Control Glucose Oligomycin 2-DG

[ 17. MIA PaCa—2ffif3I=35 I+ 5 a5t Ba i 1 ~ D AEBS D F 8 0 BT

Carbonic anhydrase IX (CA IX) D [H E #| T & 5 AEBS [4-(2-aminoethyl)benzene
sulfonamide)]Z LI L f=FR DMia PaCa-2#Hfd DS EEMEILERE . B : FEFIKRNE
avka—/)LHfE, 21 mM AEBSEALIEL TH D240k DML, T—2(EIRIILT =
EDEERDFH £ SETRL -, METHBEEZE(L #%p <0.01 T/RLT=,
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pH/min

pH/min

0.060 A
0.050 A
0.040 A
0.030 A
0.020 A
0.010 A

0.000

0.060 ~
0.050 -
0.040 A
0.030 -
0.020 A
0.010 -

0.000

HeLa 0 Control

mX-rays 0.060 - SW480
0.050 A
= 0.040 A
E 0030 |
:'Q:. 0.020 A
[m 0.000 i
Control  Glucose Oligomycin  2-DG Control  Glucose Oligomycin -
A549 ]
o000 . MIA PaCa-2

0.050
0.040 A

€ 0030 -
0020 |
§ = a
== |
I—X—L 0.000 "

Control  Glucose Oligomycin

pH/min

Control Glucose Oligomycin  2-DG

X 18. @< OHIRAIZEH T 545 BRI LEEANDXRBHORE

JIWLaA—ZAKBEB IS,V R 7EEREZ RN DO XRS5 DHeLaflifa .
SWA480HARE. A549#AI%E 5 TUMZMIA PaCa- 2%5@!‘&(%%@%@%‘&&@;0 B X#R
JERBETHRE. 2:10 GYOXIEZBE L THS24EMBER O, T—2 (XL LT1-3E
DEERDFH ESETRLIz, METHWEEZE(F*+p<0.05TRLT=,
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O Control
m X-rays
8,000 - N
w0
©
g o 6,000 A
8 3
o «
S5 X
o J
8 :‘ 4,000
=
a
2 2000
0 .
Hela SwW480 A549
B
5.0 - O Control
* m X-rays
_*
~—~~ 40 "
22
38
< .
%8 3.0
Q X
< Y
© 0o 2.0 A
SE
1.0 4
0.0
HelLa SW480

K19. {2 OMRBICE T HBERNDXREBHORE

(A) 2-Deoxy-D—glucose, [1,2-3H(N)]-(2-DG)D HeLafli . SWA80#H %L 5 TN [ZA549
HEANDOEYIAAHZEDFTHE, 10 GyDXERE R TL TH 52485/H1% O MO EE i
2-DGEFHML. 20312 Far—LI-RDMEAN2-DCEZRAE L FL—ay
hoA—%#FRAWTEEMLT=, (B)HeLaffii@$H & UASWASOMEREIZ & 1T 5 MRS~ DL,
BEDBEHEDETHE, 10 GYOXIREBELI-ERICIEERHEL., 248FREZ D thoh
DIBEDREET otz T—REIMIZIL =3B DEERD FHY +SETRLT =, #ETH

E E1d*p <0.05, *kp <0.01 TRLT=,
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4. HE

DX AARBRE D = RV X —FEA I TFRFER DB Ch HFEN L BTV D %),
ZDI=, AFETIEI b2 KU T ETC &7 59, 7 a—AHHTd
D BRIG A QR b 1T > 720 72 —ARBORENRNRT A —F—L LT

2T B ID O MIRANEETEEE THh D05, T OMRE/MEEME LR E IOV T

AR R OWE L RIS 7 T v 7 AT F T A4 F—=RIE< Hn b T
5, REFFECIIHIESN 7 T v 7 AT F T4 P—OREEE LT, pH &z
17— R-SG %\ 7= ESR {EIC K 2 MRS I A B O RFAMN L A ffe Sz L 72 (X
16), ZNva—2&EWPWNT 5 Z LI L > TSR 53, oligomycin ALEEIZ X
S TEEMALIEEE DS - L 2-DGIRINIZ L » T Z oMb 3 imfil Sz 2 &b,
ARFHMEZ 7 Va2 — 2R A KL TWD Z EBR STz, 2 OFELE H
T X #RHRE % D HeLa #Hfil, SW480 i, AS549 Hifid 7z & ONZ MIA PaCa-2 ffifid
DR EHALHE 2 RE L7c & 2 A, FERST & i U TH 2T R 6z h
-7 (X 18),

RSt O pH IXIE 2288k Tl 7.4 fHETH D DTk LT, BAFERETIX 6.8-
72 L IEFHMRRE 0 LBEOHEEIRD Z ENHEIN TS, Zhuk, £< 0
23 AUKIAR A IE & AR & i L C GLUTI, LDHA 72 & ONE MCT4 1k & L T-fif
BERICBE 5322 X BORBO ERIZ X > T/ a—2[E»MedE LT
L7, Zva—ZAHKOARIC L > TR AMEOMSERE L 5] ZifE Z S
NTHWINHETHDLEEZ LN TND 305, 7L a— 2RO R R G % O
[EHALD A T = X BIZDOWTIIHA B0 72 > T 722025 B MELDY A H R MDA-
MB-231 FIHEIZ I T, SRR 212 7L a2 — 2 DY SABSCHLER FEAE DY 5
L. ZN eI N a—ZDOWY ARG T D2 /7 B TH 5 GLUTL O
FEN EHATHZERHESNTND 1, ZoZ &t RIFFETHEIZES
T R 2 D 7 0 2 — 2 OIS L GLUTI RBE EFICX 26D TH
DA REMED B Do ETCAMIZETIER, X BRIRGHC K o THEAD B L2 b9
30 BTN AT Z LS L S e o o, BRO—D2 L LT, AIFFEIC
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FVNTBHFE L7z ESR 2 K D RHIE DKM S . X BRI D21 /L b7 )
STEAHEMEDR B 2 HIVD , RFHIEIZ DWW T, Tk b A E Iz ik
SMEVEALHEE DORIEIZIRS AN TW A7 7 v 7 AT 74 F—& D
AT O %, SOROIMFADPMETH DL EE X D, S HIT, HLEBOMIZHIFuA

B AR T & LTERERIY VX ETh D CAIX BT b5, CAIX
1% COy &K F % HCOs & HINE BT HEERTH D . Mlflash pH OFIEIZ B
HELTWD ZLBHLMNIR-> TN D, CAIX [ZETEMHE CHEICEHAL TH
D, THRARDORZHI~—I—IZR0BLZERRINLTNS P, b FNEES A
H13k 786-0 Ml CTix, CAIX @/ » 7 7w bt L  (ZPRFEHI O M7 CHU#E
MR EHT D2 EDRE N, E OB OREH LA IH S D Z & bR
BINTWD M, RBFJETiE MIA PaCa-2 flfRIZH51F 5 CAIX FLEHAID AEBS 4L
HIC X - Tl b A EICIH S Z LRSS &b, MIA
PaCa-2 i Tl CA IX (ZHIMESL D pH OFEIZ K E < BIE L T\ 5D Z L AVRIE
N7, SRIT. BEHRIBEZICEB T 5 CAIX OMIfEs pH ~DFH 52OV TH
BRET 2B DD LB XD,

AMFFETIE, HeLa A, SW480 A/, A549 Mifii7g & ONE MIA PaCa-2 #lifid
AFEHON/ARIZB N TE -ETIEI by N 7R, KRETIL7 v a
— AR DO BB BN DWW TR 21T - 7225, A549 i <> MIA PaCa-2 #fifid
XX Fa v RYTIER NG A —2 —RNEEAIRVMEZ R L2 2 &0, SW480
AL 27V 20— ZEINRE O MR AR L EE . 2-DG DHY A& 72 b DN HLER
PEH B O X SRS OBIE 23D 2 FREH DO 23 Al & Hbi L TREW T &3
RENT, 73— AREHT BV CILEREA 2 Hl#E 3 5K & LT pyruvate
dehydrogenase (PDH)*Y<X°> LDHA??NEHETHDH Z L /rEI T\ 5, PDH (3t
N U PEET BTV CoA IZEMT Hl#52 TdHh D, PDH 3EMEMT 2L I h=aw
U7 O TCA ERICHIESND BNV E U ROEDN B5H L, PDH OTEMENMEV &
EILE D BB~ DOEHNIEINT 5, £72, LDHA ERIE D@y | Bre s
fez e~ L BT HMRETH D, TNDOFERITMMKRIZ L - THREAEN LR
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STWND Z &b 3219 ARl O OFREE D&, PDH X° LDHA 78
B L TCWD AN & 5,

F LD E ARFRIZEBVT ESR 1EAZ AWMl L~ sk 1T 5 iEss pH
DOFHLOBEIENHENL TE T2, RFIEIIE —F T L7 ESR A% v A hY —
EIZ K DPER T A — & —DFHlik & FERIZ A 22 WHIRE CRIE S FRETH D |
M =7 7 > 7 AT F T AP — L i L T BB 238 L7ZMRic >V T
M FHER TE DFIENH D, ZOFEE VT X BRI % O Mo/
SIEPEAGERE 2 IE Le & 2 A, RIS ofin & b _XCE T o T, ZD—
7T, 2-DG DIV IABRHBEFEAIL X SIS #ZIZ EF LT a2 &b X#t
FRSHC & THRBE R DNEME(L T 2 2 S I3oRIE S L7228, MM AR L o it 1 &
RN R N, DD, AW CTHESL L7oMlash pH OFHIEIC DV TIES
SRR DRMPNLETH D EEZD,
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5. /MME

AREE TSR OB SUSE I OWTORF &2 T2 72, 7 v a— A RE O
L LT, pH MY 1 —7 R-SG Z IV 72 ESR VAIC K 2 8Hl o/ la st et
W OFHlEZ FICHNL L, RETH D 7 a—2ADRINC X > TERME(L
DB, fEFER DILER]TH 5 2-deoxy-D-glucose DALFRIZ X - T Z DAl
DRI SNT=Z &6, KRFETIZ NV a—A R EKMTETND T ERRS
iz, WS U7 FiE% M T HeLa i, SWA480 i, AS549 Mifi7z b TN MIA
PaCa-2 il DML SMEIE R EE DN RBICE ZF M L 72 & 2 A, X SRS #% b
st o pH IZZE LT R b2 inoTe, —H T a—A0EUKETH D 2-DG
DY IALRLFLIRPEAI SV TL X BB RIC A LTV D Z &R S Nz,
LI EDFRERD D X BRREHT & - THHERNEML L TV D Z &R ST,
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<HRfE >
WH L, BRI R RE CIE = XX —EEDO Ky % I ha v
RUT7EARESR BTOIEFEL TS, — B AMIE T, RN+ H -
THTRNVF—FEEEZI Fa v U T BETC &0 biFFERICIKGFE L TWVWD Z &
JIRKFBNTND (V=T N T7R), LU, FEOHETIEA AMIa~D
X BBHHZE > TI Fa v RUTHERET 220 bar RY 7HEAO
JUEZ > TS AR O S RS2 e S B35 Z E A O R > TEY
2 by B U TSGR OO EFICB O TEE R &ZEZH-> TV 5
AIREMEDS RSN T WD, D7D BDAMIRIZE N TS I h 2y B U TITHG#H
IBIROIER L 72 05253, BRI 5 b2 KU T ETC O&EHEIZOWT
FIARARR B, £ ZTAIFETIE, T ha FU T ETC 29l & L7t
MISBEOFEMEH DT D202, T by KU 7 —R#OFHRE
fiEZfEsr L, 2O HEEZ AW T X AR EORHISE OFHE 21T > 72,
BB T, BAMIRICEIT S har KU 7 ETC O 3 bX — R o filch
BISEICOW Tl 21T o 72, BT A LB (ESR)EA AW BENE RO
WELFEx 72 by R TEORELZHAGDETFHHOI ha > R T
WHSREREATIE 2N L, X by R U T REIRASAE O S BRI B DR 217 - 72
HeLa i, SW480 ffifid, AS549 flifid7e & NI MIA PaCa-2 Ml ~0 X #f FH
WX hay RY TR AT A= =R ER L2 00, BORERZIC
a2y RUT ETC BEMHILT D2 Z Emme s, £z, ZOEHRIEDO AT =X
LEHOCT DI, N2 DI har RUTETI har KU T
WNTA—=Z—DEEMELTZL Z A, X HRIBHEOMIOMEIZIERK oM
DIELIZEFR LU Tholz, SHIZ, I har R 7 ETCICBWTETFOZITIE
LEH-TWHEIF/» (SQ)T PV H LB LOE-TiE (Fe-S)V 7 A X — %%
R4 ESR HIEIC & 0 #l L7z, X MRS SQ F ¥V M ER-Leb D
D, Fe-S 7 T AZ—IZE{LITR bR dole, ZOZT &b, X HRFIZE -
T Fa FU 7 ETC OEFORIUIIETRICRYD . SHIZL Ry 7 ZIREDOR

69



PR RSN TWD Z LR S, 2 X fR#%OI b= R 7
5O ROS FEAMMOIRK O—>Th 5 Z L PEHES T, £/, 2D ROS DY
PR ECHT 5T HONEMHEND LTI, MINT 7% R Bomigit
YT 5 8-i50PGF20 35 L TN 5-iPFao-VI DHIEZ AT o 72, £ DFER. EH L DA
¥t ROS PEAEDEINT 2 X MRS 225 24 WEfH% £ CIEMMSMIL & OZETIT L
I ER BN oTz, S 5T, HifdN AMP, ADP, ATP, NAD'7z & UNZ NADH
BEOWEEIToT2L T A, TAIVE TOWFETIL X FRIBHEZIZ ATP DHD EH-)
W SALTWZS, ABFZE T X #REBSTHZ L - T ATP O 7472 5§ AMP, ADP
2B NI NAD™ D ER- L. NADH IZ—ETH 2D Z LR LMNT o7, EHITHE
JENDO =X VX —IREDIEE TH DL =RV —FEE (AEO)ZHH LI 2 A,
X BB R 6 270 b FABRY R S T O & [F L~ 0.76~0.86 DR D
2R Lz, VLEDORERNG . BERBIHEZICI F =2 R YT ETC 235EMALS
B EDRIBEIL, ZEDORRT AEC X° NADH A EEH) SR O#H N THEFE S
T2 b, 2O by KU 7 ETC OEMALIT TSI 3325 ATP % 4
ZL L35 DNA BEFEDIZO DHEISIEED—2ThH Z L NRENT,
MANTT =V TN TR K O REERPENTH D L Wb TWD 728,
HETIEI by RU T ETC OB S TR R OGRS E OFFHG H HeLa
AR, SW480 fifim, AS549 Hifd7e & TNZ MIA PaCa-2 fifidz W CTiT-72, 7V
7 — AR OFRIRD — > TdH 5 M/ MRIE(LIEEE O ESR {54 RV T8 72 22 5F 4
EAHESL U, BURRRIGE ORI 21T > 7o, HIRAAEERPE LS EE I DUV T X AR
HOBBITR LNl 1. Z A a—2fRATH S 2-deoxy-D-glucose
(2-DG)DFIIAN ~DEL Y SAIR 7 L 21— Z AR D B 4 FEW) C d> 2 FLIE D a4
~OPEHITKRTT 2 X BRI OB ZFE L7z L 24, 2-DG DY iAZF LU
FEPEAE DT X MR RIER L7325 Z RSN, YL EORER?S
73— AN DN T b U RS2 IS b5 2 LR Sz,
ULEDORREELDD & BB EODAMIBO I F= R Y7 ETC O
VAL SRR T DS E D —2Th Y, DI bar R 7 OGS
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BT RRRE BT DB L 72 0152 2 LR STz, & BT, RIFFETIE
S FaY R TEAREROARL LT, 73— ZEHNZOW T BRI &
HIEHAEN Oz, DARKOBANGE XD L, I har R T ETC 134F
KH7RAETH L L IEFHMAIZ L o CHHEERZ AL —HRE TH L Z &
D DAATRR AR TH D MFER & X b U7 ETC O 5 DR
FHEATIZ LT, RONARRNRIBREZITADDTIERWNEEZ R D,

S HIZAFEIESL L7z ESR # W2 X b= B U 7 IERBERE ORI E Tk,
PRVHIIAE T H HBUED S WFEHE A FTRE TH ¥ . #RIC K 2B LT RV
W, GFP Zhhed & Lics W E 2 BB LIl oflEers = F v —& LTE
M 2EDNIL G PR TH D, Fio. KAFIEITMI A 17 S SR8 CRIE %
1970, Mgk 7 7 v 7 A7 F 7 A4 B —TIZRNIZ < WEBEIERIZ Y o /8
ER72 EOFREMBOBEICHE L TS LB X BND, S HIT, D 7RWiiagT
DRENAEETH D760, HEIHARD TRWHIIETH - T b HIE 2 L E 22
BOWRNTED LWV FERNH D, TDT, KFEITH LW 5 MlafElli
FHIFar RYTEENE LERABREOFREOIZDICH AL TH D
EEZBND,
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< e >

AREEMEZDITHIZ0 . THEH Y £ U7 AbE KRR BBk E 2 5k
Jis P BRI B 70 B R R 2B O TRIRAE 25 . T B e B (1 < T 7z
LET, 7o, Kl x TREAWT 12 & £ LICARWIERTER BB =R 750 B s 5
BEDAEEMEZRZ 2 DN BIEHEZRIZE BILH L BT E9, AbF
LR NT, SQ BL W Fe-S 7 7 2 X —Df{KIE ESR JIEIC T HTEE £ L=
IR K2 R TR e R o SR 1B 1SR < a2 L5, ARFE
WZHW2 pH &7 v —7 R-SG Zfit 5 L TS 72 & WE L7z West Virginia
University @ Valery V. Khramtsov Z#% 72 & QNS ARZAE HBL FEFFERE O - # i
RS W= LE T, RIS, RFSEOATICH T D EIGZ K ZhE. 2
NaNWTEEE LT BEOBFRICEAL TBILHA L LT £,

72



<G| 3R>

. Aft R L, Zhang F W, Gius D, Evaluation of 2-deoxy-D-glucose as a chemotherapeutic agent:
mechanism of cell death, Br J Cancer, 87: 805-812, 2002.

. Ara G, Kusumoto T, Korbut T T, Cullere-Luengo F, Teicher B A, cis-Diamminedichloroplatinum(II)
resistant human tumor cell lines are collaterally sensitive to PtCl4(Rh-123)2: evidence for
mitochondrial involvement, Cancer Res, 54: 1497-1502, 1994.

. Baker J E, Kalyanaraman B, Ischemia-induced changes in myocardial paramagnetic metabolites:
implications for intracellular oxy-radical generation, FEBS Lett, 244: 311-314, 1989.

. Balestri F, Giannecchini M, Sgarrella F, Carta M C, Tozzi M G, Camici M, Purine and pyrimidine
nucleosides preserve human astrocytoma cell adenylate energy charge under ischemic conditions,
Neurochem Int, 50: 517-523, 2007.

. Bandugula V R, N R P, 2-Deoxy-D-glucose and ferulic acid modulates radiation response signaling
in non-small cell lung cancer cells, Tumour Biol, 34: 251-259, 2013.

. Bartoletti-Stella A, Mariani E, Kurelac I, Maresca A, Caratozzolo M F, lommarini L, Carelli V,
Eusebi L H, Guido A, Cenacchi G, Fuccio L, Rugolo M, Tullo A, Porcelli A M, Gasparre G, Gamma
rays induce a p53-independent mitochondrial biogenesis that is counter-regulated by HIF1alpha,
Cell Death Dis, 4: €663, 2013.

. Bornhorst J, Ebert F, Lohren H, Humpf H U, Karst U, Schwerdtle T, Effects of manganese and
arsenic species on the level of energy related nucleotides in human cells, Metallomics, 4: 297-306,
2012.

. Burbaev D S, Moroz I A, Kotlyar A B, Sled V D, Vinogradov A D, Ubisemiquinone in the NADH-
ubiquinone reductase region of the mitochondrial respiratory chain, FEBS Lett, 254: 47-51, 1989.

. Burlaka A, Selyuk M, Gafurov M, Lukin S, Potaskalova V, Sidorik E, Changes in mitochondrial
functioning with electromagnetic radiation of ultra high frequency as revealed by electron
paramagnetic resonance methods, /nt J Radiat Biol, 90: 357-362,2014.

10. Burlaka A P, Ganusevich, II, Gafurov M R, Lukin S M, Sidorik E P, Stomach Cancer:

Interconnection between the Redox State, Activity of MMP-2, MMP-9 and Stage of Tumor Growth,

73



Cancer Microenviron, 9: 27-32, 2016.

11. Burlaka A P, Ganusevich I I, Lukin S N, Gafurov M R, Sidorik E P, Superoxide- and NO-
Dependent Mechanisms of the Reprogramming of Bone Marrow Cells by Tumor Cells, Applied
Magnetic Resonance, 45: 1261-1273,2014.

12. Chen Y, McMillan-Ward E, Kong J, Israels S J, Gibson S B, Mitochondrial electron-transport-
chain inhibitors of complexes I and II induce autophagic cell death mediated by reactive oxygen
species, J Cell Sci, 120: 4155-4166, 2007.

13. Chen Z, Wang B, Yu F, Chen Q, Tian Y, Ma S, Liu X, The roles of mitochondria in radiation-
induced autophagic cell death in cervical cancer cells, Tumour Biol, 37: 4083-4091, 2016.

14. Cheng G, Zielonka J, Ouari O, Lopez M, McAllister D, Boyle K, Barrios C S, Weber J J, Johnson
B D, Hardy M, Dwinell M B, Kalyanaraman B, Mitochondria-Targeted Analogues of Metformin
Exhibit Enhanced Antiproliferative and Radiosensitizing Effects in Pancreatic Cancer Cells,
Cancer Res, 76: 3904-3915, 2016.

15. Choi Y M, Kim H K, Shim W, Anwar M A, Kwon J W, Kwon H K, Kim H J, Jeong H, Kim H M,
Hwang D, Kim H S, Choi S, Mechanism of Cisplatin-Induced Cytotoxicity Is Correlated to
Impaired Metabolism Due to Mitochondrial ROS Generation, PLoS One, 10: 0135083, 2015.

16. Coleman M C, Asbury C R, Daniels D, Du J, Aykin-Burns N, Smith B J, Li L, Spitz D R, Cullen
J J, 2-deoxy-D-glucose causes cytotoxicity, oxidative stress, and radiosensitization in pancreatic
cancer, Free Radic Biol Med, 44: 322-331, 2008.

17. Commoner B, Ternberg J L, Free radicals in surviving tissues, Proc Natl Acad Sci U S A, 47: 1374-
1384, 1961.

18. Conti F, Segre A L, Eremenko T, Zaniratti S, Elia G, Benedetto A, Volpe P, Electron spin resonance
of growing normal and virus-transformed cells, Cancer Biochem Biophys, 5: 195-199, 1981.

19. Danielsen T, Skoyum R, Rofstad E K, Hypoxia-induced changes in radiation sensitivity in human
melanoma cells: importance of oxygen-regulated proteins, adenylate energy charge and cell cycle
distribution, Radiother Oncol, 44: 177-182, 1997.

20. De Jong A M, Albracht S P, Ubisemiquinones as obligatory intermediates in the electron transfer

74



from NADH to ubiquinone, Eur J Biochem, 222: 975-982, 1994.

21. Derr R F, Zieve L, Adenylate energy charge: relation to guanylate energy charge and the adenylate
kinase equilibrium constant, Biochem Biophys Res Commun, 49: 1385-1390, 1972.

22. Doherty J R, Cleveland J L, Targeting lactate metabolism for cancer therapeutics, J Clin Invest,
123: 3685-3692, 2013.

23. Dong Y, Bey E A, Li L S, Kabbani W, Yan J, Xie X J, Hsieh J T, Gao J, Boothman D A, Prostate
cancer radiosensitization through poly(ADP-Ribose) polymerase-1 hyperactivation, Cancer Res,
70: 8088-8096, 2010.

24. Duivenvoorden W C, Hopmans S N, Gallino D, Farrell T, Gerdes C, Glennie D, Lukka H, Pinthus
J H, Inhibition of carbonic anhydrase IX (CA9) sensitizes renal cell carcinoma to ionizing radiation,
Oncol Rep, 34: 1968-1976, 2015.

25. Elas M, Bielanska J, Pustelny K, Plonka P M, Drelicharz L, Skorka T, Tyrankiewicz U, Wozniak
M, Heinze-Paluchowska S, Walski M, Wojnar L, Fortin D, Ventura-Clapier R, Chlopicki S,
Detection of mitochondrial dysfunction by EPR technique in mouse model of dilated
cardiomyopathy, Free Radic Biol Med, 45: 321-328, 2008.

26. Emanuel N M, Kinetics and the free-radical mechanisms of tumor growth, Ann N Y Acad Sci, 222:
1010-1030, 1973.

27. Fetisova E K, Antoschina M M, Cherepanynets V D, Izumov D S, Kireev, II, Kireev R I, Lyamzaev
K G, Riabchenko N I, Chernyak B V, Skulachev V P, Radioprotective effects of mitochondria-
targeted antioxidant SKQR1, Radiat Res, 183: 64-71, 2015.

28. Fujibayashi Y, Waki A, Sakahara H, Konishi J, Yonekura Y, Ishii Y, Yokoyama A, Transient
increase in glycolytic metabolism in cultured tumor cells immediately after exposure to ionizing
radiation: from gene expression to deoxyglucose uptake, Radiat Res, 147: 729-734, 1997.

29. Fujii H, Sakata K, Katsumata Y, Sato R, Kinouchi M, Someya M, Masunaga S, Hareyama M,
Swartz H M, Hirata H, Tissue oxygenation in a murine SCC VII tumor after X-ray irradiation as
determined by EPR spectroscopy, Radiother Oncol, 86: 354-360, 2008.

30. Ganapathy-Kanniappan S, Geschwind J F, Tumor glycolysis as a target for cancer therapy:

75



progress and prospects, Mol Cancer, 12: 152, 2013.

31. Gerweck L E, Seetharaman K, Cellular pH gradient in tumor versus normal tissue: potential
exploitation for the treatment of cancer, Cancer Res, 56: 1194-1198, 1996.

32. Goldman R D, Kaplan N O, Hall T C, Lactic Dehydrogenase in Human Neoplastic Tissues, Cancer
Res, 24: 389-399, 1964.

33. Goodwin J, Yachi K, Nagane M, Yasui H, Miyake Y, Inanami O, Bobko A A, Khramtsov V V,
Hirata H, In vivo tumour extracellular pH monitoring using electron paramagnetic resonance: the
effect of X-ray irradiation, NMR Biomed, 27: 453-458, 2014.

34. Havens C G, Ho A, Yoshioka N, Dowdy S F, Regulation of late G1/S phase transition and APC
Cdh1 by reactive oxygen species, Mol Cell Biol, 26: 4701-4711, 2006.

35. Heigenhauser G J, Parolin M L, Role of pyruvate dehydrogenase in lactate production in
exercising human skeletal muscle, Adv Exp Med Biol, 474: 205-218, 1999.

36. Hosoki A, Yonekura S, Zhao Q L, Wei Z L, Takasaki I, Tabuchi Y, Wang L L, Hasuike S, Nomura
T, Tachibana A, Hashiguchi K, Yonei S, Kondo T, Zhang-Akiyama Q M, Mitochondria-targeted
superoxide dismutase (SOD2) regulates radiation resistance and radiation stress response in HeLa
cells, J Radiat Res, 53: 58-71, 2012.

37. Hu S, Gao Y, Zhou H, Kong F, Xiao F, Zhou P, Chen Y, New insight into mitochondrial changes
in vascular endothelial cells irradiated by gamma ray, Int J Radiat Biol, 93: 470-476, 2017.

38. Inanami O, Takahashi K, Kuwabara M, Attenuation of caspase-3-dependent apoptosis by Trolox
post-treatment of X-irradiated MOLT-4 cells, Int J Radiat Biol, 75: 155-163, 1999.

39. Indo H P, Inanami O, Koumura T, Suenaga S, Yen H C, Kakinuma S, Matsumoto K, Nakanishi I,
St Clair W, St Clair D K, Matsui H, Comette R, Gusev O, Okuda T, Nakagawa Y, Ozawa T, Majima
H J, Roles of mitochondria-generated reactive oxygen species on X-ray-induced apoptosis in a
human hepatocellular carcinoma cell line, HLE, Free Radic Res, 46: 1029-1043, 2012.

40. Jahnke V E, Sabido O, Freyssenet D, Control of mitochondrial biogenesis, ROS level, and
cytosolic Ca2+ concentration during the cell cycle and the onset of differentiation in L6E9

myoblasts, Am J Physiol Cell Physiol, 296: C1185-1194, 2009.

76



41. Jakubowska M, Sniegocka M, Podgorska E, Michalczyk-Wetula D, Urbanska K, Susz A, Fiedor
L, Pyka J, Plonka P M, Pulmonary metastases of the A549-derived lung adenocarcinoma tumors
growing in nude mice. A multiple case study, Acta Biochim Pol, 60: 323-330, 2013.

42. Jastroch M, Divakaruni A S, Mookerjee S, Treberg J R, Brand M D, Mitochondrial proton and
electron leaks, Essays Biochem, 47: 53-67,2010.

43. Kalia V K, Prabhakara S, Narayanan V, Modulation of cellular radiation responses by 2-deoxy-D-
glucose and other glycolytic inhibitors: implications for cancer therapy, J Cancer Res Ther, 5
Suppl 1: S57-60, 2009.

44. Kashino G, Tamari Y, Kumagai J, Tano K, Watanabe M, Suppressive effect of ascorbic acid on the
mutagenesis induced by the bystander effect through mitochondrial function, Free Radic Res, 47:
474-479,2013.

45. Kobashigawa S, Kashino G, Suzuki K, Yamashita S, Mori H, lonizing radiation-induced cell death
is partly caused by increase of mitochondrial reactive oxygen species in normal human fibroblast
cells, Radiat Res, 183: 455-464, 2015.

46. Kobashigawa S, Suzuki K, Yamashita S, Ionizing radiation accelerates Drpl-dependent
mitochondrial fission, which involves delayed mitochondrial reactive oxygen species production
in normal human fibroblast-like cells, Biochem Biophys Res Commun, 414: 795-800, 2011.

47. Komarov D A, Ichikawa Y, Yamamoto K, Stewart N J, Matsumoto S, Yasui H, Kirilyuk I A,
Khramtsov V'V, Inanami O, Hirata H, In Vivo Extracellular pH Mapping of Tumors Using Electron
Paramagnetic Resonance, Anal Chem, 90: 13938-13945, 2018.

48. Kotlyar AB, Sled V D, Burbaev D S, Moroz I A, Vinogradov A D, Coupling site I and the rotenone-
sensitive ubisemiquinone in tightly coupled submitochondrial particles, FEBS Lett, 264: 17-20,
1990.

49. Labuschagne C F, van den Broek N J, Postma P, Berger R, Brenkman A B, A protocol for
quantifying lipid peroxidation in cellular systems by F2-isoprostane analysis, PLoS One, 8: €80935,
2013.

50. Lanciano P, Khalfaoui-Hassani B, Selamoglu N, Ghelli A, Rugolo M, Daldal F, Molecular

77



mechanisms of superoxide production by complex III: a bacterial versus human mitochondrial
comparative case study, Biochim Biophys Acta, 1827: 1332-1339, 2013.

51. Le A, Cooper C R, Gouw A M, Dinavahi R, Maitra A, Deck L M, Royer R E, Vander Jagt D L,
Semenza G L, Dang C V, Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits
tumor progression, Proc Natl Acad Sci U S A, 107: 2037-2042, 2010.

52. Ledenev A N, Ruuge E K, Generation of superoxide radicals by mitochondria of the ischemic
heart, Bull. Exp. Biol. Med., 100: 1204-1206, 1985.

53. Lin X, Zhang F, Bradbury C M, Kaushal A, Li L, Spitz D R, Aft R L, Gius D, 2-Deoxy-D-glucose-
induced cytotoxicity and radiosensitization in tumor cells is mediated via disruptions in thiol
metabolism, Cancer Res, 63: 3413-3417, 2003.

54. Liu W, Morrow J D, Yin H, Quantification of F2-isoprostanes as a reliable index of oxidative
stress in vivo using gas chromatography-mass spectrometry (GC-MS) method, Free Radic Biol
Med, 47: 1101-1107, 2009.

55. Lopez-Lazaro M, The warburg effect: why and how do cancer cells activate glycolysis in the
presence of oxygen?, Anticancer Agents Med Chem, 8: 305-312, 2008.

56. LuCL, Qin L, Liu H C, Candas D, Fan M, Li J J, Tumor cells switch to mitochondrial oxidative
phosphorylation under radiation via mTOR-mediated hexokinase II inhibition-a Warburg-reversing
effect, PLoS One, 10: 0121046, 2015.

57. Macheda M L, Rogers S, Best J D, Molecular and cellular regulation of glucose transporter
(GLUT) proteins in cancer, J Cell Physiol, 202: 654-662, 2005.

58. Maharjan S, Oku M, Tsuda M, Hoseki J, Sakai Y, Mitochondrial impairment triggers cytosolic
oxidative stress and cell death following proteasome inhibition, Sci Rep, 4: 5896, 2014.

59. Marrache S, Pathak R K, Dhar S, Detouring of cisplatin to access mitochondrial genome for
overcoming resistance, Proc Natl Acad Sci U S A, 111: 10444-10449, 2014.

60. Martinez-Diez M, Santamaria G, Ortega A D, Cuezva J M, Biogenesis and dynamics of
mitochondria during the cell cycle: significance of 3'UTRs, PLoS One, 1: €107, 2006.

61. Matsumoto S S, Raivio K O, Seegmiller J E, Adenine nucleotide degradation during energy

78



depletion in human lymphoblasts. Adenosine accumulation and adenylate energy charge
correlation, J Biol Chem, 254: 8956-8962, 1979.

62. McClain D E, Kalinich J F, Ramakrishnan N, Trolox inhibits apoptosis in irradiated MOLT-4
lymphocytes, Faseb j, 9: 1345-1354, 1995.

63. Moran M, Moreno-Lastres D, Marin-Buera L, Arenas J, Martin M A, Ugalde C, Mitochondrial
respiratory chain dysfunction: implications in neurodegeneration, Free Radic Biol Med, 53: 595-
609, 2012.

64. Motoori S, Majima H J, Ebara M, Kato H, Hirai F, Kakinuma S, Yamaguchi C, Ozawa T, Nagano
T, Tsujii H, Saisho H, Overexpression of mitochondrial manganese superoxide dismutase protects
against radiation-induced cell death in the human hepatocellular carcinoma cell line HLE, Cancer
Res, 61: 5382-5388, 2001.

65. Nagane M, Yasui H, Yamamori T, Zhao S, Kuge Y, Tamaki N, Kameya H, Nakamura H, Fujii H,
Inanami O, Radiation-induced nitric oxide mitigates tumor hypoxia and radioresistance in a murine
SCCVII tumor model, Biochem Biophys Res Commun, 437: 420-425, 2013.

66. Nebert D W, Mason H S, AN ELECTRON SPIN RESONANCE STUDY OF NEOPLASMS,
Cancer Res, 23: 833-840, 1963.

67. Nicholas D, Proctor E A, Raval F M, Ip B C, Habib C, Ritou E, Grammatopoulos T N, Steenkamp
D, Dooms H, Apovian C M, Lauffenburger D A, Nikolajczyk B S, Advances in the quantification
of mitochondrial function in primary human immune cells through extracellular flux analysis,
PLoS One, 12: ¢0170975, 2017.

68. Nishida N, Yasui H, Nagane M, Yamamori T, Inanami O, 3-Methyl pyruvate enhances
radiosensitivity through increasing mitochondria-derived reactive oxygen species in tumor cell
lines, J Radiat Res, 55: 455-463, 2014.

69. Nissanka N, Moraes C T, Mitochondrial DNA damage and reactive oxygen species in
neurodegenerative disease, FEBS Lett, 592: 728-742, 2018.

70. Ogura A, Oowada S, Kon Y, Hirayama A, Yasui H, Meike S, Kobayashi S, Kuwabara M, Inanami

O, Redox regulation in radiation-induced cytochrome c release from mitochondria of human lung

79



carcinoma A549 cells, Cancer Lett, 277: 64-71, 2009.

71. Pandian R P, Parinandi N L, [langovan G, Zweier J L, Kuppusamy P, Novel particulate spin probe
for targeted determination of oxygen in cells and tissues, Free Radic Biol Med, 35: 1138-1148,
2003.

72. Parks S K, Chiche J, Pouyssegur J, pH control mechanisms of tumor survival and growth, J Cell
Physiol, 226: 299-308, 2011.

73. Passos J F, Nelson G, Wang C, Richter T, Simillion C, Proctor C J, Miwa S, Olijslagers S, Hallinan
J, Wipat A, Saretzki G, Rudolph K L, Kirkwood T B, von Zglinicki T, Feedback between p21 and
reactive oxygen production is necessary for cell senescence, Mol Syst Biol, 6: 347, 2010.

74. Pike Winer L S, Wu M, Rapid analysis of glycolytic and oxidative substrate flux of cancer cells
in a microplate, PLoS One, 9: €109916, 2014.

75. Privalle L S, Burris R H, Adenine nucleotide levels in and nitrogen fixation by the cyanobacterium
Anabaena sp. strain 7120, J Bacteriol, 154: 351-355, 1983.

76. Reily C, Mitchell T, Chacko B K, Benavides G, Murphy M P, Darley-Usmar V, Mitochondrially
targeted compounds and their impact on cellular bioenergetics, Redox Biol, 1: 86-93, 2013.

77. Rupp H, Rao K K, Hall D O, Cammack R, Electron spin relaxation of iron-sulphur proteins studied
by microwave power saturation, Biochimica et Biophysica Acta (BBA) - Protein Structure, 537:
255-269, 1978.

78. Ruuge E K, Ledenev A N, Lakomkin V L, Konstantinov A A, Ksenzenko M, Free radical
metabolites in myocardium during ischemia and reperfusion, Am J Physiol, 261: 81-86, 1991.

79. Saenko Y, Cieslar-Pobuda A, Skonieczna M, Rzeszowska-Wolny J, Changes of reactive oxygen
and nitrogen species and mitochondrial functioning in human K562 and HL60 cells exposed to
ionizing radiation, Radiat Res, 180: 360-366, 2013.

80. Schonfeld P, Wojtczak L, Fatty acids decrease mitochondrial generation of reactive oxygen species
at the reverse electron transport but increase it at the forward transport, Biochim Biophys Acta,
1767: 1032-1040, 2007.

81. Segre A L, Benedetto A, Eremenko T, Volpe P, Di Nola A, Conti F, An electron paramagnetic

80



resonance study of free radicals in cells, Biochim Biophys Acta, 497: 615-621, 1977.

82. Skoyum R, Eide K, Berg K, Rofstad E K, Energy metabolism in human melanoma cells under
hypoxic and acidic conditions in vitro, Br J Cancer, 76: 421-428, 1997.

83. Sorokina I V, Denisenko T V, Imreh G, Gogvadze V, Zhivotovsky B, Reactive oxygen species
regulate a balance between mitotic catastrophe and apoptosis, Int J Biochem Cell Biol, 81: 133-
136, 2016.

84. Starenki D, Park J I, Selective Mitochondrial Uptake of MKT-077 Can Suppress Medullary
Thyroid Carcinoma Cell Survival In Vitro and In Vivo, Endocrinol Metab (Seoul), 30: 593-603,
2015.

85. Svistunenko D A, Davies N, Brealey D, Singer M, Cooper C E, Mitochondrial dysfunction in
patients with severe sepsis: an EPR interrogation of individual respiratory chain components,
Biochim Biophys Acta, 1757: 262-272, 2006.

86. Swartz H M, Effect of oxygen on freezing damage: 11. Physicalchemical effects, Cryobiology, 8:
255-264, 1971.

87. Swartz H M, Chapter 4, Cells and Tissues, in: H.M. Swartz, J.R. Bolton, D.C. Borg
(Eds.) Biological Applications of Electron Spin Resonance, John Wiley & Sons Inc,
Place Published, 1972, pp. 155-196.

88. Swartz H M, Molenda R P, ELECTRON SPIN RESONANCE CHARACTERISTICS OF SOME
NORMAL TISSUES: EFFECT OF MICROWAVE POWER, Science, 148: 94-95, 1965.

89. Trendeleva T A, Rogov A G, Cherepanov D A, Sukhanova E I, Il'yasova T M, Severina, I,
Zvyagilskaya R A, Interaction of tetraphenylphosphonium and dodecyltriphenylphosphonium with
lipid membranes and mitochondria, Biochemistry (Mosc), 77: 1021-1028, 2012.

90. Trnka J, Elkalaf M, Andel M, Lipophilic triphenylphosphonium cations inhibit mitochondrial
electron transport chain and induce mitochondrial proton leak, PLoS One, 10: 0121837, 2015.
91. Turrens J F, Superoxide production by the mitochondrial respiratory chain, Biosci Rep, 17: 3-8,

1997.

92. Vander Heiden M G, Cantley L C, Thompson C B, Understanding the Warburg Effect: The

81



Metabolic Requirements of Cell Proliferation, Science, 324: 1029-1033, 2009.

93. Vithayathil A J, Ternberg J L, Commoner B, Changes in electron spin resonance signals of rat liver
during chemical carcinogenesis, Nature, 207: 1246-1249, 1965.

94. Wang M, Keogh A, Treves S, Idle J R, Beyoglu D, The metabolomic profile of gamma-irradiated
human hepatoma and muscle cells reveals metabolic changes consistent with the Warburg effect,
PeerJ, 4: 1624, 2016.

95. Warburg O, On the origin of cancer cells, Science, 123: 309-314, 1956.

96. Wiegman C H, Michaeloudes C, Haji G, Narang P, Clarke C J, Russell K E, Bao W, Pavlidis S,
Barnes P J, Kanerva J, Bittner A, Rao N, Murphy M P, Kirkham P A, Chung K F, Adcock I M,
Oxidative stress-induced mitochondrial dysfunction drives inflammation and airway smooth
muscle remodeling in patients with chronic obstructive pulmonary disease, J Allergy Clin Immunol,
136: 769-780, 2015.

97. Wongrakpanich A, Geary S M, Joiner M L, Anderson M E, Salem A K, Mitochondria-targeting
particles, Nanomedicine (Lond), 9: 2531-2543, 2014.

98. Wykoff C C, Beasley N J, Watson P H, Turner K J, Pastorek J, Sibtain A, Wilson G D, Turley H,
Talks K L, Maxwell P H, Pugh C W, Ratcliffe P J, Harris A L, Hypoxia-inducible expression of
tumor-associated carbonic anhydrases, Cancer Res, 60: 7075-7083, 2000.

99. Yamaguchi M, Kashiwakura I, Role of reactive oxygen species in the radiation response of human
hematopoietic stem/progenitor cells, PLoS One, 8: €70503, 2013.

100. Yamamori T, Ike S, Bo T, Sasagawa T, Sakai Y, Suzuki M, Yamamoto K, Nagane M, Yasui H,
Inanami O, Inhibition of the mitochondrial fission protein dynamin-related protein 1 (Drpl)
impairs mitochondrial fission and mitotic catastrophe after x-irradiation, Mol Biol Cell, 26: 4607-
4617, 2015.

101. Yamamori T, Sasagawa T, Ichii O, Hiyoshi M, Bo T, Yasui H, Kon Y, Inanami O, Analysis of the
mechanism of radiation-induced upregulation of mitochondrial abundance in mouse fibroblasts, J
Radiat Res, 58: 292-301, 2017.

102. Yamamori T, Yasui H, Yamazumi M, Wada Y, Nakamura Y, Nakamura H, Inanami O, Ionizing

82



radiation induces mitochondrial reactive oxygen species production accompanied by upregulation
of mitochondrial electron transport chain function and mitochondrial content under control of the
cell cycle checkpoint, Free Radic Biol Med, 53: 260-270, 2012.

103. Yasui H, Matsumoto S, Devasahayam N, Munasinghe J P, Choudhuri R, Saito K, Subramanian
S, Mitchell J B, Krishna M C, Low-field magnetic resonance imaging to visualize chronic and
cycling hypoxia in tumor-bearing mice, Cancer Res, 70: 6427-6436, 2010.

104. Yasui H, Yamamoto K, Suzuki M, Sakai Y, Bo T, Nagane M, Nishimura E, Yamamori T,
Yamasaki T, Yamada K I, Inanami O, Lipophilic triphenylphosphonium derivatives enhance
radiation-induced cell killing via inhibition of mitochondrial energy metabolism in tumor cells,
Cancer Lett, 390: 160-167, 2017.

105. Yoshida T, Goto S, Kawakatsu M, Urata Y, Li T S, Mitochondrial dysfunction, a probable cause
of persistent oxidative stress after exposure to ionizing radiation, Free Radic Res, 46: 147-153,
2012.

106. Zhang W, Zhang S-L, Hu X, Tam K Y, Targeting Tumor Metabolism for Cancer Treatment: Is
Pyruvate Dehydrogenase Kinases (PDKs) a Viable Anticancer Target?, International Journal of
Biological Sciences, 11: 1390-1400, 2015.

107. Zhang X, Zhou X, Chen R, Zhang H, Radiosensitization by inhibiting complex I activity in
human hepatoma HepG2 cells to X-ray radiation, J Radiat Res, 53: 257-263, 2012.

108. Zhao F, Ming J, Zhou Y, Fan L, Inhibition of Glutl by WZB117 sensitizes radioresistant breast
cancer cells to irradiation, Cancer Chemother Pharmacol, 77: 963-972, 2016.

109. Zong W X, Rabinowitz J D, White E, Mitochondria and Cancer, Mol Cell, 61: 667-676, 2016.

110. Zweier J L, Flaherty J T, Weisfeldt M L, Direct measurement of free radical generation following

reperfusion of ischemic myocardium, Proc Natl Acad Sci U S A4, 84: 1404-1407, 1987.

83



The effect of X-irradiation on energy metabolism of mitochondria and glycolysis

in several cancer cells
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It is well known that cancer cells depend on glycolysis for energy production
rather than utilizing the mitochondrial electron transport chain (ETC) even under
oxygenated conditions and this phenomenon is called “Warburg effect”. However, recent
studies showed that mitochondrial ETC inhibitors induce the increase of cell death in
several cancer cells. Recently, the studies of our laboratory showed that ATP production,
reactive oxygen species (ROS) from mitochondria and mitochondrial membrane potential
increased after X-irradiation, suggesting that mitochondrial ETC in cancer cells was
activated by X-irradiation. Furthermore, it has been reported that the inhibitors of
mitochondrial ETC induced sensitization to X-irradiation. These reports indicate that
mitochondria have important roles in cell survival of cancer cells. However, details of
radiation responses of mitochondrial ETC in cancer cells are not fully elucidated.

In this study, to clarify the role of mitochondrial function in tumor cells exposed
to X-rays, I established methods to evaluate mitochondrial respiration parameters,

mitochondrial semiquinone (SQ) radical, Fe-S cluster and extracellular acidification by
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electron spin resonance (ESR). ESR oximetry demonstrated that mitochondrial
respiratory parameters increased in HeLa cells, SW480 cells, A549 cells and MIA PaCa-
2 cells at 24 h after X-irradiation. However, the mitochondrial mass also increased
following X-irradiation. When the OCR was standardized to the mitochondria membrane
mass, the X-irradiation-induced increase in respiratory parameters disappeared. These
results indicate that X-irradiation induced the increase in cellular OCR by an increase in
mitochondrial mass but not by the activation of mitochondrial respiratory-related
enzymes. In addition, mitochondrial SQ at g=2.004 and Fe-S cluster at g=1.941 were
detected in HeLa cells by low-temperature ESR spectroscopy. The ESR signal intensity
of SQ was enhanced by X-irradiation although the signal intensity of Fe-S cluster was not
altered after X-irradiation in HeLa cells, indicating that the increase in the electron flow
in the mitochondrial ETC and redox imbalance in the mitochondria of X-irradiated cells.
Moreover, to evaluate the effect of X-irradiation-induced ROS production on intracellular
lipid peroxidation levels, I analysed F2-isoprostane levels, a lipid peroxidation product of
arachidonic acid, by LC-MS/MS. F2-isoprostanes contents remained unaltered until 24 h
after X-irradiation even though mitochondrial ROS production was increased at 24 h after
X-irradiation. Furthermore, to evaluate whether X-irradiation-induced activation of
mitochondrial ETC impacts cellular energy metabolism, intracellular AMP, ADP, ATP,
NAD" and NADH levels were measured by LC/UV. ATP and NAD" were increased at 12
h after X-irradiation, and AMP, ADP, ATP were also increased at 24 h after X-irradiation
in HeLa cells. The values of adenylate energy charge (AEC), an indicator of energy
balance, and NADH were maintained within the range of physiological condition. These

results suggesting that X-irradiation-induced mitochondrial ETC activation is the
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adaptive response against genotoxic stimuli such as X-rays.

Next, to clarify the radiation responses of glucose metabolism as well as
mitochondrial metabolism, 1 evaluated the radiation responses of extracellular
acidification rate, uptake of [°H]-deoxy-2-glucose and lactate production in HeLa cells,
SW480 and A549 cells. The measurements of extracellular acidification rate was
evaluated by ESR spectrometry with a pH-sensitive probe, 2-(4-((2-(4-amino-4-
carboxybutanamido)-3-(carboxymethylamino)-3-oxoproylthio)methyl) phenyl)-4-
pyrrolidino-2,5,5-triethyl-2,5-dihydro-1H-imidazol-1-oxyl (R-SG). The result showed
that extracellular acidification rate was not changed although [*H]-deoxy-2-glucose and
lactate production were significantly increased at 24 h after X-irradiation in HeLa cells,
SW480 cells, A549 cells and MIA PaCa-2 cells. These results suggested that not only
mitochondrial respiration linked with ETC but also glycolysis upregulated after X-
irradiation.

In conclusion, X-irradiation induced mitochondrial ETC activation and this
activation is the adaptive responses for cell survival against X-rays. In addition, the
application of ESR oximetry, low-temperature ESR spectroscopy and the evaluation of
extracellular acidification by ESR to analyse whole cells are powerful tool for analyzing

the energy metabolism.
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