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g Al A

79
37E1

ATE A e AT 78 B/EE LS (myopathy) A 5ol ARSSE7] gk, HSAIAR]EE(dC) # tﬂ AE]
hvA = =]

ud(dT) el 50:50 EFES L3 z ,
7] 2 el 7luA 2(TK2) 238 S37S 23 e Aoz ld digAel,

BE.
AT 2
A1l Qlolx, AsH FEFS 47 2A4E Ul A4 dSAFEaeAtel=e °F 100mg/ke/¥ WA oF
1000mg/kg/ A1, A=
AT% 3
FEFS A7 24E W 4 dSAFEdAe]=e] oF 200mg/kg/d WA oF

A1ge] oA, A=A
800mg/kg/ A1, ZAE.

AT 4

)
o
fol
ofi
o
ox
N
BN
oX,
e
=

N,

A1gke] QlolA, X LA FEY QA ol =9 oF 250mg/kg/Y WA ok

=
400mg/kg/ 41, =AE.

AT 5

A1gel QlojA, A84d FaFS A7 2AAE U F dSAFEdeAtol=9 oF 100mg/kg/d WA oF
1000mg/kg/ 41, =&

A3 6

A1gel QdojA], A54d FaERZFS AV 2AAE U T dSsAwEdeAtel=e ¢F 200mg/kg/d WA oF
800mg/kg/ A1, ZAE.

AT 7

ALl g, ARA FEZFS: A7 2= W F ASATIEUA = o 250mg/kg/E WA <F
400mg/kg/ A, =AZE.

A3 8

A1 WA A7 F o] 3 ol dojd | H8H FaHES Azgle]l Xl wet Frlsta; dolw, Ay A
Ao A FoFE= 2R A XNEEH FEFS ZAEY oF 100mg/kg/Lola, A7l ZAES X8 g

, 7 2w SRl 7 d, el o, aFFel Al o, Ekel

APl GloiA], 7] ZPES FAR TH, BH, GRoLE BARH TE BE TUhe, 2.
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A7 12

A1F WA A11F F ol= & Fo| YolA, & Fol2 B3 Foe=E 2AYE, A=

A7 13

A8 WA A28 F ol d ol oA, ] fidAE &% B8 A mE 5 2de] A= Aow Fvt
2 golg gdAeln, Y] 2B w £ vY 9/ 58 2dS fAsE 8RR ALRs] Y8, =
e

AT 14

A1 WA A3 F o= @ Fol oA, R Mt on e BAT Eas, 2HE.

gige] 41y

N

PN
=

f0 M
o
N~

T
N

g

b NIHell ofalf F-of¥l HD080642 stell A+ Aol ofa] o] Fojxtt. A= & wHolr 54 AdE 7t

>
oy

N{N'

o] @ 45 =

e

2015 6€ 17¢A2 4% "= JEY 58 A162/180,194%5 ¢ e $4ES FgshH, ol 2
| Xz g,

of rfz
i
ro,
rlo

e
By
e
2
(&
N
);
L
O

i)

, TAH R E Evd 7w LEe]= Z(unbalanced nucleotide pool),
NA 2 S5+, 2O A eRs, Bud JuAl 2(TK2) 235S 5FLR s
El L ote] "iSArEdeAtel=, e ole] 3
HE HSAE R ED) e dlgA A EH(dC),
=YE T o] FAE Fukdth. g o] dlEAREH oAl FoE Ed wEUe
, 53] MEZ=gol INA 17 FFTdA A= A o Folld A& 7tesit.

4 = alt of

o o 2
o ot
2

o i ot -

Mol 2 2 2 o

o e
L

>~
=
o

WE e
nEFZ=gol A nEZE o} SF(respiratory chain: RC) 2 AFa}A <litsle] ZH3l, xxb
ol = Al AFQIAL] (ATP) .2 A 3IA]7]= A3Istd AR 7]elsl= dAarzog o]z el Aslo
EZceols] Wukg hRAEt FHA TS A s AAE A ale] BE-Anf
2 frx=3ch(DiMauro and
2 0]

=
2
L
)

= i

.E

}O{l
b
e rlr
%

AT WA IR FAAEH, 5 VE EF FAe] 552 ATP %“
DiMauro and Hirano 2005). Z&A Qu(CoQe) e HFA I H II2FYH H3A [II7HA] dAE 4
Eapolth, T &AE 27HA A, U]EEEE]O} DNA(mtDNA) = 3] DNA(nDNA)©l| 2l&f Ao F<e A&, o
EFF AEAA F53ith. AREA, A 5 e SRl HEFZE ol AES opr|E & Q.
o] mEFZE=g ol HEE tho] A 7] A
Holth, S&H EAE P77 S8 2Eln 97l 94 &
oxygen species: ROS)& 3537l A3 e AA oWl nEZ=gol Ao gt a34# A&, oA
CoQu B 19 fFrAMAIS] Fole SR A

mlo

O
o
OD

chon 2

e

o e

4 Tz
o fr © - C

MEZEol Ao a1l vEZE=L ol DNA 118 SFILWMDS)2 £ W PlEZE=2ol DNA(mtDNA) 571
o] A 9 mEZE=ol RC H3HAe EFwe A o #AA R 54 qtHE 2E fdr] HISHE
o Wik dleo|ltt(Hirano, et al. 2001). BH 3 fHxte] AWl = TK2, DGUOK, POLG, POLGZ, SCLA25A4,
MPVI7, RRMZB, SUCLA2, SUCLGI, TYMP, OPAI & ClOorf2 (PE0OI)S E3Fsl:= frol MDSY o zA eyt
(Bourdon, et al. 2007; Copeland 2008; Elpeleg, et al/. 2005; Mandel, et al. 2001; Naviaux and Nguyen

lA [‘lr

0&'_4
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2004; Ostergaard, et al. 2007; Saada, et al. 2003; Sarzi, et al. 2007; Spinazzola, et al, 2006). F7}
2, olE 3 fHAe EAWolE mtDNA 2z 34 e 1z §lo] mtDNAS] ths ZAAS o|d 4 Ut

(BEhIN ) 5019: Garone, er al. 2012; Longley. et al. 2006; Nishino, et al. 1999; Paradas. et
al. 2012; Ronchi, et al. 2012; Spelbrink, et al. 2001; Tyynismaa, et al. 2009; Tyynismaa, et al. 2012;
Van Goethem, et al. 2001).

ol FHA F v TK2R1Hl, ol ulSAEMYE LA IMP) 2 dlSAIAFolE Y A4

7] 918 dgnd wEH Al =(HYd 9 dS A FolE ) o] Q14kstel] e d wEZ=elol mAel FAUIH
Z1UAI(TK2) S 9+ 3}8c}(Saada, et al. 2001). 729 EdAWo]= mDNA EA @ $4S ==0l
TEULE|E AFIAFA(INTP) 9] FHAel ZRod vEZE=gol FEU A/ FEYUE s TR HRE
A

rir
o
N
L
>
o>
oX
il
ol
£
g
Ach
b
4
vl
E
)
Al
N
N
)
B
fit
o2
o
e
rlo
o
o

K2 2RSS 59, dAd <F8s ok 9l

7104 Abth(Saada) 9} B8 E 20013 ]l 3
6 WA 367EH FAAEL ALH FFo FEHF *o“e]?)r u”?ﬂ ?r*cr«] 1_7J WO}%‘“‘L 5
(hyperCKemia)7} 2AFATE. 7] AS w2A Agsh, F A= 3do] 7AHeR S5E v, & F
b= Bar A olw] Abakgitt.

0 WA A Fol, 6Wel F7hAQ #A BHe] ma

in
32
&
2
2
H
Do
(@)}
o,
{0
N
N
ax
o,

A7 Ak QA 5

B uE R ¢k=d(Alston, et al. 2013; Bartesaghi, et al. 2010;A13€ﬂ3111, et al. 2012; Blakely, et al.
2008; Carrozzo, et al. 2003; Chanprasert, et al. 2013; Collins, et al. 2009; Galbiati, et al. 2006;
Gotz, et al. 2008; Leshinsky-Silver, et al. 2008; Lesko, et al. 2010; Mancuso, et al. 2002; Mancuso,
et al. 2003; Marti, et al. 2010; Oskoui, et al. 2006; Paradas, et al. 2012; Roos, et al. 2014;

Tulinius, et al. 2005; Tyynismaa, et al. 2012;‘xV113ﬂ, et al. 2003; Wang, et al. 2005), 9074 2] ZA}7}
ZeERlaL, 538 el 379 el

Hoo] Ave 269 BAE AAY DA ARIS F FA=AG. o) WS vhrel A el A K2
Aol 7] AwE gk AL AAba,
K2 ARFE FUAT 9F D B4 A5 0AE e divkee] B4 939 9 el febldl 1

= Al AR 448 dag

ool DS 2 wEFZE=go) Feljo} e TK2 ATl Wi s A Loz At dSA g
A4 (ATHP) B Bl AI ALl Bl U 14EA (dCMP) 9] Fof+= TK2 YA (knock-in) EAHA] wlg-229} TK2 A
ol A& A2 A = vhe] WHE JMAARAR( T TtEY —j—tﬂ A15/082,2075., o]e] HEFo] H w A
Fuz ¥x3hg), o3

TK2 Aol et 254 7)ol gk o7} vt
3

F7F o2, DS o FH % Evd FEALEE ES 5AH SR e thE A digh Xne] g 3
a7t duh. dE 9], mtDNA 1Z &= ds 24 e B u e 22 wd o= mtDNA BAQ AS oF
Zlete Bvd dSAlFEELE|E AINES EFo=m gt g 7FA] oy FelQl, DGUOK EdWel=,
A F FEIAAE dl&aTolnal B HSAAolEdS AGH R QA ek Eﬂﬁ*%}id A4t
A (dGMP) E ElS A A ol El Y Q1A (dCMP) S A sHE, MEZ =gl a4 S A Foliedl UAS &4
itk vEZ=gol dNIP £& Walshs v 3 F-RE TYMP, RRMZB, SUCLAZ, SUCLGI 2 MPV17S E3H3c),
dNTP & 78S I &E3e 292 vIVIRE ol FolE A8ste U /83 Ao},

g o] g

54 AAYHANA, B AHS E4Y FwEULEeE & 5= otv AF EE oY A8 Qg y
3 o= xFeE ZAHES FoseE 9AE xFsE,

=

o] el oa AndE  dE =vd wEULEels 25 5H0R e 43 e e uedl &
% o = =Tk TK2; DGUOK; TYMP; RRMZB;
SUCLA2; SUCLGI; & MPVI7.
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uhgrA A4

Al oA, A7)l Zolls wmEZ=glo} DNA 2 Z3FODS)oltt. o utdz s
= Tk29 &=

Al
WZ G, SUCLA29) SRl EXoF ax HHS
< °.

fil ol
ol

o

rl

w

o2

2

SR

EdWolE §H0R 3 AAYF Fel 2 DGUOK, POLG R MPVI7S] EdAWelE &

gelo] Aol: Ik Jbg vk AAGEelA, 47 el K2 fAAe] BAW(5)E SHoR 5

= EY A 2 ARl

BE MEZELel VA 18 FFTS HSAFZUAIEE Folshs UAS Egss B wwgel el o

) A S oQch. wowwel wel os) Amd & g WSS i el ARFS EgeAT, oS
A&t T-obi Al 7|ubx ](dGK)% 33}l DGUOK -7 AF, pb3R2E A& d}sl= RRMZB H-71

A

ol FUAL(RNR)E p53 =] 22 MBEFS; H VY EAZHSA(TP)E 433t

g g AN el A, HSA T el Es BSAEEE D) £ HS A EE() B o5 £
Zolth, Ul AlokleAl(dh) B UG A Fohedl(d6) S TR WEOR i g B wdel WA A &
A= F F 9

BgEe B owge Pl A8 5 g

g mgavh, Foge @l %A 520
GAOIEE EROT, FoRe THE FO A7de ASAnRALAte Tt F 8T EALAoE
Eo [e]

=

HEArE el oAbl = () e Fois 19 18], 19 23], 14 33], 19 43], 14 53], 19 63744, vhbA oAl

A FEa oAl =(5)Y FolE B¢y FEUlEes & 5307 3k Fof, oF 5o, MS7F A
3, gk 9 U ASEE ukE Ageelol @tk K2 APFS w3keke oledd Fojo) AvS g9 AAk
= Al FAE Ut

EHe] 7l

oS oass 54S 96, B 2o B4 AN E md =AY, ey, B odge mde] A
1 ANFHe] 48 g 2 sdow ARHA g

T 12 24 3 4%1-%1 g2 A AL EJE (dC) 2 Hl-S AT E] R ¥ (dT) ] 260me/ke/Y B 520mg/kg/ D= |8t of
e’ 2 e, 2 ke’ vrese g% BAS mAS =W, 7tzte] sas zhzhe] Ade] Eeke] B

& et Z7ke] ag el Ne wdle] thebdy

= 2 g Aed o9 kg (k') % ke k9ol AE FAL EAY EW: B4 F 4 ke

~/-200mg/kg/ % dCMP+dTMP -/-3 -/~ 260mg/kg/<Q dC+dT -/-3 ~/= 520mg/ke/% dC+dT

o Tk2 , p=0.0013; Tk2 ~ o) Tk2 N , p=0.0006; Tk2 o Tk2 ,

-/- 260mg/ke/ % dC=dT /-520mg/kg/ % dCdT

p<0.0001; Tk2 o Tk2 , p=0.0009. Z}7}e] 289 N& E=Wo] YVeRdTh. p-zte wke
-2 (Mantel-Cox) AA ols] AAsSI ).

E 38 24 5 13U AY) 2 24 F 20A (8 ) AgelA oklF (ke ), 2 ke, wHe m
200mg/kg/ Y dCMP 2 dAMPE A 7] TE fl2AAlolE Y (dC) 2 vl A Elv| Y (dT) 9] 260mg/kg/ Y T+ 520mg/kg/
d2 Hzld ¥ 2 7 2HozRE duld vEZc ol e ANTPY AUA B TP EE A T,

E 4= 24 139 9 2996 HAE == AR E R (d0) 2 HlL A EH T (dT) 9] 260mg/ke/S FEE 520
ng/ke/A % Hel® Tk2 | whool vlaEk, obAE Tk2 who-(Tk2 el Aol ], 7F, A 2 % U] mtDNA/nDNA
o] M= vl a2 EE wAe =W, do]ElS Tk2 o] ek mtDNAS] WESe WE + ®E AXH(SD) A
Ueldch, p-zke wW-3EY (Mann-Whitney) HAe] s H7peleith.  (#p<0.05, ##p<0.01, ##xp<0.001,
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waxp<0,0001) .

w5 AE & 30%e] nAE obE(Tk2') o, dle A Akl EEl(dC) 2 ulS AW (dT) 260me/ke/ 2
Ae)ah ok (ke ) w92, B AL BT (d0) 2 WA e (dT) S 260mg/ke/ D2 Al dk Tk2 | wpg-2
2 0P 2 TP 200me/ke/QE A S Tke | pl9e] A Fo| dT 2 HeHAS S HPLCY ARE =AG
aYEE =A% =W, dolHE Hy + DEAN FHI.

T 62 &4 5 139 dCMP 2 dTMP 2 THUS] 400mg/kg/Q, A 5 139 % 290 dlZAJAFolE]H(dC) W
LA E U Y (dT) 9] 260mg/ke/Y, HE 24 3 2090 H2AALOIEH(dC) 2@ LA EJW Y (dT)¢] 520me/ke/ Y
2 4@ ke vherolq 54 G2 B4 3o adEes =Ae =W, z2zte] ARE 9d vud SE
o 4itebe Tke | ©h9-~ 2H W) RE A9 WEEEA 191 Tkz*oﬂ sl deleE vehdnh. p-#e 9~
sleY AA <& AAskATt. #p<0.05.

5 7AL EA T 2940 "=ZAIALOlEIRI(AC) H HISAIEI R (dT) Q] 260mg/ke/ D & 520mg/ke/ D= A gt of
AE who @ gL AAbo EE(d0) 2 HlSAIE Y (dT) e 260mg/ke/Q) EE 520mg/ke/ L= Aelak Tke ! w}
ool TEHH Ao WABES LA C = 7= K2 m9 oAl RCE 4:Fe] WMEEEA U
B3 11 tis) A rstdt RCE 5 Uehlle 28 =2 A3 = p-gkS -3 =Y AA] os] Hrtst

31',
ki
(2

H
o}
oko]:($= AEHCIE AEHAl; Cl= NADH-E52d4: Cll= SAUO]E €528 4; Clll= A|EIAE
9 CIV= A}l EAE ¢ AHEEA(C0X); CI+I11= NADH-ARO]EAE ¢ &9a%; CII + [11= SAoE &
AOlEdE ¢ $HdaA.

Wy A7 Hek A g

PP K2 ANFL TP MEIZEIl DU 12 FFwo] U AIAesdER Aud & Y

% R =

wehe T Zuketh. 2 wAlA el Aatell oja) uEkd mie} o], dlS AT I el LAl =e] Fol= TK2 2
2o vhg walal K2 ARFS 2 A%t B E celA HeE A ARART

o

B oA Aol AHEE golt AwrHom ¥ owwel g @ Z7ke folrt ALgEE 54 g WelA s1% Rof
Aol 1ge] wE g sk, ¥ oWl Wy R 5o Agshe MW ARl elA A
F7149 GhlE AT s, B GAANA olstel Ex vhE RelA 53 golrk welwnt. A, $Y
# ol & 7bA A AFE 5 Avks Aol A4 ol ARHoR, tiere] Ao L Fooji B A
Aol =else gol % Qele) st ool dalAe ohnl, mi fol7k B wANel FEHAY E =es
A9l oiRo] wet el B4 ojur} Rolu A% oprt. 54 ol td felst AFAL. st ol
gol Fde) Aye e Bejole] AL wMAAE Wtk B @AMl w=eE deole] golo o T
© w WA e el M oAle] ARE2 TA] dAF o, E o] RS Bl oou] H= Jofo] o AE 8o
g A3 AgshA] geth. iR R, awe ] v AAPE R ASHA St

B EUoAM ARRH = o] "HA"E E2RHFE AT, 2RFE N, 2%kl AARF, &, 2, HA, ¢ F
FEFE EFI. wEbd, E B, dE 50, Y s, $F &=, s=d W AdH TE B opYe
FES A3 A8l FelstlA ALgE = alvh. B e gk o) opo] 53w

B Z0 A AFR = £ "xl"= A7 dAAE sy, B @] AR AAFEA, "I EAY
FEYLEE Z nEFZ=go} Ast nEZ=dol DNA 12 2353 T TK2 A9ES EA o= 3= 23
e Fols Z2te 3oz deA AdAY e o4 Hr).

sl freEld MstE oprlet Ul SR ES Vs fE & ”“11*1011*1 AF‘WE}
g "Aga, AR5 52 A3 T Folo T4 T Aok JUE ZFAY, ARAIIAY, AMFAY
e gstabru e 1o JRA Foll AF s Fols WA= oujE AT
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[0033]  §of "elgEth, veld S HAH A mE o) AN Aol A§Fn, A = go) JEr} B
A% WAL EE A8 it Po) YRS Hassit Ex a9 B4 $YS 2FE AL AFe

(0034] g0} '} Wedre B@EY FRUSEels F, vEIZ=or A%, WEZSl I 1 FFE, i TR
ARFL 5HOR St A8 mE FlE 2t A0E FelAAL mE JUHAY Tk 4B Ex FoIE 7}
A7 913l gl o el Aol

[0035] B gAA ol ARRE = vkl e go] "AlA)

A =
[¢] h =
AA, 27 =2, A, @4, el g ed s

[0036] = A A

[0037] 2 A AREE = HRel 2 8o "AEAoR VA FEA"E HSAIFEUALA|EE F557] $3
AAUNA BEAAHEE SFE(AE Eol, FF ATANS AT, FHAAEL, dF 5o, A9 7t
AE T3 gdst WAUF(AE 50, uAt e e B od))d 93] dojd & Urt. TERE=EFE e
o3t FrAolar, Trrga9o £x9] =o= w3[T. Higuchi and W. Stella, "Pro-drugs as Novel

Delivery Systems," Vol. 14 of the A.C.S. Symposium Series, and in Bioreversible Carriers in Drug
Design, ed. Edward B. Roche, American Pharmaceutical Association and Pergamon Press, 1987]°] 2l A&

A},
[0038]  ® Aol AHEEE whsh e "eRabE ok Folo] oaf op/|st AARE WStk el Al
A, dEArdaestelss] Folt o H3E oblshd gaith Jbg AEE gave okiel A9 By

]

(gastrointestinal intolerance)d Zo|t}.

[0039] gof "oFr EE "giEFte Flo] SAHAY EE AAEE e FREAHoR FET Izl o8 AREHE 5
A el digk 88 Jhed oak WS, =, 54 A" AY, F, 54 5A4e s ded W, g
ofAleHA] Aol Aol WE oulgt}. o& So], "' V]E RopillA ) 7 1 e 1 23 FF A
WE oud 4= vk, diekdog | "opre Folxl 7o) 20%7bA], whEASAE 109704, © wkEA s 5%71
A, aga 4 ebEsiAlE 19749 s v = glnk. dieR, 53] AEsH Alag Ees I

Aol dal, A7) gol ghel WA R dlelA, wAslE 5wl aga o dhE el 2ou Ul AR
Jug & vk, B4 @l B U % ATUANA AL 49, 9 A4 BE @, §o] "o 5
goll g 318 e 2k W9l uleld FAuolol Bk AL ojnlai,

K

[0040] MEFEEol DNA u3 S50 A8E 93 dSAFE Y eEe]=o] Fof
[0041] HEZEeol DNAmtDNA) 22 S5 (MDS)& B e A oA mtDNA HAF9] FAE 5Po7 ot HY

2 %
F2o 49AA AR ETFBE. FE) WS WA B FARE nNA BA Aol FEAY Ei S
BAFEE QAP AL (INIP) Tl R WAS rEshe,

[0042] MDSe] Shite] )

3
A AR E |

AYeE PEEEel 71 By, ot A% RISl NA G40l Wed USANEU o= A
QA (ANIP) 0.2 A, W7 1% Fiol =ost vhol gol, A4 FANA K2 BAMelE o} % o}
71614 lEEEElol DNAMDNA ®] F5el mae] Qi AW A4 oFahT olel gl neDMA ThE 1
wol Qi AW Slokd vhuE obrldith, thee S WS S glem, A% §¥9 A £F 2 dYn
Tt Waslth. FF AFAL 45, HF, A4 L FAEAL TPAE AT WA o5 FelolA
Waoz ARAT, 7% viwe S 424 2o AEB
0043] o)l XIEE Fxbel o4 L WA fAH Wl Jukstel, 374 A% AAZ BAHUG: ) FFe] niDNA
B W 7] AE 2E Yo A ) Hekgel AAs I RANQA o3 T ii) T3
(1WA 1A 2585 2 i) AN A AZe) Ao % ng Juze =¥
5]

-
2 ASY
FA EE B UE 2, T atDNA v A4, A4E ntDNA HAF B 5 ool dEd HJad =
24

AAelAe] g A Qs wE 2 $7] A S (=124%). ditdos 3 [Garone, et

(r o
fol
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al., (2016) in preparation] %=,
FAEARE wgE AfotEE o] &= T

AZ7F mtDNA a2 Yebl#] akqlr] s, 4%

SOl A(Tk2 ) P92 mEE QI fob-slAl AR FAFE AR 71791, aE Wl sk 108 Hel )
Al EQbde Aedol, A goll 27] APG7HAl wEA M gE s nES
= A (ntDNA) 9] 125 5Qo= sk Th2 Edwold o opr|&e AL frof HIFH T F=eA
AL 8 ES Yebdth(Akman, et al. 2008; Dorado, et al. 2011).

k2 99l vh-ol o8] B BAAG] AAE e gk B dO/dT Folt The ABFS) 9 B A
A AN, 2 WA 3RE vhso] $8S APt AL eIt 2).

F7HHQ Age 24-5old a3E Yehhidg. mEZ=eol 5% W INIP & 59 542 dCTP7} ol
A FEEJAA, dTTP7F grell A FxEJTE A dERATH(E A 3). mtDNA 27 42 dCMP+dTMP2}
dC+dT 2ol & tF b, 5% 9 A oA ntDNA HAFE Fxadvhs s JERAT(EAle 4). Fof
dule] F4L HolA Az A EES uHEA & 4 Atk Fo] on] FHEHAL. ado= EFShar,
HPLC &2 olE &S] Ful4 AAdEC] wIEuSEol= AR dSAFEaAlol=E X8 & tf &4
AFER A EY, 280 9 ¥ FuE JfEAE £ duis AL AAREY. atDNA 13 S4e 3 4

wrebA], Tk2 APZ9] vk BdS
SAFZE QAL =0 oS e

A TK2 AR5 A4S A AN

Aol AAE A 2t
=, A 5ol yedl wkel o], dT B dCe] Foi= &

[o

S

oo

ﬂOL

2

lo i
o

Wepd, B oame Forh Mad fAd ua Aox shte] HgAIu e Foig ¥ 5|
AGEolA, B dne Aolw dhite] WS ANNHe] FolE wawty, F4H AAGHelA, H%A e
So] 3 vE Aegch E e ANFHelA, E 9Ee Holw st uSAFY

& A2 8 LA e =9
geAgend, dC B d

=
do
>,
-

o
o,
b
1)
)
v
2
=
o)
Z
o
ok
o2t

dGMP 2 dANPe] Aol = DEUoKe] A/ FAMAl Edmeldl v]lah=
He dge A¥Her 27] okg7]-7iA =
2001). o]& A= Hojm dhte] wlA
thE Fele] WSt ofuet By
dA, dG, dC Ei= dT, B o]59 EYPES] Fold
QEfol= #el 2

e

2 o= 54 dSAwZd A=, S,
| AL}, o5 FHol= (p53R2, &, HFEE

= FAEARR)O ps3 A A2 MERSE dsstele) RRIZBeE BEE AT, B vEFZ=gof
A0 HEEHSANGIE) S oF7lehs (Blujd ZAXHeA(TP)E gasdlsls) TP EdWolE XgsA
Tk, olERE ASEHA & Flolth. w = P ES = ol & fAAE SUCLA2, SUCLGI 2
WPVI7S EFEAT, o5& AT A Gtk ol Faxe HAE el Ed o] HSAIFEHU L

Apel=e] Fofol] els] Amd 9l

F7H R DS E tE Fefe] e
APl E(5) = FARY o3 AAE 4 9

antslyE AT, S Aok, olHd E53% &5 viwe &4, B A 2 5 ZHS EHo= g

= Ay 28 Zsko 7 A AAE E3EE TK2 AHF0 dis] Ay =93 xd¥S YehE kA

= A3s dAHHoR A eE HAE § Aot

o RV mtDNA 2 S50 =R oJA2HYE | mtDNA 12 T3S op7|ste Aoz 4Ezl FHAe

HUe o] gdt= BR f-1x #HAWE a3 Eojof dth(Chanprasert, et al. 2012). TK2 FAAE SAwWolr}
Ad HolA

TKe-¥hed PEEEol VA 12 FF7E op/lahs Aom e fA% faxelt. of 24}
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AoIA, B d1ol 20me/ke/ A A0Sl 20me/ke/ L) EREE B 4 stk P oleld, §2E a1}
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stol s olald & Atk 1EE Am W WPl PWAD WFE ABehs Hom dNHINE o

A7 o} HITHPSTHY A3 FAE 1dYFS YEE 33F Tk2 HI126N ¥ =<A OMl(Tk2 ) mf

{o

= olu] Was ATk Akman, et al. 2008). 24 F 10207 139 Atole], Tk vho-ri 7ta® B, Hlg
Agdel, AN AA, 44 AL, 2 14 A 16986 7] Agene] we AR Yo s Ho}
STl WhEA BT, w2 mde] R B Asfsly RAle Age] we] i 4o &4 % Ho|
L dNTP & E73d3 34 Ho A dTTP 45 A4 % 7t A<l dTTPe} dCTP 25 & ubo] ol 7]elsiy,
o A, ¥ B AN b PASA nDNA-FEFE AHAUE e EFH Eao mDAN 1d 3
AshS s,

BE Ags ZHdol FUMAIE 95 AH A E &2 A9 g FoE T2EF wet 3359
3, Y RAY A9 58] weeh gl #F Aol ANHUG, npS2F SR 12-43 B, 12-43
& FANR A EE 2ol wEt ASElar, 49, 139 2 20U SAA AT
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Aut, mefolotol =g ol gate] 1o WAH(-160T) SANA A FAAAL B 106 FH 4F TRA F
AN mAA T, BFE AAE olgsel ety EhAAh ololAl, stebn Ev) 242 Ju) ATE A 4
PR P ) QAE) OR AMFAY T wF Axe] FAS /WS vhsh o] GRAP, COK [ Ei ¥

WA 1 ABGRE olgelel Welela Aol sl WA JlWAEH FRAT kA Mo at = o o
2T (IkZ) o2 ndstd, Qs Asierd aol7h 5 o o] ol 7|A= 7] ol (Akman, et al. 2008;
Dorado, et al. 2011).

k2 H126N 591 mp9-2(Tk2 o] & md A7 FEdFHl 93 A8 oY TE(Pet-Ag) °ﬂ o3l 50x2] ol
2llg 9-F FA2] Foll USAAIEY(dC) B HISAE U DS T35t YA, FA F 49 X 299
28] €%, =, 260mg/ke/Q 2 520me/ke/ALe o]Ldto] W oPAF (k)] 9% wHAZT}. 21, u}
25 o2 RE EYATI, 247 1.6mM 2 3.2mMe] TE S o]&dte] S8 FolA dC E dTY Fofl
g AHE A&t ] hi Tk2 EddolAl 2 izt ok 2o SA Uz ASS Aa, v
= 98] Wds] AFAsST

33 Hr

AT wd Fristelsdl, 232 AT S7ke] B0l Ao 3 WA AFeks Ae on B3 7] wiLol

T}(Akman, et al. 2008).

d1/dace] b 2 Eeel AEE Heby) s, AE A, Ase] Wy A=, 340 #3 % FEE, »ae
o M 9 AR R AR Tk vhe2e] GEvte] st AR FR) ulE MmEUch. vk Ak A
X /kg}_ /\]Zl’ m iﬂ%*‘l %/ng s

A& 10 &A (w/v) e

}7be- MTSE <HA1(210mM FFUE, 70mM =322, 10mM Ez]~-HC1 pH 7.5, 0.2mM
EGTA, 0.5% BSA)ollA] & ]
A
[e]

e

S Aol Eé@} AlZ]aL WA, 1000gel A 5% &<k 4T, 13,000g01A 2% E9F 4Tl A
33] A=A, S 605 HErER FHAAT|IIL WA, -80TolA 241%F FAAIZIAL, 3% H[GAIT]
T, -80TCollA (1AIZF WA whA)) #7712, 20,800g0 4 104 &<F 4CellA Al Ee AT, dx27kA 3
Bels THAZIAL WA, A 65#@91 E FollA AdEA L A, B w7k -80TelA A3l
JRFEFE o= S FH s, B3 upe} o] F INTP & ZAASNH(Ferraro, et al.
2010; Marti, et al. 2012a). P%*%} A, 5w BE T ¥ dNTPSF 15409 WHe 5A1[0.0250/m A EA
WA (ThermoSequenase) DNA 3 & A (v) 2 FAXF I 27 ebgoldl AA8E GE @A~A0(GE Healthcare)) &
Tag Fdar(u= FARFA A% Fo]x HlTs=2%=(Life Technologies)), 0.75uM 3H-dTTP X+ 3H-
dATP(= b nlo] @ Aw)A ~(Moravek Biochemicals)), 0.25uM Eo]& gawIFdLEtol=, 40mM E] -
HCI, pH 7.5, 10mM MgCl2, 5mM DIT]E E§sFo=m 20w &4 w&& ATt 48TolA 604 Fo, 18me

r\‘ b NOU
b
gL
j_

9] B3-S 9}ETnH(Whatman) DE81 TE] Aol 2FE st A, &7 AZRAZ]IL, 5% Na2HPO4= 108 EoF 33 A
skl ‘/}/‘1, THTZ 13 2 F4 detea 13 AFssl. dolsle Ho”\]'“% gl Aol o3 AA
ST

HPLCel o]t wE# eAtole £4

o] dell 7]A3 wpe} & Fuj-&] HPLC W (Lopez, et al. 2009; Marti, et al. 2012b)el o]&], <zt
sto] dlSATE R R (D), dHISAFE D), FEbd(U) 2 ERNT) oS B3riekeleh. skl 4714 A
ol AC2omM Q1MHZE, pH 5.6), &9 B(&) B & C(HerE)E o]&ato] 1.ome/Eo ¥83 (A
3 A5 Aol LERH(Alltima) CISNUC 923 ZH (LEHZ(Alltech)) S AYE &2 et (Alliance) HPLC
Alzgl Y2 daedsty AES FARIIT. AES ted 22 PR 60l AX & AIF T 0-5%,
100% & ¥ A; 5-25%, 100-71% &4 A, 29% &4 B; 25-26+%, 0-100% &= C; 26-303%, 100% %a}
C; 30-31+%, 0-100% &<} B; 31-35%, 100% &<} B (1.5 - 2m¢/4); 35 - 45%, 100% &N B(2ml/&
45 - 465 100% &2 B(2-1.5mb/%); 46-47H-, 0-100% &2 ¥ C; 47-50%, 100% &2 C; 50-51%, 0-100%
SN A 2 51-60%, 100% &N A,

el FHEE 267TmolA RUEPE R, dThd B dird 33 259 WA F4 Zao s o
17 %’—ﬁﬂr Hlagte ma gEstE et Azbe] Aol g dSAEvE, dSAfEd, fehd 2 el g
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29 WA EHE S, A2 BANE a1 % dUE Heldew AN flsl ] AL o)Ll
stich. o) Wwel P& WAL RE rFeeAtol=d thal 0.05md/ ¢ o],

ARZ chad o] npo/mg o 2A FH3I T
RT-gPCR: "] EZ=g]o} DNA A3}

AAZF PCRS ©HA 1 Z2]2 AAZF PCR A28 (Step One Plus Real Time PCR System)(o]Zg}o]= Hlo] @ A] X~
EESERY ddCt WS o] g3to] Z1Algk nheh e H COX I -S4 (mtDNA) B vk FEjA 2 dsto] =-3-

A4 &4 a4 (GAPDH, nDNA) (W= 2|y ols Z2F AJEY] 2Algh o] Fefo]l= nfo] A 2~wl= (Applied
Biosystems), ¢IHJEZA(Invitrogen))o] thd+t Zelolm % Z2BHE o]&sle] U} (Dorado, et al.
2011). MtDNA ZtS nDNA grell sl A tskslar vhAl, oFA 3 (100%) o] WME-& =4 Z 9T},

AA e T 2y FEEQ 30 vlolARHE SDS-12% PAGE AolA M7 GEsta A, o] F-EF (Inmun-
Blot)(“F3E™) PVDF H( D]E.L A ol sFH 2~ LA vlo] = (Biorad))® HYsta, mEZ=ETY
(MitoProfile) (T543t) &9 ZF OXPHOS AX|F WB A ZHEH A (M= A5 FAd A nEALO]AA]
Z(MitoSciences)Z ii‘%}é}oﬂﬁ} ol 4F(Amersham) (¥ ) ECL Z212 28 EFE AF A2B (G &
ek GE AAA o] gfo]L A}o] A A = (GE Healthcare Life Sciences))E o|&&to] HAITHAl-H g wh$-2 3F-n}
F2= 1g6 A (W= vFEF AJNEFo| 20 A Aark-L =X (Signa-Aldrich))ol oJa] wiA-3-5 4
ZA8S A=k, NIH Image] 1.37V & EQJolE o] &3] o] A=kstE Fa3int. A8g mE 3
Aol 3 Azl ARA dEigt iAS A 2 e A oA S 3 Ags Akl

EAFTA B o3 nEFcelol 55 ah A

oMol 71A8 npe} e iy XA oA mEZCE ol RC &4 XS 835tk (DiMauro, et al. 1987).
EA84 v

IF 9 Aok 339 AHFe P £ SDEA HlolHE st A-HYER -2 F<E(Gehan-Breslow-
Wilcoxon) A& AFE3ste] wpg-29] Zbzto]l 1&F9 AME H&S HlusgY. 0.05 79 p-3te SAHe=
ot Aoz nysigitt.

AAE 2- k2 phS-zmo] sk do/dTe] Fol TKe ARE 2 ZrkE AlEe] sl AAE A AT

Zt ko]l | & A EE QAo =(dC/dT) 9] 260 2 520mg/kg/ Y &S Tk wF$-2d] T, "SAFEUL

Aoz 9] o5 g8 ZhzF dCMP+ATMPS] 400 2 800mg/kg/ Qo] & weko|lt)
AT dCHT(49H o2 HE 260 =& 520mg/kg/Y)ZE A HES vfg-2e F4F & 219714 AN o2 YElRTg (=
D. 2197 o, 260m/ke/A $FoR AT HAUIA v (ke O A% 2ot 2aE 9

B, AFO MUY W B F 3124300 AWE oplshe ool WAHAL(E 2),

520 mg/Kg/  dC/dT

520mg/ke/Q  dCHITZ X2 Zddold] wpoa(Tk2 | = F7F 15 B9k AFE F7)
T e oAb orsbh vbebgan, 4 F 43510900 Abgatct. olE
A= AT dOP/ATMP A2 200 E= 400mg/kg/AE X E2 Tk2 | whoo] o8] e R3 H|Z=siT).

= 24§ 6047HA ol HAE2 B %] okt

AEHAA T, FEHH 02 Tk2

+ 260mg/kg/ % dC/dT

Tk2 UTk2

+ 520mg/kg/ 9 dC/dT

rJ
3

vhebdl uhsh gol, A Tk o) £@e 3P FAHNG. MAR T kst 139 3
A owh, AR ek Z47h 260 B 520me/ke/ Y SO B A31Y D Al40Le] AEFATH =
Am, P F oshbs &4 F 5690 AESGEE, ol AFAAY T2 Y9l vk wele] BE Abg 3

T ol
Aol 3- AT dC/dT= ¥ B Fell e #AF o] AkS T

=l
o A
i
tio
=
fuj

[

shelut

-/= 260 mg/Kg/¥ dC/dT -/- 520 mg/Kg/¥ dC/dT

nEZ=glo} FEE A dNTPY SH& Tk2 9} Tk2 7
ool dNTP & Ed S 93] =4eH ¢dar, HolA dCTP ZAge] s

o EA4 F 13d9] 7]

b &
TEE zhe 2A0A 7
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a5 dEbd wbd, dTTPE A A EH Y= AS YUY

L YA FEY A BRI e Bl

dCTP AF <=

/= 260 mg/Kg/¥ dC/dT
2 Tk2

ZA) & 130 Tk2
O

o o8] 52%0) =EE =

2H o=z AT, HPLCAl 93t oA el a7 d

EollA o aFFES YA EdE(E 5),

-/- 520 mg/Kg/Q dC/dT
LA 4). HEHOZ, mtDNA HA
EESE L mtDNA/nDNAQ‘r &7 oF4 e

o= Z7Pfa gl ¥ L pRA s deAli
%‘g 3 2929,

ZIHSd 10-2025-0048602

gzdow  Hoae dTTP 2 7hel A€

FF02 HolATHE 3).
uf oo A, HE = AF, 7F, A, D 2ol A

) 1= 1l O o =
= dCHT9] 260mg/kg/ Ll <8 39% 2 520mg/kg/ Y
A F 13Yol oA ©@Hx F

9 frEpde] S-S A2 EE dPHIWPE 53 &

2o 2ol

=9 o

mtDNA 222 A74(40 2 35%), 7H(46 2 45%),

o

FEAeAelE At E v e,
(38 H42%) 2 5(24 L 35%) A dCHT W9 260 2 520mg/kg/ Lol olF FEAHOE FEREIAT,
A= ol s FEREATHB2 R 84%) (%= 4).
A 4= AT do/dre S AskeA oS Axstsic
SEA EARE) 34 2 wmd 7 24 5 B we T Yy go g Faane
6). RCE B9 g 24 F 20%0] 28w, BgA [ B4 ax ool gae w2 oy

#2Y 5 YAHE

dc/dr /=520 mg/Kg/¥ dC/dT

F 7Fsel 93

2Ad 5- TK2 AgZo] dx Ao A dC/dTe] FodE

C oAl RCE ©ld 2o 24 T 2990e] BEHow 3R =d. TK2
ol A E.r} TK2 T A g aEolAtH(E 7). vlE e oY Aol EA F 299
ol A w9220 Mol A mtDNA 79| pole} U=

-/-260 mg/Kg/

B ogAse] 45 2 Alo] shel A HSA S
% Ashg olstel pokath.

#H 2 A}o)

it

aWe T2 TK2 ATl de= &R S, Tk

=1

°of #xhz 2011d 299 mEA EASh 29 FHL FAFAS % F Solxl wEsh 12704
Uebgth. 2= A BgshA] gtk O B S5 Aok 7MY, 197199l VA 25718 AEEsieE
g, ZE A3 2447/ YD FgFolt, aE T3 19749 o)Az JU>HS A&,

% o] dCMP 2 dTMP2] 100mg/kg/U = X EWFET, o]o] dCMP 2 dTMPS] 200mg/kg/ QP2 X & 8kokth, o] &
Hozg IF Fe EAZ 2AFNS & A, 19 ATL 10.4kgoZHE 19.5kgo 2 F7FE AT},

20151 109, 1+ dC 9 dTY 260mg/ke/d LMo = AZ}alA, dC 2 dT9 340mg/kg/ €2 F7FEATE. 270 €

Foll, 1= o] & 8 HeErh ¥ 2 SA%0a
Aeks o sk (ehE

201613 39 230,
S et 1 ool oF 5AIR/ Y gl s
o By =& ¥s A9 Hu Fgom;
O

o] c19) AT wEet AL BER §u; 11

As Bok WO FAT JEAE HAGT,

o] A=
R A=
mg/kg/ L= F

19876 2| ¢lol| A

stgla, B714) ah 24

aE 20159 69 o]l¥lE 400mg/kg/Y dC L dTE H2A
3, 29 AT 2L 3= kgIEAT

Aw Ee B FAF o

1301'

o

, AMEY] 8o 5R
EoF 140 WA 170bpm O 2 HE] 3}F

dC % dT®] 400mg/ke/ = &FS

1 SIS
AFE wes TR 29 ZAAS Fa, 28] 4718 AMA

] e
% 13980 By 58S A, 3 24417 SA AT 2 o]l dAMP 2 dCMPE 200
AR A 22417k 2 44 Al S7HE UERSITE.

J+b, /g/\]_ ol = c i T,}_\_/\lo]m

s T A3, 7S A, 19
ot 100 WA 120 bpmZ7FA]).
Z7HAF L. o] 8o

oF "2®l(Stander)"= A AAaL; 2

o7 65 Fo, I F7HHQ A

¢

4

=
Wz gok 1o BEE PR Az fAsr),

¥l 3dHo| FAMS

HER 7]
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of #hab= 198590l ~ARIAIA FASESITE. o] S8 du, 29 R S
k. 2015\ 69 AlFsle] A F7FA 1= dT 2 dCY) 200mg/keg/Y &% Folar, 19 HEHE 6% H3 A
AR, doju 7he AZE, 2 4 AGS L= lojA A E AT

g Fet Bl Fd3 Jaze A

3=} 4

o] 3zk= 2009 2€o 2H| oA EASIAT. 19 %*c,% Mol AgEA} 3 1 b, 1= 20154
%011 dC 2 dT9) 230mg/kg/¥ LW o AZ3IE. 2016 1€7h4 2= WHeEle AAS Y, o 2 9
St

Sades BEEA ATt

34k 5

o] A= 19570l AFAAA FASA I, 50Mel VFEE B AT 2ok FAFo] vERYT] AlEEIT
T Rl BiPAP Folth. 1= 20151 11¥€9] dC % dT9] 200mg/ke/¥ S = Al Z}algitt

Sades BEEA ATt
34t 6

o] b= 2011 10€el] 2wlell A ZABEAIL, 1570 el 201G A 8 2 4oks EFate S ] Al
2apoit. 1= 2279 Balo] AAET, FI Aok sHAT. a1 16740 AA 55 *]7%‘5}913,
A7 &l 1247k BiPAPo|t}. 13 o] Aol 100ms/ke/ U= dCMP 2 dAMP £¥ FollEwl, o] 400me/ks/ Y
Z7 ATk, ol Al E5F(Egen Klassification) ZXEol 98] vebd o] Zxs AAEAIL(28/30 WA 13/30),
9] AFL 9.8kgoll A 12.3kg o7 F71E QL.

id
o
T
N

£ 20159 49l dC 2 dT9l 400mg/kg/ L2 BISAFEU LAl E 2HS A1FS . 201510 109, o)Al
i HoA 1] Wshe 13/3002 56 11/307H4%1aL, 19 AT 12.3kg 25 H 16.5kg 2= F 71| T,

Sade BEHA Ut
3z 7
o] Fxb= 2012 110l ZudelA EAATt. 1= 170l 3 oF ¥ 24A 35 2}

N

B N
] '\]3.6}913}. = 2270l Bdge] AAEAaL, 29/l 7AA TES Al AeEiT
Al

S, e
AZ dCMP 2 dAMPRW FolAEl, ol 400mg/kg/LE2 F7EATE. ol ®BF H=ol o8& yeld 19 H=
= MAERI(30/30 WA 24/30), 19 AFSFLS 1lkgoll A 15.7kge2 Z71E AT},

I 20154 490 400mg/ke/ Y dT 2 dCe €F o7 HEAFZFH eAtol= 2¥S A F8Faith. 20154 1199,
olZl BF HIA 1o WMEE 24/3002FE 19/307HA9 3, 19 AFE 15.7kgEHE 17kgo =
=7t A et

[

Sade BEEA ATt

34 8

o] A= 1989 9ol A olA EASARIL, 1MLl s dojx 9 ade] Badofo] ost F/o]
Elubr] AlESRITE, U s oF 4Mo] ExF AE A9 FEE st 2y o g eEfol= @S
sila, BEfle 27, 9 28 A7), Ad 227, 9 FUd 25 74, £ A dad gk s ¥

Fabs 1 9] o BmeA QS eI

aE 2016 29 dC 2 dT9 260mg/kg/Ue] &HOo R HEAFEY A= @ ow AFJAZ I, o],
20163 5€°l dC ¥ dT9] 400mg/kg/¥e] &Fo 2 FVIAH L, AEdAA NS eI,

= A o).
34 9

o] &2 19899 9ol Feldetel Al FAE T, 1= 20151 8€ell dC E dT] 130mg/ke/ L2 £HS AFa}
L, 2016 2ol 260mg/kg/ D2 S7FHRAT. 1= AAE AUAE YERAIH.

[e2]
=

r:i

1301'
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