OB, AL VBRELE=F— LT,

FERIZ, —2 B R EEITV, EAEVERRE 2L, NPMDS O% 27352 IV @ QOL T 17 7
513 ~WEL, BEIX, BB, THEZ LIFAZLNTERINTARY, EIBHEA IS -7, 18
TCIES TTOBMEB EIEB L TR e odz, BERRIEITR O, P ELEE, vy

BR. L/P (b OZEARIT 2hr o7z, A VEEF NIV AD 0.5g/Kg/ Day # 5T, Ih=RU7 DNA
RZIEWZED Liegh BYIED BE T NPMDS DAa 7 —2 W ESET-,

O vrvrrElikREESR PDHE1a/RIBEIZLD Leigh BEE IZ /T3 2189502 2

CSF CSF
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Fig. 2. Entire dinieal courss,

EAE U ERK R EESRPDHE 1o /RIBAE (N200T) IZ LB LeighMiE TH A R #INB ARRL, D
. ¥7mafEig (Dichroloacetate:DCA) 25mg/kg/day, D%, DCAZH 1L, AV EEF
U 50.5g/Kg/Day TIDZ# 5-L, FO%hBRIZHOWTREIL7-, &8BIcox . B (TWiA
O, ABEEIR, BRZREE) BLOE(LFA (M FHLEE, eAe TR, L/Pk, 7520
B BBIRTP ORLER, YA U ER, L/PL) ICFHE L7z, ZOFE R, DCAR G H, mPEi, v
EUBOREIL, BEKTLEZbOO, BERANIZIWOINA 2SR R UBRRANIE R & T
IZBAEL T o7z, Bl TiX, Lennox Gastaut syndrome TV, — H D LA EIEE 10[E]
L ETH-T, ENEVERFNID A0.5g/Kg/Day TIDREGIZLY ., iFWFLATED B Ic—EE2D,
i THEBRNCHE LTz, BEVAHIE, OIS L THREL &R0, Rz, BHT
BREPTELION R (ENETIHETF 2T RERER THo) , BHRERDOUZELLSIZ,
i AFHER, AR, TV REDEBIUKR T L, £, BIR T OILEE, eV ERLDCA
TIHET LR 2728, EAEVBR G THRICKEL, EAEVERTNIY AL, BRI E
DH T/, WP DB, EAEVEBETL, » oMIROILBAHENET LD oT,
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@ Fhru—sCERLEER RIBIEIZX D LeighiiE
A IRERS R

11D F hru— LCELEER KIBEIZ I D Leigh
PREE S L7Z BE T, ENEVERT N LADRE
BEtLIz, B, LR T, TR OERE L
BETEBWEZIHRICZZ U, AEHOEFERS
3590gizTH4A, BREFFICEREZ R D, IRIRE MR
AR EEZ TR DT, MRIT, MR R
WKz YA EROT2, FlairCaEBRREITREZRY
LeighfMJE & Wiz, BEROFLERE3 1mg/dl&
BEEEThHol, HERTIX, Fr—2oC81(L
EE R B TR R EMOK TR, e
WHERSSVITERD e o7, BAERTOF hu— ACERLEERIEEIX, EEDLIT%LETLT
VVz, BEREDIR QBT =P A LQLODNRE BRAAL 223, BN FEEDIBITAEITL T e,
108 FHICIT, D= —IC TLMEREDIR T 238, EFA52% L7257, M FLEE - BV E LRI
20.5 mg/dl . 1.13 mg/dl T, L/PtIX18.1&72 072, 1IEMNBENLEVRTIT A%
0.5g/Kg/Day TID# 5-BifAL7-L 25, M RELEE - v /LE VBRI, 10.3 mg/dl | 0.88 mg/dIX K
TL L/PHIT11.7E R E L, EAEVERT NY ANARE I, FROEEDREICEMTEDLL

12720 | — AR RO R E TRV B O D D RRIXIE B LTz, LB RRAEC

%%B#\ AL VEEF N ARl AE MFFLER- A BT, 11.3 mg/dl 72514.3
mg/dl, 0.96 mg/dl 7350.94 mg/dl~:ZLL, EAE BTN Y ARRBL/PHEEITAZ T
HDHLERBELUT,

Ag L 12-weighed magretic resenance imaging {MEL of the brain of the patiest a1
11 years of age.

2. vl\)/ﬁuf‘ HEA’C@%&JHEH%

@ B TR NV IEDY N REDIBE TT AE=V EEAE VBTN ADRR ¢
SNV KRBT, B 7 BT MEICHEE TR ENEEL2TIIFBENIERET
HER, TAXRZUEET =T IEFRRTDOICETHY, Fe, @& 7ERKE
WAL NRICBIT AR EBER FHTADICEREE 2 bND, SRIOFFE T, 18 B
K> E T (CTLN2) C, B AR T AE = LE A E VIR NI ADZNRET T, &
Fix, BERELES T, REBEEZEICGRY, AP mES M IO LR AV
AV DN, BESWMER) 7S IR F o & R 2P R27R LTz, 8 4R H]
DEABRT A=V EEAE VEETNT AR ST, BRERDSEL, AMEFENREFELIE
AL LTz, ZOZEDD O T AX U LENAE VBT RY AR5 LRRKCRIX. B
BRIRERIETHY, FIBRRIE L BBV RER T, BIWERIT R -7z,
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Fig. 2 Changes n plasma ciineline ‘evels (A), Creonineferine
{ThefSer) fabe (B}, and rum patendis secfelory Gypsn
inhisioe (PSTI) levelz (C) of potiert MJ durrg segrise und
sodivn pyruvate (Na-Pyr) adminismton. A shows ge in
yeass (¥) ind maihs (1)

@ VNI RBIELBREDIBERIIEY
VR ME (CTLN2) Tid, 10% 7 V4 — A RC5% 7 VI h—ADSEEZ ANDIL T, Sk,
‘|7 EST MEZRRLIET T2, ZOICHER KT DML, Beaiens, Akdic
BRI DO AR EZRANLE, MFDTE=T VRN UR ERL., BiEEL KL,

Table 1 Changes n laboratory data of patieat M.T

EEg Protein (P)
B Fat)
[ Carbonydrate (€)

GeneralJapanese  Citrin deficiency

A: PFC energy ratio

Relative intake (%)

ol E
Energy P F C
Nutrients

B: Relative intzke of
citrin-deficient subjects

{4 Esergy radoof potein, fit and exrebydrate

ef 1 reded thelr
e Am 21d @ dFin deficiency RDECIS(rgit) 200{B)inake of ey 22d mANnE nehive to 256 asd sex-matched cosos (32),

= Hospilal diet Fm Fasting
g”" r [ Carbohydrato
e ' Fat
H Pretal
ém B Pretoin
k)
F
H
w
H
§(K Kﬂi
£
3 £
Z £ Normal range
§ % EAmmonia
° ,§ Ot
C

i
ERKONE]
July 28

&

& 1 2z
Juiy30  July 31

14 & M
Aug27

Parameter Age (years [y] months [m])
DBydn  13yém  ByEm IyOn HySm  iS9m Iy om

Total Wilivubin (2-12 myL) 44 38 32 54 29 a1 41
AST (337 UL 31 b 37 34 Jecd i7 i3
ALT (240 TLFL} i & 16 15 14 13 3
Amyase ($0-160 TL/L) 11 jliz] 141 1% jtig 133 37
Total choleizrol (414565 muol/l) als 528 545 554 553 pX it 517
HDL-cholesiero! {1.02-2.28 remd/L) 383 329 Rt ] 288 2495 17 256
Triglveadde (0.56-168 mimelLy 122 160 525 18% 127 1.5 085
Uren-N (2182 mmolL) 76 67 72 a3 82 8 53
Uric sdd (017956 mmol/L} 031 %27 0.9 025 Q33 030 227
Ammonie (743 poolL) ne 5 k2l 2% 3 34 b
Total protein (67-82 yL) 72 0 73 7 7 ] B
Lactate (D47-1.50 menol/L) L i 104 j9:93 j 313 17 09
Pyruvate (103-0.10 mmolL) nt ut §.11 128 iliz o\ 095
Sodiun ion (135147 mEgL) 137 143 139 142 143 41 138
PSTT (58-27 ppfl 364 74 59 238 348 133 71
Hlaspra arsing actdd®

Citrullng {17.9-43.0 pmoyLy 8LA 1144 542 404 N 390 41

Arglaing (3515 pmoldy 102 jexid 133 19 ns 47 it

Glutzmiae ($1B-740 pimol/L) 558 &1 659 471 55 738 30

Alsitie (359515 pmolLy 34 450} 394 436 41 424 Yy

BCAAAAA ratio (220-43C) 310 2£0 2.9 356 330 38 350

TheiSer ratio (083115} 30 279 214 168 183 1.8 172

Valuss in parenthesss indicatz aormal rangss.

ni, not tested.
*nly relevant acids related are listed.

T T EEDFERBIENIR I SRR REBRT 58, FERITHSICHELE,

YNV IEE T, BORIR T AXF = LU eV EE R AR 533 L OME R A L A A3

EAbhI,
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6 BmLREBEOFEIRICEAL VLR S5 TINER I LOTRRM DB RED K
L7, ©

A VERNSBEUT LR Tabled
s . Influence of infracorozary pyruvate on left ventricular volumes before
DUERERTEL ., %ﬁﬁu‘ﬁ:uﬁé and during pynmvate apphication. IVED'W =left ventricular end-dia-
. . stolic volume {ml}), IVESV =Ieft ventricular end-systolic volume
BETCOMRBELHETSHE )

TRENTET, AR, DAER Condition Laft ventricular volumas
FHTOIUHEEL, JERBIDE LENS LVEDV LVESY
S A B lE SN TE LR DR (e} (o)

_ e Baseline (saline) 237448 175441
BAMREET 5, WRALLAESRE  pyruvate 360 ml/h 232453 151+43

TEAE VRS B DIRE T O

F S SR B LT, LVERIZS RLES 74— CRIELT, EAE VR, LVRIEE
JEZ802+106 75 1125+103 mmHgys (P<0.05)~EMSH, LVILIRAREIEZ 17420251242
mmHg (P<0.05) ~BD &8, LIaEIE79+4 H>572+5/min (P<0.05)~BD ¥, Ahm—7
R a— DA T o7 AIE34+4 735 43+6 ml/m® (P<0.05), TEERHLVEIZE ah o7z, D
Zenb, LVERIXE VE VB 5120, 3044 535 39+4% (P<0.05)~F BICHEMLT, e
AR R IET AL DI RITERHITH EITR ST, fER A VBEER B LR S
ZOFEARLE G THILT, DAEEMERHI LA, IR JORRS DR S E T
BT LM, EAEVERT, B LREBRE O MEREARETIHRNEZLNLH, B
DAREIEH TEENNEHOBRETHD,

® BOLMLFEBEICEBRIOEACVEERETBILCOMMBEIR: A —T 2774

—T
84, DILAERL U RE CENE VRS LT BHKE £ B EBIR DIEAL, IRERDELE
T, FORER, 2ODE AL VR EE TR, BRI 7203, BN VRS T, LHERES
23%HNL ., AR— 2 FEBH8% LM, FBIREA36 %A Lz, LIIE11%BD LT, FH
KENIRE AR I ORI EBIE 2D 572, BebBI RN KERRERF L, EAR IS TH T,
EALVERIT, DAREBRE TORMRIGREEZ DN,

@ :L\)E'fif/a‘y?}%%KE"/I/H?/@%ﬁ'—?"a‘é:&'@@ I;Biﬁihimin;énd'[:;?saﬁ v pyruvate in addition

MmRBROKEICFE Y oot i) e i
DRI LR 2y R U BE IO TRME e e et
BB R A (300mmol/L) Z360mVHEE 5L, M s sar omte io es

_ R - . i Mean PAP (mmHg) 336 B4
BREA RS LT, EVE VBRI, cardiac index (CI 2.23 £ Mean Pewp gunity) 247 2244
Mean RAP (mmHp) L3 63
0.53 vs. 1.95 % 0.45 L /min/m*; p<0.05), stroke volume SVR @ym s am™) 1608 £3SE 1635+ 3
PVR {dyn s cm™) 216 £ 136 2%6 4 159

* Means p < 0.05
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index (SVI, 29 % 6 vs. 26 + 5 mL/m?; P<0.05), mean systemic arterial pressure (mean SAP, 95 +9
vs. 87 +9 mmHg; p<0.05) U ELTZ, — 7, LHEZEMSE AR L1307,

@At vERILLIEREZMEA T2/ RER T L REERICE S

B R EENREENT TV e v B2 Vo DB ER S ILER A FAV o D ATBER C . I 022 DHESRED
[E148 &R A A~ — I —Z I A VR LB S E 90 % D REE T 5,

T RIHRI, Z02 Mb, FEREERARR

TN = iR AR IR A AR LICERE, — B AV VBRI, BRI T IEE T~ —
REUT AR E Ve, MATENREL A L FE

IR, DRI . BE UV S SZEHD Table 1. Characteristies of Control and Study Patients
Lectate Group  Pyruvale Group
4, 6, 8, 12FRFREIZIZHRELTZ, Men, women (M} 12,2 11, 4
o B Age (ysars) 72 146-78 71 (52-78}
%% . ‘?QL@% AR CE Lf:'f%%%ﬂﬁ b:ﬂ:iﬁb\ EE Cardiopulmonary bypass fime
{min BY(60-123) 83 (58-T10)
ERERIR A AV BE P SA AT ARFRIDNS12 Crossclamp fime {min} 58 [45-08} 62 [43-30)
Cardioplegia infusion volums
s : N - {ml) 310 (200-400) 350 (300-450)
IRFfET S CDleft ventricular stroke works BA>o77 Pramparative LV sjsction fraction
%] 56 [45-68] 54 (35-88)

<0.001), coronary sinus troponin I Ycreatine
NOTE. Patiants in the lactste group recsived lactate-based cardio-

phosphokinaseMB TEHE% 67% ;< 0.001) L53% gl s e pred of e e ueris 2 prve
(p <0.01){EX ., coronary sinus i o e e e oo anifcant difer
hemoglobin FIFNEL 18% (p < 0.001)&fEA oz, — “Femen Ly e ventrcutar

FEE RO DIEEREBE O 10 ADB-AEE I LEL LN, AL VR TIMAD B ThoTz,
ENAEVBRESRE VTSRS AR BICEML 72 (63 203 5 52£0.1 days, (p<
0.002),

il B VE VERESIRE VG EEIRTFIRRR D A/ SAEATIB A O LA EE L BT 5 TR
DBV, DAEREDEIEL _Eﬁ}fmﬁ%ﬁ%EMf:o L7223 T, EEWREEMT ClT, A —R I
NE VR —ZATOODERINFELV,

@eN e EBORHER L IREER B OESY

EAEVERIT, BARFITEETORBRECTHY LM OO RBR LA ThHY, AR
EU R EF7HE . fEx OREOLHIRELRETD, UL UVERIT, DFINHEZHEL, L
IR D =R F—IREEE IS, NRMOHTER LS AT A&2TE ML, B FERCA
ZURAR AL DD REICEI, ZOVE 22— T, B EERICHAOMNIC RV R
D LA DA REIZ OV TOERBLUBREM O RRERN T2, B AL E L BROH
/NIRRT O Catinik, FUERLIER, DS ICBI DA R L ORI O ERIZ SOV TR
YD, TNHDOHIFEIR, EAMICIIE VE U ERIER O BRRAE N EE-S<SHIZEEE 1 THY., D
JASASZEMRT, DB, LIRBEELLRERENEEND,
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=L ATa—vE
ltﬁi&ggﬂﬁﬁ L:ﬁ b‘)’é Dietary intake as determined by 3-d food records*

TABLE 3

‘ Placebo Pyruvate
AV @0)&—5\ —ré]— Week 0 Week 6 Week 0 Week 6
2 * 0 .| = O 2 = Ol x = 0.009
fefERE BB e o o ‘iar iy
Tu(l;c‘»)m 222 B2 21 2=2

EIEERE Ek{z&%ﬂhﬁln @® 46121 4692 16 474222 497233

Saturaled fatty acid

5 . %) 81 =1 1921 01
3 Fﬁ%%ﬁﬁkf‘j};é”ﬁ" LY @ 83 = 04 85+ 0.5 92+07 98209
Monounsaturated fatty acid
) Nzl P 021 91

VBRI HE PR A LR ® 183 = 08 1852 08 141 %08 146+ 1.2

Polyunsaturated fatty acid

— [C5) 45 =1 44 = 1 “=xy 4
-1 N ® 206 = 05 208 05 208 = 06 219 = 1.0
/%E'ﬁjz%,{'& 1/7\7_‘:' Cholesterol (mg) 165 = 84 163 » 80 176 = 19 180 + 9.6
Total carbohydrate
— S %, 60 =2 60 =2 6122 61 =2
/Vﬁ ( 165-180 mg) N j;o EKJ) 2574 % 146 2729 = 166 2873 = 133 3080 + 143
N e WA N Totad protein
N L (%) 161 161 161 17z1
J:U{EHE% ﬁ (#‘“‘:LZ\ ® 713 = 3.8 750 = 54 774 = 35 86.1 = 5.0
N o N Total dictary fiber (g) 143 £ 18 176 £ 23 130211 146 + L7
/1/;’?- —D22-24 /0 B * §+ SF: n = 17 per group. There were na significant differences hetween groups

+ Ratio of polyunsaturaled to saturated fatty acids.

NLNF—D18-20% % fa

FORE L THLo T\ ) 21T - TV B B IS ILE B CRETL Tz, ZOBFRiEZ4AR R 721%
. MEREEOEIFIE T LA, 20, 34813TF AN U EREE (22-44g/ R) &RV )V
o— 2B (18-35g/ B) I T Bz, EAE VR VB CIRELRIEN 0B BB 2R L
7 LISk (P€0.05) . AR oL 27— v LDL, HDLENZ VY RIXMFEH TEII 2D o7z, B’
L OB RSN A MESEEEE TN T, EAEVEREZRaL 27 a— LB X WMERR
BB AL T, JEEDRERE LD AKEBD LI 2 ZR TED,

OFERER, =NV F—

TABLE |
= Patient profile
M. ERARBICEL = —
aist/hip
o o vy 2) Dict and subject  circumference  Initial weight  Initial body fat  Initial BMI*  Initial REEY Weight loss  Fatloss  Energy deficit
LE™S 1
6t 7 ]: /@0)%% ke kg MIfd kg ka MI
= = Placebo

T_t ltgjL fﬁﬁ KAJ\FJD EP D 1 0.83 140.7 714 475 9.4 5.2 30 146.2
2 %] 1147 817 418 64 37 19 $30

N IR 3 0.98 1032 48.8 36.1 86 5.1 3.1 1254

144 OREF T 4 0.86 980 422 3.1 30 43 27 1225
5 0.78 97.4 46.8 353 6.4 33 23 714
. P 6 0.83 97.2 443 340 81 51 34 1240
H4.25 MJ / d {&{Z’:ﬁ 7 (% 78.1 329 280 6.7 3.2 24 86.2
z 0.83 1042 49.7 374 27 43 2.1 1084
(6 8% SE 0.03 73 49 28 04 03 0.2 10.5

Pyruvate

1 0.80 149.0 79.8 516 86 9.2 6.1 1455
0 2 0.83 138.2 720 527 8.8 6.6 47 145.8
CarbOhydr ate, 22% 3 0.78 1146 61.6 417 6.5 40 21 83.8
. . 4 0.76 1017 452 356 85 6.4 47 185
1 =1\ H 0.96 101.7 488 382 74 5.0 33 106.7
protein) 21 B H{T\ & 6 o1 972 ar6 32 79 59 38 1179
" 1 093 749 286 2738 6.2 39 31 75.4
= ) S £ 0.83 1o 54.8 424 7.7 59¢ 4.0% 1134
Ve /&z@ ﬁ‘é 72 LT SE 0.03 9.6 66 34 04 0.7 05 103

DI R, = RLF— -
Ed, BEAFHZOW # Signifcantly diffeen rom placebo. 7 < 005

TR, RSB, BEOS — 4 — RO RS T BH S CAITLIE. =
R)E— KB, EEREORBETHELE, CAY VL 5 XN, FERDPAERICR
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b, BRNATUVARERAV R, F— oA — SN[ IWEE TR o T, SRR THD
EAEVERIL, BIRFBHK THAE Na—ADRPVIZFRL =R AF—JREL TR L TISRF L ik
BEERAOSEDRLEZ N,

OmfE MmEBRE IR T DR

TABLE 2

Dietary intake®
> o >
E%ﬁﬁkk‘—g‘xét /]/E ‘/@0) Placebo (n = 21} Pyruvate (7 = 19}
%@13) Wesk 0 Week 6 Week 0 Week 6
Energy (MJ/kg body wt) 0.114 20014 0.116 £ 0.012 0.107 = 0.006 0.117 = 0.008
. Pt 034+ 004 030003 035+ 003 030+ 003
=Ni=R i F s Total fat
iR MAE R C (%) %614 6716 452214 456215
{8 106 + 10 1109 10126 110+ 7
TR _ Saturated fatty acid
high—cholesterol (560-620 tursed any et s we 2
® 445 64 402 463
: M. turated fatty acid
mg), high—fat (45—47% Paadatiand 21 3521 Mt B
e o x4 3823 B3 B3
nsaturated fatty aci
ofenergy; 18-20% of energy @ et Bai a1 Bel
&) 1542 41 4z LS
. Cholesterol (mg) 594230 57531 566 < 40 620239
as saturated fatty acid), Totalcasbomydrate :
) Mix1s 37816 80413 313
L ® 200 % 19 241218 202 11 25+ 15
- Total protci
anabohc dlet (0 1 1 O 12 (%)Wm 16307 157206 16905 16.6 0.7
® 8616 8545 8724 92x5
M_]/kg body Wt) 75:, 6 Wk%‘i Total dietary fiber (g) 8012 138 LS 130201 139+ 1.3

* % % SE. Data are based on 3-d food records.

TWAE T, 3RFHMETH 1 et el polrummuaietto Sume By it

DENE VRO MRS EALRRIZ 5 2 DB LT LTz, 40413, 36-53 g DELEVER (n = 19),
2 1-37 g ®ARYF Lz2—A(placebo, Polycose, n =2 1) as a portion of carbohydrate energy®™2&f
A TbiT, TCLLDLIZZ 7B AREE CTEALL 22D o703, BV VERRETIE, 4%, 5% EF 7
AUETFL72(P < 0.05 vs placebo), HDL, HDL3:TGIZE B G [RIUFRE TENE T, LI,
PERRB M 6B DIRR CTT TR TIIEAL L 2h o723, B B EEETIL, 9%. 6%.
12% &R L72(P < 0.05 vs placebo),

@FEiE LERBE TR AIEEMRICE 2B E B DR EY
I RYTE, RER R REMHERR, BB LOREBETREERRE R R, thvwz, k=
YRUT OREHEREZ FERBRAITRIET DM ENR DD, CI3DIER T ANL, Ihar R 7 0fEH
e WAL AL 501 H AT
. W e
FE IR ERAYITY> 6043 LA
WNTHT TE5, BE DERIR
BRI DA T, 5B D
T2 OFHmIZFIH TE5,

£ X%, stable isotopeZ
W E AR U ER DRI

Figure 1. Metabolic pathway of *C-labeled pyruvate, Administered pyruvate is converted to acetyl-CoA via the action of pyruvate
dehydrogenase, and subsequently fed into the citricacid cycle. The fate of the labeled carbon depends on its position in the pyruvate 'C\‘ &) 5
molecule. Labeled carbon in [ 1-*C] pyruvate s released in the form of “CO; during d: by pyr dehyd: °

On the other hand, labeled carbons in [2-°C] pyruvateand [3-°C] pyruvate are released as #CO; after completing the second turn

of the citric acid cycle,
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{1-BCZ W= L E VBR

B EALVEET R A

100mg#50mlD 7K CIEfELT-
A, FORWNET, BEIK
T8 T —2% 1T,
—77, 50g D7 RO EE IRFEA%
STERELZSE . BIIE
DE—T136053 L7256,
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{3-BClxENETNENE VIR
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Abstract

Leigh syndrome (LS) is a progressive untreatable degenerating mitochondrial disorder caused by either mitochondrial or nuclear
DNA mutations. A patient was a second child of unconsanguineous parents. On the third day of birth, he was transferred to neo-
natal intensive care units because of severe lactic acidosis. Since he was showing continuous lactic acidosis, the oral supplementation
of dichloroacetate (DCA) was introduced on 31st day of birth at initial dose of 50 mg/kg, followed by maintenance dose of 25 mg/
kg/every 12 h. The patient was diagnosed with LS due to a point mutation of an A-C at nucleotide 599 in exon 6 in the pyruvate
dehydrogenase Ela gene, resulting in the substitution of aspartate for threonine at position 200 (N200T). Although the concentra-
tions of lactate and pyruvate in blood were slightly decreased, his clinical conditions were deteriorating progressively. In order to
overcome the mitochondrial or cytosolic energy crisis indicated by lactic acidosis as well as clinical symptoms, we terminated the
DCA and administered 0.5 g/kg/day TID of sodium pyruvate orally. We analyzed the therapeutic effects of DCA or sodium pyru-
vate in the patient, and found that pyruvate therapy significantly decreased lactate, pyruvate and alanine levels, showed no adverse
effects such as severe neuropathy seen in DCA, and had better clinical response on development and epilepsy. Though the efficacy of
pyruvate on LS will be evaluated by randomized double-blind placebo-controlled study design in future, pyruvate therapy is a pos-
sible candidate for therapeutic choice for currently incurable mitochondrial disorders such as LS.
© 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Leigh syndrome; PDH Elo mutation; Pyruvate; Lactic acidosis; Therapy

1. Introduction

LS, originally reported as subacute necrotizing
encephalomyelopathy by Dr. Denis Leigh in 1951 [1],
is an early-onset progressive neurodegenerative disorder
characterized by developmental delay or regression, lac-
tic acidosis, and bilateral symmetrical lesion in the basal
ganglia, thalamus, and brainstem [2]. The clinical pre-
sentations of the disease are heterogeneous, due to the

* Corresponding author. Tel.: +81 942 31 7565; fax: +81 942 38
1792.
E-mail address: yasukoga@med.kurume-u.ac.jp (Y. Koga).

severity of biochemical defects caused by mutations in
both nuclear and mitochondrial genes involved in
energy metabolism. Though many molecular defects
are reported to be associated with LS [3], the underlying
gene defects remain unidentified in nearly half of the
patients [4,5]. Since LS is associated mainly with the
respiratory chain deficiency, there is no established
treatment except for a limited number of patients such
as those with thiamine-responsive pyruvate dehydroge-
nase deficiency [6], or those with defects in the biosyn-
thetic pathway of coenzyme Q [7]. We have proposed
that pyruvate has a therapeutic potential for mitochon-
drial diseases, because: (a) pyruvate can stimulate the

0387-7604/$ - see front matter © 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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glycolytic pathway by reducing the NADH/NAD ratio
in the cytoplasm, (b) pyruvate can activate PDHC by
inhibiting pyruvate dehydrogenase kinase, and (c) pyru-
vate can scavenge hydrogen peroxide by non-enzymatic
reaction [8]. Recently, we reported that pyruvate pro-
duced a slightly favorable change in the plasma lactate
and pyruvate levels in LS with cytochrome ¢ oxidase
deficiency [9]. In the present report, we describe a clini-
cal experience of pyruvate therapy in a child with LS
having PDH deficiency caused by a novel mutation in
PDH Ela gene.

2. Patient and methods
2.1. Patient
The 5-years-old boy, presented as severe psycho-

motor retardation with severe lactic acidosis, was born

Table 1

Biochemical parameters during therapy with none, DCA, or pyruvate.

weighing 1797 g at full term gestational age as the
second child of unconsanguineous parents. He was
transferred to neonatal intensive care units because of
fatal distress with the severe lactic acidosis. The concen-
trations of lactate and pyruvate in blood were 6-10
times higher than normal range, with normal lactate/
pyruvate ratio (Table 1). He was under respiratory care
with medication of severe metabolic acidosis. Amino-
gram of his plasma showed an elevated alanine concen-
tration of 1.82 mM (normal range, 0.21-0.52). Since he
was showing continuous lactic acidosis, the oral supple-
mentation of DCA was introduced on 31st day of birth
at initial dose of 50 mg/kg, followed by maintenance
dose of 25 mg/kg/every 12 h. Though he showed severe
floppy infant, his mechanical ventilation has been termi-
nated at the 45th day of birth, and starting oral admin-
istration of ingredient nutrient. Although the
concentrations of lactate and pyruvate in blood were

None (n =8) DCA therapy (n = 12) Pyruvate therapy (n = 10)

Lactate (mM) (normal: 0.03-0.17) 9.6 £0.54 8.6 £2.63 528 4 1.73*P

(Range: minimum-maximum) (8.70-10.10) (3.56-12.70) (2.73-7.75)

Pyruvate (mM) (normal: 0.003-0.10) 0.69 +£0.13 0.61+0.19 0.42 +£0.13*°

(Range: minimum-maximum) (0.49-0.82) (0.31-0.93) (0.26-0.68)

L/P ratio (normal: 10-15) 14.5+3.10 142+£2.12 12.6 £ 1.52

(Range: minimum-maximum) (10.6-18.7) (11.5-17.9) (10.5-15.1)

Alanine (mM) (normal: 0.21-0.52) 1.7+0.28 113 £0.27% 0.77 £ 0.38*

(Range: minimum-maximum) (1.11-1.82) (0.76-1.51) (0.39-1.42)

All date are presented as mean = SD during each treatments.

Lactate, pyruvate L/P ratio, and alanine were analyzed the significance between periods of none, DCA and pyruvate therapy using the two-tailed

Mann-Whitney U-test. P value less than 0.05 showed significant.

2 1t showed significance between none and DCA or pyruvate therapy.

® Tt showed significance between DCA and pyruvate therapy. n: number of measurements.

Table 2
Entire clinical course and symptoms.

Clinical course

None DCA Pyruvate
Study periods 1 month (1 m) 17 months (2-18 m) 58 months (1 year 6 months—6 years 4 months)
Hospitalization (day) 31 124 3
Emergency visit (time) 0 14 4

Diagnosis by EEG

Infantile epilepsy

West syndrome or Lennox-Gastaut syndrome

Convulsion

Frequency 15 or more/days 18 or more/days

Duration 5-15 s/Epilepsy 5-20 s/Epilepsy

Series formation None Series formation

Anticonvulsants Phenobarbital Carbamazepine 10 mg/kg/day

20 mg/kg/day Valproate 10-15 mg/kg/day

Clobazam 1.0 mg/kg/day
Zonisamide 2-4 mg/kg/day

JMDRS 58 58

Developments Severe floppy infant ~ Cannot head control

Respiratory care

Cannot sit alone
Cannot rolling over
Floppy infant

Eating mainly by S-tube

Lennox—Gastaut syndrome

2-3/months

5-10 s/Epilepsy

No series formation
Carbamazepine 10 mg/kg/day
Valproate 15 mg/kg/day
Clobazam 1.5 mg/kg/day
Zonisamide 2-4 mg/kg/day
57

Floppy infant

Head control (21 months)
Rolling over (42 months)
Sit alone (56 months)
Eating mainly by mouth
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slightly decreased by DCA, his clinical conditions were
deteriorating progressively. He could not fix the head
control, and roll over at 6 months of age. He was diag-
nosed with West syndrome at 6 months-old because of
his intractable generalized convulsions. Though he
received two types of anti-convulsants as shown in
Table 2, his convulsion did not stop and showed several
seizures a day with series formation. Brain MRI on
7-months-old showed a premature myelination and
atrophy in frontal lobe with callosal hypoplasia, and
brainstem abnormality. He showed severe floppiness,
loose head control, inability to sit alone and roll over,
feeding difficulty, and no significant words at the age
of 18 months-old. His EEG pattern changed to Len-
nox—Gastaut syndrome at that time (Fig. 1A). Nerve
conduction velocity in both motor and sensory nerve
showed low amplitude with delayed velocity indicating

A

Fig. 1. (A) EEG taken at 18 months old. A grossly abnormal inter-
ictal EEG showed continuous, high-amplitude, sharp-slow-waves or
spike-slow-waves indicating a multifocal and generalizing sharp-slow-
wave-discharges at 1.5-2.5 Hz. Patient showed intractable epilepsy
with 15-20 times a day of grandmal, and/or myoclonic type seizure.
(B) EEG taken at 36 months old. An abnormal inter-ictal EEG pattern
showed with continuous, sharp-slow-waves or spike-slow-waves.
However it showed low-amplitude and less multi-focality. Patient
showed no grandmal or myoclonic type seizure by daily base
frequency.

severe neuropathy. At this point, we thought that severe
neuropathy seen in the patient may caused by the severe
adverse effects of DCA, since he received the DCA sup-
plementation for more than 17 months period. Because
of the severe neuropathy, we decided to terminate the
DCA at his age of 18 months-old, and after received
written informed consent, we started the oral supple-
mentation of sodium pyruvate at 0.5 g/kg/day TID.
Three months later, he started to roll over and showed
the facial expression of happiness and sadness. He could
start to chatter and swallow the liquid food. Six months
after starting pyruvate supplementation, he had almost
no epileptic seizure and was demonstrated the significant
improvement by EEG (Fig. 1B). The entire clinical
course is summarized in Fig. 2 and Table 2.

The lactate and pyruvate concentrations in cerebral
spinal fluid were 8.23 mM, and 1.26 mM under the
period of DCA therapy, and 4.61 mM and 0.68 mM
under the period of pyruvate therapy (Fig. 2).

2.2. Lactate, pyruvate, LIP ratio and alanine
determination

In order to investigate the energy state of patient in
each time period of therapy, we measured the plasma
level of lactate, pyruvate and aminogram including
alanine, 8 times in the periods of 31 days with free
of DCA and pyruvate, 12 times in 17 months during
DCA therapy, and 10 times in 58 months during pyru-
vate therapy. Analysis of amino acids was performed
on protein-free extracts of fresh plasma using
described methods.

2.3. Enzyme assays

The PDHC activity in cultured skin fibroblasts was
assayed using two different concentrations of TPP (0.4
and 1104 mM) after the activation of PDHC using
DCA as previously described [10].

2.4. Genetic analysis

Mutation analysis of the Elo gene, a major cause
of PDHC deficiency, was performed using genomic
DNA from cultured skin fibroblasts. For the genetic
analysis of the 11 exons of the Ela gene, the individ-
ual exons were amplified using primer pairs and con-
ditions as described previously [11].

2.5. Statistical analysis

Statistical analysis of the biochemical data includ-
ing lactate, pyruvate, L/P ratio, and alanine was per-
formed using two-tailed Mann-Whitney U-test or
Student’s #-test. A value of P <0.05 was considered
as statistically significant.
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Fig. 2. Entire clinical course.

3. Results

Since patient showed lactic acidosis with normal lac-
tate/pyruvate ratio, we measure the PDHC activity in
cultured skin fibroblasts cells. The PDHC activity was
0.94 in the presence of DCA and 0.4 mM TPP (normal:
4.07 + 0.68 nmol/min/mg protein). Mutation analysis of
PDH Ela subunits revealed a point mutation of an A-C
at nucleotide 599 in exon 6, resulting in the substitution
of aspartate for threonine at position 200 (N200T).
Though this mutation has not been reported before,
we considered it as the responsible gene defect in this
patient because; (1) no other mutations were found in
entire PDH Ela gene, (2) conserved amino acid in differ-
ent species, (3) mother has the mutation in hemizygous
condition, and (4) no same mutation found in 50 normal
females.

The laboratory data before, and after the treatment
by DCA, and after pyruvate treatment are shown in
Table 1 and Fig. 2. The concentration of lactate and
pyruvate in blood before the treatment was 51-58 times
higher than normal range, with normal lactate/pyruvate
ratio (Table 1). The concentration of alanine was also
increased 2.1-3.5 times higher than normal range. After
the treatment by DCA, though the concentration of lac-
tate and pyruvate showed no significance, the concentra-
tion of alanine was significantly decreased. The patient
showed intractable seizures, and decreased the activity
of daily living. After the treatment by pyruvate, the con-
centration of lactate and pyruvate were significantly
decreased in comparison with those without therapy,
and with DCA treatment, with significantly decreased
level of alanine (Table 1 and Fig. 2). The concentrations

of lactate and pyruvate in the CSF were also signifi-
cantly decreased with significantly decreased plasma
level of alanine (Fig. 2).

4. Discussion

LS, the most dominant sub-type of mitochondrial
disorders in children, are clinically more severe and
patients usually die before the first decade of the life.
In another words, LS showed the most severe cytopathy
among subtypes of mitochondrial disorders. Therapeu-
tic target of mitochondrial angiopathy is now on-going
of L-arginine as an investigator-mediated clinical trial
on MELAS [12]. However there are no clinical trial of
therapeutic approach for mitochondrial cytopathy espe-
cially LS. Since the severe adverse events of DCA
reported in 2006 [13], the new therapeutic drugs to pre-
vent or improve the mitochondrial cytopathy or lactic
acidosis have to be developed as a substitute for DCA.

In the present study, we reported a patient with LS
caused by a novel PDH Elo mutation who responded
to pyruvate administration for 3 years period. Pyruvate
therapy significantly decreased the lactate, pyruvate
and alanine levels, showed no adverse effects such as
severe neuropathy seen in this patient under the DCA
therapy, and had better clinical response on development
and epilepsy. It was reported that pyruvate percolates
through the blood brain barrier via monocarboxylate
transporters and provides an excellent energy state for
neurons and astroglia [14]. As shown in our patient
(Fig. 2), pyruvates decreased lactate and alanine levels
not only in blood but in CSF, and improved the electro-
encephalogram in our patient, suggested that pyruvate
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may pass through blood-brain barrier and improve the
metabolic condition in the brain in our patient. We have
proposed that pyruvate has a therapeutic potential for
mitochondrial diseases, because: (a) pyruvate can stimu-
late the glycolytic pathway by reducing the NADH/
NAD ratio in the cytoplasm [8], (b) pyruvate can activate
the pyruvate dehydrogenase complex (PDHC) by inhib-
iting the pyruvate dehydrogenase kinase [8,9], and (c)
pyruvate can scavenge the hydrogen peroxide by a
non-enzymatic reaction [15]. Pyruvate improved the
hemodynamic condition by intracoronary infusion in
patients with congestive heart failure [16,17], or the neu-
rological recovery following cardiopulmonary arrest and
resuscitation [18]. In our patient, we determined the daily
supplement of pyruvate by the presence of diarrhea as
adverse effects or by the capacity of amount of oral
administration. In our patient, daily administration of
sodium pyruvate resulted in 0.5d/kg/day TID. The exact
pharmacological mechanisms why serum pyruvate is also
decreased after the pyruvate therapy, have to be clarified
in future study, by using proteome analysis or compre-
hensive multiple analysis of total cell metabolism.
Considering the progressive nature of LS, pyruvate
may prevent the neurodegeneration and lactic acidosis
in our patient. Though the efficacy of pyruvate on LS
will be evaluated by randomized double-blind placebo-
controlled study design in future, pyruvate therapy is a
possible candidata for therapeutic choice for currently
incurable mitochondrial disorders such as LS.

Acknowledgements

Authors thank to the Prof. Shinichi Hirose for treat-
ing the initial therapy and for providing the initial labo-
ratory data. This work was supported in part by Grants
#13670853 (Y.K.), and #16390308 (Y.K.) from the
Ministry of Culture and Education in Japan, and
#CCT-B-1803 (Y.K.) from Evidence-based Medicine,
Ministry of Health, Labor and Welfare in Japan. N.P.
is a recipient of grant in aid for young investigator from
Heiwa Research Foundation in Japan. This work was
supported in part by a grants from the program
Grants-in-Aid for Scientific Research [A-22240072, B-
21390459, and C-21590411 to M.T.]; by Grant 20B-13
from the program Research Grants for Nervous and Men-
tal Disorders of the Ministry of Health, Labour, and Wel-
fare (to Y. K. and M.T.); and by grants for scientific
research from the Takeda Science Foundation (to M.T.)

References

[1] Leigh D. Subacute necrotizing encephalomyelopathy in an infant.
J Neurol Neurosurg Psychiatry 1951;14:216-21.

[2] Finsterer J. Leigh and Leigh-like syndrome in children and adults.
Pediatr Neurol 2008;39:223-35.

[3] Robinson BH. Lactic acidemia and mitochondrial disease. Mol
Genet Met 2006;89:3-13.

[4] Rahman S, Blok RB, Dahl HH, Danks DN, Kirby DM, Chow
CW, et al. Leigh syndrome: clinical features and biochemical and
DNA abnormalities. Ann Neurol 1996;39:343-51.

[5] Morris AA, Leonard JV, Brown GK, Bidouki SK, Bindoff LA,
Woodward CE, et al. Deficiency of respiratory chain complex I is
a common cause of Leigh disease. Ann Neurol 1996;40:25-30.

[6] Naito E, Ito M, Yokota I, Saijo T, Ogawa Y, Kuroda Y.
Diagnosis and molecular analysis of three male patients with
thiamine-responsive pyruvate dehydrogenase complex deficiency.
J Neurol Sci 2002;201:33-7.

[7] Quinzii CM, Hirano M, DiMauro S. CoQ10 deficiency diseases in
adults. Mitochondrion 2007;7:S122-6.

[8] Tanaka M, Nishigaki Y, Fuku N, Ibi T, Sahashi K, Koga Y.
Therapeutic potential of pyruvate therapy for mitochondrial
diseases. Mitochondrion 2007;7:399-401.

[9] Komaki H, Nishigaki Y, Fuku N, Hosoya H, Murayama K,
Ohtake A, et al. Pyruvate therapy on Leigh syndrome due to
cytochrome ¢ oxidase deficiency. Biochim Biophys Acta
2010;1800:313-5.

[10] Naito E, Ito M, Takeda E, Yokota I, Yoshijima S, Kuroda Y.
Molecular analysis of abnormal pyruvate dehydrogenase in a
patient with thiamine-responsive congenital lactic acidemia.
Pediatr Res 1994;36:340-6.

[11] Matsuda J, Ito M, Naito E, Yokota I, Kuroda Y. DNA diagnosis
of pyruvate dehydrogenase deficiency in female patients with
congenital lactic acidemia. J Inherit Metab Dis 1995;18:534-46.

[12] Koga Y, Akita Y, Junko N, Yatsuga S, Povalke N, Fukiyama R,
et al. Endothelial dysfunction in MELAS was improved by L-
arginine supplementation. Neurology 2006;66:1766-9.

[13] Kaufmann P, Engelstad K, Wei Y, Jhung S, Sano MC, Shungu
DC, et al. Dichloroacetate causes toxic neuropathy in MELAS: a
randomized, controlled clinical trial. Neurology 2006;66:324-30.

[14] Miller JP, Oldendof WH. Regional kinetic constants for blood—
brain barrier pyruvic acid transport in conscious rats by the
monocarboxylic acid carrier. J Neurochem 1986;46:1412-6.

[15] Long LH, Halliwell B. Artefacts in cell culture: pyruvate as a
scavenger of hydrogen peroxide generated by ascorbate or
epigallocatechin gallate in cell culture media. Biochem Biophys
Res Commun 2009;388:700-4.

[16] Hermann HP, Pieske B, Schwarzmuller E, Keul J, Just H,
Hasenfuss G. Haemodynamic effects of intracoronary pyruvate in
patients with congestive heart failure: an open study. Lancet
1999;353:1321-3.

[17] Mallet RT, Sun J, Knott EM, Sharma AB, Olivencia-Yurvati AH.
Metabolic cardioprotection by pyruvate: recent progress. Exp
Biol Med 2005;230:435-43.

[18] Sharma AB, Barlow MA, Yang S-H, Simpkins JW, Mallet RT.
Pyruvate enhances neurological recovery following cardiopulmo-
nary arrest and resuscitation. Resuscitation 2008;76:108-19.



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

“1SSN 0304-4165
Volume 1820, Issue 5, May 2012

Subjects

Ry LTI B TR 1,01 cie Mechanisms of Mitochondrial Augiopathy in MELAS 8

~ Biochemistry of S -
Mitochondria, = O e s o sl bt

Life and Intervention (SSYV: Sirvogly ST ypective vesses )
5 COX pesitive

2010 - Segmeral vechasion patelogicaliy

- Guest Editors ] ‘“*rmxoxim{viwwy

N2 (= L-arginine cffccts_—_>X —
Risk

M. Tanaka e
S.Ohta 1 - b

and Y.-H. Wei HO dpletion ® Cold exposune

® Learginine |

® Docrrased setivity of NO synthzease by NADNADBE

® Decrensad sctivity of NO sypthezzse Iy Relative iscronse 0T ADMA
® Free radical bind to N0 moleoiies 10 vae bydrgypeminiie

* NO moletss bind o CON setive conter 31 SSV

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged o visit:

hitp://www.elsevier.com/copyright



Biochimica et Biophysica Acta 1820 (2012) 551-552

A ‘t

ELSEVIE

Preface

Biochemistry of mitochondria, life and intervention 2010

Mitochondrial research and medicine have been continuously ex-
panded for the last 40 years. Since mitochondria play a central role in
the metabolism of carbohydrates, lipids, and amino acids, alterations
of mitochondrial functions have been implicated in various human
disorders, such as mitochondrial myopathy, diabetes mellitus,
aging-process, Alzheimer's disease, Parkinsonism, cancer, atheroscle-
rosis, obesity, and metabolic syndrome.

Recent developments of clinical research and medicine indicate
that the many human disorders have a link to mitochondrial func-
tion and possible to indicate the therapeutic application for cure of
the disorders. ROS production from the respiratory chain plays piv-
otal roles not only in the control of proliferation and differentiation
of cells but also in the regulation of mitochondrial mass in the cell.
ROS is also related with aging and cartinogenesis. Molecular
phathophysiology of maintenance of mitohondria is also discov-
ered as fission and fusion mechanism, which are related to the
quality control of mitochondria (mitophagy) seen in Parkinsonism.
Many animal models are created by KO mice and are investigated
the pathophysiology of disorders. Therapeutic clinical approaches
are also investigated such as L-arginine on MELAS, sodium pyru-
vate for lactic acidosis, and hydrogen water for mitochondrial dis-
orders. Assisted reproductive technology for mitochondrial
disease patients is well developed in the fields to apply the clinical
application. Such fundamental studies of mitochondrial bioenerget-
ics could apply the new therapeutic indication for mitochondrial
disorders.

In this special issue of BBA-general on “ Biochemistry of Mito-
chondria, Life and Intervention 2010” which contains selected pa-
pers from 7th annual meeting of Asian Society for Mitochondrial
Research and Medicine and 10th J-mit (Japanese Society of Mito-
chondrial Research and Medicine), we discuss the new aspect of mi-
tochondrial functions relating to human disorders, and possible and
on-going therapeutic approach of human disorders. This issue is or-
ganized in five chapters as follows: (i) Update mitochondrial re-
search field, (ii) Mitophagy (fission and fusion), (iii) Animal
model of mitochondrial disorders, (iv) Therapeutic approach of mi-
tochondrial disorders, and (v) Mitochondrial pathophysiology in
atherosclerosis, cancer, and aging.
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Dr. Yasutoshi Koga is a professor of Pediatrics and Child
Health, Kurume University Graduate School of Medicine, Ja-
pan. After he completed the MD and PhD, he joined the Mi-
tochondrial Research Group in 1990 as a post doctoral
research fellow granted by Muscular Dystrophy Association
at the Department of Neurology, College of Physicians and
Surgeons of Columbia University (Profs. DiMauro and Schon
EA), where he directed his research to mitochondrial genet-
ics especially pathogenic mechanism of MELAS. This led to
the development of rho-zero cybrid system in mitochondrial
research in 1992. He is the vice-president of Asian Society of
Mitochondrial Research and Medicine and is organizing the

3 Joint Symposium of 7th Asian Society of Mitochondrial
Research and Medicine, and 10th Japanese Society for Mitochondrial Research and
Medicine in 2010 at Fukuoka, Japan. He pioneered the development of a novel therapeutic
procedure for MELAS and has completed the investigator-mediated clinical trial of
L-arginine on MELAS. He received the Kelsey Wright Award from United Mitochondrial
Disease Association (USA) in 2008. He now become a core committee member of Interna-
tional Mitochondrial Research and Medicine especially therapeutic division.
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