ciency. Ann Clin Biochem 49: 201-203, 2012

8 ) Sokol RIJ: Mitochondrial Hepatopathies. In : Liver
Disease in Children 3rd Ed. Cambridge Univ Press.
pp803-829 2007

9 ) Dabbeni-Sala F, et al.: Melatonin protects against
6-OHDA-induced neurotoxicity in rats: a role for
mitochondrial complex I activity. FASEB J 15: 164-
170, 2001

10) Mowat D, et al.: Respiratory chain complex IIT [cor-
rection of complex] in deficiency with pruritus: a
novel vitamin responsive clinical feature. J Pediatr.
1999;134 (3) :352-4. Review. Erratum in: J Pediatr
135: 402, 1999
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&5 ERIT

PAGE f##f, Sef@i )

B &R EHREEFX OMIM @ 5k 1 RICEH

- Complex IV BRIEA N LERSETT B2 Elndkl), Tl F—BAETAR UREE

- X hORUZ DNA B KODNA OF A EBRRICEY) DB

- Complex |V KIBEDIEEIL, o &V EREINTZDHDIEDRN. EEZSOBHZIOS |
TIEMPREEEESAEDIN16% (300 FIh49 4) TH 2

- mtDNA O E & T Leigh BMAE, MELAS, GEFAMME) I A/3F—,
DEE, BIIRER ClRRREIEHEA THD. #DONA TIESURF1 & & Leigh BEA 2T
BHODEN. BETFIEICHERERDPRESNTND

- 2 complex IV DR - RIBEBERFMICTERT 22 & ThD(n vitro BEEME, BN- |

B8 rigftsk > boO—Lc A+ 4—+t (cytochrom ¢ oxidase), EC 1.9.3.1

LHON, RMEME.

I hay B 7IHESEEE A IV (complex IV) 1
v Mo u—4 ¢ FF T —¥ (cytochrom c oxidase:
CCO, HHWIZ COX) & BTN, BFEERD
BREICHY, BB M u—24c2BILT S
LlbiT, BMEEXRETLK29TFEOLAEET
H5.

Z @ complex IV DRI 2 LIHEHEMETIZ
Lo T ANF—EEPRT L CEEEELF| &
RRITION, I IV Y TIRREESEIV

RABJE (complex IV KIBHE) TH 5. FRMIIHRD
common 72 HEREE L Leigh BXETH 555, T
B-FBIPIVFUTH, OBHESL Vo 2K
B L RLNS.

EXHOOBERZW OF TIE complex I RIBIE,
BEONRERIBEDORICEVEETH Y, BHH
I $5 R FEAE D HFTUE, complex T RIBFEIZ IR
TH. WHRSHEEESEOR 14% (232 FF 33
B TH5H, T2, Leigh IWELZRITEREE LT
bV, IANF—HMGERD S, LIRAREE
b7z 5 FTERIZETHY, FBEEHOIE
BHPLHRAFTSESETH S,

& R Y complex IV X 8 JE (Isolated complex IV
deficiency) % X723 &z T3 mtDNA, 4% DNA &

b 1990 FERBREDPLROPDIZ LD TS,
BAEZHHBET I DNA OREDATH 5.
CNHDBEFEERTICEED. 25”1
complex IV D7 &> 7Y —BROEF N VERT
DT, BEIZL TR, F7- BREDOb
HENZ BT 5 Complex IV RIBEICOWTIE, &
T Tanigawa & 2%, 26 @ Surfl £ % 12 % 0 <
Leigh BEDIEFIHE X HEL T2 2,

Complex IV DEERUSIIIRDEY TH 5.
4Cyto cmmm+ O + 8H <1y vy 2> 4Cyto cmrm
+ 2H,O + 4H *pppe (cyt ¢, cytochrome c)

COBERIE, EXBEY bru—2La ¢ ZER LA
T5, THUFCEZEFBITIN K2 5 F24%E
L5.

MitoMap @ HP (http://www.mitomap.org/
MITOMAP) % 89 % &, mtDNA HRD b D &
LT, Y h7ua—AbcDI~MExI—FLTW
% BT (MT-COL-3)NIZ 60 k82 5D RERD
HEN L ENTVYS Y. Leigh E, MELAS, GE
IR E) X 4799 —, LHON, SWERGE, (OHHE,
RIMBRDS A7z FERRIRELIfR 4 TH Y, BEE
FEFNC Lo TER A,

RIZH DNA HR DB DZERIZ OV TR
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=1

Complex IV KIBFEREDRGBLTFDE &

PJ1Zy hEE
cytochrome ¢ oxidase subunit g FIE 2 gy K1) T
COX6BI Vib polypeptide 1 19q13.1 124089 Y72y b 6B AR. FLBI by FUTH
. . WA 4, FRIMBREI R
COX412 Cy‘°°hr°l’{‘fi§0‘g‘r‘:§s; subunit | 5001121 | 607976 | 7Lk disoform2| AR (Dyserythropoeitic Anemia), SATH
HOEFEFLBROSIHES
cox7p | cytochome i,‘l)l’gdase subunit Xq21.1 300887 | H7a=v b Vb AR, | SERMR BB S (APLCC)
NADH dehydrogenase
NDUFA4 (ubiquinone) 1 alpha 7p21.3 603833 | additional COX subunit AR. Leigh B¥E
subcomplex, 4, 9kDa
7Y IU—FVNNT - BEHESR (biogenesis) DFEH -
SURF1 surfeit 1 19q13.12 185620 Ty —-RF AR. Leigh [0 LA 2 R A
SCO cytochrome oxidase . FLEI Py FUTH
SCO2 deficient homolog 2 22q13.33 604272 copper transport AR. CUMIE, TRIE)
SCO cytochrome oxidase FLEI ra vy FYTH
SCol deficient homolog 1 17p13.1 603644 copper transport AR. OO, e, FFE)
COX10 homolog, cytochrome Heme A JRANEBEE &4 BiJE, Leigh
COX10 ¢ oxidase assembly protein, 17p12 602125 fammesyltransferase AR. Mg, LB P FUTIHE
heme A: famnesyltransferase 4 (HERE, LNE)
’ Leigh i (REIEFHDH D)
coxis Cgfxliflah;‘igsl:i’bclytofgt‘;fe 10g24 | 603646 |  Heme A synthesis AR. PIEI T FY T
e (e, AMIE, ANBUE)
" - H i R L T Al i i N
coxao | COX20 cytochrome C oxidase 1q44 614698 FeyT) —EF AR NEORERE &, éﬁﬁ:ﬁgﬁ{ﬁﬂ_,
assembly factor AN
sulfur dioxygenase ;
ETHEI | ethylmalonic encephalopathy 1 19q13.31 608451 Ethylmalonic acid AR IV v EENE
metabolism
FASTKD?2 FAST kinase domains 2 2q33.3 612322 | 7R b= ACHE ? AR. LRI ba v B 7 (iE)
COA cytochrome c oxidase <) | IRy K TP
(C20rf64) assembly factor 5 2q11.2 613920 | THE¥T7U-—RATF AR. FERMO I ba > FYTLHHE
= ROYEU7 DNA ORBICED SRS
leucine-rich pentatricopeptide <) LeighfliE
LRPPRC repeat containing 2p21 607544 TEYT7) B AR. (French-Canadian Leigh disease)

L. AT Ty NEREIZOWTTH 5.

COX6BI EAZFEHIZDWTIE, 2008 FI2T
DEGETEEICIVEELILRORMHELZ 2L
FIERISHRE SN Y. BTy N E
code L7ZEDEEFTHA.

COX42 BAZFEEL, JENIRINES 248 B
%53 WAAS £ (cystic fibrosis %> Shwachman-Diamond
FEMEFE R Pearson FEMREE R E TR ONS) R, iR
IR F A 4 1l (dyserythropoeitic Anemia)%°, BE
TEEHOBEEEEF/LBFE X -TEF TR, T
W3 5).

W7y T) =7 NI DERETHA.

Surfl ZRR B FL L TIERIFLTDHD,
complex IV RIBIZ & o THE L 5 Leigh BiED FE
&R bBEFTHAE iz, TOMDOEE LM
RIRBRLLHREED 2727, FISHER~2
B RET B2 L%\ O,

SCOI BXUSCO2iZI ba vy FYTHDHED

BEbe 7oy b I OERICED A, FIEE
FRRE + B, (LRREE + BGE % 5 | ZHE & L7z 3 2°
»5 7)8).

COXI0 i Heme A farnesyltransferase 7 I — I
LTHY complex IV DHEEEFETL & Complex IV
DAL A D B RAREEICERT 5. COE
{&F D phenotype 1£, T 112779 & 9 12 Leigh %
FEZ GO T EETH S, Leigh IAEDFEHI R HL
B3 oy FYTROEFIIRIISLELZEED
Bifx X7-L T3 Y. MEHEIIREEEE
ZEIRESL L TORETH A0S, REEGTFER
IR TCIZ R WS,

COXI5 13 HemeA B HICE LA EEZFTH Y,
complex IV DEEBIZE DL B 5 /37 TH 5.
Leigh FEDEMAEFROBRENDH 25—, #Hik
BRI ORI OE T b BEI D 5 10,

ETHE] (35 V<1 v ERIMSE (B AE) & L CAl
b, IFIVFITTRNI v AWNCH BRI
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CoxBa

Cox17

Sco2/Sco1

¥
Cox4 —L—>4-Sa Cox18 - Cox2-Cua

Cox1 k,’82f‘
T los

TACOT Heme a) Cus Heme a

LRPPRC A A A
Surft Cox11 Surf1?
Cox15 4 Cox15
Cox10 Cox17 Cox10

LRPPRC
Cox3
(54— (54
Cox5b,Cox6e, Cox7a, Cox6a
Cox7b,Cox7c, Cox6b
Cox8

E1 BEIAED complex IV 7EYTU—EFL

(Fornuskova D, et al: Novel insights into the assembly and function of human nuclear-encoded cytochrome ¢ oxidase subunits 4,

5a, 6a, 72 and 7b. Biochem J 428: 363-374.2010 X W 5[H)

YDBALIZE D B sulfur dioxygenase & 21— F LT
WAEBETFTH A, BRILWIETET % complex TV
HEWETH LD, MOPOHEDICLS
complex IV IEM DN 2R T2 HF & L TR
BENTWE, THFL~OYBIUEE, 7T 4
TA(T Y NI V=T VM, Ca6 ER)BIUR
A BB AT T ILED RIS RETH 5.

FASTRD2 i3 ZNECTHAEERDI Fa vy FIY T
95 () D EDH 2 V. FASTRD2 133 ha v
FUTHEGTEDY 2237 % code LTEBY, 7R
b=V ANDBEEDEZ LN T A,

C20rf6 I% Complex IV DTt 7)) — BN R
ST RTFEEZLNTEY, HEEOR
KELULERE S L CHE ST 2,

LRPPRC 134 X v 7 JI(Saguenay-Lac-Saint-Jean
W) DT 5 ARH T F NICIFFT 5 Leigh i
ErRITHEEREFELCaShTwa Y, &
DBETRT T2y P72y T)—F 37
Tld7% <, mDNA OFEBIZEDLZEZ E23bho
T&7.

NDUFA4 {3 complex IO 7 L=y h&a—F
LTWABIET L BbNizh, FEEIZIX Leigh ¥
SEDBE T complex IVDY} 722y b THBT
AR EN W,

KIEDZWTIE, EERRAEIRRL CT, MRI 7% EDH

BT R, LS e &0 SRS R E % 52\,
FERMESE MR, A EEREGTR FA,
L) % Ex W TIHRSEEREEY ST A2
ETHAB. Complex TI DT vt A LERICZ DB
7 A FIERICENLD, FERICHELR
v &AM complex IV RIBIEX D o CTLES. £
72, COX BidfmHEmEL LThiIrbhTEY,
EhETEETAZLITEERTH 5.

AIEDIIEINEREE 2L, —RIICEIRIE
BIOI L aryFUTH s FNVERFERLTWL
Nl b

Complex IV RIBFEICBL T, "% 74 7L —1L
(Bezafibrate: BZF) 52 &1L Y, complex
IVORRBHA LR LATPEESE T Lo
COXI10 D7 > 7 1) —HFRIET T A TR
ENTHBN Y, 512 complex IV R
BEFMIHL T D complex I 1M, IV &0 L H3HEH
RENTWAS,

1) Fornuskova D, et al.: Novel insights into the assem-
bly and function of human nuclear-encoded cyto-
chrome ¢ oxidase subunits 4, 5a, 6a, 7a and 7b. Bio-
chem J 428: 363-374. 2010

2 ) Tanigawa J, et al.: Two Japanese patients with Leigh
syndrome caused by novel SURF1 mutations. Brain
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3 ) Rossmanith W, et al.: Isolated cytochrome c oxidase
deficiency as a cause of MELAS. BMJ Case Rep.
2009; 2009. pii: ber08. 2008. 0666.

4 ) Massa V, et al.: Severe infantile encephalomyopathy
caused by a mutation in COX6B1, a nucleus-encoded
subunit of cytochrome ¢ oxidase. Am J Hum Genet
82: 1281-1289. 2008
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the biogenesis of cytochrome ¢ oxidase, is mutated
in Leigh syndrome. Nat Genet 20: 337-343. 1998
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chondrial cytochrome ¢ oxidase deficiency with
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-Complex V BRIBEVWUEESETTBIEICKY, TRIVF—EERTHIRIVEREE
HZR|ERBIY

- 2 NI RUT7 DNA BKOBDNA OmAEBRRICKRY) 5%

- Complex V RABFEDSEE L, BERZMIN TS DBEMA% D complex V RIBETH D
MiDNA ODEBIIERBZHIND 2 &3P, FNZ2EHD EMHEICRD BN

ETHIEHED

PAGE #7772 &)

-mtDNA OEE T, Leigh BfE, MELAS, (BB I /3F—,
DRHIE, RISLARES CERARRILIRA TH Y, BERIGEMICESOTRLSD. MDNA T
ARI MY NUTPRGERESALBLE) HE <, ECEWIC I AFILINEIVEBRESE

- 2l Complex V OET - RIBABRFWICHAT 2 & THA(n vitro BEHRTEMN. BN- |

..............................................................................................................................................................................

B8 rigfEs% | ATP 5B (ATP sythetase), EC 3.6.1.14
BE=ER BT OMIM @ £ 1 BICEH

LHON, =RERME,

I hary Py 7R A V(complex V)i
ATP &5 B 3 (ATP sythetase) TH 1), WPIREE DT
EPEICLE S 5. BFEZEIC L o T complex I,
OL IVIE HEREEO< N v 7 Ah 6 H EiEE
DEBER (A NV WIZD%d o TwWB )27 b
vERAET. 2O LTELLERILEFE(S
0 b VEREIIN I T b U AERIED ST
Py 7 ZARCTRAT A L &1, WEIEAS LR
ATP A JEER S ADP & EHE) VD5 ATP %
HHEAE Y.

Z @ complex V = ATP & REER O KRB WL
BEEMETICL o T ANVF—EEMET L TR
BEELFIXRITHION, I bay P 7K
$HAE A&V RIEIE (complex V/RIEHE) TH 5.
Complex V KIBIE D FRIREZ W & L T Leigh B
fE, FAER - ARBI MV FUTRE, OHERE
XFEXFETH .

Complex V RIBFEDHEEIL, Lo X ) LFEHS
N2y 0%y, Honzik Hid+— A MY 7 &
F I TO20EBTHERICEELZ 129 AD
MRCD B& D 9 5, 31 A(24%) % complex V X
ETHHLEMELTBY, FINERCHERRHIE) I

Bl HHHEREAE MRCD IZBWTIE K& E&
AEDTVD Y. 20% 1k TMEM0 EZTR
HETHA. $72, Rodenberg Dim X% inafil &,
BERDW SN T3 ) B 4% 5% complex V K3F
FiE (B 72 AT complex 1 /RIBAS 31%, BEE DK
SHRIBDS 27%, complex IV KIEDT 19%, complex
T K 384 12%, complex I K AT 7%) Tdh 5 V.
L#*L complex V RIBEDE  DIERNIL, FrER
DI PIAVF)TRTHY, 7 VEZTIES
ROz, RPEEBRSITICTI-AF VI VI a
CERARII SN BT LA S, BIOTS
BERPY L. EELIIEEOHNEIRSILE
MAERE 7~ E= T MAEDEFIIK LT, RFPE
BRI EEURBAT ) =V TREZITHH
LGV, 3AF NN FIVERIZIEE ALK
HENTBST, bIETOREIRMNTIES
TERTFREEINS.

mtDNA 3R Tlida, ALYV 7 1=y hE2a—F
LT3, MT-ATP6, MT-ATPS &{ZFH% 9% K &
ZFELTETOND, B MT-ATP6 Bz &
WIZL D Leigh IEZ T Lo E LI ba vy B
TIRDIFREFIZZ .
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Pyruvate CoA SH

NAD“‘ R

1 TCABEESKIUZ IV RU 7 HIREOERK

(Rodenburg RJ: Biochemical diagnosis of mitochondrial disorders. J Inherit Metab Dis

34:283-292. 2011 & b #ok, %)

F & G e IR SH A Ak (biogenesis) DB E TH 5.
NS DEFEIHE complex V DEEFEE AV
TLU, ERSHET A, REE, FrARIIER
RBETHIENS .

LT, BEFEOMEEEFIZOWTHRRS,

mtDNA HRDOFEERF & LT, 7=
ha%xcode L TWAMTATP6 L7 2= v k
A6L % code L TV35% MT-ATP8 T3 %. Complex
V KRIBAE CRAICER SN -EEZTFEFEIL, MI-
ATP6 TH %Y. 2 F T MT-ATP6 /IR F IS
04 5BRAIORBEEOHRENF INTS
(http://www.mitomap.org/MITOMAP). 4§ (2
m.8993T>G/C $ & Uf m9176T>G/C &L, M3
MEEE)FH, NARP (Neuropathy, Ataxia, and Reti-
nitis Pigmentosa), T I#RZeRETE , Leigh BXfiE

(MILS; Maternally Inherited Leigh Syndrome & % \»
NEVoEREET L EHSE VY. 2oi
ZL DEEPHFEE SN TV B, Leigh INE,
MELAS, GEEAME) I 4799 —, LHON, &
PRI, DFHE, RIS BB CERRFREII S S
TTHY, BEEEITECAICLI > TERR L. MI-
ATP8 JEBIZ T2 |2 X 5 MRCD D513 2008 4
Db, BE R EARE ST s Y9,
I DNA HDEEHIDOE ROV TIRR A
(FD. y72=v PEEIZEL T, HEHES
NTWABEEGEFITATPSECF 7=y b g) & AT-
PSAI(hM 7 2=y b a)THY D, FNEN1H
TODHMETH S, ATPSE BIEZFIL 22 ko
W, FrAEREICEEL, BTV -T2k
3-AFNTNE I VREER RO, BEEORKME
W OREMEEELZEL TV EVWIRETH
%7 ATPSAL B1E T 254 AT HERAE O JB
I&Lfﬁ&énfma@

B b % W H RO EE X TMEM70(Transmem-
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brane protein 70) T 5. TMEM70iZ3I b2 K1)
THEICEEL TW5 % 2%/ T, complex VD
HEABICEETH 5 (ancillary factor) = & A%H Ao
Twa Y EREICIEERI bar Ny TEE
295, $hbbELBRME BE OBHE &
e, #rERANE, HEIWEOKERE, £RMED
HRBELERESHRERERL S 520,
Honzik 13 25 SEH O TMEM70 & EF % F &
TWw3 9 2Nk %L BEER TUGR b 7 E1E <
ROTV5, EIFREE HERETEDI
92%, FEARIELUAFEEDS 76%, 1EEIEHDY 67%, R
BT 2 54%, 15 FLBR I AE (5 ~ 36mmol/L) %
N%h, &7 v F=7 MAEN00 ~ 520 umol/L) %
86% IZERD T\ A, 40% HS 6 BLIAIZIET-L T
B, FRIZILS 2, COEEFEEIO=—
1 (Romanies) ICEFE L TWAZ EDHEL T2 o
TW5b, RERRFERBIHTCT3-AF VIV
IVBEBENPLETH S, ATPAF2 EizF I3
ATPI2 BIETF L HE DN, complex VOT T
) —% VY ThD. TMEM70 L RRRICERE 3T
ERIVIVF)TRERL, BE FHEELZE
LishEsdH o W,

AR E R, TR ETAZE
ML EThDH. Lizh o TH4 R EILERIE
DI ER EORIZETNTWAZ &Ik

x2 ATP SRiEEROMER

a (55.2 kDa) a (55.1 kDa) a (55.3)
B (50.1) B (51.6) B (52.5)
y (32.4) y (30.2) y (30.6)
6 (19.3) OSCP 0SCP(20.9)
e (14.9) 6 (15.1) 5 (14.5)
- e (5.7) ¢ (6.6)
- Inhibitor protein
a a Subunit 8 (5.87)
b b Subunit 6 (27.9)
c c Subunit 9 (7.79)
- d d(19.66)
- 3
- £ b(P25)
- g
- A6L
- F6

%. Complex V DEERIEWETOBMIIREERZ &
M, —EOFERI ha s FY PIHRILRT 3-
AFNITNYAVEBROBFETHHEEHENTE
B, Tz, MR EMAZ % F\v: /- BN-PAGE f#
i, MOIFREERIB L FRICEO—BIC 2 5.

FIEDRRIGIEREIL 2, — RIS ERIA
BIPIMNI Y RYTAITFNRERFERHLTW
CZ&lZ%%. Complex V RIBIEIZHEL L - i6E
FEFESDEZAHTETHR, T2, RS
Py FYTRIIEEIBEOBEER L L
W%, FRIZFEICE L. 7V — AR
iPSHIBDTERA 2 EFH L WEMIC X o T, #iizk
EERERPEINLZ E2BFLW.

EEBD STHR ¢ EESCER) e
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& 1 Complex V RIEEREODEGFDFEED

ATP synthase, H*

ATPSE transporting, mitochondrial | 20q13.32 | 606153 subunit & AR. PR bo v B 7R (2 B E)
F1 complex, epsilon subunit
ATP synthase, H* 164360 3
ATP5AI transporting, mitochondrial 18¢21 61 5228, subunit AR, AR boy B 7 GEFTERE)

F1 complex, alpha subunit 1
IFREELE SR (biogenesis) DRE
Pk L oo o ey | 179112 | 608918 | Fi 074> 7Y —BF | AR [HERI b2 T i)
PERI Yo v P T GBI,

. o | Complex V DAERICH g e <k
TMEM70 transmembrane protein 70 | 8q21.11 | 612418 Sy AR EfgAE), 3-AF NIV F T Y EREREE
bh, Ty T -/ T? (13130038)
10) Honzik T, et al.: Mitochondrial encephalocardio- ATP12. J Med Genet 41: 120-124, 2004
myopathy with early neonatal onset due to TMEM70 ~ ~
mutation. Arch Dis Child 95: 296-301, 2010 i =

11) De Meirleir L, et al.: Respiratory chain complex V TEE - SRR CHER, S FEERA T Y —IFRR
deficiency due to a mutation in the assembly gene
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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.
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1. Introduction severity of biochemical defects caused by mutations in

both nuclear and mitochondrial genes involved in

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).

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 c 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=38) DCA therapy (n=12) Pyruvate therapy (n = 10)

Lactate (mM) (normal: 0.03-0.17) 9.6 £ 0.54 8.6 +2.63 5.28 +1.73%b

(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~maximuin) (0.49-0.82) (0.31-0.93) (0.26-0.68)

L/P ratio (normal: 10-15) 14.5£3.10 1424212 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 1.13+£0.27% 0.77 + 0.38*

(Range: minimum-—maximuim) (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.

# Tt showed significance between none and DCA or pyruvate therapy.

b It 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

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 8.23mM, 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 Ela 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 z-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 rL-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

—390 —



Y. Koga et al. | Brain & Development 34 (2012) 87-91 91

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.
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ARTICLE INFO ABSTRACT

Background: The pathogenic mechanism of stroke-like episodes seen in mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS) has not been clarified yet. About 80% of MELAS patients have an
A3243G mutation in the mitochondrial tRNA®Y(VUR) gene, which is the base change at position 14 in the consensus
structure of tRNAMU(YUR) gepe,

Scope of review: This review aims to give an overview on the actual knowledge about the pathogenic mechanism
of mitochondrial cytopathy at the molecular levels, the possible pathogenic mechanism of mitochondrial angio-
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ﬁ{iﬂgg{drial cytopathy pathy tf’ cause stroke-like episodes at the clinical and pathophysiological levels, and the proposed site of action of
Translation L-arginine therapy on MELAS.
RNA 19 Major conclusions: Molecular pathogenesis is mainly demonstrated using p° cybrid system. The mutation creates
Angiopathy the protein synthesis defects caused by 1) decreased life span of steady state amount of tRNA*CUR) molecules;
Endothelial dysfunction 2) decreased ratio of aminoacyl-tRNA**YUR) versus uncharged tRNA" VYR molecules; 3) the accumulation of ami-
L-arginine noacylation with leucine without any misacylation; 4) accumulation of processing intermediates such as RNA 19, 5)
wobble modification defects. All of these loss of function abnormalities are created by the threshold effects of cell or
organ to the mitochondrial energy requirement when they establish the phenotype. Mitochondrial angiopathy
demonstrated by muscle or brain pathology, as SSV (SDH strongly stained vessels), and by vascular physiclogy
using FMD (flow mediated dilation). MELAS patients show decreased capacity of NO dependent vasodilation be-
cause of the low plasma levels of L-arginine and/or of respiratory chain dysfunction. Although the underlying mech-
anisms are not completely understood in stroke-like episodes in MELAS, 1-arginine therapy improved endothelial
dysfunction.
General significance: Though the molecular pathogenesis of an A3243G or T3271C mutation of mitochondrial
tRNAMU(UUR) gene has been clarified as a mitochondrial cytopathy, the underlying mechanisms of stroke-like ep-
isodes in MELAS are not completely understood. At this point, L-arginine therapy showed promise in treating of
the stroke-like episodes in MELAS. This article is part of a Special Issue entitled Biochemistry of Mitochondria.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction early onset of stroke-like episodes, was first described by Pavlakis

and colleagues in 1984 [1]. At least 39 distinct mitochondrial DNA

Mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS) (OMIM 540000), characterized by an
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mutations have been associated with MELAS [2], about 80% of
MELAS patients have an A3243G mutation in the mitochondrial
tRNARUWUR) gene (OMIM 590050) [3-5]. Although more than
25 years have passed since MELAS was first defined clinically and
pathologically, the pathogenesis of the stroke-like episodes is still un-
certain. Mitochondrial angiopathy with degenerative changes in
small arteries and arterioles, which has been reported in many
MELAS patients [6,7], is suggested by the observation of strong succi-
nate dehydrogenase activity in the wall of blood vessels (SSVs) [8]. In
spite of the fact that many therapeutic trials have been conducted to
cure mitochondrial disorders, no trial has been successful, though
several clinical trials are still on-going. Based on the hypothesis that
stroke-like episodes in MELAS are caused by segmental impairment
of vasodilatation in intracerebral arteries, we use L-arginine in
MELAS patients during the acute phase to cure the symptoms or to
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decrease the frequency and/or the severity of the stroke-like episodes
[9,10,11]. This review aims to give an overview on the actual knowl-
edge about the pathogenic mechanism of mitochondrial cytopathy at
the molecular levels, the possible pathogenic mechanism of mito-
chondrial angiopathy to cause stroke-like episodes in the clinical
and pathophysiological levels, and the proposed site of action of
L-arginine therapy on MELAS.

2. Molecular pathophysiology of mitochondrial cytopathy in
MELAS

2.1. Characteristics of tRNA*%(YUR) gene and structure stabilization of
mutant

A point mutation in the structural gene for a tRNA may be expected
to result in a deficiency in translation. However, inhibition of translation
due to a mutated tRNA gene may occur at several levels. The base
change at position 14 in the consensus structure of tRNA“(UWR) js an
invariant A in bacterial and cytosolic eukaryotic tRNAs and is typically
involved in the tertiary folding of classical tRNAs (Fig. 1A) [12]. Because
of above reason, the A3243G mutation is primarily thought to disrupt
the tertiary interaction between the highly conserved np A14 (>90%
for adenine) and U8, a binding that stabilizes the L-shaped tertiary
fold [13,14], which results in partially folded tRNA transcripts into the
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Fig. 1. tRNA™U(UUR) structure and wobble modification. tRNAM(UUR) structure, An A to
G change at position 14 in the consensus structure of tRNAX®(VYR) which is thought to
disrupt the tertiary folding of classical tRNAs [12], results in partially folded tRNA tran-
scripts into the L-shaped structure with an acceptor branch but with a floppy anticodon
branch [14,15]. B. Wobble modification The wild-type tRNA®YUUR) contains an un-
known modified uridine at the wobble position and that this modification occurs at
the uracil base [35], however its modification is absent in the tRNA*“("WR) with a mu-
tation at either np A3243G or T3271C. The wobble modified uridine in the wild-type
tRNALeU(UUR) g 5_taurinomethyluridine (sm5U). The U on the bold indicates the unmo-
dified uridine present in the mutant tRNAs.

L-shaped structure with an acceptor branch but with a floppy anticodon
branch [15]. The mutant tRNA is able to adapt to the synthetase, but re-
sults in incorrect tRNA processing and enzyme maturation and accord-
ingly defects in a variety of biochemical pathways. The mutation may
directly affect the mitochondrial tRNA function in translation, such as
structure stabilization, methylation, amino-acylation, and codon recog-
nition, or alternatively, may affect recognition of the tRNA by an enzyme
not directly involved in translation, such as the enzymes which process
the large polycistronic transcripts of the mtDNA.

2.2. p° cybrid system in MELAS

King et al. developed the technologies whereby the mitochondria
from cells derived from patients are transferred to a cell line lacking
mtDNA (so called p® cybrid system), which allowed to conduct the
study of the genotype-phenotype relationships in mitochondrial function
[16,17]. In this manner, it is possible to create trans-mitochondrial cell
lines containing different proportions of mutated mtDNA from 0% to
100%, and to study the effects of a given mutant load on the activity of re-
spiratory chain complexes, mitochondrial respiration and cell growth, as
well as mitochondrial tRNA stability, methylation, aminoacylation,
codon recognition and threshold effects. First application of this technique
to an A3243G mutation related to molecular basis of MELAS, has been
reported by Chomyn et al. [18], and King et al. [19] independently. Mutant
transformants showed protein synthesis defects clearly, and demonstrat-
ed that there was the direct evidence between single nucleotide change at
14th position of an A to G transition in the mitochondrial tRNALU(UUR)
gene and mitochondrial dysfunction. However, the reduction in labeling
of the various mitochondrial translation products in mutant was not cor-
related with their UUR-encoded leucine content. King also reported the
similar effects in transformants having a T3271C mutation [19]. This p°
cybrid system becomes the orthodox and powerful tool when one evalu-
ates the pathogenicity of any nucleotide changes in the mitochondrial
DNA.

2.3. Transcription termination of mitochondrial RNAs in MELAS

The mammalian mitochondrial tRNAs are transcribed as part of larger
polycistronic RNAs, in which the tRNA sequences are contiguous or nearly
contiguous to the rRNA sequences and the protein-coding sequences
(Fig. 2). The ribosomal gene region appears to be transcribed 50-100
times more frequently than the other H-strand genes [20]. In these poly-
cistronic molecules, the tRNA structures are believed to act as recognition
signals for the processing enzymes which make precise endonucleolytic
cleavages at the 5' and 3’ ends of the tRNA sequences in the primary tran-
scripts, yielding the mature rRNAs, mRNAs, and tRNAs [21]. The ribosomal
DNA transcription unit, one of three polycistronic transcription units of
human mtDNA, terminates at the 3'-end of the 16S rRNA gene just before
the tRNA®U(UUR) gene, This transcript, corresponding to the ribosomal
genes, is processed to yield the mature rRNAs and, due to its very high
rate of synthesis, is responsible for the bulk of the rRNA formation [22].
Transcription termination is mediated by a protein factor (mTERF: mito-
chondrial termination factor) which specifically binds within the
tRNA(UUR) gane and which promotes termination of transcription
(Fig. 3A) [22,23]. Since this mutation is located exactly in the middle
of termination protein binding domain, the A3243G mutation in the
tRNALU(YUR) gene has been shown in vitro to impair the binding of this
protein factor and to affect the efficiency of transcription termination at
the end of the 16S rRNA gene [23]. However, in vivo analysis using p°
cybrid system provided no evidence to support above data. There were
no alterations of size of the tRNA™UUUR) or of the immediately
downstream-encoded ND1 mRNA or of the 16S rRNA, as detectable by
changes in their electrophoretic mobility [18]. The steady-state amounts
of mitochondrial rRNAs, mRNAs, and tRNA®(UUR) are not significantly af-
fected by the MELAS mutation in p° cybrid system. The discrepancy of the
data described above may be explained by the possibility that the
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Fig. 2. Mammalian mitochondrial transcription system. The human mitochondrial
RNAs are transcribed as a larger polycistronic RNAs, in which the tRNA sequences are
contiguous or nearly contiguous to the rRNA sequences and the protein-coding
sequences.
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Fig. 3. Post-transcriptional modification. A. Transcription termination. The ribosomal gene
region appears to be transcribed 50-100 times more frequently than the other H-strand
genes [20]. Transcription termination is mediated by a protein factor (mTERF: mitochon-
drial termination factor) which specifically binds within the tRNAL®(VUR) gene, and which
promotes termination of ribosomal transcription. B. Post-transcriptional modification and
RNA 19 The increase of RNA 19, corresponding to the 16S rRNA + tRNASU(UUR L ND 1
genes, found in mutant tRNAXU(UUR) cybrids clearly demonstrate that RNA processing is
not occurring in mutant cybrids as efficiently as in wild-type cybrids [19]. RNA 19 is also
accumulated in muscle specimens from 8 MELAS patients [26]. The proportion of mutated
RNA in RNA 19 fraction is always higher than those in the percentage of mutation in mi-
tochondrial DNA, suggesting that the A3243G mutation exhibited dominant negative ef-
fects on the mitochondrial RNA processing events, resulting in the accumulation of RNA
19 transcripts in these patients [28-30].

reduction in affinity of mTERF for the mutated target sequence is compen-
sated by hyper-expression of the protein. Anyway, using genetic, bio-
chemical, and morphological techniques, it was found that the mutant,
but not wild-type cybrids, displayed quantitative deficiencies in cell
growth, protein synthesis, and respiratory chain activity [19].

2.4. Processing of polycistronic transcripts in MELAS

It was found that there was an accumulation of a previously uni-
dentified RNA transcript in mutant cybrids (A3243G or T3271C), des-
ignated as RNA 19, corresponds to the 165 rRNA 4 tRNAMU(VUR) 1 ND1
genes, which are contiguous in the mtDNA (Fig. 3B) [19]. The ratios of
mtDNA-encoded rRNAs to mRNAs were not found to be altered in
these in vitro experiments. In order to analyze whether the MELAS
mutation is associated with errors in transcription termination and
processing of the polycistronic transcripts in the region of the muta-
tion, it was performed fine mapping of the mature transcripts derived
from the 165 rRNA, tRNAM(UUR and ND 1 genes in both wild-type
and mutant cybrids. It was also analyzed the steady-state levels of
tRNAMU(UUR) by high-resolution RNA transfer hybridizations. It was
found that mutation has no effect in vivo on the accuracy of transcrip-
tion termination at the end of the ribosomal RNA genes, on the precise
endonucleolytic cleavage of the polycistronic RNA at tRNALUUUR) or on
the post transcriptional addition of ~CCA at the 3’ end of tRNA:(UUR)
[24]. On the other hand, the experiments using plasmids carrying
tRNALU(UUR) inserts (wild type, as well as A3243G) which designated
to evaluate the endonucleolytic 3/-end processing and CCA addition at
the tRNA 3/ terminus, showed that A3243G mutation reduced 2.2 fold
of the efficiency of 3’-end cleavage, and almost has no abnormal effects
on CCA addition [25].

2.5. Accumulation of RNA 19 in MELAS cybrids and organs from patients

The increased amounts of the transcript corresponding to the 16S
rRNA + tRNA"U(UUR) L ND 1 genes, designated as RNA 19, found in
mutant tRNAMUVUR) cybrids clearly demonstrate that RNA processing
is not occurring in mutant cybrids (A3243G or T3271C) as efficiently
as in wild-type cybrids [19]. It was demonstrated that RNA 19 is accu-
mulated in muscle specimens from 8 MELAS patients who have a het-
erogeneous percentage of mutation (58% to 99%) in the A3243G of
tRNAU(UUR) gene [26]. An increase in the levels of RNA 19 was ob-
served in nearly all tissues examined from these patients, which do
not provide evidence for tissue-specific differences in mitochondrial
RNA processing. The elevation of steady-state levels of RNA 19 have
also reported in skeletal muscle and fibroblasts of a patient with mi-
tochondrial myopathy and a complex I deficiency who harbored an
A to G transition in tRNA®U(UUR) gene at position 3302 [27]. Thus, al-
tered RNA processing may be associated with other point mutations
in tRNAU(UYUR) gene associated with MELAS. It also analyzed a mutat-
ed proportion of RNA 19 in an RNA fraction obtained from sampled
skeletal muscles from 6 unrelated patients with MELAS. The propor-
tion of mutated RNA in RNA 19 fraction exceeded 95% in all patients,
although the percentage of mutation in mitochondrial DNA ranged
from 54 to 92, suggesting that the A3243G mutation exhibited domi-
nant negative effects on the mitochondrial RNA processing events,
resulting in the accumulation of RNA 19 transcripts in these patients
[28-30}]. The protein synthesis defect has been proposed to be due
to stalling of translation by pseudoribosomes that have incorporated
RNA 19, an incompletely processed transcript reported to accumulate
in A3243G, T3271C and A3302G mutant cells, in place of 16 S rRNA,
or possibly to defective posttranscriptional modification of the
tRNAL“(UUR) (Fig 4) [31]. Though the reason why RNA 19 was ele-
vated in patients who have the point mutation of tRNALEU(UUR)
gene is unknown, we believe that elevated levels of RNA 19 may play
an important role in the pathogenesis of this disorder.
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Ribosome Stalling

Fig. 4. xRibosomal stalling. The protein synthesis defect has been proposed to be due to
stalling of translation by pseudoribosomes that have incorporated RNA 19, an incom-
pletely processed transcript reported to accumulate in A3243 mutant cells, in place of
16 S rRNA, or possibly to defective posttranscriptional modification of the tRNAL#(VUR)
[31].

2.6. Aminoacylation

The decrease in level of total tRNAX*(YUR) gbserved in the mutant cell
lines (46-62% of the control values) could arise either from decreased rate
of formation from the corresponding primary heavy strand transcript or
from a decreased metabolic stability [32]. The increased amount of RNA
19, which may be a precursor of tRNA®*(UUR) was demonstrated in p°
cybrid system as well as somatic tissues in MELAS patients. RNA 19 may
suggest the former possibility. On the other hand, the A3243G mutation
could perfectly destabilize the tertiary structure of the molecule, and mu-
tant tRNAX4UUR becomes more susceptible to nucleolytic attack [13,33].
It is proposed that mutant tRNA induces the misincorporation of amino
acids in mitochondrial DNA encoded polypeptides. However, the demon-
stration of aminoacylation by mutant tRNA has been little pursued be-
cause a chemical amount of the mutant tRNA has not been purified,
probably due to technical difficulties. In 2000, Yasukawa succeeded in pu-
rifying the mutant tRNA*"(YUR) molecules in a chemical amount by tak-
ing advantage of the solid phase probing method [34], and clearly
demonstrated that the mutant tRNAXUUR) is aminoacylated with leu-
cine only. However the extent of aminoacylation of the mutant tRNAs
was relatively low. The total amounts of leucyl-tRNA“"UR) with the mu-
tations were estimated to be less than 30% that of the wild-type coun-
terpart [35]. To determine if the decreased fraction of aminoacylated
tRNA(UR) in mutant cells was due to a defect in the ability of mutant
tRNA to be aminoacylated by the human mitochondrial leucyl-tRNA
synthetase, Park et al. examined the aminoacylation kinetics of wild-
type and mutant tRNA®YYUR) ysing both native and in vitro tran-
scribed tRNAMUYYUR) [36]. An A3243G mutant tRNAXUUUR) wag 25-
fold less efficiently aminoacylated in vitro, compared to the wild-type
tRNAL®(UUR) There are many evidences that aminoacylation capacities
in tRNA "4(UUR) gane mutations are reduced [37]. The reduced amount
of aminoacyl-tRNA®“(UUR with the A3243G mutation could explain the
reduction in protein synthesis.

2.7. Modified defects at wobble position in mitochondrial tRNA gene

A number of reports suggest that a decrease of protein synthesis
cannot explain the decline in respiratory enzyme activity or in oxygen
consumption [38,39]. Even when the mitochondrial protein synthesis
rate was normal, the enzymatic activity of complex [ was observed to
be significantly affected in cybrid clones containing 60% to 95% mutant
mtDNA. The muscle form of Complex I deficiency turned out to be
MELAS clinically and was confirmed to have an A3243G mutation in
all patients [40]. Thus, the decrease in protein synthesis may not itself
contribute directly to the pathogenesis caused by mitochondrial

dysfunction. Some unusual mobilities of proteins in SDS-
polyacrylamide gel electrophoresis have been reported [18,38], which
strongly suggest that amino acids were misincorporated into the pro-
teins synthesized in the mitochondria with the mutant mtDNA. The
steady-state amounts of tRNA“(VUR) with the A3243G or the T3271C
mutation in the respective cybrid clones were about 30% that of the
wild-type in the control cybrid clones with wild type mtDNA [35]. In
contrast, the steady-state amounts of tRNA™ and tRNA" (encoded up-
stream and downstream of the tRNA"*“(Y""Rgene) remained unchanged
in both the mutant and control cybrid cells. The life span of the mutant
tRNALWUUR) s sionificantly shortened. The half-life of the wild-type
tRNALEUUUR) was estimated to be about 56 h, whereas those of the
A3243G and T3271C mutants were only about 6 and 12 h. Therefore
the reduced steady-state levels were due to the shortened life spans
of the mutant tRNAs. Yasukawa found that the wild-type tRNAM(UUR)
contains an unknown modified uridine at the wobble position and
that this modification occurs at the uracil base (Fig. 1B). In contrast,
this uridine modification is absent in the tRNA®YYYR) with a mutation
at either np A3243G or T3271C. It is interesting to note that both of
the mutant tRNA*“(UUR) are deficient in the modification at the wobble
position despite having mutations at different positions. Modified de-
fects at wobble position in mitochondrial tRNA gene are also demon-
strated by primer extension methods [41]. The deficiency in uridine
modification at the wobble position in the mutant tRNA**(UUR strongly
suggests mistranslation by these mutant tRNAs according to the mito-
chondrial wobble rule, which is also demonstrated in other tRNA muta-
tion in MERRF (myoclonus epilepsy with ragged-red fibers) [42-45].
Although mutant tRNA(UYR) does not follow the wobble rule, the
mutant tRNA*(YUR) s aminoacylated with only leucine, not with
other aminoacids. The stability and aminoacylation of the mutant
tRNALE*(VUR) were found to be decreased, suggesting that the molecu-
lar pathogenesis of MELAS could be a combination of a lowered avail-
ability of aminoacyl tRNA"“(UUR) and defective translation. This is the
first observation of a common modification defect affected by different
point mutations within a single tRNA gene.

2.8. Threshold effects in various steps in the cell or in the organs

The phenotypic threshold effect observed at the single-cell level
could arise when the products of the wild-type mtDNA can no longer
“complement” the effects of the mutated ones [46,47]. For instance, a
heteroplasmic mutation in mtDNA will result in the co-existence of
mutated mRNAs, mutated tRNAs and defective respiratory chain sub-
units along with their wild-type homologues. These wild-type mole-
cules may be sufficient to support normal function of the organelle
until their levels fall below a critical value (threshold), at which
point they can no longer compensate for the effect of the mutation,
leading to impairment of mitochondrial function. The phenotypic
threshold effect is based on this reserve of different macromolecules
(mRNAs, tRNAs, subunits), and can then be considered as a protective
mechanism providing a safety margin against the effects of deleteri-
ous mutations. Above complementation can occur at different levels
of mitochondrial gene expression, such as 1) gene transcription, 2)
structural stability of the tRNAs, 3) maturation process of the tRNAs,
ribosomal RNA, and mRNAs, 4) wobble modification of tRNAs, 5) ami-
noacylation, 6) translation, 7) molecular assembly of the active form
of enzyme complexes in harmony with mitochondrial and nuclear-
encoded polypeptides, 8) locate to the mitochondrial inner mem-
brane, 9) biochemical overall function of mitochondria in the cell,
10) biochemical overall function of mitochondria in the organ, 11)
original threshold of organ to the mitochondrial energy requirement.
The cells which require high energy states, such as neurons, muscles,
heart, and kidneys, may be more severely affected by the threshold
level of mutation than cell that require low energy levels. The pheno-
types in the severity of the disease may influence various factors listed
above and are more complicated to elucidate.
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2.8.1. Summary of molecular mechanisms of mitochondrial cytopathy

The mutation creates the protein synthesis defects caused by 1)
decreased life span of steady state amount of tRNA""(VUR) molecules;
2) decreased ratio of aminoacyl-tRNA*“UYR) yersus uncharged
tRNALU(UUR) mglecules; 3) accumulation of processing intermediates
such as RNA 19, 4) wobble modification defects leading to translation
defect. The A3243G mutation shows dominant negative effects in the
processing system of mitochondrial transcription seen in both trans-
mitochondrial cell and muscles in MELAS patients. Molecular mecha-
nisms described above may contribute to respiratory chain enzyme
defects, especially complex I, and lead to the mitochondrial cytopathy
seen in the MELAS patients. Moreover the A3243G mutation affects
the nuclear background [46,47], resulting in a high glycolytic rate, in-
creased lactate production, reduced glucose oxidation, impaired
NADH-response, reduced mitochondrial membrane potential, mark-
edly reduced ATP production, deranged cell calcium handling with
an increased cytosolic calcium handling with an increased cytosolic
calcium load, an increased amount of reactive oxygen species in
cybrid cells, reduced insulin secretion, premature aging, and deregu-
lation of genes involved in the metabolism of amino groups and
urea genesis. The above mechanism may lead to the cytotoxic
edema seen in stroke-like episodes in MELAS.

3. Pathophysiology of mitochondrial angiopathy in MELAS
3.1. Hypotheses of stroke-like episodes in MELAS

The primary cause for stroke-like episodes in young MELAS patients—
whether 1) mitochondrial cytopathy, 2) mitochondrial angiopathy, 3)
non-ischemic neurovascular cellular mechanism, or combined—remains
controversial. Mitochondrial cytopathy is caused by an oxidative phos-
phorylation defect in neurons, glia, or both as supported by evidence of
an oxidative phosphorylation defect described by molecular pathogenesis
section. Mitochondrial angiopathy is caused by the endothelial dysfunc-
tion evidenced by pathological, vascular physiological [11], or therapeutic
findings [9,10]. Finally, the non-ischemic neurovascular cellular mecha-
nism has been recently proposed by the clinical and neuroimaging data
by lizuka et al. [3].

3.2. Mitochondrial angiopathy in MELAS

Mitochondrial angiopathy with degenerative changes in small ar-
teries and arterioles in the brain has been reported in autopsy cases of
MELAS patients [6,7]. The mitochondria in the endothelium and
smooth muscle cells of cerebral arterioles and capillaries also prolifer-
ate in a similar fashion as an area of ragged-red fibers (RRFs). Abnor-
mal accumulation of mitochondria in vascular endothelial cells and
smooth muscle cells is responsible for the infarct-like lesions [48].
These blood vessels have been designated as strongly succinate
dehydrogenase-reactive vessels (SSVs), since they are rich in abnor-
mal mitochondria [8]. Unlike RRFs and SSVs seen in MERRF and
Kearns-Sayre syndrome (KSS), RRFs and SSVs seen in MELAS are typ-
ically cytochrome c oxidase (COX) positive, while those seen in
MERRF or KSS are mostly COX negative, what is known as the
“MELAS paradox”[49]. Since nitric oxide (NO) can bind to the active
site of COX and displace heme-bound oxygen, hyperactive COX may
decrease the regional NO concentration and lead to the segmental va-
sodilatation defect in SSV regions. Although infarct-like lesions histo-
pathologically and stroke-like episodes clinically may not be caused
simply by occlusion or obliteration of small vessels, this mitochondri-
al angiopathy, which can be severe in pial arterioles and small arter-
ies, seems to explain the distribution of multiple areas of necrosis
[50]. Since MELAS was associated with respiratory dysfunction, accu-
mulated superoxide radical anion may react with nitric oxide to cre-
ate the powerful oxidant hydroxypernitrite which may induce the
neuronal apoptosis or cell damage [51]. All findings, described here,

suggest that mitochondrial angiopathy is a unique and common
change in all MELAS brains examined. This pathological abnormality,
called mitochondrial angiopathy, may lead to the vasogenic edema
seen in stroke-like episodes in MELAS.

3.3. Non-ischemic neurovascular cellular mechanism

lizuka et al. proposed that the stroke-like episodes in MELAS may
reflect neuronal hyperexcitability (epileptic activity), which increases
energy demand and creates an imbalance between energy require-
ments and the adequate availability of ATP due to an oxidative phos-
phorylation defect, particularly in the susceptible neuronal
population [3,52]. The generalized cytopathic mechanism and non-
ischemic neurovascular cellular mechanism reflect the so-called mi-
tochondrial cytopathy theory.

3.4. Neuro-imaging analysis in stroke-like episodes

Unlike thrombotic or embolic stroke usually seen in adult patients,
the stroke-like episodes in MELAS are atypical because they affect
young people and are often triggered by febrile illnesses, migraine-~
like headaches, seizure, psychological stress, and dehydration. Many
neuro-imaging studies have been reported at different phases of
onset from stroke-like episodes in MELAS through the use of comput-
ed tomography (CT), magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS), single emission computed tomogra-
phy (SPECT), and positron emission tomography (PET). Calcification
of the basal ganglia is frequently observed in MELAS by CT even be-
fore starting the stroke-like episodes. MRI scans of acute stroke-like
events show an increased signal on T2-weighted or on fluid attenua-
tion inversion recovery (FLAIR). The regions do not conform to the
territories of large cerebral arteries but rather affect the cortex and
subjacent white matter with sparing of deeper white matter. Acute
changes in these regions may fluctuate, migrate, or even disappear
during the time course. Cerebral angiograms in MELAS patients
have confirmed absence of large-vessel pathology by demonstrating
normal results, increased size of caliber arteries, veins, or capillary
blush with early venous filling, with the exception of several case re-
ports [53,54]. MRS studied revealed that the decrease in N-
acetylaspartate (NAA), which is thought to be an amino acid specific
to neurons, and an increase of lactate, which is reflected of anaerobic
metabolism by "H-magnetic resonance spectroscopy ('H-MRS), were
in evidence in the affected areas at acute stroke-like episodes. Kubota
et al. reported that r-arginine infusion protect the accumulation of
lactate by MRS analysis in stroke-like episodes in MELAS [55]. The in-
creased level of lactate on 'H-MRS is also recognized even in normal
appearing regions [56]. Phosphorus MRS studies have shown de-
creased levels of high-energy phosphate compounds in the brains of
MELAS patients [57], showing that mitochondrial cytopathy constant-
ly exists in the MELAS patient. SPECT studies have generally revealed
that the increased tracer accumulation was reported in acute (several
days) and subacute stage {(month) from the onset of stroke-like epi-
sodes and lasted for several months. In the chronic stage (several
months or years later), the decreased tracer accumulation was
reported. However, in the hyperacute stage (3 h after the onset of
stroke-like episodes), we observed hypoperfusion by SPM-SPECT
analysis [58]. Moreover, the hypoperfusion and the hyperperfusion
areas are both demonstrated in the MELAS patients not only at an
acute phase but at an interictal phase, showing that MELAS has inap-
propriate cerebral circulation [54]. Moreover, MELAS showed hypo-
perfusion in the posterior cingulated cortex by SPM-SPECT, which is
the common finding in Alzheimer disease, and may be related to
the dementia state usually seen in the progressive stage of MELAS.
There are several PET studies using (rCMRO,), [%*Cu]-diacetyl bis
(N4-methylthiosemicarbazone) (52Cu-ATSM), and [ *®F]-fluorodeoxy-
glucose (*®FDG) in stroke-like regions [59,60]. All of the PET studies of
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patients have revealed decreased oxygen consumption relative to
glucose utilization, further confirming the impairment of oxidative
phosphorylation [61]. The dissociation in PET findings between cere-
bral glucose and oxygen metabolism may be the characteristic feature
of MELAS, suggesting the mitochondrial cytopathy theory or non-
ischemic neurovascular cellular mechanism. Diffusion-weighted
(DWI) imaging is a new MRI technique for detecting diffusion of
water molecules. Using DWI, local water mobility can be assayed as
the absolute value of tissue water and expressed as the apparent dif-
fusion coefficient (ADC). It has been shown using a stroke model in
rats that ADC (a marker for cytotoxic brain edema) significantly de-
clined within the first 5-10 min after stroke onset, while T2-
relaxation time (a marker for vasogenic brain edema) increased as
early as at the first T2-imaging time-point (20-35 min after emboli-
zation) [62]. The acute phase of stroke-like lesions in MELAS appear
as a high signal on DWI with normal or increased ADC values, sug-
gesting vasogenic edema which support the mitochondrial angiopa-
thy theory [63,64]. On the contrary, many case reports found a
decrease in ADC, which suggests mitochondrial cytopathy theory
[65]. Recently, it was reported that increased and decreased ADC por-
tions are mixed in stroke-like lesions, in which the increased ADC
portion showed disappearance of the lesions thereafter, and the de-
creased portion showed persistent lesions. They suggested that
there might be different levels of mitochondrial energetic transport
impairment, correlated with cellular dysfunction. Specifically, this
would be a mild energy failure resulting in moderate cellular dysfunc-
tion, responsible for vasogenic edema (high ADCs) and a severe ener-
gy failure resulting in irreversible cellular failure with cytotoxic
edema (low ADCs) [66].

3.5. Endothelial dysfunction in MELAS

Physiologically, MELAS patients have a decreased vasodilation ca-
pacity in small arteries examined by flow mediated vasodilatation

(FMD) methods, sized from 3 to 5mm in their diameter [11].
MELAS patients have significantly decreased levels of rL-arginine at
acute phase of stroke-like episodes, which plays an important role
in endothelial-dependent vascular relaxation [67], vasodilatation
may be more severely affected in MELAS. Since MELAS patients have de-
fective respiratory chain enzyme activities, a high NADH/NAD + ratio
inhibits the NO synthetase reaction to cause a decreased production of
NO at the endothelial cells or smooth muscle cells in the artery. In addi-
tion, ADMA (asymmetrical dimetyl-arginine), a risk factor of ischemic
heart disorders, was relatively increased in MELAS patients [10],
which may lead to a negative effect on the endothelial NO synthetase
activity. If hyperactive COX may decrease the regional NO concentration
as described in “MELAS paradox” [49], all of the above scenarios lead to
the segmental vasodilatation defect especially in the segment of SSV re-
gions in the cerebral artery or arterioles. The investigator-mediated
clinical trial of 1-arginine on MELAS (Dr. Koga as a principle investiga-
tor) to cure the symptoms of stroke-like episodes at acute phase, and
to prevent or decrease the severity of stroke-like episodes at interictal
phase of MELAS are on-going at 15 institutions of university hospital
in Japan.

3.5.1. Summary of mitochondrial angiopathy and L-arginine effects
Pathophysiological mechanisms of mitochondrial angiopathy and
the effects of L-arginine are summarized in Fig. 5.

4. Conclusion and future direction

The possible pathogenic mechanism of stroke-like episodes in
MELAS may not be simple but complicated as described by the mech-
anisms in mitochondrial cytopathy and in mitochondrial angiopathy.
Mitochondrial cytopathy has been demonstrated clearly as molecular
and cellular defects by trans-mitochondrial cellular models. Mito-
chondrial angiopathy also has been demonstrated in brain and mus-
cle pathology and vascular physiology. Although the results of
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Fig. 5. Pathogenic mechanisms of mitochondrial angiopathy in MELAS. Segmental occlusions of small artery or arteriolen are evident in brain as well as in muscle pathology, in
which abnormal accumulations of mitochondria have seen in endothelial and smooth muscle layers [6,7]. This phenomenon is recognized as SSVs in muscle and brain in MELAS
[8], whereby mitochondrial function is more profoundly defective than the rest of the vessels, and demonstrated as endothelial dysfunction by FMD physiologicaily [11]. In
MELAS patients, decreased levels of L-arginine is reported at acute phase of stroke-like episodes, a potent donor of NO, is also responsible for NO-dependent vascular dilatation de-
fect. The decreased NAD/NADH ratio and accumulation of superoxide come from respiratory chain deficiency results in the inhibition of NO synthetase at generation process and
decrease NO molecules by binding to create hydroxypernitrite, also contribute to the NO-dependent vasodilation abnormality. Since SSVs has usually high COX-positive feature
histochemically, high COX activity decrease the residual NO molecules by binding to COX reactive center. The mental stress, dehydration, fever and cold exposure are also very im-

portant factors to increase the risk of the stroke-like episodes in MELAS.
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