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BRI

1 MILFEFESRESH I ORXR
CCBR? & ) Bez)

TFP) 7 AT -2 NEY2—N,

QEVa— ) ERET—APETV 22— )9

100° OEETLFREEZTBIES. NEY 2 —)b : NADH /K% (NADH dehy-

drogenase) EVa—J), QETVa—Jb:

B FE5E (electron transfer) €Y a2 — )V, PE

Va—:7a b R Y S (proton translocation) €Y o — ., I 7Y 7=y b
DHRF T2y PEERT GRIVEEETHE &3 ra vy Py 7REFHR).

ATPase OfEZLZF &R L ATP 2R &
na.

complex 1% 980kDa 2 d 7 A K-FHAE
THY, mtDNAHRY 7 2=y M7,
nDNAHREY 72=vy 338 THH Z &1
R U728 RBEOHREE LTHREDD 5
TazZy PEEFRERELZRLIORT. a7V
2=y P UAAD nDNAHSRY 722y MIvE
PRBEAREOL DL LV, SHIN S ORIE
FEREOFNZBL TRESHL MR O
BEWTHA). BRI ERMICEENS
Y7z PUAMCH, complex 1IZZEH DT
LT ) —~HWFOMITEED TAEERENS.
InNeTEVTY-EHFOI L, HEE LTH
EBEOHDLHOTPEER2IR L TEVYTY
—RWF OO W T FEHO BB TAE T
flin 2\, X2 ICHELVWO TR IN:
v,

HIZHEETNXIE, complex I3\ H LS

O miDNAHEY 7T 2=y bV NI BEF
NTW372%, mtDNADOBEE - 5 EE (mt
tRNA #EFREPHHROEH - IEHEHE
ZTOEE) T, FICHMIE complex THEH/K
BOBEDLZNVI L THDL. INHDE IR
DI Z 0% L I3EETIRIBREIZELT 5.

4. " &

complex I KIBEIX, T ANF—EAROIK
FHEEZHLIIED TERERER - W ZRT.
ZHOBEHENRBIIBENSL T L b, B—lEiF

DADEA (DESPHARER ) DH 5.
R L LTiE, BRBFILBI PR

7 9% (lethal infantile mitochondrial disease:

LIMD), Leigh e, HEMRE I P2 FY
T E, EFLERIE, FEHRREBIER D EE
# (mitochondrial encephalomyopathy, lactic
acidosis, stroke-like episodes: MELAS), /s
FERETHED, TOHh5I I TIIIEHO

— 213 —



ERAHERERHGE 2R T 633

®1 IMIPPNUTPRESICECVNRBESHFIV Ty MEBECH L %L

;;j:% YYRENS | EVn— B
3 hav RV 7EEFHEF | NDL ND1 P LHON®, MELAS®, LS®

ND2 ND2 P 1S

ND3 ND3 P 1S, LIMD?

ND4 ND4 P LHON, 1S

ND4L ND4L P LHON

ND5 ND5 P LS, MELAS, LHON

ND6 ND6 P LS, LHON, YX+=7

MBET % NDUFA1 MWFE LS, 3 ha v VY 7R

NDUFA2 B8 LS

NDUFA10 42kDa LS

NDUFA11 B14.7 LIMD, X bhary FU7REE I bav
B 7 LARE

NDUFA12 B17.2 LS

NDUFS1 75kDa N LS, BEVA IR 4 —

NDUFS2 49kDa Q 1S, LIMD, 3 2 KU 7HRE, 3 b
a Y KU 7O E

NDUFS3 30kDa Q LS

NDUFS4 18kDa N LS

NDUFS6 13kDa N LIMD

NDUFS7 PSST Q 1s

NDUFS8 TYKY Q LS, S bavy FYTHRGE IPavVF
UTLEE, HEVA IR T 4 —

NDUFV1 51kDa N IS, 3 bay R 7aE

NDUFV2 24kDa N ISPV RYTHRBE I b R0
$HE

“LHON: Leber # =M (Leber hereditary optic neuropathy).
"MELAS: I b ¥ FU 7REE, SIABIME, ZAAREEMEE M) EES (mitochondrial encephalomyopathy,
lactic acidosis, stroke-like episodes).

LS: Leigh B¥JE GEERE). 3
“LIMD: BB S b3 ¥ F'Y) 7 (lethal infantile mitochondrial disease). b
p
S‘
2 MEHITECTU-RFEEECIH L YL ;
&
Ty Ty —-EF A S hl OBk
C200rf7 LIMD*, 1S° 5~7)
Ndufaf3 (C30rf60) LIMD 8)
Ndufaf4 (C60ri66) LIMD, X bav FU 7L 9)
Ndufaf1 (CIA30) 2 hav By 7O 10, - 11)
ACAD9 I havFYTAE I bav FUYTRE 12-14)
EEIATE, I KR
Ndufaf2(B17.2L, NDUFA12L) | LS, 3 ba > FY 7RAsE 15-18)
NUBPL (Ind1) 2 bav FY 7 INGE 18, 19)
C8orf38 LS 20)
FOXRED1 LS 18, 21)

LIMD: BFEEISLIB I F 3 ¥ F Y 79 (lethal infantile mitochondrial disease).
"LS: Leigh B4 GERREE).
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%£3 IPACFNUTEETFEEICE D Leigh BIE
X . s MRCDIZL B
BEFY VRV SHHH B
BT U Leigh EHROEI&
MT-ATP6 ‘WBC DNA 10-20 %
m.8993T>G or C
ATPs6, TL1, TK, | muscle DNA 10-20 %
TW, TV, NDI1, | (hair follicles,
ND2, ND3, ND4,| urine sediment
ND5, ND6, CO3 | cells)

x4 HRHEEAARTIBZEIREGFEEICL S Leigh BE
(MRCD 12 X % Leigh iR 0% 70 % 1244 T 5)

RIET 5 . ity g .
: BETFY RV
A o imT>
I R SH TR 3B %2 1 9 Leigh IMIE NDUFV1, FS1, FS2, FS3, FS4,
FS7, FS8, FAIl, FA2, FA10, FAF2,
C8orf38, C2007rf7, FOXREDI,
B RAEET
I MRS T R$B %49 Leigh B SDHA
v vihru—bekFvy—+F SURF1, COX10, COX15,
(IR R TV) RIE % B9 Leigh JiE FRABEF
French~Canadian ¥ 721 Saguenay— LRPPRC
Lac Saint Jean %!
I+ aT A A QuRiBE PDSS2,
I sRMBIEF
I HI+IV I b2 ¥ FY 7 DNAMEIERE POLG, SUCLGI,
ERABET
I MI+IV miDNARE - JREE C1207f65,
3 RAEET

RFEWNZI PV FYTHTH S Leigh BHEIS
DWTEEDHTHA.

Leigh IIE & I3RFICIID T 0400 &M%
Wz TRBEERINDL?, OBMERFED
BT R Mo R ETEOHERR, OAFKEE
By, WHILMETREE, MRREE, RIREHEE,
FF R LD, i and/or KMAEER 24
9, @I and/or B OFLEREE D B3,
@O®DH bo 12 () EGEORFikE
ERE - WA, () BB MR RSN
(HEARIREESE), (i) FARBER O FAOFTE.

JWIE & LTIE MRCD IS ic € v ¥ v BRIk
FERREE, CVEVBALVEF YT —ER

B, IS A QRIBER EVBITOoNS
A, T T Leigh JEDRREAE & LTD MRCD®
BT A, MRCDIZX % Leigh s, #£3
IR mtDNA BEVEEHEDOK 30% T, T4l
R nDNABRENT0% TH 5. RRKREICS
WL, FFIMEE BT m.8993 LR DF I
ZHRL, FTRICEREOZVEEIZIE mtDNA
EREERNRERZIT). BICIREBFTLT,
BT LIRSS REEICED S, Md s
nDNABEREHERT L. LEALENTHRED
bbb WHAEDE L, MHROMITR Lk
Ry =7 L —%Hui-&rXxy — AEIE
RICFRFOHAE DL
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5. 2 EiERIZ

1) Bk

complex IRBIEDZMIT L TIIEES T &1
WHES. HRTIEABIVEZE) BHEELE
BHATHDHY, BB % THHE—FH
TIEBEA DT & R WEIRERIC F 7202 ERAITF
ETAEEE, FTIIHRSEERESREEE
HETRETH 5.

ML LT, iz Edfie
T 5 REEOMIT RO ETE L. BRI LH
FETIE, DO AR THEEDMRT LB Tk
EEPEFEOZEDHLDTERLTERL W,
B SAEEE I B OMIBRIEDL A, 2
WTHE £ 1% O 5 F AW FRIBET R AR WT D 72
DIIEZ OIS ETH S, T/, Leigh i
SEZHLL & T B MERFLOI PV FY T
T, EEMMEEFMRIc B 2 BE oitE
FIZIZHRWICIERT A2 bbro TE T

NADH B9 Bt EDZE L E MET 5
A%, AEMRNICIZZ O NADH BRAL& TTBER Ot
HHOT, complex I DEFEMHERTH 5 ro-
tenone % 1 2 5 B OGP 60 2 72 % 0 FE
PELBIE, FN% complex ITEMEE LTw 5.
ZlHe% - RSB A PV FY TEOE,
ZHIET A7, BHEELD 7 L VEBRER
iR a2 Bk EEEE (complex IDEMET
BRUZZIERTET I D%\, BEDRIIR
UCHBRIEECIER L, E-2aiRelET
BE)RIEEMED V. SHRROBEZ L 12K
EVATLAOMHELE LB, HEEITOHE)
%ﬁ%é&ﬁé%%ﬁ&91<a
FHIZEEPLELDE, COBEREER
NADH B{bie 2l o CWB I L THH. 2D
B1LICETNEY 2 VOEREEZH > TS
LY, mABMNIPEY -V EORE
TREEETORWZ EbH DB, ez
W12, blue native BRIKE) % H W THEERAHK
ﬁ@ﬂm%ﬁotb R 75 74— (ATP

)R F Ty T4 —(BEBEER) M
&éb%é_&%z%k&a
RS Z 2 5 & complex | BIRIBTH %

ETFOBETD, BAEEXRBEICRZSZ EREL
BIERENS. complex IRIBICE Y EAENS
TEHBRR MO RSEEEREEZ HET 2,
F 7213 complex ] O B HEIBEE KR O
ZR) RO EBEL T X R I LIAOMIFK
BDPEEI NG, ZLEOHBAPZINTVED,
b oo T,

2) EREZH

complex I /B CIRIMB O EGEENS
RIHEINLLOHEDH L. LIrLEsDL
25, BERDRNIC L BMESRIEICIE R
BWOPBIRTH 5.

3) fHBEH

AEBETA E LTI, BEORTERSHR
HER I (fiber type disproportion) 7 & O IERF
BIBET L A LT, FRf R O (ragged
red fiber) 7z & DRFERWZEAIL, mtDNARFER,
ZTOHEE BEBEOREALREICBELNLS.
4) E{bZ2H
BEORIEA 7 V) —= v 7k CEREERGT,
Y UFARAGH R E) RN - -3
{, BABRMEDTIDEEDRERLEREEIC
ERET 5 D%

5) BHOE & LRI

$ER - BT R X © MRCD % 8t o 72 & UL g B
FHEEAFEEZHEL, BEVPROLNZL
mtDNA & B8 O nDNA B8 2 HARAL F
YT Fx—T VA kA FNTHREORD
BRBRVWHAERIKRIERY -7 vtk 5T
FV—ABH AT BEROROK 7). &E
IAAMNT 4=V ADERLDF v T v —
TVADRTy TiFEL b E v Hilico
WTIE BEo - DEBERERZH L O—F

6. BEETHE

THhsb.

complex I RIEFEICER TH S L EE o 2K
BEE V., METORYOFTHEEL D DI
VRIS EVTHAIY,

FhH Wi

2 av R T7RETRTOROER?ZED
TFHEZH > TBLREFRTH 5 Z & idMHm
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RiZbli~R7z. H—RETRHAOTERVWSE L, KROMDO Y& Ll

BRI F DB EROGFET 5 L &I, 2k AFE5E R #1Z Rahman 5 @ complex 1I1ZB9
ABABRMESFE L2 & complex 12 H  AENLBRHYSHBER BoroFH L v
LETHIMIYFYTH=MRCD ZHIC# HHEERTFIMboTEh, —FEN’ETL%E
BHZANTBLLENDH AL Z L2 RBICHER BEDT 5.
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Abstract

We report on a 4-year-old boy who died from influenza encephalopathy. The clinical course and microscopic findings of the
autopsied liver were compatible with Reye’s syndrome. We examined the mitochondrial respiratory chain function by blue native
polyacrylamide gel electrophoresis (BN-PAGE), western blotting, and respiratory chain enzyme activity assays. The activity of liver
respiratory chain complex (CO) I was markedly decreased (7.2% of the respective control activity); whereas, the other respiratory
chain complex activities were substantially normal (CO II, 57.9%; CO III, 122.3%; CO IV, 161.0%). The activities of CO I-IV in
fibroblasts were normal (CO I, 82.0%; CO II, 83.1%; CO II1I, 72.9%; CO 1V, 97.3%). The patient was diagnosed with liver-specific
complex I deficiency. This inborn disorder may have contributed to the fatal outcome. We propose that relying only on fibroblast
respiratory chain complex activities may lead to the misdiagnosis of liver-specific complex I deficiency.
© 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.

Keywords: Influenza encephalopathy; Reye’s syndrome; Mitochondria; Complex I deficiency; Liver-specific

1. Introduction The possible contribution of the mitochondrial respira-
tory chain disorder to the clinical course is discussed.

Influenza encephalopathy is a critical complication of

influenza infection. Although the pathological mecha-
nism is poorly understood, mitochondrial malfunction
is suggested to play a role in the pathogenesis [1]. We
describe a boy with liver-specific mitochondrial respira-
tory chain complex I deficiency who developed fatal
encephalopathy associated with influenza A infection.

* Corresponding author. Tel.: +81 3 3972 8111x2442; fax: +81 3
3957 6186.
E-mail address: chi-ka@sage.ocn.ne jp (C. Arakawa).

2. Case report

A 4-year-old Japanese boy developed pyrexia. He was
treated with acetaminophen once and visited the family
doctor. Influenza A infection was diagnosed by nasal
antigen test in a clinic and he was treated with oseltam-
ivir. He was admitted to a nearby hospital due to a gen-
eralized seizure in the evening; then, he was transferred
to our institute because of highly elevated serum trans-
aminase. He was the first child born to healthy parents
with no consanguinity. No other child had died in early

0387-7604/$ - see front matter © 2011 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.

doi:10.1016/j.braindev.2011.03.002
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infancy within three degrees of relationship. He had nor-
mal psychomotor development and had not been vacci-
nated against influenza.

On arrival, he was comatose and had a temperature
of 38.9 °C, heart rate of 136 beats per minute, and blood
pressure of 106/62 mm Hg. Neither arrhythmia nor car-
diac hypertrophy was seen in the electrocardiogram or
echocardiography. Blood examination showed marked
liver dysfunction and ammonemia (aspartate amino-
transferase, 42821U/l; alanine aminotransferase,
1750 IU/I; ammonia, 156 pg/dl). Blood gas analysis
showed marked acidosis (pH 6.964, pCO, 59.6 mm
Hg, HCO; 11.2mol/l, BE —23.7mmol, and lactate
9.0 mmol/l). Blood glucose was 128 mg/dl under intra-
venous infusion. Influenza encephalopathy was diag-
nosed and intensive therapy, including mechanical
ventilation, steroid, and heart stimulants, was started.
A few hours later, he developed cardio-pulmonary arrest
and died 36 h after developing pyrexia. This clinical
course led us to suspect Reye’s syndrome and mitochon-
drial disorders. The parents consented to resection of the
patient’s liver and skin fibroblasts. Urine organic acid
analysis, blood amino acid profile, and carnitine profile
did not show any findings suggestive of congenital
metabolic disorders. Microscopical finding showed
microvesicular fatty droplets in hepatic cytoplasm in
hematoxylin-eosin and oil red O staining (Fig. 1), that
was compatible with Reye’s syndrome. The grade of his-
tological hepatic changes was milder than the fulminant
clinical course.

The activities of respiratory chain complexes (Co) I,
II, III, and IV were assayed in the crude post-600 g
supernatant of the liver and in isolated mitochondria
from skin fibroblasts as described previously [2]. The
activity of each complex was presented as a percent ratio
relative to the mean value obtained from 12 healthy con-
trols. The activities of Co I, II, III, and IV were also cal-
culated as the percent relative to citrate synthetase (CS),
a mitochondrial enzyme marker, or Co II activity [2].

\%
A. Hematoxylin-Eosin staining ( X 400 )

Liver respiratory chain complex I activities were very
low, but CS, Co II, III, and IV activities were normal.
In contrast to the liver, the fibroblast complex I activity
was normal (Table 1).

The expression of the mitochondrial respiratory
chain Co I, 11, II1, and IV proteins in the liver and fibro-
blasts were examined by Western blotting using blue
native polyacrylamide gel electrophoresis (BN-PAGE)
according to methods described previously [3] The
results of BN-PAGE are shown in Fig. 2. The band cor-
responding to Co I was not visible; while, the intensities
of the Co 11, 11, and IV bands remained normal. Several
base substitutions were detected by polymerase chain
reaction, but there was no pathogenic mutation in the
genomic DNA extracted from the autopsied liver tissue.

3. Discussion

Mitochondrial malfunction has been described in
influenza encephalopathy. There are no reports of mito-
chondrial respiratory chain diseases, although disorders
of fatty acid oxidation have been discussed [1]. Complex
I deficiency was first recognized in 1979 by Morgan-

Table 1

Enzyme assay of respiratory chain complexes.

% Col Co II Co I Co IV CS
Liver

% of normal 7.2 57.9 1223 161.0 78.1
CS ratio 9.2 74.1 155.0 203.8 -
Co II ratio 12.3 - 212.2 272.2 -
Fibroblast

% of normal 82.0 83.1 72.9 97.3 120.4
CS ratio 66.2 66.8 56.5 76.3 -
Co 1II ratio 98.2 - 83.7 112.5 -

Co I, complex I; Co II, complex IL; Co III, complex III; Co IV,
complex IV; CS, citrate synthase.

Enzyme activities are expressed as a % of the mean relative activity of
the normal control and relative to CS and Co IL.

S
SR e

B. Oil Red O staining (X 400 )

Fig. 1. Autopsy liver samples show preserved hepatic architecture with scattered distribution of micro-vesicular fatty droplets in the hepatic
cytoplasm (A). Marked congestion, focal necrosis, and mild inflammatory cellular infiltration without fibrosis were noted. Fat deposition was also
suggested with oil red O staining (B). The grade of histological hepatic changes was milder than the fulminant clinical course.
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Fig. 2. Blue native polyacrylamide gel electrophoresis (BN-PAGE)
analysis of liver respiratory chain enzymes showed markedly decreased
protein expression of complex I, while the protein bands of complex II,
ITI, and IV were comparable to the control (N) samples.

Hughes; yet, studies have not progressed because of
technical difficulties. More recently, complex I deficiency
was regarded as the most common energy generation
disorder. The manifestations range from typical mito-
chondrial diseases, such as Leigh syndrome, to obscure
conditions such as slow regression or intractable secre-
tory diarrhea [4].

Complex II activity has been shown to be more labile
than complex I when measuring respiratory chain
enzymes in patients with a wide range of metabolic disor-
ders, liver failure, or liver disease [5]. In the present case,
only complex I activity was very low; this indicates pri-
mary complex I deficiency rather than a secondary effect
of influenza A infection. Complex I includes seven mito-
chondrial DNA-encoded subunits and at least 39 nuclear-
encoded subunits. In our case, no mutation was detected
in the mitochondrial DNA (mtDNA). The detection rate
for mutations in mitochondrial or nuclear DNA in com-
plex I deficiency is as small as 20% [6,7].

In the present case, complex I was deficient only in
the liver, not in fibroblasts. Mitochondrial respiratory
complex disorders can show clinical and biochemical tis-
sue specificity [2,4,6,8,10]. For this reason, it is difficult
to diagnose by suspension cells or serum enzyme assays.
The possible mechanisms of tissue specificity are tissue-
specific subunits of complex I [9], the ratio between
normal and mutant mtDNA in a specific tissue [7],
and tissue differences in RNA processing [10]. To our
knowledge, very few cases with liver-specific complex I
deficiency have been reported [2,8]. These reported cases
had chronic neurological symptoms such as epilepsy,
hypotonia, or developmental regression, with the excep-
tion of one case that had severe cardiomyopathy in early

infancy [2]. There was one case without evidence of liver
dysfunction [8]. Clinically there was no definite differ-
ence from usual Co I deficiency. One reason for the
small number of cases is that the liver is not the prime
diagnostic tissue. Respiratory chain complex deficiency
is usually confirmed by tissue biopsy. Muscle is usually
the prime diagnostic tissue, and cultured skin fibroblasts
are also often analyzed [10]. False-negative diagnostic
results may occur because the liver is not examined.
This case was determined to be complex I deficiency
by BN-PAGE Western blotting and determination of
enzyme activities. This is the first report of respiratory
chain complex I deficiency in influenza encephalopathy.
We suggest there may be many undiagnosed cases of this
metabolic disorder. Here, we described a healthy child,
who had never been suspected of having any disease,
diagnosed with a metabolic disorder after acute enceph-
alopathy with subsequent death. Future studies are
needed to focus on the development of a method to
detect this inborn metabolic disorder before onset.
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Abstract

Objective: Ghrelin requires a fatty acid modification for binding to the GH secretagogue receptor.
Acylation of the Ser3 residue of ghrelin is essential for its biological activities. We hypothesized that
acyl-CoA is the fatty acid substrate for ghrelin acylation. Because serum octanoyl-CoA levels are
altered by fatty acid oxidation disorders, we examined circulating ghrelin levels in affected patients.
Materials and methods: Blood levels of acyl (A) and des-acyl (D) forms of ghrelin and acylcarnitine of
patients with medium-chain acyl-CoA dehydrogenase (MCAD) deficiency and glutaric aciduria type II
(GA2) were measured.

Results: Plasma acyl ghrelin levels and A/D ratios increased in patients with MCAD deficiency or GA2
when compared with normal subjects. Reverse-phase HPLC confirmed that n-octanoylated ghrelin
levels were elevated in these patients.

Conclusion: Changing serum medium-chain acylcarnitine levels may affect circulating acyl ghrelin

levels, suggesting that acyl-CoA is the substrate for ghrelin acylation.

European Journal of Endocrinology 166 235-240

Introduction

Ghrelin, an endogenous ligand for the GH secretagogue
receptor, is an acylated peptide produced by gastrointes-
tinal endocrine cells (1). Ghrelin is the only peptide known
to require a fatty acid modification. Octanoylation of the
Ser3 residue is essential for ghrelin-mediated stimulation
of GH secretion and regulation of energy homeostasis via
increased food intake and adiposity (2, 3). Other than
octanoylation (C8:0), the hormone is subject to other
types of acyl modification, decanoylation (C10:0), and
possibly decenoylation (C10:1) (4, 5). Recently, ghrelin O-
acyltransferase (GOAT), which octanoylates ghrelin, was
identified (6, 7). The fatty acid substrate that contributes
to ghrelin acylation, however, has not been clarified,
although the presumed donor is acyl-CoA.
Mitochondrial fatty acid oxidation (FAO) disorders
result from genetic defects in transport proteins or
enzymes involved in fatty acid B-oxidation (8, 9). The
clinical phenotypes have recently been associated with a
growing number of disorders, such as Reye syndrome,
sudden infant death syndrome, cyclic vomiting syndrome,
fulminant liver disease, and maternal complications
during pregnancy (10). Medium-chain acyl-CoA

© 2012 European Society of Endocrinology

dehydrogenase (MCAD) deficiency, the most common
inherited defect in FAO, causes elevated serum octanoyl-
carnitine levels (11), reflecting elevated octanoyl-CoA
levels. Glutaric aciduria type II (GA2), which is caused by
defects in electron transfer flavoprotein (ETF), ETE-
ubiquinone oxidoreductase, or other unknown abnorm-
alities in flavin metabolism or transport, is characterized
by elevated serum acylcarnitine levels, including octa-
noylcarnitine (8, 9). In carnitine palmitoyltransferase IT
(CPT 1II) deficiency and very long-chain acyl-CoA
dehydrogenase (VLCAD) deficiency, serum octanoyl-CoA
levels do not increase, but at times actually decrease (8, 9).
We hypothesized that octanoyl-CoA is the fatty acid
substrate for ghrelin acylation. To examine this
hypothesis, we measured circulating ghrelin levels in
patients with MCAD deficiency (MCADD) and GA2.

Materials and methods

Subjects

Five female patients with FAO deficiency (two with
MCADD one with GA2, one with CPT II deficiency (12),

DOI: 10.1530/EJE-11-0785
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and one with VLCAD deficiency) were recruited for this
study. The study protocol was approved by the ethics
committee on human research at the Kyoto University
Graduate School of Medicine. Written informed consent
was obtained prior to enrollment.

Measurement of plasma ghrelin
concentrations

Because FAO patients tend to develop hypoglycemia by
fasting, it was difficult to do overnight fasting. There-
fore, blood samples for ghrelin analyses were drawn
from a forearm vein in the morning after fasting as long
as possible. Plasma samples were prepared as described
previously (13). Blood samples were immediately
transferred to chilled polypropylene tubes containing
Na,EDTA (1 mg/ml) and aprotinin (Ohkura Pharma-
ceutical, Kyoto, Japan: 1000 kallikrein inactivator
units/ml=23.6 nmol/ml (23.6 pM)) and centrifuged
at 4 °C. One-tenth volume of 1 M HCl was immediately
added to the separated plasma. The acylated and
desacylated forms of ghrelin were measured using a
fluorescence enzyme immunoassay (FEIA; Tosoh Corp.
Tokyo, Japan). The minimal detection limits for acyl and
des-acyl ghrelin in this assay system were 2.5 and
10 fmol/ml respectively. The interassay coefficients of
variation were 2.9 and 3.1% for acyl and des-acyl
ghrelins respectively.

Reverse-phase HPLC

Reverse-phase HPLC (RP-HPLC) was performed as
described previously (4, 5, 14). Briefly, plasma diluted
50% with 0.9% saline was applied to a Sep-Pak C18
cartridge pre-equilibrated with 0.9% saline. The
cartridge was washed with saline and 10% acetonitrile
(CH3CN) solution containing 0.1% trifluoroacetic acid
(TFA). Adsorbed peptides were eluted with 60% CH;CN
solution containing 0.1% TFA. The eluate was eva-
porated and separated by RP-HPLC. All HPLC fractions
were quantified using RIAs for ghrelin (4, 14, 15, 16).
RIAs for a ghrelin C-terminal region (C-RIA) and a
ghrelin N-terminal region (N-RIA) measure des-acyl
ghrelin and octanoyl-ghrelin respectively (15). A RIA for
N-terminal ghrelin showed ~20-25% cross-reactivity
values for the n-decanoylated and n-decenoylated
forms (16). Authentic human ghrelin-(1-28) was
chromatographed with the same HPLC system.

Tandem mass spectrometry

Acylcarnitines in sera and dried blood spots were
measured according to previously reported methods
(17, 18), without derivatization. Briefly, 3 ul serum and
110 ul methanol solutions (99%) with deuterium-
labeled acylcarnitines as internal standards were
mixed and centrifuged, and 5wl of the supernatant
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was introduced into liquid chromatography flow of
methanol/acetonitrile/water (4:4:2) with 0.05% formic
acid using a SIL-20AC autoinjector (Shimadzu, Kyoto,
Japan). Flow injection and electrospray ionization
tandem mass spectrometric (MS/MS) analyses were
performed using an API 4000 LC/MS/MS system (AB
Sciex, Tokyo, Japan). Positive ion MS/MS analysis was
performed in precursor ion scan mode with an m/z
value of 85 for the product ion. Data were recorded for
0.7 min after every sample injection and the recorded
intensities of the designated ions were averaged using
Chemoview Software (Foster City, CA, USA). All samples
were measured serially within 1 day.

Results

We measured plasma ghrelin concentrations in patients
with MCADD and GA2 (Table 1) and also in patients
with CPT II and VLCAD deficiency. Elevated C8-
acylcarnitine serum levels were observed in MCADD
and GA II, whereas they were unchanged or lower
in CPT II or VLCAD deficiency (Table 1). Levels of acyl
ghrelin but not des-acyl ghrelin appeared to be
elevated in patients with MCADD or GA2 in com-
parison with those in patients with CPT II or VLCAD
deficiency, or those in female normal subjects from a
previous study.

We then performed RP-HPLC analysis of ghrelin
using plasma from patient 1 with MCADD. It demon-
strated an eluted peak that corresponded to
n-octanoylated human ghrelin-(1-28) in an N-RIA
and a C-RIA, indicating that the detected acyl ghrelin
was octanoylated (Fig. 1A). When plasma from patient
3 with GA2 was examined using the same method, the
N-RIA revealed that the major peak corresponded to
n-octanoylated human ghrelin-(1-28) (Fig. 1B). In
addition, a small peak, which corresponded to decan-
oylated ghrelin, was observed in fraction 16 (arrow c),
reflecting that serum C10-acylcarnitine levels were also
elevated in patient 3 (Table 1).

Discussion

Ghrelin is the sole peptide hormone known to have a
fatty acid modification. When we started this study in
2007, the catalytic enzyme and fatty acid substrate that
mediate ghrelin acylation had not been identified.
During this study, the GOAT enzyme was shown to be
essential for ghrelin acylation (6, 7). Octanoic acid and
octanoyl-CoA were candidates for the fatty acid
substrate. We hypothesized that octanoyl-CoA was the
substrate, because acylation of ghrelin should be an
intracellular process. In fact, Ohgusu et al. (19) showed
that acyl-CoA can be the substrate for ghrelin acyl-
modification using the in vitro assay system. We tested
this hypothesis in patients with MCADD and GAZ2,
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Table 1 Clinical features, serum acylcarnitine levels, and plasma ghrelin concentrations in female patients with FAO disorders.

Acylcarnitine (nmol/ml)

Height

Age
(years)

DAG (fmol/mi) A/D ratio

C6 Cc8 C10:1 C10 c12 C14 C16 Cc18 AG (fmol/mi)

(cm) C4

BMI

Disease

Subjects

=5)

Patients (n:

57.23

45.09

0.01
0.01
0.05
0.02
0.87

0.05
0.07
0.16
0.08
2.00

0.01
0.02
0.12
0.03
217

40.83
50.80

30.11

56.55

34.49

19.76

27.02
19.66+11.26 47.71+43.71

113.07

0.29
0.20
1.86
0.40
0.28

0.95
0.40
0.32
0.20
0.08

4.61
2.26
1.24
0.21
0.07

0.55
0.36
0.31
0.06
0.09

0.30
0.07

0.

119.5
125.3
116.1
1415

39

0.10

0.07

109.5

- T o

MCAD

11

MCAD
GA2

10

CPT Il def.

5
32.6+10.3

VLCAD def.

Normal subjects (n
mean+s.0.)?

+ 0.484+0.17

20.3+1.9

=20;

0.2540.08 0.04+0.02 0.0740.06 0.0840.05 0.13+0.12 0.06+0.05 0.08+0.02 0.094+0.04 0.04:+0.02

=34,

Reference range (n

mean +s.0.)

C8, octanoy! acylcarnitine; C10, decanoyl acylcarnitine; C10:1, decenoyl acylcarnitine; AG, acyl ghrelin; DAG, des-acyl ghrelin; def., deficiency.

2See reference 13. All samples were reassayed using the FEIA.
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which are characterized by higher intracellular octa-
noyl-CoA levels. Indeed, plasma A/D ratios tended to be
elevated in these FAO deficiencies. A relationship
between age and ghrelin levels may exist (20, 21).
Concerning children, Ikezaki reported that the circulat-
ing ghrelin levels tended to correlate negatively with age
in children and adolescents, but the correlation was not
significant (22). Thus, the relationship has not been
confirmed yet. Although we did not compare them
directly with those in age- and body mass index (BMI)-
matched normal children, they appeared to be higher
than those in children with CPT II and VLCAD
deficiencies with similar BMIs. BMIs of these patients
were comparable to those of normal Japanese female
children (23). These findings support the hypothesis
that octanoyl-CoA is a primary substrate for ghrelin,
although medium-chain triglyceride dietary lipids are a
direct source for ghrelin acylation (7, 16, 24). Moreover,
GOAT is a membrane-bound molecule in the endoplas-
mic reticulum (ER). Although how octanoyl-CoA gets
into the ER lumen is unclear, Yang et al. (6) speculated
that GOAT might mediate the transfer of octanoyl-CoA
from the cytosol to the ER lumen. Although serum
acylcarnitine levels tended to correlate with acyl ghrelin
levels, further studies using more patients with FAO
disorders are needed to confirm this relationship.

In addition to n-octanoylated ghrelin, other molecu-
lar forms of the ghrelin peptide exist, including des-acyl
ghrelin lacking an acyl modification and such minor
acylated ghrelin species as n-decanoylated ghrelin (Ser3
is modified by n-decanoic acid) (4, 5). Serum from a
patient with GA2 showed the presence of acylated
ghrelin that was not octanoylated and was possibly
decanoylated (16). In a patient with GA2, intracellular
levels of a variety of acyl-CoAs, including octanoyl- and
decanoyl-CoAs, were increased, whereas MCADD was
associated with specific elevation of octanoyl-CoA
levels. In fact, the patient with GA2 had elevated
octanoylcarnitine and decanoylcarnitine levels: 1.24
and 1.86 nmol/ml respectively. Nonetheless, the HPLC
peak representing n-decanoylated ghrelin was much
smaller than that representing n-octanoylated ghrelin.
Although this is possibly because GOAT acylates ghrelin
more efficiently with octanoyl-CoA than decanoyl-CoA,
it is more likely because the cross-reactivity between
n-octanoylated and n-decanoylated ghrelins is 20-25%
in the N-RIA. In fact, the HPLC peaks of fraction 15-17
in the C-RIA, which detects similarly both n-octanoy-
lated and n-decanoylated ghrelins, were large, strongly
suggesting that a substantial amount of n-decanoylated
ghrelin comparable to the elevated decanoylcarnitine
level was present. Our observation that acyl ghrelin
levels were not elevated in VLCAD and CPT II
deficiencies, in which medium-chain acyl-CoAs levels
are not higher, supported the idea that GOAT specifically
acts on medium-chain acyl-CoAs. Although C16 and
C18 levels were not increased in the patient with CPT II
deficiency (Table 1), they may be normalized during
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Figure 1 Representative RP-HPLC profiles of ghrelin immuno-
reactivity in patients with MCADD (A) and GA2 (B). Closed circles,
data obtained using a RIA for a ghrelin C-terminal region (C-RIA);
open circles, data obtained using a RIA for a ghrelin N-terminal
region (N-RIA). Patient plasma extracts from a Sep-Pak C18
cartridge were fractionated using a Symmetry300 C18 column

(5 mm packing, 3.9 X150 mm, Waters). A linear gradient of 10-60%
CH3CN containing 0.1% TFA was passed over the column for

40 min at 1.0 ml/min. The fraction volume was 1.0 ml. Arrows
indicate the elution positions of des-acyl human ghrelin-(1-28) (a),
n-octanoylated human ghrelin-(1-28) (b), and n-decanoylated
ghrelin (c).

a stable period in a mild form of CPT II deficiency (25).
In fact, this patient did not manifest any marked signs or
symptoms at the measurement.

Ghrelin modification with the fatty acid is essential
for its biological action. Octanoylation of ghrelin may
also be linked to energy homeostasis and fat metab-
olism. For instance, when serum n-octanoic acid levels
increase following fat degradation, ghrelin octanoyla-
tion is enhanced, resulting in stimulation of fat
synthesis. Thus, ghrelin may play an important role in
energy homeostasis through its own fatty acid metab-
olism. Related to this concept, Kirchner et al. (24)
speculated that signaling via GOAT and ghrelin might

www.eje-online.org
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act as a fat sensor for exogenous nutrients and support
fat storage as nutrients are ingested.

FAO deficiency contributes to such clinical problems
as sudden infant death syndrome, cyclic vomiting
syndrome, fulminant liver disease, and maternal
complications (8, 9). Early diagnosis and appropriate
management are required to reduce mortality and
morbidity associated with this class of disorders.
Recently, newborn screening has been expanded in
this area. Measuring plasma ghrelin levels may support
a diagnosis of MCADD or GA2, for example. Moreover,
our results have pathophysiological implications for
these disorders. Plasma ghrelin levels are changed by
energy demands and food intake (e.g. glucose and fat),
and ghrelin affects appetite and adiposity (2, 3).
Alterations of plasma ghrelin levels in FAO disorders
may reflect and/or influence the patient's metabolic
status. In addition, higher acyl ghrelin levels may affect
the GH/insulin-like growth factor 1 (IGF1) system.
There are reports that higher AG levels would increase
GH and IGF1 levels (26, 27, 28, 29) and thereby linear
growth could be affected. Although none of our patients
manifested markedly abnormal growth velocity, we did
not measure their serum GH/IGF1 levels. Thus, further
studies are warranted to detail a variety of metabolic
parameters in this setting.

There are several limitations in this study. At first, the
number of FAO patients tested is small. Unfortunately,
the incidence of FAO patients in the Japanese population
is much smaller than that in Caucasians. Although we
asked pediatricians on a nationwide scale, we could
successfully collect only five female patients. No adult
case has yet been reported in Japan. Secondly, as
mentioned above, the normal female subjects were not
matched in age or BMI, although patients with MCADD
and GA2 exhibited higher plasma A/D ratios than those
in child CPT II and VLCAD deficiencies with similar
BMIs. To supplement the correlation study, we
performed RP-HPLC analysis to prove the increased
octanoylation of ghrelin in MCADD and GA2 directly.
Further, the presence of n-decanoylated ghrelin is also
demonstrated in GA2. Thirdly, the disturbance in the
hepatic carbohydrate regulation and the altered periph-
eral glucose uptake may occur in FAO patients. Hence,
abnormal carbohydrate regulation could influence acyl
ghrelin levels. Since none of our patients manifested
abnormal fasting glucose and HbAlc levels, we
speculated that no significant effects occurred.

In summary, we have demonstrated increased
levels of acyl ghrelin in patients with MCADD or GA2,
which are also characterized by increased intracellular
octanoyl-CoA levels. These findings provide mechanistic
insights into the biosynthesis of ghrelin. Furthermore,
analyzing plasma ghrelin levels may help elucidate
pathophysiological processes in FAO deficiencies and aid
in the diagnosis of these disorders. Detailed studies using
more patients are certainly needed.
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Abstract

We report two patients with Leigh syndrome that showed a combination of facial dysmorphism and MRI imaging indicating an
SURFI deficiency, which was confirmed by sequence analysis. Case 1 is a 3-year-old girl with failure to thrive and developmental
delay. She presented with tachypnea at rest and displayed facial dysmorphism including frontal bossing, lateral displacement of
inner canthi, esotropia, maxillary hypoplasia, slightly upturned nostril, and hypertrichosis dominant on the forehead and extrem-
ities. Case 2 is an 8-year-old boy with respiratory failure. He had been diagnosed as selective complex IV deficiency. Case 2 displayed
facial dysmorphism and hypertrichosis. Since both patients displayed characteristic facial dysmorphism and MRI findings, we
sequenced the SURFI gene and identified two heterozygous mutations; c.49-+1 G>T and ¢.752_753del in Case 1, and homozygous
¢.743 C>A in Case 2. For patients with Leigh syndrome showing these facial dysmorphism and hypertrichosis, sequence analysis of
the SURFI gene may be useful.
© 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords.: Leigh syndrome; SURFI deficiency; Facial dysmorphism; Hypertrichosis

1. Introduction disease and the most common cause is a molecular defect
in mitochondrial energy production system, including

Leigh syndrome (OMIM 256000) is a progressive neu- the respiratory chain complexes and pyruvate dehydro-
rodegenerative disorder with the usual onset in infancy genase complex. An isolated generalized defect of com-
or early childhood. It is a genetically heterogeneous plex 1V, (Cytochrome C oxidase) is the most common
biochemical abnormalities found in Leigh syndrome

[1]. Leigh syndrome with SURFI mutations, which

- encode the putative assembly protein of complex IV,
¥ ngﬁfg}l}gﬂrﬁ zt}ﬂ;fréf\dtcelresszi gigiiioidzfsN;uleoiY/ii fﬁaﬁi have been reported [2] with specific clinical features of
Yokohama 232—8525?0Japane.nT§1’.: 81 45 711 235 ﬁv;a;: +81 45 721 facial dysmorphism [3], hypertrichosis [4], and MRI find-
ings [5]. Here, we report two patients with these clinical

3324.
E-mail address: hosaka@kcmce.jp (H. Osaka). features and novel SURFI mutations.

0387-7604/$ - see front matter © 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Diffusion-weighted (A and C) and T2-weighted (B and D) magnetic resonance imaging of the brain in Case 1 at 2 years and 5 months of age
(A and B), and in Case 2 at 7 years and 6 months of age (C and D). In Case 1, the bilateral substantia nigra (A), subthalamic nucleus (A and B), red
nucleus (A), medial parts of the midbrain (A and B) and putamen (B) show the signal hyperintensity. In Case 2, bilateral striatum reveal
hypeintensity (C and D). The left optic radiation is also involved in Case 2 (C) and the global cerebral hemisphere is atrophic (C and D).

2. Case reports
2.1. Case 1

Case 1 is 3-year-old female that was referred to our
hospital for an evaluation of failure to thrive and devel-
opmental delay at 2 years. She was born to healthy
nonconsanguineous Japanese parents. The neonatal per-
iod was unremarkable. She held her head upright at
3 months of age, and sat at the 6 months. At the
9 months, she was able to walk independently while hold-
ing on to furniture. Her development did not progress
thereafter, and she has not walked alone and only speaks
using jargon. She was conscious, alert and presented with
tachypnea at rest. She displayed facial dysmorphism
including frontal bossing, lateral displacement of inner
canthi, esotropia, maxillary hypoplasia, slightly
upturned nostril, and hypertrichosis dominant on the
forehead and extremities. Mild opthalmoplegia and
ptosis were noted. She manifested generalized mild hypo-
tonia, truncal ataxia and normal deep tendon reflexes

with negative Babinski’s signs. Serum lactate was ele-
vated at 35.7 mg/dl. MRI showed signal hyperintensity
of the bilateral putamen, subthalamic nucleus, red
nucleus and brain stem on T2-weighted images (T2WI)
and diffusion-weighted images (DWI) (Fig. 1). The
enzyme analysis of the respiratory chain complexes were
not performed in this patient.

2.2. Case 2

Case 2 is 8-year-old male on ventilation that was
transferred to our hospital for tracheostomy. He was
born at term to healthy, nonconsanguineous parents.
He had been able to get cruising by 12 months. At
19 months, he presented with neurodevelopmental
regression and ataxia. Laboratory investigation revealed
elevated cerebrospinal fluid lactate and pyruvate. Brain
MRI showed signal hyperintensity of the bilateral basal
ganglia, midbrain and medulla oblongata on T2WI.
Fibroblast analysis confirmed a decreased amount and
activity of complex IV in the respiratory chain complexes
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(Fig. 2). He displayed facial dysmorphism including
synophrys and micrognathia, hypertrichosis, thoracic
deformity and generalized hypotonia and elevated deep
tendon reflexes with positive Babinski’s signs. MRI
showed that the bilateral cerebral hemisphere were glob-
ally atrophic and signal hyperintensity of the bilateral
optic radiation, putamen, basal ganglia including sub-
thalamic nucleus, and brain stem on T2WI. The left optic
radiation, bilateral putamen and globus pallidus also
showed high signal intensity on DWI (Fig. 1).

3. Genomic DNA sequencing, RT-PCR and sequencing

Genomic DNA was prepared from white blood cells
using the Wizard Genomic DNA purification kit
(Promega, Madison, WI, USA). PCR of all exons and
exon—intron boundaries of the SURFI gene was per-
formed with specific primers using Ex Taq PCR version
1.0 kit (Takara, Shiga, Japan) according to the manufac-
tures instruction (Suppl. Table 1). Total RNA was
extracted from leukocytes using Trizol reagent and
amplified with the SMART™ mRNA amplification
method (Clontech, Mountain View, CA). The amplified
mRNA was subjected to reverse transcription with Prime
Script reverse transcriptase (Takara, Shiga, Japan) using
Oligo (dT) primers. RT-PCR was performed using primers

Case 2
x2

Case 2 Control

kDa <— Super complex
<— Complex |
669 -
<+— Complex il
440 -
232 - 1+ complex1v
134 - <«<— Complex Il

Fig. 2. Analysis of respiratory chain complex amount by blue native
polyacrylamide gel electrophoresis in Case 2. Mitochondria isolated
from Case 2 and normal control fibroblasts were solubilized in dodecyl
maltoside and subjected to BN-PAGE and Western blotting [9]. In x 2
lane, the amount of protein loaded was twice. The amount of fully
assembled complex IV was shown to be dramatically decreased in Case
2. The amount of complexes I, I, and III were all comparable to those
in the normal control. In vitro enzyme assay [10] also revealed
deficiencies of complex IV: the activities of complex I, II, III and IV
relative to that of citrate synthase were 137%, 238%, 124% and 12%,
respectively.

at exons 1 and 9 of the SURFI gene, according to the
manufacture’s instruction (Suppl. Table 1). Patients
and families participating in the gene analysis gave writ-
ten informed consent to the gene analysis, which was
approved by the ethical committee of Kanagawa Chil-
dren’s Medical Center.

4. Results
4.1. Case I

We identified two novel heterozygous mutations: a
maternal ¢.49+1 G>T splice site mutation in intron 1
and a paternal c¢.752_753del in exon 8. This deletion
resulted in a frame shift at amino acid 251(GIn251) caus-
ing a stop codon in exon 8 (Fig. 3). The c.49+1 G>T
splice site mutation changes the highly conserved G
nucleotide at position +1 of the donor splice site (5'ss)
inintron 1. We attempted to characterize the splicing out-
come of this sequence variation by RT-PCR analysis
from patient’s blood. Sequence analysis of the RT-PCR
reaction detected only the allele with the ¢.752_753delAG
mutation, which implies the presence of a nonsense med-
iated decay or instability of mRNA from the allele with
the ¢.49+1 G>T splice site mutation.

4.2. Case 2

Sequence analysis of the SURFI gene revealed a
novel homozygous ¢.743 C>A, p.Ala248Asp in exon 7.
Both parents of this patient were heterozygous for this
mutation (Fig. 3). This mutation changes highly con-
served Alanine to Aspartate. This mutation was not
found in 100 control alleles.

5. Discussion

Molecular elucidation of Leigh syndrome is challeng-
ing since many enzymes are involved, such as mitochon-
drial respiratory chain complexes I, I, 111, IV, and V,
and components of the pyruvate dehydrogenase com-
plex. Mutation analysis in DNA is more complicated,
even after focusing on respiratory complex IV. Mito-
chondrial-encoded MTCO3 and nuclear-encoded
COXI10,COXI15,SC0O2, and SURFI, have been reported
as the cause of Leigh syndrome [6,7]. Our two cases
presented with mental retardation, failure to thrive,
respiratory dysfunction, facial dysmorphism and hyper-
trichosis. Facial dysmorphism including micrognathia
and hypertrichosis especially in the extremities have been
reported to be distinctive and characteristic feature of
SURFI gene mutation [3,4]. Our two cases underscore
the importance of SURFI analysis in Leigh syndrome
with facial dysmorphism and hypertrichosis. However,
not all patients with this gene mutation carry these
symptoms. Although facial dysmorphism has been also
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Fig. 3. Analysis of the SURFI gene. A chromatogram of the two novel heterozygous mutations; ¢.49+1 G>T and ¢.752_753del in Case 1 (A) and
homozygous ¢.743 C>A in Case 2 (C). Panel B shows the chromatogram of cDNA from Case 1. The mutations are shown on the sense strand except

for the right panel of A (antisense).

reported in Leigh syndrome with pyruvate dehydroge-
nase complex, hypertrichosis has not been described [8].

To date, more than 100 patients of Leigh disease with
SURFI mutations have been reported [6,7]. To our
knowledge, this is the first report of a mutation in intron
1, suggesting the need to scan whole exons and exon/
intron boundaries.

Common MRI findings of Leigh syndrome are sym-
metric lesions in the brainstem, basal ganglia, thalamus
and spinal cord, Leigh syndrome with SURFI mutation
have been reported to involved the subthalamic nuclei,
medulla, inferior cerebellar peduncles, and substantia
nigra [5]. In addition, Case 2 showed signal hyperinten-
sities in bilateral optic radiation on T2WI and DWI,
which has not been reported previously in Leigh syn-
drome with SURFI mutations. Since Case 2 had never
shown severe hypoxemia, this finding may be significant
in patients with SURFI mutation or may appear in a
progressed stage of disease.
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