#F 1 XBRED QOL B L OERRSES

&b (B CFFHh) B(RERRTAM)
n ¥ ;3+SD o n ) R ESD o
&t 39 68.8+14.9 0.81 48 77.7£18.2 0.94
—RBEES 39 69.8+21.8 0.82 49 78.0+£20.9 0.92
MEAR, IRE. 39 70.0+22.8 0.81 48 76.4+21.6 0.90
HEEYT 39 66.8+21.9 0.80 48 77.7+18.2 0.96
QOL & &1
&t 37 78.1+12.4 0.70 51 82.2+14.6 0.91
FRRkgRE 37 80.9+14.6 0.68 51 85.9+17.9 0.86
BAE OfRE 37 71.1£17.0 0.49 51 78.3+18.2 0.77
thfIgERE 37 82.8+14.6 0.62 51 83.9+16.7 0.81
TR 37 75.9+17.2 0.63 51 78.7+16.9 0.65

a; ZuaroNy 7D otk

VLVACES I R @1V S LA SV I (1% S0 WEVASS e B 1 2 S WA VRS el I 9 B> W =

PedsOL QOL & PedsQL QOL 1§ PedsQL QOL 855 PedsQL QOL 1§
0~ 72.5~ 83.3~ 90. 1~

1 fEER D PedsQLQOL REESA L VEHDO N A—v L FANMIIHT B MY U RIBIESR
DA
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PedsQL QOL &4
0~

B2 f@#ERDOPedsQL EBRNESALVBEHO A A—E 2 A Vx4 52 MY Vo RIBE

BE DS

2. #EEUE L QOL & dRgE

# 2 1T PedsQL BRERES R & PedsQL
QOL REBGSMOHBEFE LR L. BE
BREL QOL REDTAREZ L O
BT, v MY U RBRERE B SAFHME T,
ERRHIE S 0.26-0.45, FEIR, K S 0.34-0.57,
FEHIPE T 0.09-0.41 T, QOL DAFEA
BLY, §_XTOFAREIZDONWT, HER
SREOEF PR b RVBEA R LT, F
72, BRBOAF I, FRICK LIRVE
ARl (r=052) —J, BLORBEFM
TiX, @fWIEY 0.59-0.70, REAR KR
0.38-0.52, FRENHIIEFT 0.52-0.66 Th-7z.
BoOMRBEEME T, QOL A&t&E&IT, &%
B J7 & OBE R B IR, FRRIHRE,
RAE OHERE, HESHOBREIC DWW T B FIERT
bole. FRDH, RARIEYT & OB

&b T,

3. VMU URBIERE LB OFMEZE
BE-BR AR L O QOL ki >\
TOFMEZ %~ Spearman D JEALAHES
%= (p), HAFERALREL (ICC), #axtz=,
ZOJMEEE 3 IR Lz, MBGREER X
O, FRNFEBEFR S CIE, BB O —%id,
F~KOBETH-o7. BRODEEZRTH
*t7= & ZEOHMMEIZEE L TiX, PedsQL &%
REET, BAEAE S 1BV TAE-BR 0%
HZENKEL, PedsQL QOL RET, BKiF
DHERETRLEBEAERKE hotr. Fiz,
PedsQL % REE, QOL RE & b ZED KN
HETIE, BUIBFORELBELY LRI
THHERZTNDZ LERT, EOEA
ZERLTz.
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# 2 PedsQL 8RR E & PedsQL QOL R EE D R8E

n BERAEFT  AREES AR, RE FRENAYE 5

v MY URBIERE (HCEHE)

QOL A&t 37 0.58 0.45 0.57 0.28

B {RHOBERE 37 0.24 0.26 0.57 0.24

JRAE DISRE 37 0.28 0.32 0.34 0.09

HEHIREE 37 0.31 0.28 0.42 0.41

F 37 0.52 0.31 0.49 0.17
BO(REEE)

QOL &3t 37 0.71 0.70 0.47 0.63

By (RHIBERE 37 0.60 0.62 0.38 0.52

JRAE DIERE 37 0.59 0.59 0.39 0.54

IR RE 37 0.68 0.65 0.41 0.64

£ 37 0.69 0.57 0.52 0.66
Spearman DJE{LZAHBILREL »
#3 FHmREE

FEBERE  1CC et 72 D mtE
n p SEH) H4SD ¥ 48D d

R

&% 34 0.52 0.60 14.349.9 9.7+14.5 0.67

ERRHIES 35 0.37 0.51 14.0+£12.6 5.8+17.9 0.32

HElR,IRE 34 0.58 0.73 15.3+11.7 10.0£16.5 0.61

FOHRE Y 34 0.57 0.56 21.2+15.7 13.4422.8 0.59
QOL %

a5t 36 0.55 0.53 10.5+8.9 5.5+12.7 0.43

B IRHIRERE 36 0.47 0.44 12.9+13.6 2.3+18.7 0.12

BAEDORERE 36 0.50 0.42 16.7+14.5 9.6+20.0 0.48

HESHIREE 36 0.35 0.38 14.2+13.9 5.7+19.1 0.30

2 36 0.52 0.52 10.3+11.5 3.6+15.3 0.24
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D. B
VMY URBERBEOBERERREL LIV
QOL & silx, R L i L TR, XV
vy QOL & XV MEREEZ o> T\ 5D
ZEBHLNICRoT. RBRIZ, BERRICE
WL, NREOK 7 BIBERLO/ RO
50 X—EUHANELLTTHY, ZOXHER
DRI T HNADLEMENRE T
EEZD. B THREILTND
PedsQL RBERESGFHERLLET S L,
PER B (73.5 /1) (Varni, et al., 2009),
U u~=F#8& (73.8 /) (Vami, Burwinkle, &
Szer, 2004), 23 ABFE (71.0 ;) (Varni, et al.,
2002) X VIR, JEEEE (67.7 ) (Vamni,
etal., 2010), ANFEEARE (69.7 &) (Palmer,
etal., 2007) LIFIERIEOH/RTHHT=.
fBEE& L QOL ICHEIZEWT, AEAET
FHE T, D HREOHEBERZ L
DX LT, BOREFHMTIE, 216K
OFERHZ LY b U RIBIEOBR S BE
HE LD LB QOL LM< BI#E LT
WBHEEBZTWAZ EBALMNIRT.
B L BLOFERZICE LT, fHEREK
BIUICC AHfE (R 0.51~0.73,
QOL0.42~0.53) DHREEZRLIEZ LI,
FEATHFZE & B LT (Varni, et al., 2009,Varni,
et al, 2010) HW—HETTHRTH -7z,
Lo L, FHMEEROB/BROEERD L, %
DF A TIEETHBRABLIOCTXITOTAR
ETEDERAL LI, BNRBAEFELY LER
BEE /NI LTV A Z &, QOL ZiKFE
fliLTWBZ ENRALNTR T,

E. f#im

¥R U RIBIEBRE OBRBIRIL, BT
EHICH LTS, QOLIFEWZ L35
Mol Fi2, BEEEF S LQOLE
FHAMENC, SRV RS, M OREE
BHLMIRoT=. EBHIZ, Y RY URE
fE B & BlOEB RIS L U\QOLFEE DAl
EMZEL, PRECTHY, BUIIBEEH X
DY, BEREEIES, QOLEELFFEL T
By, BEEHF LV LAEORBRELY R
HFTHDHLEERATWNWDLZEBHALNIIRS
71z.
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Neonatal intrahepatic cholestasis associated with citrin
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Abstract Citrin deficiency, aetiologically linked to mutations
of SLC25A13 gene, has two clinical phenotypes, namely
adult-onset type II citrullinaemia (CTLN2) and neonatal/
infantile intrahepatic cholestasis, caused by citrin deficiency
(NICCD). Malaysian patients with NICCD, especially of
Malay and East Malaysian indigenous descent, have never
been reported in the literature. We present the clinical features,
biochemical findings and results of molecular analysis in 11
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Malaysian children with NICCD. In this case series, all
patients manifested prolonged cholestatic jaundice and ele-
vated citrulline levels. The other more variable features
included failure to thrive, bleeding diathesis, hypoproteinae-
mia, abnormal liver enzymes, prolonged coagulation profile,
hyperammonaemia, hypergalactosaemia, multiple aminoaci-
daemia, elevated o-feto protein and urinary orotic acid as well
as liver biopsies showing hepatitis and steatosis. DNA
analysis of SLC25A13 revealed combinations of 851del4
(Ex9), IVS16ins3kb and 1638ins23. Most of our patients
recovered completely by the age of 22 months. However, one
patient had ongoing symptoms at the time of reporting and
one had died of liver failure. Since a small percentage of
children with NICCD will develop CTLN2 and the mecha-
nisms leading to this is yet to be defined, ongoing health
surveillance into adulthood is essential.

Introduction

Citrin, a bipartite protein located in the mitochondrial inner
membrane, functions as a calcium-binding/stimulated
aspartate-glutamate carrier that is a component of the malate-
aspartate NADH (nicotinamide adenine dinucleotide) shuttle.
It is mainly expressed in the liver and plays an important role in
the metabolic pathways of aerobic glycolysis, gluconeogene-
sis, urea cycle, and synthesis of proteins and nucleotides
(Kobayashi et al. 1999; Saheki and Kobayashi 2002; Saheki
et al. 2002, 2004; Tamamori et al. 2004). The deficiency of
citrin results in two main clinical phenotypes: the adult-onset
type II citrullinaemia (CTLN2) that mainly presents with
neuropsychiatric symptoms of confusion, seizure, coma and
death associated with hyperammonaemia, and the neonatal/
infantile form of transient intrahepatic cholestatic hepatitis
(NICCD: OMIM #605814) Table 1 and Table 2.

@ Springer
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Patient 7 Patient 8 Patient 9  Patient 10  Patient 11

Patient 6

Patient 5

Patient 4

Patient 3

Patient 2

Table 1 Summary of clinical characteristics of 11 infants with NICCD
Patient 1

@ Springer

Female
Malay

25

Male

Male

Female

Male

Iban

Female
Malay

Female
2.1

Female

Male

Female
Malay

23

Male

Sex

Chinese
2.6

Malay
2.5

Kadazandusun

25

Malay

2.44
No

Chinese
2.95

No

Chinese
2.46

Chinese
2.5

Ethnic group

2.8

Birth weight (kg)
Consanguinity

No

No

No

No

No

Yes

No

No

Mix BF

Mix

BF (6 months)  BF (3 months) BF
20

BF (5 weeks)

IF Mix

Mix

BF (3 weeks)

Type of feeding (duration)
Age at Px* (weeks)

Px* complaint

FTT®

10

Hepatomegaly

Splenomegaly

N

Mild delay

N

Mild delay
16

Development

Ongoing

5

Ongoing

Died at 9 months

Ongoing

14

6%

Resolution of symptoms and
biochemistry (age in months)

BF Breast fed, IF infant formula, J jaundice, N normal

2 Px Presentation

® FTT Failure to thrive

Children with NICCD, a recessively inherited condition,
are typically small for gestational age and present in
infancy with prolonged cholestatic jaundice and failure to
thrive. Biochemical findings include hypoproteinaemia,
decreased coagulation factors, haemolytic anaemia, mild
liver dysfunction, ketotic hypoglycaemia, hypergalactosae-
mia, multiple aminoacidaemia including high citrulline,
arginine, threonine, methionine and tyrosine, and high
levels of o-feto protein. Liver biopsy may show diffuse
fatty infiltration and hepatic fibrosis. These symptoms
generally disappear by 1 year of age and are followed by
a peculiar aversion to carbohydrate-rich food and a
preference for protein and lipid-rich food (Tazawa et al.
2004; Ohura et al. 2007). Although benign in most, some
children with NICCD may develop liver failure or CTLN2
decades later requiring liver transplant (Tamamori et al.
2002; Tomomasa et al. 2001).

Citrin deficiency was initially reported solely in Japanese
subjects. However, recent literature reports of non-Japanese
patients have emerged, including those of Chinese origin
(residing in China and Taiwan), Korean, Vietnamese
(residing in Taiwan, China, Korea, Australia, France and
Czech Republic), Palestinian, Israeli and Caucasian (resid-
ing in the United Kingdom and United States of America)
(Ben-Shalom et al. 2002; Luder et al. 2006; Yeh et al. 2006;
Dimmock et al. 2007; Ko et al. 2007). The SLC25A13 gene
encodes citrin and, to date, 32 different mutations have
been identified including the very specific IVS16ins3kb
found relatively frequently in Japanese patients but not
outside the East Asian population (Tabata et al. 2008).

Malaysia has a heterogenous population, with Malay
being the predominant ethnic group followed by Chinese,
Indian and indigenous subpopulations such as Iban and
Kadazandusun. NICCD patients of Malay and East Malay-
sian indigenous descent have never been reported in the
literature. We present 11 patients, including 5 Malay, 4
Chinese and 2 East Malaysian indigenous children, with
clinical and biochemical features consistent with NICCD.
DNA diagnosis for SLC25A13 mutations revealed combi-
nations of the mutations 851del4(Ex9), IVS16ins3kb and
1638ins23 in our patients. The recently described mutation
IVS16ins3kb was found solely in Japanese, Chinese and
Korean patients. In this study, we report for the first time
the IVS16ins3kb mutation in 4 patients of Malay descent.

Patients

Patient I had jaundice on day 3 of life which resolved with
4 days of phototherapy. He was the youngest of 4 children,
all of whom had physiological jaundice in infancy. At
3 weeks old, he was re-admitted with increasing cholestatic
jaundice, hypoproteinaemia and mildly elevated liver trans-
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aminases. A diagnosis of breast milk jaundice was made in
light of normal G6PD, thyroid function, full blood count,
negative Coomb’s test and normal infective hepatitis
screen. However, an increasing trend of conjugated hyper-
bilirubinaemia, unsatisfactory weight gain and hepatosple-
nomegaly prompted further investigations at 10 weeks old.
Radio-imaging excluded biliary atresia. «-feto protein was
markedly elevated and plasma amino acid profile was
consistent with citrin deficiency. He was commenced on
lactose free milk, vitamin K and multivitamins. Over the
course of the next 4 months, he sustained good weight gain
with normal developmental milestones and resolution of
jaundice, hepatosplenomegaly and «-feto protein. Plasma
amino acid normalised at 15 months old. At 17 months of
age, he suffered 4 episodes of generalised tonic clonic
convulsions, 2 of them associated with fever and 2 episodes
unexplained. Electroencephalogram was normal. Growth,
physical examination and biochemical data remained
normal at 7 years old.

Patient 2 was first noticed to be jaundiced at 2 months
old. Her older sister reportedly suffered physiological
jaundice in infancy. Jaundice persisted at 42 months old
associated with 3-cm hepatomegaly and 2-cm splenomeg-
aly below the costal margin. Abdominal ultrasonography
excluded biliary atresia. Abnormal investigations were liver
function tests, coagulation profile, lactate and «-feto
protein. Urine orotic acid was mildly elevated at
5.2 Mmol/mol creat (NR 1.0-3.2). Extensive investigations
ruled out infective hepatitis, storage diseases and neonatal
haemachromatosis. She was empirically treated as having a
mitochondrial respiratory chain disorder, and received
multivitamins, folic acid, vitamin B complex and advice
on avoidance of fasting. Serum amino acid subsequently
revealed a profile consistent with NICCD and the diagnosis
was supported by DNA analysis of SLC25A13. Mitochon-
drial cocktail was discontinued. Growth was slow in the
first year of life with an average increase of 400 g per
month; however, this eventually normalised. Citrullinaemia
resolved at 8 months of age with normalisation of liver
function and urine orotic acid at 14 months of age. In her
second year of life, she was noticed to have a peculiar
fondness for protein-rich food like peanuts and seafood and
an aversion to carbohydrate-rich food. She is currently
6 years old and enjoys excellent health.

Patient 3 is a 4-year-old Chinese boy from the east of
Malaysia. Antenatal and family history was unobtainable as
he was an adopted child. He was admitted at 1 month old
with cholestatic jaundice and elevated liver transaminases
that were attributed to an overdose of Dothiepin and
Diazepam, antidepressants taken by his biological mother.
His urine reducing sugars were recorded as 4+. He was
discharged well after this event but re-presented at 2 months
old with increasing cholestatic liver dysfunction. NICCD
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was diagnosed based on serum amino acid and DNA
analysis of SLC25A13. He was commenced on lactose free
milk with supplementation of fat-soluble vitamins and
MCT oil. Cholestasis resolved at 16 months old and
Citrulline level normalised at 22 months of age. This
patient also demonstrated a preference for protein-rich
foods with an aversion to sugary foods. Currently, his
growth is normal, but development is delayed especially in
the area of speech.

Patient 4 is a 3's-year-old Chinese girl who had transient
neonatal physiological jaundice on day 3 of life. This
resolved with natural sunlight but subsequent intermittent
jaundice led to further investigations at 2 months of age.
NICCD was diagnosed based on clinical phenotype,
conjugated hyperbilirubinaemia, plasma amino acid profile
and markedly elevated o-feto protein. She received lactose
free formula milk, supplementation of fat soluble vitamins
and MCT oil. All investigations normalised at 5 months
old. Her physical examination, growth and development are
normal at the time of reporting.

Patient 5 had jaundice on day 4 of life which persisted at
5 weeks old. She was otherwise clinically well and thriving.
Investigations including plasma amino acid profile and
clevated total galactose level were consistent with NICCD.
Breast feeding was continued supplemented by lactose free
milk. At her current age of 11 months old, development and
physical examination are normal. Plasma citrulline level
remained high at 328.2 pumol/l.

Patient 6 is a 6-year-old Malay girl born via emergency
caesarean section to parents who are second cousins. Of
her 4 siblings, one older brother (current age 19 years)
had a history of prolonged neonatal jaundice that
resolved without sequelae. She had jaundice on day 3
of life which resolved with 2 days of phototherapy. She
re-presented at 5 months old with cholestatic jaundice,
poor weight gain, 3-cm hepatomegaly and l-cm spleno-
megaly below the costal margins. Ultrasonography of the
hepatobiliary system showed hepatosplenomegaly with
features of fatty change. A liver biopsy showed gener-
alised macrovesicular steatosis with bile stasis, portal
tract expansion by lymphocytic infiltrate with associated
interface hepatitis. Unfortunately, plasma amino acid was
not performed at the acute stage, but elevated ammonia
and «-feto protein accompanied by homozygocity for
IVS16ins3kb mutation in SLC25A13 gene led to the
diagnosis of NICCD. Urine orotic acid was clevated at
8 Mmol/mol creat. In addition, she had hypokalaemia
and hypophosphataemia with normal anion gap metabol-
ic acidosis that was attributed to renal tubulopathy. This
resolved spontaneously without intervention. Jaundice
resolved at the age of 9 months with normalisation of
liver transaminases at the age of 1 year and 3 months.
Plasma amino acid is now normal.
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Patient 7, the 3rd child of Ibanese (Malaysian aborigi-
nes) parents, presented at 1 month old with jaundice which
persisted to 6 months of age. Examination revealed 5-cm
hepatomegaly below the costal margin, NICCD was
diagnosed based on clinical phenotype and amino acid
profile. He was commenced on lactose-free diet with
supplementation of multivitamins. At his current age of
3 years, he remains clinically well.

Patient 8, the 4th child of Kadazandusun (Malaysian
aborigines) parents, presented at 10 weeks old with
prolonged conjugated hyperbilirubinaemia. Investigations
ruled out biliary atresia and liver biopsy showed neonatal
hepatitis. She was followed up in the district hospital as
liver disease progressively worsened. At 7 months old, she
was admitted in a decompensated state with liver failure,
coagulopathy and gastrointestinal bleed precipitated by
sepsis. Physical examination revealed growth parameters
below the 3rd percentile, jaundice, ascites and hepatosple-
nomegaly recorded at 4.5 cm and 5 c¢cm below the costal
margins, respectively. Doppler ultrasound of the abdomen
suggested cirrhotic changes in the liver, gross splenomegaly
and mild right hydronephrosis. Liver enzymes and coagu-
lation profile were abnormal with ongoing bleeding
requiring rescue with fresh frozen plasma. Full blood count
showed normocytic normochromic anaemia. Investigations
for infective hepatitis, autoimmune hepatitis, hypothyroid-
ism, Wilson’s disease, a-1-Anti-Trypsin deficiency yielded
negative results. Urine reducing sugars were positive but
total galactose level was normal. Serum amino acid profile
was consistent with citrin deficiency. She was treated with
lactose free diet, multivitamins, folate and vitamin D.
Unfortunately, she passed away from liver failure shortly
after.

Patient 9 is a 6-month-old Malay boy, who had transient
physiological jaundice at 2 days old, re-presented at
2 months old with conjugated hyperbilirubinaemia. Phys-
ical examination was unremarkable. Investigations ruled
out biliary atresia, hypothyroidism and congenital infec-
tions. Plasma amino acid profile, elevated galactose level
and DNA analysis of SLC25A13 led to the diagnosis of
NICCD. He was commenced on lactose-free milk as a
supplement with continuation of breast feeding.

Patient 10 is a 5-month-old Chinese boy who presented
with prolonged cholestatic jaundice at 2 months old.
Physical examination revealed a well and thriving child
with jaundice and 3-cm hepatomegaly below the costal
margin. Plasma amino acid profile was consistent with
NICCD and this was supported by DNA analysis of
SLC25A13.

Patient 11 is a 3-month-old Malay girl who presented
with prolonged cholestatic jaundice at 1 month old.
Clinically, she was jaundiced, has bilateral cataract and 3-
cm hepatomegaly. Citrin deficiency was diagnosed based

on clinical and biochemical data. She was commenced on
lactose-free diet and examination at 3 months of age
showed resolving jaundice and cataracts.

Molecular analysis

Fifteen known common mutations among Asians were
screened according to the methods described previously by
using GeneScan/SNaPshot and/or PCR/gel running (Tabata
et al. 2008). These mutations are: (1) [851del4 (Ex9)]; (2)
(gIVS11+1 G>A); (3) [1638ins23 (Ex16)]; (4) [S225X
(Ex7)], (5) (g.IVS13+1 G>A); (6) [1800insl (Ex17)]; (7)
[R605X (Ex17)]; (8) [E601X (Ex17)]; (9) [E601K (Ex17)];
(10) (g.IVS6+5 G=>A); (11) [R184X (Ex6)]; (14) (g.IVS6+
1 G>C); (16) [G531D (Ex16)]; (19) (g.IVS16ins3kb); (20)
(g.Ex16+74 1VS17-32del516).

Discussion

The diagnosis of NICCD can be reliably achieved by
molecular studies as mutations of the SLC25A13 gene had
been established as the cause of citrin deficiency. However,
studies have estimated that mutations are not detected in
about 15% of cases (Tokuhara et al. 2007). So far, 32
mutations have been described and novel mutations are still
being discovered. The phenotype of NICCD patients have
been delineated in studies over the past decade (Ohura et al.
2007; Saheki et al. 2002, 2004; Tazawa et al. 2004). The
diagnosis of NICCD in our series is confirmed by
molecular studies in 5 patients (patient 2, 3, 6, 9, 10); in
the other 6 patients, published clinical phenotype and
biochemical data form the basis of our diagnosis. Interest-
ingly, all our patients who carry the mutation IVS16ins3kb
are from the Malay ethnic group. This mutation was
thought to have occurred historically very early on in East
Asia and has never been reported outside the Japanese,
Chinese and Korean populations. This may lend support to
the theories regarding the origin of Malaysians of Malay
descent. One theory postulates migration from Yunnan,
China; another states that they are sea migrants originally
from Taiwan. Genetic heterogeneity exists among different
races in the mutations of SLC25A13. This may be the other
reason that abnormal mutations were not found in patients 7
and 8, children of Iban and Kadazandusun descent. The
Ibans are the original inhabitants of Bomeo Island and
Kadazandusun is an ethnic group indigenous to the state of
Sabah in East Malaysia (North Borneo). With advancement
in this field, these samples should be re-tested for novel
mutations of SLC25A13.

The characteristic clinical feature of NICCD is neonatal
hepatitis associated with cholestasis. Some patients are
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picked up on newborn screening with hypercitrullinaemia,
hypermethioninaemia, and hypergalactosaemia prior to
emergence of symptoms. All our patients presented with
cholestatic jaundice. Three of these patients had citrullinae-
mia detected on high risk dried blood spot screening using
tandem mass spectrophotometry (TMS) on presentation
(patients 5, 7, 9). Asymptomatic infants with NICCD may
be picked up when nationwide newborn screening is
established in Malaysia.

The age of presentation ranged from 3 weeks to
5 months, occurring most commonly around 2 months
old. Previous reports have suggested that symptoms and
signs in NICCD resolve completely by 1 year old if
uncomplicated by liver failure. In 2 of our patients,
cholestasis resolved after the age of 1 year at 14 and
16 months respectively (patients 2 and 3) and in patient 3,
citrulline level normalised at the age of 22 months. 3 other
patients had ongoing symptoms at the time of reporting
(patients 5, 9, 11) and patient 8 died from liver failure at the
age of 9 months.

Children with NICCD are generally small for their
gestational age; this is thought to be due to intrauterine
citrin deficiency (Tamamori et al. 2004). Our patients, all
born at term, had birth weights ranging from 2.1 to 2.95 kg.
Mean birth weight was 2.5 kg (+ 0.32 SD), at the lower
limit of normal. However, since Asian children may be
smaller than Caucasians, the birth weights in our case series
may be considered normal rather than small at birth. Five
out of 11 of our patients failed to thrive. Four of these 5
patients demonstrated catch up growth upon resolution of
liver dysfunction and citrullinaemia, while one had passed
away.

Patient 1 had 2 episodes of febrile convulsions and 2
episodes of unexplained afebrile convulsions. Afebrile
convulsions have previously been reported in a patient
with NICCD by Tazawa et. al. (2004). It is uncertain
whether this is related to the disease or a separate entity. In
Tazawa’s case, the patient also suffered developmental
delay which resolved with time. Development was normal
in all our patients except for patient 3 who had concurrent
psychosocial factors which may have contributed to his
delay and patient 8 who was very ill and spent much time
in the hospital.

In our series, the amino acid profile showed an elevated
citrulline level 1.3-43.8 times the upper limit of normal at
presentation. The concentration of threonine, methionine,
tyrosine and arginine ranged from normal to 8.3 times the
upper limit of normal. It has previously been suggested that
a higher protein, proline and asparagine content in formula
milk may replenish the depleted intracellular stores of
amino acid and stimulate urea synthesis under citrin
deficiency, thus conferring a beneficial effect compared to
breast milk (Saheki et al. 2002; Ben-Shalom et al. 2002).
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The level of hyperamino acidaemia was not related to the
mode of feeding in our patients, suggesting that other
factors may be responsible, for example endogenous
production. Previous studies have recommended a high
protein/low carbohydrate diet because a high carbohydrate
diet may increase cytosolic NADH, overloading the
defective malate aspartate shuttle resulting in difficulty in
conversion to NAD" and the subsequent fatty liver (Saheki
et al. 2002). Patients with NICCD therefore naturally
exhibit a fondness for protein-rich food and a dislike for
carbohydrate-rich food. Dietary modifications have not
been studied with structured protocols, and therefore have
not been applied in our patients. However, high levels of
galactose may have adverse effects as shown in patient 11
who had cataract at presentation. The galactosaemia present
is thought to be due to the high NADH/NAD" ratio since
there is no abnormality in the enzymes of galactose
metabolism (Saheki et al. 2004). Tazawa et. al. (2004)
have proposed that lactose is a toxic substance in NICCD
and may worsen cholestasis. As such, when infant formula
was introduced in our patients, we have used lactose-free
formula. In addition, dietary management is directed at
treating the consequences of cholestasis with supplementa-
tion of fat soluble vitamins and MCT oil.

Elevated levels of urinary orotic acid and involvement of
the renal system have not previously been reported in
NICCD. Orotic acid was elevated in patients 2 and 6.
Elevated orotic acids would be expected since the deficien-
cy of citrin directly affects the detoxification of ammonia to
urea at the start of urea cycle. Two patients had renal
diseases; patient 6 had biochemical evidence of renal
tubulopathy and patient 8 had an incidental radiological
finding of mild right hydronephrosis of which the aetiology
is unknown. Since there was no single unifying factor, it is
possible that these renal pathologies are unrelated to their
metabolic problem.

In several of our patients, many other diagnoses were
considered before the final diagnosis of NICCD. These
included biliary atresia, breast milk jaundice, drug toxicity,
infective hepatitis, galactosaemia, mitochondrial cytopa-
thies, glycogen storage diseases, urea cycle defects,
tyrosinaemia, organic acidaemias and neonatal haemachro-
matosis. This led to many expensive, unnecessary and on
occasion invasive investigations. NICCD should be con-
sidered in all children who present with prolonged
conjugated hyperbilirubinaemia, and all investigations
should include a serum/plasma amino acid profile with
galactose level and urine organic acid. If citrulline level is
normal but suspicion of NICCD still high, repeat of amino
acid profile should be considered followed by molecular
studies. Achieving an accurate diagnosis rapidly translates
to prompt treatment, counselling and expectation of
prognosis. Although most patients with NICCD experience
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a benign course and recover completely, a small percentage
may develop the more severe CTLN2 in adulthood or liver
failure (Tamamori et al. 2002, 2004). One of our patients
(patient 8) suffered liver failure and subsequently suc-
cumbed at 9 months old. These patients should have long-
term follow-up as the mechanisms that lead to the
development of CTLN2 are yet to be elucidated. They
should also avoid alcohol, acetaminophen and certain anti-
inflammatory drugs that are implicated as triggers of
CTLN2.

Conclusion

Our study has identified 11 cases of NICCD presenting to a
tertiary unit in Malaysia. These patients are made up of 4
different ethnic groups: Malay, Iban, Kadazandusun and
Malaysian Chinese. This has implications for the preva-
lence of the condition, suggesting that it may be commoner
in South East Asians than previously thought.
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Abstract

Background SLC25A13 gene mutations cause citrin
deficiency, which leads to neonatal intrahepatic cholestasis
caused by citrin deficiency (NICCD). Information on the
mutation spectrum of SLC25A13 in the Chinese population
is limited. The aim of this study was to explore the
mutation spectrum of the SLC25A13 gene in Chinese
infants with intrahepatic cholestasis and various forms of
aminoacidemia.

Methods Sequence analyses were performed on 39
infants with intrahepatic cholestasis and various forms
of aminoacidemia. Novel mutations were subjected to
homology and structural analyses. Western blots were
performed when liver specimens available.
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Results Genetic testing revealed the presence of
SLC25A13 gene mutations (9 heterozygotes, 6 homozy-
gotes and 13 compound heterozygotes) in 28 infants.
Subsequent Western blot analysis revealed 22 cases of
citrin deficiency, accounting for 56.4% of the 39 patients.
Twelve types of mutations, including nine known muta-
tions and three novel mutations, were found. Of the 49
mutated alleles, known ones include 851del4 (26 alleles,
53.1%), 1638ins23 (6 alleles, 12.2%), IVSl6ins3kb (3
alleles, 6.1%), IVS6+5G>A (2 alleles, 4.1%), E601K (2
alleles, 4.1%) and IVS11+1G>A, R184X, R360X and
R585H (1 allele each, 2.0%). The three novel mutations
were a splice site change (IVS6+1G>A), a deletion
mutation (1092_1095delT) and a missense mutation
(L85P), each in one allele.

Conclusions The mutation spectrum of the SLC25A13
gene in a Chinese population of infants with intrahepatic
cholestasis with various forms of aminoacidemia was
found to be different from that of other population groups
in East Asia. The SLC25A13 gene mutation is the most
important cause of infantile intrahepatic cholestasis with
various forms of aminoacidemia.

Keywords Aminoacidemia - Infants - Intrahepatic
cholestasis - Mutation - NICCD

Introduction

Citrin protein, consisting of 675 amino acid residues with a
molecular weight of 74 kDa and harboring four EF-hands
and six mitochondrial transmembranous (TM) spanners,
has been identified as a mitochondrial aspartate—glutamate
carrier protein [1, 2]. Citrin deficiency causes not only
adult-onset type II citrullinemia (CTLN2, MIM #603471)
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[1] but also neonatal intrahepatic cholestasis caused by
citrin deficiency (NICCD, MIM #605814) [3, 4]. The
symptoms of NICCD include intrahepatic cholestasis, mild
liver dysfunction, an elevated aspartate aminotransferase/
alanine aminotransferase ratio, failure to thrive, fatty liver,
multiple forms of aminoacidemia, including citrullinemia,
hypoproteinemia, hypoglycemia, coagulation disorders,
and/or high levels of plasma a-fetoprotein [5-13].
Although the symptoms of most NICCD patients may
spontaneously disappear by 12 months of age or after
dietary adjustment, liver failure may occur, necessitating
liver transplantation in a small proportion of such patients
in early life [6, 14]. In less fortunate cases, CTLN2 may
develop one or more decades later and may lead to death if
treated inappropriately [15]. Early diagnosis of NICCD
may prevent progression to CTLN2 by dietary adjustment
or prevent serious consequences by close follow-up and
timely treatment before the onset of symptoms; hence,
early detection is extremely important in such patients [16].
Because the symptoms of NICCD are transitory and
complex, it is not so easy to establish definite clinical
diagnostic criteria, and the best diagnostic test for NICCD
is a genetics test.

Citrin is encoded by the SLC25A13 gene located on
chromosome 7q21.3 [1, 17]. This gene, 160 kb in length,
consists of 18 exons and encodes a 3.4-kb transcript. It is
expressed ubiquitously, but most abundantly in the liver.
To date, more than 50 mutations have been identified [18],
and all, with the exception of P632L, are pathogenic.

Citrin deficiency was thought to be restricted to the
Japanese population when it was first reported in Japan [1,
19]. However, recent studies have indicated that the disease
may be distributed worldwide [12, 20-24], especially in the
East Asian region [25]. More than 100,000 individuals may
be homozygous for SLC25A13 mutations in the total
population of East Asia [23]. Only a few cases of NICCD
have been reported in the Chinese population to date [9, 13,
18, 23, 25-27]. Details on the spectrum of the SLC25A13
gene mutation in Chinese infants with intrahepatic
cholestasis is still under investigation. In this study, the
SLC25A13 gene mutation spectrum was studied in Chinese
infants with neonatal intrahepatic cholestasis and various
forms of aminoacidemia.

Materials and methods

Definition of intrahepatic cholestasis

In this study, conjugated hyperbilirubinemia was defined as
serum total bilirubin (TBil) >5 mg/dL, with a conjugated

fraction that accounted for more than 20% of the total or
conjugated bilirubin >1 mg/dL where total serum bilirubin
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<5 mg/dL. Intrahepatic cholestasis was defined as conju-
gated hyperbilirubinemia following the exclusion of dis-
eases affecting the extrahepatic biliary system, such as
biliary atresia, choledochal cyst, tumor, inspissated bile, or
hemangioma, among others, by imaging of the hepatobil-
iary system. The imaging procedures included ultrasound
scan and hepatobiliary iminodiacetic acid (HIDA) scintig-
raphy in each case and laparotomic cholangiography in
selected cases.

Definition of aminoacidemia

The plasma amino acid spectrum was analyzed by tandem
mass spectrometry (MS/MS). The concentrations of 19
amino acids, including alanine, valine, leucine, methionine,
phenylalanine, tyrosine, aspartic acid, glutamic acid, gly-
cine, ornithine, citrulline, arginine, serine, proline, threo-
nine, tryptophan, cysteine, asparagine, and histidine, were
determined. Aminoacidemia was defined as either of the
following two conditions: (1) an elevation in the concen-
tration of any one of the screened amino acids to twofold
higher than the upper normal reference point; (2) elevation
of multiple amino acids, with the concentration of at least
one of the amino acids being 1.5-fold higher than the upper
limit of normal.

Subjects

Patients who were referred to the Children’s Hospital of
Fudan University, a tertiary referral pediatric hospital in
eastern China, for investigation of conjugated hyperbili-
rubinemia before 1 year of age between June 2003 and
September 2009 were eligible for enrollment if both of the
definitions of intrahepatic cholestasis and aminoacidemia
(see above) were satisfied. The exclusion criteria were:

1. Patients with persistent cholestasis and low y-glutamyl
transpeptidase (GGT; no more than 50 U/L), which
may be indicative of progressive familiar intrahepatic
cholestasis or bile salt synthesis defects [28, 29].

2. Patients with low free T4 and elevated thyroid
stimulating hormone.

3. Patients with obvious extrahepatic abnormalities, such
as abnormal facies, heart disease, butterfly vertebrae,
etc.

4. Patients with positive serology that may indicate
infection of hepatitis B, hepatitis C, hepatitis A and
E, toxoplasmosis, rubella, herpes simplex, human
immunodeficiency virus-1 or syphilis. Patients with
cytomegalovirus (CMV) infection were not excluded
because it is highly prevalent in Chinese infants, and
patients infected with CMV have the same outcome as
those without the infection [30, 31]. The presence of
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CMYV infection has been found not to rule out other
causes of intrahepatic cholestasis [26].

5. Patients whose parents were unwilling to take part in
the study.

In total, 39 patients (22 male and 17 female infants)
fulfilled the above inclusion and exclusion criteria
(Table 1) and were enrolled in the study. With the except
of one patient, who was born of consanguineous parents
(P2394, Table 1), no consanguinity was found among the
parents of the enrolled infants.

An additional 50 infants with intrahepatic cholestasis
but a normal plasma amino acid profile served as controls
for the screening of the novel mutations using direct
sequencing or real time fluorescent (RTD)-PCR with dual-
labeled probes.

Mutation detection

The study protocol conforms to the ethical guidelines of
the Declaration of Helsinki of 1975 and was approved by
the Ethics Committee on human research of the Chil-
dren’s Hospital of Fudan University. Informed consent
was obtained from the parents or guardian of every
participant. About 1 ml whole blood from each partici-
pant was obtained. Genomic DNA of peripheral blood
leucocytes was extracted using routine methodology. The
entire 18 coding exons together with its flanking
sequence of the SLC25A13 gene of all 39 patients were
amplified by PCR and directly sequenced. A list of
primers is available upon request. Purified PCR products
were detected by laser-induced fluorescence on an ABI
Prism 3730 Genetic Analyzer (Applied Biosystems,
Foster City, CA). Sequence analysis was performed
using BIOEDIT software (North Carolina State Univer-
sity, Raleigh, NC) and double-checked by two of the
investigators. All sequences were blasted to the gene
bank. Genomic sequences were obtained at the National
Center for Biotechnology Information (NCBI), and
sequence RefSeq NG_012247.1 was used as the
SLC25A13 gene reference. Possible mutations were
confirmed by direct sequencing from both ends of a
second independent PCR fragment. The known large
fragment mutations Ex15dup (IVS14_15), IVS16ins3kb,
and Ex16+74_IVS17-32del516 were tested as reported
previously [20, 23, 32].

Homology and structural predictions

MaxEntScan was used to evaluate the role of splice site
mutations (http:/genes.mit.edu/burgelab/maxent/Xmaxent
scan_scoreseq.html). The homology between human citrin
protein and that of other species was surveyed using

software Clustal X (European Bioinformatics Institute,
Hinxton, Saffron Walde, UK). Secondary structures were
predicted with YASPIN secondary structure prediction
(http://www.ibi.vu.nl/programs/yaspinwww/). The pro-
gram Polyphen (Polymorphism Phenotyping), available at:
http://genetics.bwh.harvard.edu/pph/, was used to predict
the possible impact of an amino acid substitution on the
structure and function of citrin proteins. Polyphen calcu-
lates PSIC (position-specific independent counts) scores for
two amino acid variants in the polymorphic position.
A PSIC score difference of less than 0.5 denote benign
variants, PSIC scores that differ by between 1.5 and 2
indicate the possibility of damaging variants, and PSIC
scores that differ by >2 indicate the probability of dam-
aging variants [33].

Western blot analysis

Western blot analysis was performed on the biopsied liver
specimens of nine patients. Liver tissues were homoge-
nized in radio-immunoprecipitation assay (RIPA) lysis
buffer (Beyotime Institute of Biotechnology, Jiangsu,
China) and the proteins extracted routinely. Western blot-
ting was performed using anti-citrin immunoglobulin G as
the first antibody [34] and horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibodies as the secondary
antibody. Fluorescence was effected with ECL+-Plus kit
(Thermo Fisher Scientific, Waltham, MA). HRP-conju-
gated monoclonal mouse anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; KangChen Bio-tech Inc., China)
was used served as loading control (detecting band at
approx. 36 kDa).

Statistical analysis

The frequency of citrullinemia among the three groups,
including patients with definite diagnosis of citrin defi-
ciency, with probable citrin deficiency and patients without
mutation were assessed using Fisher’s exact test. A two-
tailed P value of <0.05 was considered to be significant.

Results
The incidence of citrin deficiency

Among the 39 cases of intrahepatic cholestasis and various
forms of aminoacidemia, SLC25A13 gene mutations were
found in 28 patients cases, including six patients with a
homozygous mutation 13 patients with a compound het-
erozygous mutation, and nine patients with a heterozygous
mutation (Table 1).
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