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Abstract: CPS1 is a mitochondrial matrix enzyme that catalyzes the first
committed step of the urea cycle, the primary system for removing
nitrogen produced by protein metabolism using N-acetylglutamate.
Patients with CPS1 deficiency have severe hyperammonemia that results
in serious neurologic sequelae and sometimes death. LT has been
indicated for neonatal-onset CPS1 deficiency. This study retrospectively
reviewed five children with a diagnosis of CPS1 deficiency who under-
went LDLT from heterozygous donors. Between November 2005 and
May 2010. 124 children underwent LDLT with an overall patient and
graft survival of 91.0%. Five patients were indicated for LDLT because
of CPS1 deficiency. All recipients achieved resolution of their metabolic
derangement, without donor complication. with a normal feeding reg-
imen without medication for their original metabolic liver disease.
LDLT. even from heterozygous donors, appears to be a feasible option,
associated with a better quality of life for treating patients with CPS1
deficiency. Long-term observation may therefore be necessary to collect
sufficient data to confirm the efficacy of this treatment modality.
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CPSI1 1s a mitochondrial matrix enzyme that
catalyzes the first committed step of the urea
cycle, the primary system for removing nitrogen
produced by protein metabolism using N-ace-
tylglutamate. CPS1 deficiency is a rare autosomal
recessive genetic disorder, which affects approx-
imately one in 800 000 live births in Japan, and is
characterized by episodes of life-threatening
hyperammonemia in the neonatal period (1).
Infants with a CPS1 deficiency usually appear
normal at birth, but deteriorate within the first
48-78 h of life as ammonia accumulates in the
body corresponding to the infant’s increase in
milk intake (2).

Abbreviations: CPS1, carbamoyl phosphate synthetase 1:
DQ. developmental quotient: LDLT. hving-donor liver
transplantation; LT, liver transplantation: HDF. hemodia-
filtration: HRLLS. hyper-reduced left lateral segment: LLS.
teft lateral segment.
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The initial medical treatment of CPS1 defi-
ciency-based hyperammonemia consists of pro-
tein restriction, and arginine, sodium benzoate,
sodium  phenylacetate/phenylbutyrate.  and
carnitine supplementation (3). These treatments,
however, are not always sufficient for avoiding
the accumulation of ammonia and recurrent
hyperammonemia, which results in serious
neurologic sequelae and can even lead to death
(4). The prognosis of patients with neonatal-
onset CPS1 deficiency is generally poor, with
66.7-76.9% of the patients reported to die from
irreversible brain edema despite intensive medical
treatment (1. 5).

LT may offer a complete cure for genetically
acquired errors in the liver metabolism (6).
Recent case studies have reported the benefits
of LT in CPSI1 deficiency, demonstrating that
correcting hepatic enzyme deficiency by LT leads
to clinical improvements, including a normal



feeding regimen, better quality of life, and
fewer developmental delays, without the risk of
recurrent hyperammonemia. The present report
describes our recent experience with LDLT in
five CPSI1 deficiency patients.

Patients and methods

Between November 2005 and May 2010. 124 children
underwent LDLT in our center, with an overall patient and
graft survival of 91.0%. The diagnosis of CPSI deficiency
was made by amino acid analysis and/or mutation analysis
of the peripheral blood lymphocytes in all five cases. Med-
ical records were reviewed for the following: personal and
family history, physical findings. laboratory data. histologic
reports. surgical records. and special findings obtained by
cardiologists. nephrologists, gastroenterologists. and radi-
ologists. Developmental delay was measured using the DQ,
which is normally used to express aspects of a childs
development in a manner similar to the intelligent quotient
(7). The DQ scores could be divided into the four degrees,
given that normal development (270), mild delay (69-60),
moderate delay (59--50), severe delay (250), according to the
scale.

Five heterozygous donor candidates were evaluated by
standard liver function tests. blood group combination,
anatomic variation. and graft size matching, which showed
normal liver function and serum ammoniajamino acid
levels.

All patients underwent LDLT using a standard proce-
dure. Veno-venous bypass was not used. because total
clamping of the inferior vena cava could be avoided in all
cases. Tacrolimus and low-dose steroids were used for initial
immunosuppression. Tacrolimus administration was started
on the day after transplantation. The target whole blood
trough level of tacrolimus was 10-12 ng/mL for the first two
wk, approximately 10 ng/mL for the following two wk and

Tabte 1. Living donor LT tor CPS1 deficiency

LDLT for CPSI1 deficiency

8--10 ng/mL thereafter. Treatment with steroids was miti-
ated at the time of graft reperfusion at a dose of 10 mg/kg,
tapered from 1.0 to 0.3 mg/kg/day during the first month,
and was withdrawn within the first three months, This study
was approved by the institutional review board. and
informed consent was obtained from all the cases.

Results

Table 1 shows a profile of the recipients involved
in this study. The patients presented with irrita-
bility, a diminished oral intake. vomiting, and
then somnolence/lethargy within the first 24-72 h
of life. The diagnosis of CPSI1 deficiency was
initially made by amino acid analysis at initial
serum and urine screening. because of elevated
serum glutamine (909.3-3724.6 um)/ornithine
(115.8-664.5 um), and decreased serum citrul-
line/urinary orotic acid (Table 2). The peak
serum ammonia level in the patients ranged from
300 to 1445 pg/dL. The emergency pharmaco-
logic management protocol for the patients in
our center consisted of reversal of the catabolic
state through caloric supplementation and phar-
macologic scavenging of excess nitrogen. Treat-
ment of the patients was pursued as quickly as
possible (2). Three patients (cases #1, 2. 5) whose
serum ammonia was > 500 ug/dL and/or whose
ammonia level did not decrease after a high-
calorie infusion and pharmaceutical treatment,
received 1-3 courses of continuous veno-venous
HDF. Case #3, who had a family history with a
female child who died from recurrent hyperam-
monemia at four months of age, and who were

BW  Onset Peak NH3 Hyperammonemic  Neurological Graft Follow-up
Case Age Sex (ko) (days) (ug/dl) Mutations episode (HDF) impairment ~ Donor  type  DQ  {yr Outcome
1 4 months F 61 3 1412 fso14x/fsh14s 5 (3) Yes Mother HRLLS 56 2 Alive
2 6 months F 69 2 1445 fs514x/RBSC0H 3 (2) Yes Father  LLS 50 25 Alive
3* 8 months F 80 1 300 fs514x/R233H 2 (0} No Mother  LLS 76 18 Alive
4 10 months F 82 3 605 pb68s/— 4(0) Yes Mother  LLS 88 1 Alive
5 2 yr 7 months F 140 2 1370 fs836x/R587H 2 (1} Yes Mother  LLS 50 4 Alive
*Prenatal diagnosis
Table 2. Serum amino acid levels before and after LT
Case 1 Case 2 Case 3 Case 4 Case 5
Reference range {um) Before After Before After Before After Before After Before After
Glutamine 422.1-7038 32748 697.6 9928 7731 10228 7798 909.3 602.4 1526.0 5236
Glycine 151.0-351.0 866.4 1118 1976 266.1 1495 2532 187.4 3847 2175 2278
Alanine 208.7-522.7 21327 2717 218.3 5194 3170 366.3 4424 468.3 1396.7 366.5
Citrulline 17.1-426 Trace Trace Trace Trace 92 42 79 8.1 Trace Trace
Ornithine 31.3-104.7 155.8 177 664.5 829 147.0 55.2 1158 411 138.9 615
Arginine 53.6-1336 299 3586 1103 27.7 516 36.3 383 390 816 458
1037
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identified prenatally as being at risk for a CPSI
deficiency. chose to have their infant treated
according to a diagnostic and therapeutic proto-
col (2).

Even after successful treatment for the first
hyperammonemic coma. all patients again accu-
mulated ammonia and experienced several
episodes of hyperammonemia (mean: 3.2 + 1.2
times), which necessitated intensive care treat-
ment. Maintenance therapy for these five patients
consisted of protein restriction (1.23 £ 0.20 g/
kg/day natural protein), and supplementation of

arginine  (302.0 + 148.1 mg/kg/day). sodium
benzoate (222.0 + 99.6 mg/kg/day), sodium

phenylbutyrate (386.7 + 46.2 mg/kg/day). and
carnitine (45.0 £ 32.8 mg/kg/day). Four
patients (except for case #3, who was diagnosed
prenatally) showed low mental development.
Phenobarbital as an anti-epileptic was adminis-
tered to cases #1, 2, and 5. All of the patients had
nasogastric tubes because of significant teeding
disturbance. The main indication for LDLT was
poor metabolic control in all the patients.

LDLTs were performed at four, six, eight. and
11 months, and two yr seven months of age.
respectively. Because of the small body weight of
the recipients. one HRLLS and four LLSs were
used as liver grafts (8) (Table 1). The mean graft-
to-recipient weight ratio was 3.05 £ 0.29%. The
duration and blood loss of the recipient surgery
ranged from 431 to 623 min and 236 to 712 g.
Cold and warm ischemic times ranged from 26 to
91 min and 26 to 58 min. respectively.

All donors were uneventfully discharged from
the hospital within seven postoperative days.
None of the donors showed consistent signs of
hyperammonemia in the early postoperative
period, and all have been doing well without
any episodes suggestive of hyperammonemia.

The histopathologic examination of the
explanted liver revealed microvesicular steatosis
in all cases. All of the donors were discharged
from the hospital within eight days of the
operation and are currently doing well without

Table 3. Worldwide experence in LT for neonatal onset CPS1 deficiency

any complications. The post-LDLT course was
uneventful in cases #3 and #4. Case #2 showed
biliary stricture. which was successfully managed
with radiologic intervention. Cases #l and #5
showed histologically proven acute cellular rejec-
tion episodes and were managed with steroid
bolus injection. All children are currently doing
well with a normal graft function at a follow-up
of 1-4 yr after LDLT. Although the post-trans-
plant DQ levels at the last time of follow-up,
which were 56. 50, 74, 88. and 50. respectively.
were not sufficient in our cases. there has been a
marked improvement in the patients’ quality of
life after the successful LT. All patients achieved
resolution of their metabolic derangement and
were freed from the nasogastric tube and are now
on a normal feeding regimen without any med-
ication for the original metabolic liver disease.

Discussion

The aim of this study was to evaluate the
outcome in patients who underwent LT for
neonatal onset of CPS1 deficiency. As the liver
is the only organ in which ammonia is signifi-
cantly transformed to urea through the Krebs
urea cycle, LT has been considered as a radical
alternative therapy. It is not known how many
liver transplants have been carried out for CPSI
deficiency. as The Urea Cycle Disorders Consor-
tium is currently collecting data on CPSI1 defi-
ciency patients who have undergone LT (9).

To the best of our knowledge. there have been
seven detailed cases of LT for neonatal onset of
CPS1 deficiency reported worldwide in the
English literature. not including the present cases
(Table 3: 4, 5, 10-13). The median age of LT in
these prior studies was 10 months (range.
14 days to six yr). Six of the seven patients were
alive with excellent graft function at the time of
publication. One patient with secondary biliary
cirrhosis because of biliary anastomotic stricture
was listed for re-transplantation. Five of the
seven patients had neurologic impairment even

Case  Age {yr) Sex  Donor Onset Peak NH3 (ng/dl)  Neurological impairment  Fallow-up Outcome Reterence
1 14 days M Deceased 2 days 514 Yes 37 months Alive 5

2 3.5 months M Deceased 27 h 1431 Yes »30 months Alve (listed for ReTx1* 4

3 5 months M Deceased 30 days 979 No >30 months Alive 4

4 10 months F Living 1 days 589 No 2 yr 4 months  Alive 10

5 1yr 2 months M Deceased 30 days 629 Yes 10 months Alive 1"

6 1yr 8 months M Deceased 2 days 1800 Yes 18 months Died {(Pneumonia! 12

7 6 yr Deceased - - Yes 2y Alive 13

*Secondary biliary cirthosis because of biliary anastomotic stricture
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after successful LT. It has been reported that the
extent of neurologic impairment in urea cycle
disorders is strongly related to the degree and
duration of the serum ammonia elevation (13).
As a result of radical treatment with pharmaco-
logic scavenging of excess nitrogen in early
infancy, the prognosis of CPS1 deficiency has
improved dramatically: however, 72.7% of the
patients in these prior studies had already
showed developmental delay at the time of LT
(10, 14). For our study. we introduced continu-
ous veno-venous HDF for the patients with
neonatal onset of hyperammonemia if their
serum ammonia level was continuously over
500 pg/dL andror their ammonia level did not
decrease with high-calorie infusion and pharma-
ceutical treatment. Prompt reduction of the
serum ammonia level might be the most impor-
tant contributor to patient survival and quality
of life in neonatal onset of CPS1 deficiency.

In this study. no negative impacts of the use of
heterozygous carriers as donors on either donors’
or recipients’ postoperative course have been
observed to date. With respect to the use of
heterozygous donors in our review of the patients
with CPS1 deficiency, there were no descriptions
of mortality or morbidity related to the use of
heterozygous donors. Nevertheless, the advis-
ability of using heterozygous carriers as donors
should be considered uncertain in some urea
cycle deficiencies. With regard to the other
disorders. asymptomatic heterozygous carriers
will be employed only if there are no other
candidates. In such situations, liver tissue must
be extracted for enzymatic and/or genetic anal-
yses. A part of the tissue should be used to
investigate the correlation between genetic errors
and enzyme activities, and the remainder must be
preserved for future analyses to precisely evalu-
ate the impact of the use of heterozygous carriers
for disorders on the risk and safety of both
donors and recipients. It remains essential to
conduct worldwide multicenter studies.

Even after successful treatment of severe
hyperammonemia with pharmaceutical treat-
ment with/without HDF. however, most of the
surviving patients still require a considerable
treatment regimen and may have handicaps that
include impairment of development because of
recurrent episodes of hyperammonemia (15). It
has been reported that patients with neonatal
onset of urea cycle disorders showed remarkable
gains in their development after successful LT
(13). Given the risk of continued neurologic
compromise, the potential for improvement of
development represents a major benefit of
performing early LT. As such, we recommend

LDLT for CPS1 deficiency

early LT for the patients with neonatal onset
CPSI deficiency because it appears that LT can
reduce the magnitude of progressive neurologic
disability as a result of poor metabolic control.

The shortage of full-size grafts from pediatric
donors once produced high waiting-list mortality
in the pediatric population and prompted the
identification of alternative graft sources for
pediatric patients (16). To increase the supply
of appropriate-sized organs for pediatric recipi-
ents. the techniques of reduced. split. and LDLT
grafting were developed (17). Implantation of
LLS grafts, however. can be a problem in small
nfants such as those in our series, because of a
large-for-size graft. Hyper-reduced left lateral
segmental LT has been recently introduced for
small infants to mitigate the problem of large-
for-size graft (8). The use of a hyper-reduced left
lateral segmental graft was indicated if the graft-
to-recipient weight ratio was estimated to be aver
4.0% in preoperative CT volumetry. This proce-
dure produced satisfactory results in our four-
month-old patient. Tailoring the graft size
according to infant size is a safe and useful
alternative to pediatric LT. Although hepatocyte
transplantation and gene therapy are promising
new approaches for the treatment of neonatal-
onset metabolic liver diseases. only limited suc-
cess has been reported to date (18). Therefore,
until the aforementioned technologies can be
developed for wider application, LT is currently
the only definitive therapy for these patients.
which has been assoctated with significant
improvement in patient outcomes. In the
neonates with hyperammonemia from CPSI
deficiency. early aggressive pharmaceutical
treatment with supportive HDF can mininize
progressive neurologic disability and infant
mortality, so that early LT can be performed
with excellent patient and graft survival. Long-
term observations may, however, be necessary to
obtain sufficient data and establish a clear
protocol for this treatment modality.
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Histological findings in the livers of patients with neonatal
intrahepatic cholestasis caused by citrin deficiency
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Aim: To characterize the histological features of the livers of
patients with neonatal intrahepatic cholestasis caused by
citrin deficiency (NICCD), we studied specimens from 30
patients diagnosed with NICCD by genetically analyzing the
SLC25A13 gene.

Methods: Liver biopsy specimens were subjected to
hematoxylin—eosin, Azan, and Berlin-blue staining.

Results: Most specimens showed varying degrees of fibro-
sis. The degree of inflammation varied among the specimens,
with half showing moderate or severe inflammatory changes.
Fat deposition in hepatocytes was observed in almost all of
the specimens, and severe fatty liver was noted in 20 (67%) of
them. There was a mixture of two types of hepatocytes with
macrovesicular or microvesicular fat droplets, and cholestasis
was observed at a rate of 77%. Hemosiderin deposition,

mostly mild and localized in periportal hepatocytes and
macrophages in portal areas, was observed in 57% of the
specimens.

Conclusion: A combination of mixed macrovesicular and
microvesicular fatty hepatocytes and the above-described
findings, such as fatty liver, cholestasis, necroinflammatory
reaction and iron deposition, are almost never observed in
other liver diseases in infants and adults. We believe that
NICCD is a disease with characteristic hepatopathological
features.

Key words: citrin, citrullinemia, fatty liver, fibrosis,
neonatal intrahepatic cholestasis caused by citrin
deficiency, SLC25A13.

INTRODUCTION

AHEKI ET AL. reported that the enzyme abnor-
malities of citrullinemia can be classified as qualita-
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tive, type 1 and type III, or quantitative, type II."’ The
first, the classical form (CTLN1), is found in most
patients with neonatal/infantile-onset citrullinemia,
and was first described by McMurray et al.' In CTLN1,
the enzyme defect is found in all tissues in which
argininosuccinate synthetase (ASS) is expressed.'’* The
second form, type 11 citrullinemia (CTLN2) is an adult-
or late childhood-onset liver disease characterized by a
liver-specific defect in ASS, and most of these patients
have a fatty liver’ This enzyme abnormality is
caused by a deficiency in citrin, a calcium-binding
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mitochondrial solute carrier protein which is encoded
by the SLC25A13 gene.*

Recently, several cases of SLC25A13 mutations have
been reported in early infancy with cholestatic liver
disease.”"* Yamaguchi et al." designated these findings
as neonatal intrahepatic cholestasis caused by citrin
deficiency (NICCD). Citrin deficiency causes two age-
dependent phenotypes, CTLN2 in adults and NICCD in
infants.”” Most NICCD patients showed hypoproteine-
mia, galactosemia, multiple aminoacidemia including
citrullinemia, methionemia and tyrosinemia, cholesta-
sis, and have a fatty liver.”""' Only a few papers have
described the pathology of the NICCD**'"'"* or CTLN2®
liver.

Therefore, the present study was designed to clarify
the histological findings of the NICCD liver.

METHODS

Patients

E STUDIED THE liver histological findings of 30

patients aged 2.9 + 1.7 months with a range of
1-7 months consisting of 17 men and 13 women who
had been diagnosed with NICCD with SLC25A13 muta-
tions by genetic analysis including five patients who
were documented in previous reports.””'' Moreover,
mutations in SLC25A13 were detected in both alleles of
29 patients and in a single allele of one patient. Muta-
tion detection and DNA diagnosis of the SLC25A13
gene were performed as previously described (*'*'* and
T. Saheki et al., 2006, unpublished data). Moreover, we
examined biochemical data within 1 week before or
after liver biopsy for 30 patients with NICCD.

Methods

Liver biopsy specimens from 30 patients diagnosed with
NICCD were subjected to hematoxylin-eosin, Azan,
and Berlin-blue staining. The grading of fibrosis and
inflammation was based on Ludwig'’s Classification with
slight modifications (Table 1)."” The other histopatho-
logical features were graded as none, mild, moderate
and severe, and scored as 0, 1, 2 and 3, respectively.
Grading was independently performed by three
pathologists, and the grade for each specimen was deter-
mined by consensus between two or three of them.

Relationship between age and
histological findings

To clarify the relationship between age and the histo-
logical findings, the cases were divided into three groups

© 2010 The Japan Society of Hepatology
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Table 1 Histological classification of liver biopsy

Stage of fibrosis
Stage 0 No portal fibrosis

Stage 1 Mild to moderate fibrous expansion of portal tract

Stage 2 Bridging fibrosis between portal tracts without
lobular distortion

Stage 3 Bridging fibrosis between portal tracts with lobular
distortion

Stage 4 Liver cirrhosis

Grade of inflammation

Grade 0 None (0)

Grade 1 Mild (1-3)

Grade 2 Moderate (4-6)
Grade 3 Severe (27)

Parentheses indicate scores derived by Ludwig's scoring system

according to their ages: group A, less than 2 months old;
group B, 3-4 months old; and group C, more than
5 months old. The average of the grading score of the
histological findings for each group was then obtained.

Statistical analysis

The data regarding the relationship between age and
histological findings were analyzed using the Mantel-
Haenszel linear trend test. P-values less than 0.05 were
regarded as statistically significant.

RESULTS

Patients

HE PROGNOSIS OF almost NICCD patients at

1 year of age was fairly well. However, some NICCD
patients had developed progressive liver failure by then.
For example, two patients developed liver failure by
6 months (patient 28) and 7 months (patient 30)" of
age and one patient (patient 9) developed behavioral
aberrations, which included shouting and episodes of
violence, by 16 years of age.”'* I'wo patients, one with
liver failure' and one with mental derangement,™'®
received a living-related liver transplant. Therefore, the
outcomes of the NICCD patients were not always favor-
able. We obtained four sets of follow-up liver biopsy
specimens from patients 8, 9, 13 and 18 (data not
shown).

From the clinical laboratory data, serum levels of cit-
rulline, o-fetoprotein, ferritin and pancreatic secretory
trypsin inhibitor (PSTI) were noted to have generally
increased (Table 2). We also detected high serum levels
of total and direct bilirubin, aspartate (AST) and/or
alanine aminotransferase (ALT), total bile acids and
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