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A B S T R A C T

The detoxification of ammonia to urea requires a functional hepatic urea cycle, which consists of six enzymes
and two mitochondrial membrane transporters. The initial step of the urea cycle is catalyzed by carbamyl
phosphate synthetase 1 (CPS1). CPS1 deficiency (CPS1D) is a rare autosomal recessive disorder. N-
Carbamylglutamate (NCG), a deacylase-resistant analogue of N-acetylglutamate, can activate CPS1. We describe
the therapeutic course of a patient suffering from neonatal onset CPS1D with compound heterozygosity for the
c.2359C > T (p.Arg787*) and c.3559G > T (p.Val1187Phe) variants in CPS1, treated with NCG. She presented
with hyperammonemia, which reached 944 μmol/L at the age of 2 days. The ammonia concentration decreased
after treatment with continuous hemodiafiltration, NCG, sodium benzoate, sodium phenylbutyrate, L-arginine,
vitamin cocktail (vitamin B1, vitamin B12, vitamin C, vitamin E, biotin), L-carnitine, coenzyme Q10, and par-
enteral nutrition. Her ammonia and glutamine levels remained low; thus, protein intake was increased to 1.2 g/
kg/day. Furthermore, the amount of sodium benzoate and sodium phenylbutyrate were reduced. She remained
metabolically stable and experienced no metabolic crisis following treatment with oral NCG, sodium benzoate,
sodium phenylbutyrate, citrulline, vitamin cocktail, L-carnitine, and coenzyme Q10 until she underwent liver
transplantation at 207 days of age. She had no neurological complications at the age of 15 months. Ammonia and
glutamine levels of the patient were successfully maintained at a low level via NCG treatment with increased
protein intake, which led to normal neurological development. Thus, undiagnosed urea cycle disorders should be
treated rapidly with acute therapy including NCG, which should be maintained until a genetic diagnosis is
reached. It is essential to prevent metabolic crises in patients with CPS1D until liver transplantation to improve
their prognoses.

1. Introduction1

The urea cycle consists of six enzymes and two mitochondrial
membrane transporters that are required for the conversion of ammonia
to urea [1]. The initial step of the urea cycle is catalyzed by carbamyl
phosphate synthetase 1 (CPS1) and is the rate-limiting step of the cycle
[2]. CPS1 deficiency (CPS1D) is a rare autosomal recessive genetic
disorder characterized by hyperammonemia [2]. The incidence rate of
CPS1D is approximately 1 in 800,000 children in Japan [3].

Hyperammonemia caused by urea cycle disorder (UCD) requires
prompt treatment by protein withdrawal, prevention of catabolism,
administration of ammonia scavengers, hemofiltration and adminis-
tration of L-arginine or L-citrulline. In cases of N-acetyl-L-glutamate
synthase (NAGS) deficiency, N-carbamylglutamate (NCG) may be re-
quired [4]. Maintenance treatment after amelioration of the condition
is aimed at preventing decompensation via protein restriction, and
treatment with oral ammonia scavengers, NCG, and arginine or citrul-
line until liver transplantation can be performed.
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Hyperammonemia associated with UCDs, including CPS1D, com-
promises cognitive status and is life-threatening. The extent of devel-
opmental delay is related to the peak concentration and duration of
hyperammonemia [5,6]. A previous case study reported the natural
course of neonatal onset UCD, including 12 patients with CPS1D [7].

Medication was administered to all 12 patients; however, a third of the
patients died (4 of 12) during or immediately after the neonatal period
[7].

NCG is a deacylase-resistant synthetic analogue of NAG, an essential
activator of CPS1. NCG is used to treat primary NAGS deficiency and
hyperammonemia associated with organic acidemias such as methyl-
malonic aciduria, propionic aciduria, and isovaleric aciduria [8,9].
There are few reports of administering NCG for treating CPS1D. Limited
evidence suggests that application of NCG in CPS1D may benefit some
patients [2,10]. Here, we report a patient with CPS1D who received
early oral NCG therapy in conjunction with standard treatment. The
treatment prevented hyperammonemia in the patient until liver trans-
plantation surgery.

2. Patient report

A female patient was born as the first child to healthy, non-con-
sanguineous parents, after 37 weeks 6 days of gestation, weighing
2864 g with an Apgar score of 8/9. Vomiting, poor suckling, and an
episode of apnea were observed on day 1. On day 3, severe apnea was
observed. She was admitted to a neonatal intensive care unit, and
ventilation support with intubation was initiated. Laboratory in-
vestigations on admission revealed hyperammonemia, low blood urea

Fig. 1. Treatment and clinical course over
time.
The first onset of hyperammonemia was
identified on day 2. Ammonia and plasma
glutamine levels decreased immediately
after initiation of acute therapy and re-
mained within the normal range. As her
ammonia levels slightly increased due to
hypercatabolism, we initiated total par-
enteral nutrition. We started enteral ali-
mentation on day 8, and gradually in-
creased protein intake until she was
discharged from the hospital. Due to ex-
cessive excretion of glutamine, we reduced
the dose of sodium phenylbutyrate and so-
dium benzoate. The dose of NCG was
maintained at a constant level relative to
the patient's body weight. We restarted so-
dium benzoate treatment when her gluta-
mine levels increased again. She remained
metabolically stable and did not experience
a metabolic crisis throughout her treatment.
NCG, N-carbamylglutamate; CHDF, con-
tinuous hemodiafiltration.

Fig. 2. Brain magnetic resonance imaging (MRI) on day 38 after birth.
Brain MRI on day 38 revealed no abnormalities.
Axi, axial (horizontal) plane; Sag, sagittal plane; T1WI, T1 weighted image; T2WI, T2 weighted image.

Fig. 3. Western blot analysis of CPS1 and GAPDH(loading control) after SDS-
PAGE using liver tissues collected from the patient and control.
We used anti-CPS1 anti-body, (rabbit polyclonal, Protein Tech) for the Western
blot analysis.
CPS1, carbamyl phosphate synthetase 1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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nitrogen levels, high lactic acid, normal anion gap, and metabolic
acidosis (NH3 944 μmol/L [reference range (RR): 50–150 μmol/], blood
urea nitrogen 5.2 mg/dL [RR: 6.0–20.0 mg/dL], lactic acid 5.5 mmol/L
[RR: 0.8–2.8 mmol/L], pH 7.23 [RR: 7.35–7.45], pCO2 42.2 mmHg
[RR: 35.0–45.0 mmHg], HCO3–17.7 mEq/L [RR: 22.0–26.0 mEq/L],
Base Excess −9.6 mEq/L [RR: −5 −+5 mEq/L], Anion Gap 9.3 mEq/
L [RR: 8–16 mEq/L]). Acylcarnitine concentration was within normal
range and urine organic acid analysis revealed no orotic acid or ci-
trulline. Amino acid analysis revealed an elevated level of glutamine
(7592 μmol/L; RR: 422–704 μmol/L). We suspected CPS1 or NAGS
deficiency and conducted a genetic analysis. The patient was moved to
another neonatal intensive care unit equipped for dialysis to treat hy-
perammonemia and was treated with protein withdrawal, vitamin
cocktail (vitamin B1, vitamin B12, vitamin C, vitamin E, biotin), L-car-
nitine, coenzyme Q10, and parenteral nutrition with glucose and lipid
therapy. On day 4, treatment for undiagnosed urea cycle disorder was
initiated with continuous hemodiafiltration, and administration of so-
dium benzoate (250 mg/kg/day), L-arginine hydrochloride (250 mg/
kg/day), sodium phenylbutyrate (250 mg/kg/day), and NCG (100 mg/
kg/day). The clinical course is shown in Fig. 1. Her ammonia levels
decreased immediately after initiation of acute therapy and remained
within the normal range. Plasma glutamine was significantly reduced
and was within normal range after the start of treatment. On day 7, we
initiated total parenteral nutrition with a protein intake of 0.6 g/kg/

day, as her ammonia levels slightly increased due to hypercatabolism.
We started enteral feeding on day 8, and gradually increased protein
intake to 0.8 g/kg/day after 2 weeks. We further increased protein
intake to 1.0–1.2 g/kg/day by her discharge on day 113. Brain mag-
netic resonance imaging at day 38 revealed no abnormal findings
(Fig. 2).

At day 42, genetic analysis revealed no NAGS gene variant and two
variants in CPS1 gene, c.2359C > T (p.Arg787*) and c.3559G > T
(p.Val1187Phe). The former variant has been reported as a pathogenic
variant which was inherited from the patient's father, whereas the
latter, inherited from her mother, has not been previously reported
[11]. In silico functional prediction algorithms revealed the following
results: SIFT predicted this variant to be deleterious with a score of 0,
PolyPhen-2 predicted it to be probably damaging with a score of 0.985,
PredictSNP predicted the variant to have a deleterious effect with a
76% expected accuracy. Based on her condition, which was suggestive
of CPS1D, we concluded that this variant was pathogenic.

Western blotting of CPS1 was carried out after SDS-PAGE, as re-
ported using the liver tissues of the patient after liver transplantation
and revealed decreased expression of CPS1 (Fig. 3) [12].

In CPS1 protein, the protein substitution Val1187Phe locates within
the L3, carbamate phosphorylation domain [16]. The results of sub-
sequent molecular structural analysis predicted that the protein sub-
stitution caused by the variant c.3559G > T (p.Val1187Phe) might

Fig. 4. Representation of 3-D structures correspond to the Protein Data Bank (PDB; http://www.rcsb.org/pdb/) file 5DOU for NAG-activated, adenosine-5′-dipho-
sphate (ADP)-bound human CPS1.
(A) Protein structure of ADP ligand-bound monomeric CPS1 (ribbon representation with domains color-coded as per de Cima et al. [16]) with V1187 highlighted in
cyan. ADP is shown in space-filling mode (green - carbon; blue - nitrogen; red – oxygen; orange - phosphorous).
(B) Zoom-in view of the L3 domain (orange) highlighting position of V1187 (cyan). V1187 is surface-located, proximal to the N-terminus of a β-strand that forms part
of a large β-sheet. Although the β-sheet is adjacent to the ADP binding site, V1187 is distal from ADP. V1187 is not located in the vicinity of active sites, substrate
binding sites or the tunnel that connects two CPS1 active sites.
(C) The hydrophobic side chain of V1187 (cyan) is buried in a largely hydrophobic pocket which also includes, clockwise from V1187, F1240 (part of β-sheet), T1227
(on α-helix), M1178 (part of β-sheet), and L1296 (on proximal loop) all in green. The V to F substitution is likely to be tolerated, stabilizing interactions within this
pocket. However, the bulkier side chain of the phenylalanine could perturb the positioning of the β-sheet region, which may have an impact on the binding of ADP.
(D) Structure of two molecules of CPS1 juxtaposed to form the dimer interface seen in the asymmetric unit of the crystal. One monomer is color coded as per Fig. 4A,
the other colored blue. The position of the V1187 in both monomers (labelled) is distal from the dimer interface and hence unlikely to impact on dimerization of
CPS1.

Fig. 4. (continued)
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have an impact on the binding of ADP to CPS1 (Fig. 4).
Her ammonia levels remained within normal range, and her gluta-

mine levels dropped to near the lower limit of the normal range during
hospitalization. We assumed that phenylbutyrate treatment caused the
decrease in plasma glutamine, thus we reduced the dose of sodium
phenylbutyrate to 100 mg/kg/day starting on day 72. For the same
reason, we also weaned her off sodium benzoate and stopped this
treatment on day 94. She was discharged from the hospital on day 113.
We increased the dose of NCG to be consistent with her body weight
gain at days 113, 134, and 155. We restarted sodium benzoate treat-
ment since her glutamine level had increased to 828 μmol/L on day
113. She remained metabolically stable and experienced no metabolic
crisis until the liver transplantation on day 207. At 15 months of age, no
neurological complications have been observed.

3. Discussion

Patients with neonatal onset CPS1D have a lower survival rate than
those with other UCDs in Japan [5]. Given this poor prognosis, a novel
therapeutic approach is urgently required. Earlier and more aggressive
interventions are required to improve patient outcomes. NCG must be
considered as a prospective treatment based on previous reports of
CPS1D patients who have responded to it.

The first paper discussing the potential efficacy of NCG in the ki-
netic variant or partial CPS1D was published in 1985 [13]. NCG was
authorized in 2003 for treating hyperammonemia caused by NAGS
deficiency and other organic acidurias, but not for treating hyper-
ammonemia caused by CPS1D [8]. However, there have been some
reports on the potential of NCG in treating CPS1D. Guffon et al. per-
formed a study involving NCG therapeutic testing in patients with hy-
perammonemia, who were suspected to be suffering from UCD [14]. In
that study, two CPS1D patients responded positively to NCG [14].
Furthermore, Ah Mew et al. indicated that NCG treatment decreased
plasma ammonia [10].

Guidelines for the diagnosis and management of UCDs in Europe
recommend administration of NCG for hyperammonemia associated
with undiagnosed UCD [4]. Consistent with the European guidelines,
Japanese guidelines for UCD also propose administration of NCG to
patients with undiagnosed UCD [15]. In this case, we promptly initiated
NCG administration after diagnosis of hyperammonemia according to
the Japanese guidelines for treating undiagnosed UCD.

A previous study evaluated the effectiveness of NCG in 5 patients
with late-onset CPS1D; NCG decreased ammonia in all patients [10].
One patient was treated with NCG for an extended period and was able
to discontinue sodium phenylbutyrate. There were some non-re-
sponsive patients, suggesting that the efficacy of NCG is mutation-
specific [10].

Ammonia and glutamine levels of our patient remained near the
lower limit, which has not been previously observed with treatments
other than NCG. Additionally, we were able to increase protein intake
and decrease sodium phenylbutyrate and sodium benzoate. We specu-
lated that our patient had responded to NCG treatment, and thus we
continued the treatment.

The protein structure and function of CPS1 has been determined by
De Cima et al. [16]. Yap et al. reported that structural changes in CPS1
protein caused by mutations in CPS1, decrease the stability of the
protein or lower the affinity of the mutant enzyme for NAG [17].
Furthermore, they found that NCG may improve these conditions [17].
The quantity of CPS1 protein encoded by CPS1 missense variants may
be highly diverse [18]. NCG can have different effects, including ad-
verse effects on ureagenesis, depending on the type of CPS1 mutation
[17]. Genetic analysis and evaluation of ammonia levels after initiation
of NCG treatment are important. We maintained our patient's metabolic
status without hyperammonemia until liver transplantation, leading to
a good prognosis. We speculate that CPS1 activity in our patient might
remain since the amino acid change is likely to only affect ADP binding.

Using NCG to treat patients with CPS1D may be effective if CPS1 ac-
tivity is not entirely compromised.
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