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The urea cycle is themain pathway for the disposal of excess nitrogen. Carbamoylphosphate synthetase 1 (CPS1),
the first and rate-limiting enzyme of urea cycle, is activated by N-acetylglutamate (NAG), and thus N-
acetylglutamate synthase (NAGS) is an essential part of the urea cycle. Although NAGS deficiency is the rarest
urea cycle disorder, it is the only one that can be specifically and effectively treated by a drug, N-
carbamylglutamate, a stable structural analogous of NAG that activates CPS1. Here we report an infant with
NAGS deficiency who presented with neonatal hyperammonemia. She was found to have a novel homozygous
splice-site mutation, c.1097-2ANT, in the NAGS gene. We describe the clinical course of this infant, who had
rapid response to N-carbamylglutamate treatment. In addition, we reviewed the clinical and molecular spectra
of previously reported individuals with NAGS deficiency, which presents in most cases with neonatal
hyperammonemia, and in some cases the presentation is later, with a broad spectrumof ages andmanifestations.
With this broad later-onset phenotypic spectrum, maintaining a high index of suspicion is needed for the early
diagnosis of this treatable disease.
© 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The urea cycle is the main pathway for the disposal of excess nitro-
gen generated from the breakdown of protein and other nitrogen-con-
taining molecules. Urea cycle disorders, which are characterized by
hyperammonemia and distorted amino acid metabolism, can have var-
iable clinical presentations. Severe deficiencies are typically associated
with neonatal hyperammonemia, presenting with poor feeding,
vomiting, lethargy, tachypnea, convulsions, and coma. In milder defi-
ciencies, ammonia accumulation may be triggered by illness or stress
and the disease can present at almost any age. In infancy, partial defi-
ciencies can present with poor developmental progress, behavioral dis-
turbances, hepatomegaly, and gastrointestinal symptoms. Children and
adults with partial deficiencies can developmigraine headaches, behav-
ioral changes, confusion, and cyclic vomiting [26].

Carbamoylphosphate synthetase 1 (CPS1) is the first and rate-limit-
ing enzymeof urea cycle. CPS1 is activated byN-acetylglutamate (NAG),
which is necessary for CPS1 activity [20]. Therefore, N-acetylglutamate
synthase (NAGS), the only enzyme that makes NAG, is an essential
part of the urea cycle [3]. In this report we describe an infant with
NAGS deficiency who presented in neonatal period with
ab).
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hyperammonemia and was found to have a novel mutation in the
NAGS gene. In addition, we discuss the clinical and molecular spectra
for previously reported individuals with NAGS deficiency.

2. Case report

A girl was born at term after an uncomplicated antenatal course. Her
physical examination was normal and she was discharged home at
2 days old. Hours later, she developed poor sucking and decreased activ-
ity, and her parents brought her to the emergency room (ER) at the age
of 3 days. In ER shewas lethargic, tachypnic, and developed convulsions
in the form of abnormal movements of her right upper and lower ex-
tremities. Septic and metabolic tests were performed, and antibiotics
and antiepileptic medications were initiated. Initial investigation
showed high ammonia (387 μM) and respiratory alkalosis; therefore,
a urea cycle defect was highly suspected and she was transferred to a
tertiary medical center. Upon arrival, she was lethargic and hypotonic,
and her ammonia was 809 μM. The routine management of
hyperammonemia was immediately started with Ammonul® (sodium
phenylacetate and sodium benzoate), intravenous (IV) arginine, IV
high dextrose, and continuous insulin infusion. Hemodialysis was not
available, therefore, a peritoneal catheter was inserted and peritoneal
dialysis was started after 4 h. At that time ammonia was 1194 μM.
After that ammonia level decreased rapidly with the dialysis and
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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medical management. In addition to elevated glutamine and glycine,
plasma amino acids showed undetectable citrulline level suggesting a
proximal urea cycle defect, which includes NAGS deficiency. Therefore,
N-carbamylglutamatewas subsequently initiated after about 24 h. After
b48 h, ammonia normalized and dialysis and insulin infusion were
discontinued, while Ammonul, IV arginine, and N-carbamylglutamate
were continued (Fig. 1A). Protein intake was initiated using infant for-
mula based on essential amino acids. She regained normal conscious-
ness and her activity improved gradually. Ammonia remained within
normal levels while the IV medications were changed to oral medica-
tions and protein intake was gradually increased. As N-
carbamylglutmate was started after the initiation of dialysis and other
medications, it was difficult to judge whether the neonate responded
to the N-carbamylglutamate or the reduced ammonia was just due to
the dialysis and other medications. In addition, the rarity of NAGS defi-
ciency, the limited availability of N-carbamylglutamate in the tertiary
center, and the desire to have a simplified treatment regimen were
also considered and a decision was made at that time to discontinue
the N-carbamylglutamate while maintaining oral citrulline and sodium
benzoate, and protein-restricted diet. Her ammonia levels remained
normal while she was on this treatment regimen. The infant was
discharged home after two weeks on oral citrulline (300 mg/kg/day)
and sodium benzoate (300 mg/kg/day) and protein restricted (2 g/kg/
day) formula composed of a mixture of essential amino acid formula
and regular infant formula. A genetic panel for urea cycle disorders in-
cluding the CPS1, NAGS, OTC, ASS1, ASL, and ARG1 genes was sent during
the hospitalization. Parents were cousins and this was their first child.

Three weeks after discharge, the results of the genetic panel became
available, demonstrating a novel homozygous mutation, c.1097-2ANT,
in the NAGS gene consistent with a diagnosis of NAGS deficiency.
When a call was made to discuss the results and arrange for a clinic
visit to initiate N-carbamylglutamate, the family mentioned that the
child was not feeding well and had been less active for the past day.
Therefore, the child was immediately assessed in ER and found to be le-
thargic with ammonia of 571 μM. Knowing that the child has NAGS de-
ficiency N-carbamylglutamate was initiated (200 mg/kg/day) and
ammonia normalized within 8 h (Fig. 1B). Within 24 h, the child
regained her normal activity and feeding was initiated using regular in-
fant formula. The ammonia remained normal and the infant was
discharged home after 5 days with N-carbamylglutamate monotherapy
and regular infant formula.
Fig. 1. Ammonia levels and treatment during th
3. Discussion

The overall incidence of urea cycle disorders is 1:35,000. NAGS
deficiency is the rarest and accounts for only 0.5–1% of urea cycle
disorders; therefore, its estimated incidence is 1:3,500,000–7,000,000
[23]. In 1981, this disease was first described in a neonate with
hyperammonemia who had undetectable NAGS enzyme activity in
liver tissue [2]. Subsequently, very few reports described NAGS defi-
ciency, reflecting not only the rarity of the disease but also the difficulty
in confirming the diagnosiswhich initially required enzyme assessment
in liver tissue [8]. In 2002, the NAGS gene was identified and mutations
found in affected individuals [4,10]. Since then, the diagnosis of NAGS
deficiency has become more common. With the infant described here,
molecularly confirmed NAGS deficiency has been reported in 59 indi-
viduals from 45 families (Table 1).

NAGS deficiency typically presents with neonatal hyperammonemia.
However, late-onset presentations have been reported in infancy, child-
hood, and adulthood. Neonatal hyperammonemia was the presentation
in 41 (~70%) reported individuals with NAGS deficiency (Table 1). Neo-
nates with this presentation can have poor feeding, vomiting, lethargy,
tachypnea, respiratory distress, respiratory alkalosis, hypothermia, hypo-
tonia, irritability, seizures, brain edema, coma, and death. Other neonatal
manifestations may include failure-to-thrive, hepatomegaly, oliguria, di-
arrhea, metabolic acidosis, trembling, jitteriness, and hypertonia [21].
The infant in this report had a typical neonatal presentation. Infantile
and childhood presentation occurred in 13 (~22%). These children had
more variable phenotypeswith commonmanifestations being hypotonia,
developmental delay, seizures, behavioral problems, and lethargy. Less
common manifestations included protein aversion, Reye-like syndrome,
failure-to-thrive, and hepatomegaly (Table 1). Finally, adult-onset was
found in 5 (~8%). The manifestations, which were precipitated by major
stressors in 3 of the 5, included headaches, seizures, behavioral problems,
confusion, lethargy, and coma (Table 1). Therefore, NAGS deficiency pre-
sents with neonatal hyperammonemia in most cases, whereas a broad
spectrum of manifestations occurring at any age beyond the neonatal pe-
riod occurs in a minority of cases. Maintaining a high index of suspicion
and lower threshold of doing ammonia level are needed for early diagno-
sis particularly for late-onset diseases.

Besides the hyperammonemia, the biochemical profile in NAGS de-
ficiency is similar to CPS1 deficiency which is characterized by low plas-
ma citrulline and the absence of orotic aciduria [26]. Measuring enzyme
e first (A) and second (B) hospitalizations.



Table 1
Individuals with molecularly confirmed NAGS deficiency.

Family Cases Onset and clinical presentation NAGS gene mutations References

1 1 Neonatal hyperammonemia Hom c.779CNT (p.P260L) [21]
2 1 Neonatal hyperammonemia Hom c.791CNT (p.T264M) [21]
3 2 Neonatal hyperammonemia Hom c.1228TNC (p.S410P) [22]
4 1 Neonatal hyperammonemia Hom c.1228TNC (p.S410P) [21]
5 2 Neonatal hyperammonemia Hom c.1241GNC (p.R414P) [19]
6 1 Neonatal hyperammonemia Hom c.1289TNC (p.L430P) [14,22]
7 1 Neonatal hyperammonemia Hom c.1289TNC (p.L430P) [21]
8 1 Neonatal hyperammonemia Hom c.1299GNC (p.E433D) [14]
9 1 Neonatal hyperammonemia Hom c.1370GNA (p.G457D) [21]
10 3 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [14,22]
11 1 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [21]
12 1 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [21]
13 1 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [21]
14 1 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [21]
15 1 Neonatal hyperammonemia Hom c.1450TNC (p.W484R) [25]
16 1 Neonatal hyperammonemia Hom c.1552GNA (p.A518T) [22]
17 1 Neonatal hyperammonemia Hom c.971GNA (p.W324⁎) [5]
18 2 Neonatal hyperammonemia Hom c.971G N A (p.W324⁎) [11,14]
19 2 Neonatal hyperammonemia Hom c.991CNT (p.Q324⁎) [21]
20 1 Neonatal hyperammonemia Hom c.1264GNT (p.E422⁎) [21]
21 1 Neonatal hyperammonemia Hom c.545delC (p.A182Vfs⁎23) [13]
22 1 Neonatal hyperammonemia Hom c.545delC (p.A182Vfs⁎23) [21]
23 2 Neonatal hyperammonemia Hom c.1025delG (p.R342Pfs⁎50) [5]
24 2 Neonatal hyperammonemia Hom c.1036dupC (p.H346Pfs⁎10) [10]
25 1 Neonatal hyperammonemia Hom c.1313dupG (p.T439Hfs⁎52) [21]
26 2 Neonatal hyperammonemia Hom c.1313delG (p.G438Afs⁎10) [21]
27 1 Neonatal hyperammonemia Hom c.1097-2ANT This report
28 1 Neonatal hyperammonemia Het c.1172TNG (p.L391R)

Het c.1450TNC (p.W484R)
[21]

29 1 Neonatal hyperammonemia Het c.916-2ANT
Het c.1307dupC (p.T439Hfs⁎52)

[14,15]

30 1 Neonatal hyperammonemia Het c.499ANG (p.M167V)
Het c.278delC (p.93Qfs⁎18)

[21]

31 1 Neonatal hyperammonemia Het c.929TNC (p.V310A)
Het c.1464_1465del (p.H488Qfs⁎2)

[17]

32 1 Neonatal hyperammonemia Het c.1494GNA (p.W498⁎)
(second mutation was not found)

[21]

33 2 Infantile (2 months): hypotonia, hepatomegaly, failure-to-thrive Hom c.598TNC (p.C200R) [22]
34 1 Infantile (3 months): hypotonia, developmental delay Hom c.598TNC (p.C200R) [21]
35 1 Childhood (13 months): protein aversion and episodes of vomiting, lethargy,

confusion, aggressiveness, restlessness, disorientation, and hyperreflexia
Hom c.835GNA (p.A279T) [14]

36 4 Late-onset and mild course Hom c.872TNA (p.I291N) [21]
37 1 Childhood (4 years): seizures and microcephaly Hom c.1552GNA (p.A518T) [21]
38 2 Childhood (1 month and 9 years): episodes of vomiting, lethargy, anorexia,

irritability, and seizures
Het c.1526GNA (p.R509Q)
Het c.1097-1GNC

[7]

39 1 Childhood (15 year): somnolence and decreased consciousness with a
urinary tract infection

Het c.1192ANT (p.S398C)
(second mutation was not found)

[21]

40 1 Childhood (16 year): Reye-like syndrome Het c.1535ANG (p.Y512C)
(second mutation was not found)

[21]

41 1 Adult-onset (46 years): confusion and coma after pelvic fracture Hom c.603GNC (p.K201N) [18]
42 1 Adult-onset (33 years): combativeness, confusion, coma, seizure brain edema,

and death after caesarean section.
Het c.518TNA (p.V173E)
Het c.1292CNT (p.T431I)

[7]

43 1 Adult-onset (27 years): seizures and coma during pregnancy Het c.935TNC (p.L312P)
Het c.1292CNT (p.T431I)

[8]

44 1 Adult-onset (40 years): migraine headaches and episodes of staring spells, nausea,
vomiting, lethargy, and ataxia followed by coma.

Het c.1048GNA (p.V350I)
Het c.1326CNG (p.L442V)

[8,24]

45 1 Adult-onset (20 years): episodes of nausea, vomiting, confusion, and behavioral changes Het c.1298ANG (p.E433G)
Het c.1451+5GNA

[9]
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activity requires liver biopsy which is difficult and not completely reli-
able [8]. Therefore, molecular tests sequencingNAGS gene have become
the practical standard for diagnosing NAGS deficiency [16]. The infant
described here had the classic biochemical profile and a novel homozy-
gous mutation, c.1097-2ANT, in the NAGS gene. This mutation has not
been previously reported; however, it is located in the acceptor splice
site of intron 4 and therefore is predicted to affect splicing. Including
the mutation in this infant, 41 different NAGS mutations have been de-
scribed including 25 (~60%) missense, 4 (~10%) nonsense, 8 (~20%)
frameshift, and 4 (~10%) splice-site mutations. Other than themissense
mutation p.W484R,whichwas found in homozygous status in 6 families
and heterozygous status in one, other mutations are private as they
were observed in only one or two families (Table 2).
In contrast to the treatment of other urea cycle disorders that in-
cludes low-protein diet with essential amino acid supplements, argi-
nine or citrulline supplementation, and the use of ammonia
scavengers; treatment of NAGS deficiency is with only N-
carbamylglutamate, a stable structural analogous of NAG that activates
CPS1 [26]. Therefore, NAGS deficiency is the only urea cycle disorder
that can be specifically and effectively treated. Using stable isotope stud-
ies, N-carbamylglutamate supplementation was shown to restore
ureagenesis in NAGS deficiency [6]. N-carbamylglutamate successfully
rescues neonates with NAGS deficiency when present with
hyperammonemia and its long-term chronic use corrects the metabolic
defects in these individuals and eliminates the need for additional med-
ications or dietary modifications [1]. Although mono-therapy with N-



Table 2
Mutations in the NAGS gene.

NAGS gene mutation Homozygous Heterozygous

Missense mutations
c.499ANG (p.M167V) 1
c.518TNA (p.V173E) 1
c.598TNC (p.C200R) 2
c.603GNC (p.K201N) 1
c.779CNT (p.P260L) 1
c.791CNT (p.T264M) 1
c.835GNA (p.A279T) 1
c.872TNA (p.I291N) 1
c.929TNC (p.V310A) 1
c.935TNC (p.L312P) 1
c.1048GNA (p.V350I) 1
c.1172TNG (p.L391R) 1
c.1192ANT (p.S398C) 1
c.1228TNC (p.S410P) 2
c.1241GNC (p.R414P) 1
c.1289TNC (p.L430P) 2
c.1292CNT (p.T431I) 2
c.1298ANG (p.E433G) 1
c.1299GNC (p.E433D) 1
c.1326CNG (p.L442V) 1
c.1370GNA (p.G457D) 1
c.1450TNC (p.W484R) 6 1
c.1526GNA (p.R509Q) 1
c.1535ANG (p.Y512C) 1
c.1552GNA (p.A518T) 2

Nonsense mutations
c.971GNA (p.W324⁎) 2
c.991CNT (p.Q324⁎) 1
c.1264GNT (p.E422⁎) 1
c.1494GNA (p.W498⁎) 1

Frameshift mutations
c.278delC (p.93Qfs⁎18) 1
c.545delC (p.A182Vfs⁎23) 2
c.1025delG (p.R342Pfs⁎50) 1
c.1036dupC (p.H346Pfs⁎10) 1
c.1307dupC (p.T439Hfs⁎52) 1
c.1313dupG (p.T439Hfs⁎52) 1
c.1313delG (p.G438Afs⁎10) 1
c.1464_1465del (p.H488Qfs⁎2) 1

Splice-site mutations
c.916-2ANT 1
c.1097-2ANT 1
c.1097-1GNC 1
c.1451+5GNA 1
Total 33 21

Second mutation was not found in three individuals in whom only one heterozygous
mutation was identified.
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carbamylglutamate is the treatment of choice in NAGS deficiency, some
affected individuals receiving N-carbamylglutamate may experience
breakthrough hyperammonemia during episodes of acute illness or
metabolic decompensation; therefore, protein restriction and additional
drugs may be needed during these episodes [16]. The standard N-
carbamylglutamate maintenance dosage is 100–200 mg/kg/day (given
in 3–4 doses); however it can be adjusted individually by progressive
down-titration to the minimum dose required (as low as 10–15 mg/
kg) to maintain normal ammonia levels [16]. The infant reported here
showed dramatic response to N-carbamylglutamate and remained
only on this medication. During the initial hospitalization, using the N-
carbamylglutamatewith dialysis and othermedicationsmade it difficult
to appreciate the contribution of N-carbamylglutamate. However, dur-
ing the second hospitalization, it was obvious how this medication re-
sulted in normalizing the ammonia in just few hours. Although N-
carbamylglutamate typically normalizes ammonia in hours [12,25], a
delayed response or no response has been reported in some neonates
with NAGS deficiency [19].

In conclusion, NAGS deficiency is a rare urea cycle disorder that has a
broad phenotypic spectrum. Typically, it presents with neonatal
hyperammonemia; however, late-onset with variable manifestations
can occur. Therefore, maintaining a high index of suspicion is needed
for early diagnosis. The treatment of choice in NAGS deficiency is N-
carbamylglutamate monotherapy which can normalize ammonia in
few hours.
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