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Abstract

Introduction—A~carbamoyl-L-glutamic acid (NCG) is a synthetic analogue of A-acetyl
glutamate (NAG) that works effectively as a cofactor for carbamoyl phosphate synthase 1 and
enhances ureagenesis by activating the urea cycle. NCG (brand name, Carbaglu) was recently
approved by the United States Food and Drug Administration (US FDA) for the management of
NAGS deficiency and by the European Medicines Agency (EMA) for the treatment of NAGS
deficiency as well as for the treatment of hyperammonenia in propionic, methylmalonic and
isovaleric acidemias in Europe.

Areas covered—The history, mechanism of action, and efficacy of this new drug are described.
Moreover, clinical utility of NCG in a variety of inborn errors of metabolism with secondary
NAGS deficiency is discussed.

Expert commentary—NCG has favorable pharmacological features including better
bioavailability compared to NAG. The clinical use of NCG has proven to be so effective as to
make dietary protein restriction unnecessary for patients with NAGS deficiency. It has been also
demonstrated to be effective for hyperammonemia secondary to other types of inborn errors of
metabolism. NCG may have additional therapeutic potential in conditions such as hepatic
hyperammonemic encephalopathy secondary to chemotherapies or other liver pathology.
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1. Introduction

Inborn errors of ureagenesis are a group of inherited disorders in which there is an enzyme
or transporter defect affecting the production or shuttling of biochemical intermediates in the

CONTACT: Kimihiko Oishi, kimihiko.oishi@mountsinai.org, Department of Genetics and Genomic Sciences, Department of
Pediatrics, Icahn School of Medicine at Mount Sinai, New York, NY, USA.

Declaration of interest

C. Chapel-Crespo and K. Oishi are employees of the Icahn School of Medicine at Mount Sinai. G. A. Diaz is an employee of the Icahn

School of Medicine at Mount Sinai and serves on the medical advisory board of Genepeeks and has consulted for SynLogic
Therapeutics, Aeglea Biotherapeutics and the Gerson Lehrman Group. The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed. No writing assistance was utilized in the production of this manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chapel-Crespo et al.

Page 2

metabolic pathway responsible for the disposal of excess nitrogen. Significant medical
problems can arise from excessive accumulation of toxic metabolites such as ammonia or
other compounds. Ammonia detoxification through the urea cycle in the periportal
hepatocytes is the major route for nitrogen disposal as urea which is excreted from the urine
(Figure 1) [1]. There are seven enzymes involved in the disposal of nitrogen via the urea
cycle including carbonic anhydrase VA (CAVA), N-acetyl glutamate synthase (NAGS),
carbamoy! phosphate synthase 1 (CPS1) and ornithine transcarbamylase (OTC),
argininosuccinate synthase (ASS), argininosuccinate lyase, and arginase. A deficiency in any
of these enzymes or in the transporters encoded by SLC25A13 or SLC25A15results in a
urea cycle disorder (UCD). Dysfunction of the urea cycle can result in hyperammonemia,
leading to encephalopathy, seizures, coma, and death. Hyperammonemia is one of the most
significant life-threatening consequences of metabolic decompensation for patients with
primary UCDs, but it can also occur in patients with other inborn errors of metabolism
(IEM) via secondary inhibition of the urea cycle and substrate deficiency. As a result of
secondary urea cycle dysfunction, significant hyperammonemia can be observed in organic
acidemias, fatty acid oxidation defects, disorders of amino acid metabolism, and valproic
acid toxicity. Appropriate ammonia control is an important part of the medical management
of IEM and extensive efforts have been invested to develop new therapies for
hyperammonemia over the past decades.

Traditionally, treatment of hyperammonemia in patients with UCDs includes dietary protein
restriction to reduce nitrogen flux and administration of ammonia scavenger medications
such as benzoate, phenylacetate, and phenylbutyrate to divert excess nitrogen into a
nontoxic, excretable metabolite pool [2,3]. Despite the development of these therapeutic
approaches, there has been no complete curative therapy for UCDs except for liver
transplantation, which is indicated for the more severe proximal deficiencies in CPS1, OTC,
and ASS1. N-carbamoyl-L-glutamic acid (NCG or Carbaglu), a structural analogue of N-
acetyl glutamate (NAG), has been used for the treatment of NAGS deficiency from the very
description of this UCD [4,5]. By directly replacing NAG, which is an essential activator of
the CPS1 enzyme without which this enzyme is inactive [6], NGC functions as an almost
curative medication for NAGS deficiency. Additionally, given its capacity to function as a
urea cycle activator, NGC has been proposed as a potential therapy for secondary
hyperammonemia due to organic acidemias, hepatic encephalopathy, and valproate-induced
hyperammonemia [7-9].

2. NAG and NAGS deficiencies

The first enzymatic step of the urea cycle is normally catalyzed by CPS1 to form carbamoyl
phosphate from bicarbonate, ammonia, and two molecules of ATP (Figure 1). Human CPS1
protein was first purified from the liver by Rubio and colleagues [10]. CPS1 is the rate-
limiting enzyme of the overall activity of the urea cycle, and NAG is essential as an
activating cofactor in order to achieve full activation of the urea cycle [11], and recent
identification of crystal structure of human CPS1 protein enhanced the understanding of its
mechanism [6]. NAG is biosynthesized in the mitochondrial matrix by a reaction which
produces NAG from glutamate and acetyl-CoA [12]. Deficiency of NAGS leads to
hyperammonemia due to inadequate activation of urea cycle function despite normal
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activities of all of the component enzymatic steps. The onset and severity of clinical
symptoms vary depending on the residual activity of the mutant enzyme. NAGS deficiency
is inherited in an autosomal recessive manner and the human AMAGS gene was identified on
chromosome 17¢g21.31 in 2002 [12].

The first NAGS deficiency case was described in 1981 in a male infant from Switzerland
with a family history of infantile deaths of his siblings with hyperammonemia [13]. This
patient’s biochemical profile suggested a blockage of the urea cycle proximal to OTC and
the diagnosis was confirmed by non-detectable activity of NAGS enzyme in the liver tissue
from biopsy, while CPS1 activity was intact [13]. Subsequently, another NAGS deficiency
case was identified in a neonate with a similar lethal presentation [14]. Since then, more than
50 patients have been reported worldwide [15,16]. Of interest, clinical symptoms of NAGS
deficiency are diverse ranging from irritability, vomiting, and lethargy to behavioral
abnormalities. In general, patients with the severe form of the disorder become symptomatic
during the neonatal period with hyperammonemic encephalopathy, while milder cases
present in adulthood with neuropsychiatric or behavioral symptoms [15]. A recent cohort
and biochemical study identified that mutations in acetyltransferase (GNAT) domain are
more frequent than in the other kinetic amino acid kinase domain [16]. Additionally,
mutations affecting GNAT domain are more deleterious and cause severe neonatal onset
form [16]. Because of its rarity, the prevalence of this disorder is unclear but the distribution
of cases is panethnic [15,17]. The true incidence of the disorder is likely underestimated for
various reasons: newhorn screening by tandem-mass spectrometry does not detect NAGS
deficiency, mildly affected individuals may remain symptom-free for years, and severely
affected individuals may die without being diagnosed. The clinical and biochemical
presentation of NAGS deficiency may be indistinguishable from that of CPS1 deficiency and
molecular genetic analysis is particularly helpful to confirm the diagnosis of NAGS
deficiency, supplanting enzymatic assay as the preferred confirmatory method [18].

In addition to primary NAG deficiency due to alterations in the M AGS gene,
hyperammonemia as a result of secondary NAG deficiency is observed. This can be caused
by inhibition of NAGS activity through excessive accumulation of toxic metabolites due to
fatty acid oxidation defects, organic acid-emias, valproic acid, and mitochondrial
dysfunction [19-21].

2.1. NCG as a therapeutic drug for NAGS deficiency

Studies investigating the mechanism of citrulline biosynthesis led to the discovery that NCG
activates ureagenesis [22], later finding that this compound enhances the activity of CPS1
with a higher Km than the natural activator, NAG [10,11,23,24]. In 1972, Kim and
colleagues reported that rats intoxicated with a lethal dose of ammonium acetate were
protected from lethality by a preloading injection of NCG along with arginine [25]. Of
interest, this protective effect was much higher with NCG compared to NAG [25]. The effect
was explained in part by the higher resistance to degradation by cytosolic amino acylase of
NCG relative to NAG, a pharmacokinetic property that allows NGC to reach the
mitochondria more effectively than NAG [26].
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Based on these preclinical studies, Bachmann and colleagues used NCG to treat a patient
with NAGS deficiency and reported a significant reduction in blood ammonia levels [5,13].
In light of these observations of remarkable improvement of hyperammonemia in neonatal
cases, NCG was tried as an experimental therapy for neonates and infants who were
suspected to have UCDs [27]. Interestingly, rapid normalization of ammonia occurred in
patients who were subsequently confirmed by molecular or enzymatic assays to be affected
with NAGS deficiency. Long-term follow-up of these patients demonstrated stabilization of
ammonia levels and improved nitrogen balance using experimental doses of NCG [27-29].
A more recent clinical study using stable isotope nitrogen labeling in an adolescent patient
with NAGS deficiency proved that NCG was able to restore ureagenesis [30]. The effect to
increase ureagenesis was further confirmed in a study using healthy subjects who received a
single dose of NCG without significant complications, suggesting a rationale for the
potential use of this compound for inborn errors other than NAGS deficiency [8]. It has been
also speculated that NCG can be useful for the prevention and treatment of
hyperammonemia due to non-metabolic clinical conditions such as liver disease [25].

NAGS deficiency is an extremely rare disorder. With fewer than 20 patients in the US, it was
difficult to conduct clinical trials to prove the efficacy of NCG for the treatment of
hyperammonemia secondary to NAGS deficiency. Therefore, using the data from historical
cases of successful management with NCG [27,28,31-34], the FDA approved Carbaglu
(NCGQG) as an orphan drug for NAGS deficiency in the US through its flexible approval
process in March 2010 [35]. In Europe, a marketing authorization for Carbaglu was
validated by the European Commission in January 2003.

3. Further characterization of efficacy of NCG in various conditions

3.1. NAGS deficiency

Following the early cases described in Section 4, additional cases of successful management
of hyperammonemia using NCG have been reported, supporting its effectiveness for both
acute and long-term management of hyperammonemia, particularly in neonates with NAGS
deficiency, and also demonstrating dosing requirements for optimal control of
hyperammonemia. Severe neonatal cases of hyperammonemia that were refractory to
traditional management were successfully treated with 100 mg/kg/day dose of NCG in two
independent reports [36,37]. In each case, 100 mg/kg/day of NCG was sufficient to control
ammonia levels without protein restriction and appeared to improve growth velocity. Dose
reduction of NCG with a lower than standard 10 mg/kg/day was attempted in the patient
with a homozygous missense mutation in exon 6 of the MAGSgene, ¢. 1450 T > C, p.
Trp484Arg [37]. This dose was adequate to control ammonia levels in a non-decompensated
state but was inadequate to prevent hyperammonemia during episodes of illness. After
adjusting the dose of NCG to 30 mg/kg/day, ammonia levels were well controlled without
protein restriction and no developmental abnormalities were detected at three years of age.
For a Korean boy who was diagnosed with NAGS deficiency at two years of age with
confirmed compound heterozygous mutations, ¢.929T>C and ¢.1464_1465del (p.V310A
and p. H488Qfs*2), a dose reduction down to 75 mg/kg/day was successfully achieved
without recurrent hyperammonemic episodes [38]. Currently, the consensus guidelines

Expert Rev Endocrinol Metab. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chapel-Crespo et al.

Page 5

recommend 100 mg/kg of NCG as initial standard dosage for management of acute
hyperammonemia for patients with NAGS deficiency and the dose can be adjusted for
chronic management [39].

Recently, additional adult cases of NAGS have been reported [15,32,40-42]. These were
either late-onset forms with hypomorphic alleles or late-identified cases that were not
diagnosed during childhood despite multiple episodes of hyperammonemia with fluctuating
behavioral changes. Even in these adult cases, the efficacy of NCG was promising, with
stabilization of ammonia control and complete protein liberalization observed in treated
patients [15]. In our personal experience, an adult who presented with hyperammonemic
encephalopathy triggered by surgical stress was found to have molecularly confirmed NAGS
deficiency. His baseline ammonia levels were persistently elevated with high plasma
glutamine but these values normalized after starting NCG.

In aggregate, these clinical reports demonstrated that treatment of NAGS deficiency with
NCG in the acute and long-term settings was effective in treating and avoiding
hyperammonenmic episodes, preventing neurologic deterioration when given during early
stages of decompensation and at an early age and helped to improve growth parameters.
Most patients with primary NAGS deficiency who are treated with NCG do not need
additional drugs or protein restriction at baseline, but may require additional interventions
during an acute illness or metabolic decompensation [4].

3.2. Organic acidemias

Hyperammonemia in patients with organic acidemias, including methylmalonic acidemia
(MMA), propionic acidemia (PA), and isovaleric acidemia (IVA), appears to be caused by
reduced NAG synthesis secondary to lowered acetyl-CoA and/or glutamate levels and to the
accumulation of inhibitory metabolites [20]. As a result, patients with organic acidemias
frequently experience hyperammonemia along with severe metabolic acidosis during
decompensation episodes which can lead to acute and/or chronic neurologic damage.
Conventional treatments including dietary protein restriction, caloric supports, ammonia
scavenger medications, and dialysis have been employed for the management or
hyperammonemia in organic acidemias. The success of scavengers such as benzoate or
phenylacetate to increase nitrogen disposal in the management of hyperammonemia caused
by UCDs has led to their application for the treatment of refractory hyperammonemia in
cases of organic acidemias [3]. However, the use of these medications in organic acidemias
is controversial. While no controlled studies have been performed, some reported cases
suggest that scavenger medications may have limited effectiveness to lower ammonia levels
during acute hyperammonemic crisis in children in PA [43-45]. Therefore, currently
proposed guidelines for the management of MMA and PA caution that phenylbutyrate/
phenylacetate should be used with extreme caution and should be discontinued once the
diagnosis of MMA and PA is established [46].

Based on the currently recognized pathophysiology, the application of NCG as a therapeutic
option for the secondary hyperammonemia caused by organic acidemias has emerged [7,20].
Successful control of hyperammonemia in patients with decompensated PA, MMA, and IVA
with use of NGC trials has been reported without significant adverse events [44,47-52]. The

Expert Rev Endocrinol Metab. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chapel-Crespo et al.

Page 6

effect of NCG in these cases was quite remarkable and significant reduction of ammonia
levels was achieved within 12 h in most cases with a dose of 100-250 mg/kg/day. The
observed responses obviated the use of scavenger medications or hemodialysis after the
stabilization of ammonia levels [43,47,49,53]. Recent biochemical studies using heavy-
isotope labeled urea precursors revealed that the administration of NCG accelerated the
production of urea, validating the effectiveness of NGC in PA [8,9,54].

In 2008, NCG was approved for the management of hyperammonemia due to IVA, PA, and
MMA in addition to its indication for primary NAGS deficiency by the European Medicines
Agency. Since then, NCG has been used for the management of hyperammonemia from
organic acidemias in Europe; a retrospective outcome review was recently published [55].
This open-labeled retrospective, multi-center clinical study revealed that NCG had a
significant impact on reducing ammonia levels with or without scavenger medications in
both neonatal and older patient populations with IVA, PA, and MMA. The findings obtained
in the study were consistent with the previously reported clinical efficacy of NCG in organic
acidemias, indicating that NCG is an effective therapy for acute secondary hyperammonemia
and that it reduced the need for more aggressive medical treatments such as hemodialysis. In
the US, a clinical trial of Carbaglu for the treatment of hyperammonemia in organic
acidemias is currently ongoing (NCT00843921).

3.3. Other urea cycle defects—OTC and CPS1 deficiencies

At present, NCG is only approved for use in NAGS deficiency but it has been proposed that
the medication may have clinical efficacy for other UCDs such as OTC and CPS1
deficiencies [8]. The mechanism that has been hypothesized to support this use is that
carbamoyl phosphate may act as a chaperone to stabilize the OTC enzyme, therefore
increasing the pool of available carbamoyl phosphate by using NCG may increase the
residual function of the urea cycle and thus reduce ammonia levels [8]. Additionally, a single
dose of NCG has been proven to augment ureagenesis in control subjects, supporting the
potential utility of NCG to increase flux through the urea cycle [8]. Tummolo’s group
described a 13-year-old female with OTC deficiency in whom hyperammonemia was
successfully treated with NCG, suggesting the potential usefulness of NCG in symptomatic
heterozygous OTC females or in OTC patients with hypomorphic alleles [56].

For CPSL1 deficiency, a recent in vitro study revealed that NCG stabilizes CPS1 protein [57].
It would be based on a pharmacochaperone effect of NCG on CPS1 deficiency, which is
stabilized by this compound in the presence of ATP [57]. Furthermore, a more recent /n vitro
study provided an interesting insight that even in patients carrying CPS1 mutations that
decrease kinetic activity may benefit from NCG by saturating the NAG binding site;
however, this effect seems mutation-specific [58]. Ah Mew and colleagues tested the effects
of NCG for enhancing ureagenesis in five patients with late-onset CPS1 deficiency and they
found that four of them showed increased urea production and reduction of ammonia levels
[59]. Because of the variable degrees of improvement in urea-genesis and ammonia levels
among patients, they concluded that the response to NCG in patients with CPS1 is mutation-
specific as suggested in the /n vitro studies [57-59]. In the US, a clinical trial of Carbablu
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for OTC and CPS1 deficiencies is currently ongoing in the same protocol as described for
organic acidemias (NCT00843921).

4. Other conditions and future potential

There might be potential efficacy of NCG in the treatment of hyperammonemia secondary to
other disorders [8]. Maple syrup urine disease (MSUD) is one of the aminoacidopathies with
hyperleucinemia resulting in metabolic encephalopathy [60]. It can also rarely cause
hyperammonemia secondary to metabolic decompensation. Intriguingly, there is a case
report of successful management of hyperammonemia by using NCG during an acute
decompensation episode triggered by a viral illness in a 4-year-old female with MSUD [61].
Since biochemical basis for its effectiveness has not been explained and it was only reported
in a single case, the rationale of the usage of NCG for MSUD has not been justified yet but it
raises the possibility that NCG may be an effective adjunctive therapy along with standard
treatments for MSUD. Similarly, there is a report of three children with a successful
resolution of hyperammonemia caused by CAVA deficiency by using NCG [62]; however,
the pathophysiological rationale for the clinical usage of NCG is again still unknown in this
case.

Apart from IEM, another potential use for NCG is to treat valproate-induced
hyperammonemia. This well-known adverse effect of valproic acid is caused by inhibition of
NAGS by the drug metabolite, valproyl-CoA [63]. Hyperammonemia caused by short- or
long-term use of valproic acid in children has been successfully managed with NCG [64].

Moreover, there have been reports of hyperammonemic encephalopathy after the use of
various chemotherapeutic agents such as cisplatin, fluorouracil, cytarabine, vincristine,
amsacrine, etoposide, L-asparaginase, cyclophosphamide, and their various combinations for
patients with malignancies [65]. The underlying mechanism of hyperammonemia secondary
to chemotherapy seems multifactorial and distinctive to primary defects in the urea cycle in
the majority of cases [65]. However, a subset of patients who underwent chemotherapies for
hepatocellular carcinoma and gastric adenocarcinoma revealed low plasma concentration of
arginine, suggesting involvement of altered ureagenesis through the urea cycle [66—69]. One
of those cases with hepatocellular carcinoma treated with doxorubicine, cisplatin, and
fluorouracil showed biochemical profile emulating OTC [66], implying a potential utility of
NCG. Of interest, hyperammonemia for the patient with gastric adenocarcinoma treated with
cisplatine, epirubicine, and capecitabine was successfully managed with NCG [68].
However, it is possible that NCG may be effective only to a particular subset of patients with
specific biochemical profiles reflecting depression of the urea cycle. Further clinical
evidence and studies are necessary in order to better describe the underlying mechanism of
chemotherapy-associated hyperammonemic encephalopathy.

Of particular interest, recent /n vitro and /n vivo mouse studies suggested that NCG may
function as an anticancer drug by promoting apoptosis and suppressing proliferation for
pancreatic ductal carcinoma, triple-negative breast cancer, hepatoma, and lung cancer [70].
Given its safety, toxicity, and mutagenicity profiles [71], NCG may have a potential role as a
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cancer treatment. However, additional preclinical studies confirming this effect will need to
be done.

5. Conclusions

NCG (Carbaglu) is an orphan drug for the acute- and long-term management of
hyperammonemia caused by NAGS deficiency that was recently approved for this use in the
US, while in Europe it was approved for such use in 2010 and for the hyperammonemia of
PA, MMA, and IVA at later dates. NAGS patients receiving this treatment are able to
maintain normal ammonia levels without dietary protein restriction. Given its oral route of
administration, NCG can be also effective for management of hyperammonemia in an
outpatient setting along with conventional treatment including dietary protein restriction
[72]. Due to the rarity of the disorders and its relatively recent introduction to the market,
long-term data on safety and efficacy are still limited. Nonetheless, the available literature
suggests that NCG has proven to be quite effective for the management of hyperammonemia
in NAGS deficiency and in non-UCD IEM. It can be speculated that prevention of secondary
hyperammonemia in IEM may have beneficial effects including slowing of chronic
neurological deterioration and improvement of growth parameters for children. NCG has
been proven to be safe in all age groups and represents a life-changing treatment in the
management of NAGS deficiency. Future studies are necessary to validate its use for other
IEM or conditions such as hepatic encephalopathy as proposed by the studies in healthy
human subjects and a rat cirrhotic model [8,73]. In general, hyperammonemia caused by
conditions other than defects in the urea cycle are complex with involvement of multiple
factors and the contribution of secondary NAGS deficiency may be fractional. The
mechanism of action of NCG is simply activating the function of CPS1; therefore, there
might be a limitation of its use, while NCG has been shown to increase ureagenesis [8].

6. Expert commentary

NCG, originally used as an experimental drug to treat hyperammonemia by enhancing
ureagenesis, is now approved as a therapeutic medication as Carbaglu by the authorizing
agencies. Emerging evidence supported by biochemical studies along with the past clinical
reports proved the efficacy of NCG in the acute- and long-term management of
hyperammonemia caused by not only primary NAGS deficiency but also other types of IEM.
The use of NCG in appropriate settings is life-saving for patients with severe
hyperammonemia, particularly for neonates with acute hyperammonemia crisis. Making an
immediate diagnosis in this setting is often very difficult and using this drug to rapidly
reduce ammonia levels may help to reduce the use of more invasive medical procedures
associated with initiating scavenger medications or hemodialysis.

The route of administration of this medication is limited to oral or enteral routes. NCG is a
highly effective outpatient-based drug for ammonia control caused by NAGS deficiency. As
administration of the synthetic cofactor induces the latent urea cycle activity in the
hepatocytes of NAGS patients, no other treatments are generally required. By replacing strict
restriction of dietary protein and scavenger medication with a single agent that achieves
better ammonia control, it is expected that the quality of life of these patients will be
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substantially improved. In addition to allowing a more flexible dietary regimen, early
diagnosis and treatment of these patients is likely to lead to improved overall neurocognitive
outcome. Because the drug is only approved as an oral formulation, it is challenging to use
NCG for those who are in a severe hyperammonemic crisis with neurological depression and
with a risk of aspiration. Early initiation of the drug before the development of severe
neurological symptoms such as seizures is preferable but administration via nasogastric tube
can be considered unless clinically contraindicated.

7. Five-year view

Regional differences in terms of the currently approved indications of Carbaglu still exist.
As of April 2016, while Carbaglu is currently approved for the acute and long-term
management of patients with hyperammonemia due to primary NAGS deficiency and the
treatment of hyperammonemia from organic acidemias in Europe, it is only approved for the
management of NAGS deficiency in the US. Its use is also not yet approved in other
countries such as in Japan. A clinical trial of Carbaglu for conditions including acute
hyperammonemia in PA, MMA, and other UCDs is currently in process in the US. Given the
favorable outcome supported by previously reported cases and biochemical studies, it is
reasonably likely that the usage of NCG will be expanded to those disorders.

NAGS enzyme activity can be affected by multiple factors which can, under a variety of
clinical conditions, manifest as secondary hyperammonemia [74]. In addition to its use for
IEM, NCG may be useful to treat secondary NAGS deficiency caused by medications such
as valproate or chemotherapeutics [64,68]. Additional indications for the use of this drug
may arise as research into causes of drug-induced hyperammonemia advances.
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Key issues

. NCG is a structural analogue of NAG that acts as an activator of CPS1,
enhancing the activity of the urea cycle and promoting ureagenesis.

. NCG has been recently approved for the acute and chronic management of
patients with NAGS deficiency.

. NCG is highly effective for the treatment of NAGS deficiency and can
eliminate the requirement for dietary protein restriction and ammonia
scavenger medication.

. NCG has been approved in Europe for the acute management of
hyperammonemia due to secondary NAGS deficiency induced by organic
acidemias.

. NCG may have therapeutic potential to treat hyperammonemia caused by

conditions other than IEM in which activation of the urea cycle is
compromised by inhibition of NAGS enzymatic activity.
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Figure 1.
The urea cycle and the mechanism of action of A-carbamoyl-L-glutamic acid (NCG). The

enzymes in ovals and the solute transporters depicted by rectangles comprise the urea cycle.

Thick gray line depicts mitochondrial membranes. NCG is a synthetic analogue of N~
acetylglutamate and activates Carbamoyl phosphate synthase | (CPS1) and enhance
ureagenesis through the urea cycle. AcCoA: Acetyl CoA; ASL: Argininosuccinate lyase;
ARG: Arginase; ASS: Argininosuccinic acid synthetase; CPS I: Carbamoyl phosphate
synthetase I; GPB: Glycerol phenylbutyrate; NAGS: A-acetylglutamate synthase; OTC:
Ornithine transcarbamoylase; PAGN: Phenylacetylglutamine.
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