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Abstract

Identical studies employing stable isotopes were performed before and after a 3-day trial of oral

N-carbamylglutamate (NCG) in 5 subjects with late onset carbamyl phosphate synthetase

deficiency. NCG augmented ureagenesis and decreased plasma ammonia in 4 of 5 subjects. There

was marked improvement in nitrogen metabolism with long-term NCG administration in one

subject.
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The detoxification of ammonia to urea requires a functional hepatic urea cycle (1), the

disruption of which may result in hyperammonemia with ensuing encephalopathy,

intellectual disability or death (2). The initial step of the urea cycle is catalyzed by carbamyl

phosphate synthetase 1 (CPS1; EC 6.3.4.16) (3, 4). CPS1 is active only in the presence of its

essential allosteric activator, N-acetylglutamate (NAG), which in turn is generated by NAG

synthase (NAGS; EC 2.3.1.1.). In NAGS deficiency (5, 6), reduced flux through CPS1
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results in hyperammonemia which is clinically indistinguishable from CPS1 deficiency

(CPSD). In vivo studies have demonstrated that the stable analog of NAG, N-

carbamylglutamate (NCG), can restore ureagenesis and normalize blood ammonia in

patients with inherited NAGS deficiency (7). We therefore hypothesized that some patients

with partial CPSD may respond to NCG supplementation. Current published evidence of the

effect of NCG in CPS1 deficiency is limited (8-10). We report herein the results of a 3-day

NCG trial in 5 subjects with late onset CPSD and document a favorable long-term outcome

in one of the patients who had a positive response to the 3-day trial. We conclude that NCG

could be an effective therapeutic option in some patients with CPSD.

Methods

This study was approved by the institutional review boards at Children's National Health

System and the Children's Hospital of Philadelphia. Studies were performed as previously

described (11, 12) (Figure 1; available at www.jpeds.com). This trial measures ureagenesis

by monitoring the conversion of administered [1-13C]acetate to [13C]urea using ion ratio

mass spectrometry. Blood ammonia, glutamine and urea were also determined prior to, and

at the end of a 3-day treatment with NCG (Carbaglu [Orphan Europe, Paris, France];

100mg/kg/day or 2.2g/m2/day if ≥25kg of body weight in 4 divided doses).

Longitudinal linear regression analyses were applied to evaluate the time-averaged change

in the respective analytes pre- and post-NCG treatment. These analyses allowed the

adjustment of variance estimates for correlation between multiple measurements on the

same subject. Because [13C]urea was used as the primary endpoint for the impact of NCG,

we did not adjust the significance level for multiple comparisons.

Five subjects age 5 to 31 years were studied (Table; available at www.jpeds.com). All

presented with hyperammonemia after the first week of life and had a definitive diagnosis of

CPSD by liver CPS1 enzyme analysis and/or mutation analysis.

Results

The pre- and post-NCG data were resistant to transformation to achieve normality, thus, the

statistic employed is the median. However, the pre- to post-NCG difference, once log

transformed (ln), achieved acceptable normality to permit parametric testing.

[13C]Urea

Figure 2 illustrates the [13C]urea trajectory over time for all 5 subjects. In each subject, both

prior to, and after NCG treatment, plasma [13C]urea concentration increased rapidly,

demonstrating rapid conversion of [13C]acetate to 13CO2 and its subsequent incorporation

into urea. After receiving 3-d of NCG, all but subject 4 demonstrated greater levels of

[13C]urea at every time point after 15 minutes, with marked differences in subjects 1,3 and

5. Additionally, the combined [13C]urea data revealed a trend towards significance

(p=0.086) in the aggregate pre- vs. post-NCG [13C]urea. This became significant (p<0.001)

when subject 4 was removed from the analysis.
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Ammonia, Glutamine, and Urea Nitrogen

Figure 3, A illustrates plasma ammonia levels for all subjects before and after NCG

treatment. Each bar represents the median ammonia measurement in the pre- and post-NCG

blood samples from each subject. Subjects with an elevated baseline ammonia level showed

the greatest decline in response to NCG. The overall median illustrates a statistically

significant decrease in ammonia from 115 to 82 μmol/L(p=0.02). The median aggregate

glutamine (Figure 3, B) decreases slightly from 1009 to 868 μmol/L, but it is not statistically

significant (p=0.57). Similarly, no change is observed in plasma urea nitrogen (2.9 vs. 3.2

mmol/L, p=0.99) (Figure 3, C).

Prolonged trial of NCG

Following the study, subject 3's ammonia levels returned to her baseline of ~70-80 μmol/L.

Because she did not tolerate higher doses of sodium phenylbutyrate and because the results

of the 3-day trial were promising, she continued on a longer-term NCG trial at a dose of 100

mg/kg/d. Ammonia levels normalized within 3 days of restarting NCG. Sodium

phenylbutyrate was slowly weaned over a 2-month period (Figure 4; available at

www.jpeds.com).

Discussion

We present evidence of the salutary effect of NCG on ureagenesis and plasma ammonia in

some patients with partial CPSD. Results from the aggregate analysis, as well as from select

subjects indicate that NCG increased urea production and decreased plasma ammonia,

suggesting improved nitrogen disposal and likely reflecting increased CPS1 activity. Subject

#3, in whom NCG reduced ammonia levels and increased hepatic ureagenesis, had a marked

clinical improvement on NCG. We anticipate the response to NCG in CPSD to be mutation-

specific.

In subject 4, [13C]urea decreased following NCG administration. In contrast, in virtually all

of our prior studies with NCG, there was either an augmentation in ureagenesis, or no

change. Although, no technical cause for this observation was identified, elements such as

subclinical illness or dietary changes may explain this seemingly paradoxical response. It is

unlikely, but still biochemically possible, that NCG could have paradoxically inhibited

mutant CPS1 in this subject.

Until the NCG-responsive CPS1 deficiency genotypes are identified, we recommend that

subjects with partial CPS1 deficiency be offered a trial of NCG. As in Subject 3 and other

responsive subjects (7, 13), concurrent improvements in blood ammonia, glutamine and urea

may be sufficient to predict long-term response to NCG.

We demonstrate the effects of 3-day administration of NCG on ammonia metabolism in

patients with partial CPSD. Four of 5 subjects were responsive, and NCG treatment appears

to have resulted in long-term clinical improvement due to improved urea cycle function in

one subject, but possibly paradoxically decreased urea cycle function in another subject.

Future directions of this research include identifying NCG-responsive CPS1 mutations and a

clinical trial of NCG in acute hyperammonemia currently in progress.
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CPS1 carbamyl phosphate synthetase 1
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DNA deoxyribonucleic acid
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NCG N-carbamyl-L-glutamate

OTC ornithine transcarbamylase
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Figure 1.
Biomarkers, including ammonia, urea, glutamine and [13C]urea were measured before and

after a 3-day trial of N-carbamylglutamate (NCG) 100 mg/kg/d or 2.2g/m2/d if ≥ 25kg.

On each study day, after an overnight fast, a baseline sample of heparinized blood was

obtained. Then, at time 0, each subject received an enteral dose of [1-13C]sodium acetate,

dissolved in water. Blood samples were subsequently obtained at 15, 30, 45, 60, 90, 120,

180, and 240 minutes. In subjects ≤ 5 years (subjects 3, 4 and 5), a shortened 120 min

protocol was performed, and only samples at 15, 30, 60, and 120 minutes were collected.

(From Heibel et al., Hum Mutat. 2011 Oct;32(10):1153-60)
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Figure 2.
Isotopic enrichment in plasma concentrations of [13C]urea in 5 subjects with partial CPS1

deficiency and who were administered 27.5 mg/kg of [1-13C]sodium acetate. Subjects ≤ 5

years (subjects 3, 4 and 5) underwent a shortened study, with samples drawn only at time

points 0, 15, 30, 60, and 120 minutes.
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Figure 3.
Plasma levels of ammonia (A), glutamine (B), and urea (C) in the 5 subjects before and after

a 3-day treatment with NCG.
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Figure 4.
In subject 3, the 3-day trial of NCG showed an encouraging biochemical response that a

longer trial was planned. Following baseline (day 0) measurement of ammonia, urea, and

amino acids, she was prescribed NCG 100 mg/kg/d.

When a marked decrease in ammonia and glutamine was again observed, the sodium

phenylbutyrate (Buphenyl) daily dose was tapered in 500 mg decrements over the ensuing 6

weeks. In a single instance (day 10), due to parental error, the phenylbutyrate dose was
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unintentionally reduced by 1500 mg/day, and this error was not identified until the

subsequent clinical assessment. She remained clinically well throughout.
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Table 1

Online Only

Subject Age (y) Sex CPS1 Mutations CPS1 Enzyme Activity Age at Diagnosis Peak NH3 at Diagnosis (μmol/L)

1 25 M N/A 0.38 umol/mg protein/hr 17 months N/A

(N: 1.65 ± 0.59)

2 31 F c.267C>G (p.Y89X) N/A 27 years 522

c.2845G>A (p.A949T)

3 5 F c.3101A>G (p.E1034G) N/A 15 months 184

c.3101A>G (p.E1034G)

4 5 M c.2376G>C (p.M792I) 0.9 μmol/g protein/min 2 weeks >500

c.2376G>C (p.M792I) (N: 5.6 ± 0.3)

5 5 M c.2548C>T (p.R850C) N/A 4 years 150

c.2882C>T (p.T961I)

N/A = Not Available
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