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Abstract

We studied the effect on ureagenesis of a single dose of N-carbamylglutamate (NCG) in healthy
young adults who received a constant infusion (300 min) of NaH3COj5. Isotope ratio-mass
spectrometry was used to measure the appearance of label in [13C]Jurea. At 90 minutes after initiating
the H13CO3- infusion each subject took a single dose of NCG (50 mg/kg). In 5/6 studies the
administration of NCG increased the formation of [13C]urea. Treatment with NCG significantly
diminished the concentration of blood alanine, but not that of glutamine or arginine. The blood
glucose concentration was unaffected by NCG administration. No untoward side effects were
observed. The data indicate that treatment with NCG stimulates ureagenesis and could be useful in
clinical settings of acute hyperammonemia of various etiologies.
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Introduction

N-acetylglutamate (NAG) serves as an obligatory effector for the carbamyl phosphate synthase
1 (CPS1) (EC 6.3.4.16) reaction, the initial and rate-limiting first step of the urea cycle [1]. An
absence of NAG, which can occur as a consequence of NAG synthase (NAGS) (EC 2.3.1.1)
deficiency, compromises flux through CPS1, thereby impairing ureagenesis and causing
hyperammonemia, neurological sequelae and even death [2-5]

N-carbamylglutmate (NCG) is a synthetic analog of NAG that activates CPS1 [6]. Treatment
with NCG restores ureagenesis and normalizes blood ammonia concentrations in patients with
NAGS deficiency [7-11]. The administration of NCG also improves ureagenesis in patients
with inborn errors of metabolism such as propionic acidemia and methylmalonic acidemia
[12,13], in which a decreased mitochondrial concentration of NAG may limit ammonia flux
through CPS1 [11,14,15]. NCG treatment might prove beneficial in other clinical settings that
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are characterized by a relative compromise of the CPS1 reaction. Examples include the
hyperinsulinism and hyperammonemia syndrome (HIHA) [16], which involves a gain-of-
function mutation in glutamate dehydrogenase (EC 1.4.1.4) that reduces the hepatic
mitochondrial concentration of glutamate below the Ky, for NAGS [17]. Similarly, the level
of NAG may be appreciably lowered in other hyperammonemic syndromes, including hepatic
encephalopathy and valproate therapy [18,19].

Indirect evidence indicates that, even when the CPS1 reaction is intact, only 35-60% of this
mitochondrial enzyme is in an active form in the basal state [20]. The proportion of active
CPS1, which is the most abundant mitochondrial matrix protein [21], depends in large measure
on the mitochondrial concentration of NAG [20,22,23]. Molecules of CPS1 remain
catalytically silent unless NAG binds to them [1]. Thus a saturating dose of NCG should
activate unliganded CPS1, thereby increasing flux through this rate-limiting enzyme of the
urea cycle.

We have tested this hypothesis by studying the effect of NCG on the rate of ureagenesis in
healthy human volunteers. Our goal was to ascertain whether a single dose of NCG would
augment ureagenesis as measured by the in vivo synthesis of [3C]urea during the intravenous
administration of [13C]sodium bicarbonate. The rationale is that labeled bicarbonate is readily
incorporated into [13C]urea at a rate that reflects flux through the urea cycle [24,25] and that
NCG would enhance [*3C]urea synthesis by increasing flux through CPS1. Our data confirm
that treatment with NCG has such a salutary effect and that this agent might therefore prove
beneficial in the management of hyperammonemia secondary to a relative deficiency (or
insufficiency) of NAG of diverse etiology.

1. Subjects and Methods

1.1 Subjects

We performed 6 studies in 5 healthy volunteers between the ages of 2040 years. One
individual (Subject 4) was studied on 2 occasions at an interval of 4 months. Subjects took no
medications and were free of any evidence of major organ or systemic disease. None of the
subjects had any medical or family history to suggest a urea cycle defect or other syndrome of
protein intolerance. A negative pregnancy test was required of all female subjects before the
study. The study was approved by the Institutional Review Boards at the Children’s Hospital
of Philadelphia and Children’s National Medical Center. Informed consent was obtained from
each individual before participation in the study.

1.2 Experimental Procedure

Subjects consumed a low protein (< 40 gm) meal at 6 PM on the evening prior to study.
Thereafter, they consumed nothing but water until the morning of the study, which began at 8
AM. An indwelling catheter was placed in an antecubital vein for blood drawing. A separate
intravenous line was placed on the dorsum of the contralateral hand for the purpose of isotope
administration.

Baseline samples (5 ml) of heparinized blood were centrifuged to separate plasma, which was
kept frozen (—70° C) until analyzed for H13CO3-, [13C]urea and plasma amino acids, as
described below. In addition, a sample of expired breath was obtained by having the subject
exhale into a plastic collection bag equipped with a one-way valve. The air was analyzed

for 13C0O,, as described below.

After obtaining the baseline specimens, a priming dose (0.083 mmol/kg) of a sterile solution
of NaH13CO3 (98 atom % excess;) was infused intravenously over 10 minutes. This was
immediately followed by a continuous infusion (0.089 mmol/kg/hr). Heparinzed blood samples
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were obtained at 10, 15, 30, 45, 60, 75, 90, 105, 130, 150, 170, 190, 210, 230, 250, 270 and
300 min during the infusion.

Ninety minutes after starting the infusion each subject received a single oral dose (50 mg/kg)
of N-carbamylglutamate (Carbaglu, Orphan Europe). The dispersable tablets were dissolved

in 60 ml of water. Subjects drank an additional 60 ml of water following administration of the
drug.

1.3 Measurement of [13C]Urea and 13CO,

In a plastic tube, 40 pL of 60% perchloric acid and 0.5 mL of deionized water were added
sequentially to 0.5 mL of plasma. The precipitated protein was removed by centrifugation. The
tube was uncapped for 30 min to allow removal of most CO,. The supernatant was transferred
to a new tube and the pH was adjusted to 6-7 with KOH. After removal of precipitated
potassium perchlorate, the sample was applied to an AG-1 column (1 ml; CI- form; 100-200
mesh) to remove traces of bicarbonate. The eluate was then combined with a 2 ml wash of 10
mmol/l HCI. The sample was dried in a glass tube under a stream of compressed air while
heated to 80° C.

The dried sample was then left for 2 hours in an airtight container the bottom of which was
lined with gauze soaked with 1M NaOH to remove any residual trace of CO,. The glass tube
was then flushed with helium and capped with a rubber stopper. 400 uL of 0.5 mol/l pre-boiled
and cooled (to remove any CO,) potassium phosphate solution, pH 6.0, containing urease (3
mg/0.4 ml) was injected through the stopper. After 60 min incubation at 37°C, 100 pL of 20%
phosphoric acid (final concentration 0.4 mol/l) was injected through the rubber stopper. The
atmosphere is then analyzed for 13CO, by a Finnigan Delta Plus isotope ratio-mass
spectrometer (Thermo Fisher Scientific, Waltham, MA). A commercial CO, source (Airgas,
Radnor, PA) was used as the standard.

The 13CO, label in expired air was determined by using a gas-tight syring to transfer an aliquot
of breath from the plastic collection device to the sampling tube of the mass spectrometer.

1.4 Amino Acid and Glucose Assay

Amino acids were measured in plasma with liquid chromatography of the o-pthalaldehyde
derivatives [26]. Glucose was measured with the glucose oxidase assay [27].

1.5 Data Analysis

Label in 13C (Atom % Excess) is defined as APE = 100 * (Rs — Rp,)/(100 + (Rs — Ry,)), where
Rs is the ratio (M+1/M) in the sample (either 13CO, or [13C]urea) at any time after initiation
of the infusion of NaH13CO3 and Ry, is the same ratio at Tj.

The rate of production of CO, (Qcoy) is Qcoz =d * (I4/l co2 — 1), where d is the rate of
infusion of NaH13COj3 and 14 and I are respectively the 13C label in administered
bicarbonate (98.0 atom % excess) and in plasma 13CO, at steady-state.

The concentration of blood [*3C]urea (C13c_urea) = Curea™lurea/100, where Cyyye, is the
concentration of blood urea (mmol/l) and Iy, is isotopic label (atom % excess) in blood urea
at any given time following the initiation of the infusion of NaH3COj;.

The rate of urea synthesis was determined by performing linear regression analysis on
C13¢.urea ON time points from 10 to 150 minutes after starting the infusion of NaH13CO;.

Statistical analysis was by t-test for independent variables or, when appropriate, by paired t-
test.
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2.1 Subjects of Study

2.118C0sin

In Table 1 is shown data for the 5 subjects. (Subject #4 was studied on 2 separate occasions).
Each was a healthy young adult of normal weight and normal plasma ammonia (< 40 pmol/l)
and urea (< 10 mmol/I).

Breath and [13C]urea in Blood

Fig 1 illustrates label in breath 13CO, for the 6 studies. Data are expressed as atom % excess
relative to the baseline (Tg) value to 13C label was attained by 10 minutes. The horizontal line
denotes the mean value. The range of steady-state 13CO, enrichment was 0.5-1.1 atom %
excess with a mean of 0.713 £ 0.213 (SD). At a constant infusion rate of 0.089 mmol/kg/hr,
this corresponds to a rate of carbon dioxide production of 21.7 + 5.4 mol/70 kg/day, a result
in good agreement with published values [28]. Administration of NCG did not affect
bicarbonate turnover (Fig.1). Patients did not demonstrate acidemia or alkalemia post-
treatment (data not shown).

The appearance of [13C]urea in blood is shown in Figure 2. As indicated above (Methods) these
values correspond to the product of isotopic abundance (atom % excess) and the concentration
of blood urea (umol/liter). Isotopic enrichment above baseline was evident by 10 minutes and
increased steadily thereafter. In each study the incremental pattern of 13C labeling was linear
until 130 minutes (Fig. 2, solid circles) with a mean rate of increase of blood [*3C]urea of 0.021
+ 0.011 pmol/min/l.

Each subject received a single dose of NCG at 90 minutes (Fig. 2, arrow). In 5 of the 6 studies
we noted an upward inflection in the slope of the curve of ureagenesis. In the first 4 studies
this increase in ureagenesis was manifest at 130 minutes, or within 60 minutes of drug
administration. In study 4b (a repeat study of subject 4) the increase was evident by 250
minutes. In Subject 5 no drug effect was noted.

Table 2 describes the observed vs expected concentration of blood [13C]urea at either 270 or
300 minutes. The expected values were calculated from the linear regression analysis that is
represented in Fig. 2. In 5 of the 6 studies, the expected concentration was appreciably lower
than that actually noted. In several instances the observed values were as much as 20-30%
greater than the predicted result. In one instance (Subject 5) there was a close correlation
between the concentration we measured and that we anticipated.

Treatment with NCG augmented the appearance of [13C]urea with H13CO- as precursor, but
it did not consistently change the final (300 minute) concentration of blood ammonia or blood
urea (Table 1).

2.2 Blood Amino Acid Levels

Plasma amino acid concentrations before-and-after administration of NCG are shown in Fig.
3. The data for each time point are expressed as a fraction (%) of the mean baseline (0-90 min)
value. Significant changes post-treatment were observed for alanine, which declined from a
baseline level of 100 + 3.8% (221.9 + 11.8 nmol/ml) to a post-treatment (105-300 min) value
of 92.0 £ 4.9% (205.5 + 16.5 nmol/ml) (p < .001). Similarly, blood isoleucine concentration
was 100 + 1.9% at baseline (59.8 £ 1.7 nmol/ml) and 92.0 £ 4.9% after treatment with a single
dose of NCG (53.3 £ 2.3 nmol/ml). Of note is the observation that administration of NCG did
not significantly affect the blood glutamine concentration (100 + 3.7% at baseline vs 99.0 £
5.1% post-treatment; 328.6 + 26.6 nmol/ml vs 321.3 + 15.0 nmol/ml). Similarly, treatment did
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not alter the blood arginine level (100 £ 9.3% vs 96.0 = 5.2%; 101.2 + 10.9 nmol/ml vs 96.8
= 7.0 nmol/ml).

2.3 Effect of N-Carbamylglutamate on Glucose Concentration in Blood

Ureagenesis and gluconeogenesis are inter-related processes since the conversion of amino
acid N to urea may be linked to the conversion of a portion of amino acid carbon to glucose.
We therefore followed the blood glucose concentration before-and-after treatment with NCG.
As shown in Fig. 4, the blood glucose concentration (5.8 = 0.2 mmol/l) remained constant
during the period of experimentation. Administration of NCG at 90 minutes did not have a
discernible effect on this parameter.

3. Discussion

The urea cycle prevents the accumulation of ammonia, a potent neurotoxin. Vivid evidence of
the importance of ureagenesis is the fact that CPS1, the initial and rate-limiting step of the urea
cycle, constitutes almost 20% of hepatic mitochondrial protein [21]. Notwithstanding the
abundance of this enzyme, the conversion of ammonia into carbamyl phosphate is almost nil
unless CPS1 is allosterically activated by NAG [9].

Our interest in NCG derives from the fact that this compound can dramatically stimulate
ureagenesis in patients with a probable deficiency of NAG. Examples include individuals with
NAGS deficiency and those with propionic and methylmalonic acidemia [7,9-11,14,15]. In
the latter instance, a partial NAG deficiency may result from reduced concentration of acetyl-
CoA or of free coenzyme A. In our prior investigations we deployed stable isotope
methodologies ([1-13C]acetate and 1°5NH3) to demonstrate the restoration of a normal rate of
ureagenesis when patients with DNA-documented NAGS deficiency were treated for 3 days
with NCG [5,11].

In the current study we have utilized a constant infusion method to assess the transfer of carbon
from NaH3COj3 to [13C]urea, this parameter corresponding to the rate of ureagenesis. We
monitored both the basal rate of urea synthesis and the response to treatment with NCG. The
labeled H13CO3- articulates with the intra-mitochondrial pool to become [13C]
carbamylphosphate in the CPS1 reaction. The latter species ultimately is converted to [13C]
urea as it traverses the remaining steps of the urea cycle.

There is no single, “correct” tool with which to gauge the competency of ureagenesis or the
response of the urea cycle to a putative therapeutic agent. An advantage of the constant infusion
method is that it avoids the problem of variable gastrointestinal absorption of an orally
administered tracer such as [1-13C]acetate. Indeed, we found, using a priming dose/constant
infusion paradigm (Fig. 1), that we rapidly (< 10 min) achieved a steady-state with regard to
label in 13CO,. Furthermore, we demonstrated (Fig. 2) that our method could detect within
10-15 minutes the appearance of this label in [13CJurea. Our study encompassed a period of
300 minutes, but our data (Fig. 2) suggest that we could shorten the experiment. This is an
important consideration in studying children with defects of ureagenesis, including youngsters
with urea cycle defects, organic acidemias, liver disease and those receiving anti-epileptic
drugs such as valproate. In addition, we found that linear regression analysis describes the
initial rate of labeling in [13C]urea (Fig. 2). The simplicity of the technique affords a useful
tool with which to test the acute effect of a therapeutic agent like NCG.

For 5/6 studies the rate of rise of plasma [13C]urea was found to be within a narrow range
(0.012-0.020 pmol/min/liter; Fig. 2). An exception was Subject 4a, in whom the increase was
0.042 umol/min/liter (Fig. 2). For the group as a whole the mean was 0.021 + 0.011 pmol/min/
liter). A rate of total body urea synthesis can be estimated by normalizing this value to the
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plateau label in 13CO,, which had a mean level of 0.713 atom % excess (Fig. 1). This yields
2.95 pmol/min/liter. If we assume urea distribution in controls to be ~ 60% of body weight
[29], this equates to 106 pmol/hr/kg, which is similar to the value reported by Lee et al (132
pmol/hr/kg) [30]. and to the value we previously reported (105 pumol/kg/hr) [31].

The sensitivity of the isotopic approach is documented by the finding (Fig. 2) that 13C label
increased even though the concentration in blood of urea or ammonia did not change in a
consistent manner when comparing the baseline and terminal (300 min) values (Table 1). Of
course, the constancy in the level of these metabolites may reflect the fact that the current series
of studies was done in healthy subjects. In our prior investigation of patients with NAGS
deficiency we did note a frank increase of the blood urea concentration after treatment with
NCG for 3 days [7,11].

Similarly, we did not find an acute diminution of the blood glutamine level after administration
of an agent that promoted ureagenesis (Fig. 3), but we did observe a fall of blood glutamine
concentration in our patients with NAGS deficiency [11]. The current study showed a
significant drop of the blood alanine level, which by 270 and 300 minutes declined by about
15% from the baseline value (Fig. 3). Administration of NCG may have augmented hepatic
conversion of alanine N to urea, a well-known phenomenon [32,33]. Alanine is a major
gluconeogenic precursor [34], and it is possible that alanine carbon was incorporated into
glucose in these post-absorptive subjects.

Of interest is the rapidity of the hepatic response to NCG. In most studies a clear upward
inflection in the rate of [3C]urea production became apparent by ~ 60 minutes after drug
administration (Fig. 2), probably corresponding to the time necessary for this agent to be
absorbed from the gut and to be transported to hepatic mitochondria and there to become bound
to CPS1. Indirect evidence suggests that 35-60% of CPS 1 exists in the active form in the
basal state [20]. Hence, our data imply that a single large dose of NCG swiftly activates
unbound enzyme. Intestinal absorption of the drug may have been sluggish in the one individual
(Subject 5) who seemed refractory to drug treatment. Future dose-response studies should help
to clarify this point.

The results of this study, together with our prior investigations, may provide a rationale for the
use of NCG to treat hyperammonemia in conditions other than NAGS deficiency or organic
acidemias. Hyperammonemia consequent to hepatic failure might be such an application
[19]. In both clinical settings patients typically are treated with low-protein diets, which in
themselves tend to down-regulate NAGS activity [35]. Similarly, it is possible that a subset of
patients with mutations of CPS1 could benefit from treatment, especially if the mutation
affected the binding of NAG. Italso may be that binding of NCG to CPS1 could help to stabilize
an otherwise labile enzyme, as may occur with regard to the binding of pyridoxine to
cystathionine synthase (EC 4.2.1.22) [36] or reduced biopterin to phenylalanine hydroxylase
(EC 1.5.1.34) [37].

Indeed, treatment with NCG could prove a useful therapeutic adjunct in other urea cycle
defects. Treatment of patients with citrullinemia or argininosuccinic aciduria usually entails
administration of a low-protein diet as well as high doses of arginine, since this amino acid
furnishes the carbon “backbone” by which waste nitrogen is excreted into the urine as citrulline
or argininosuccinate. The low-protein diet, although therapeutically necessary to minimize
NH3 production, also might attenuate flux through CPS1. Concurrent administration of NCG,
which augments the activity of CPS1, might thereby facilitate the synthesis of a vehicle for
elimination of excess nitrogen.

NCG therapy even might prove useful in ornithine transcarbamylase (OTC) (EC 2.1.3.3)
deficiency, the most common of the urea cycle defects [38—40]. If the mutant OTC had poor
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affinity for carbamyl phosphate, then augmenting the pool of the latter intermediate ought to
be of clinical value. Similarly, if the binding of carbamyl phosphate to OTC stabilized an
otherwise labile enzyme, then treatment with NCG might confer a beneficial effect. Finally,
increasing hepatic production of carbamyl phosphate should favor synthesis of orotic acid
[41,42]. The latter metabolite is rapidly excreted in the urine, thereby providing an auxiliary
route for waste N elimination. The amount of orotic acid produced is low relative to urea
synthesis, but in patients with a partial deficiency of OTC a very fine line may exist between
metabolic competency and decompensation. In these situations, just enough N might be
excreted as orotate to improve overall function.

Abbreviations

APE, atom % excess; CPS1, carbamyl phosphate synthase 1; NAG, N-acetylglutamate; NAGS,
N-acetylglutamate synthase; NCG, N-carbamylglutamate; HIHA, hyperinsulinism/
hyperammonemia syndrome.
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Isotopic abundance (atom % excess) in 13CO, in expired air in healthy adults who received an
infusion of NaH13CO3 (0.089 mmol/kg/hr; 98 atom % excess) for a period of 300 minutes.
The solid horizontal line denotes the mean isotopic abundance from 10 to 300 minutes. During
the initial 10 minutes of the experiment each subject also received a priming dose (0.083 mmol/
kg) of the labeled bicarbonate. Breath was taken at the times indicated by having each
individual exhale into a plastic collection device fitted with a one-way valve. At 90 minutes
each individual received an oral dose of NCG (100 mg/kg).
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The concentration of [13C]urea in plasma during the constant infusion of NaH3COj3 (Fig. 1)
in healthy adults. The line represents linear regression analysis from 10 to 150 minutes. At 90
minutes each subject received an oral dose (50 mg/kg) of NCG. The closed circles correspond
to the period during which the linear regression was performed. The open circles are points

from 150 until 300 minutes and correspond to the post-treatment values. The time from 10

until 150 minutes is included in the regression because this is a period of drug absorption. The
number at the top of each graph(umol/min/liter) correspond to the rate of [13C]Jurea appearance
in blood. Calculation was done as explained above (Methods).
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Fig. 3.

Plasma amino acid levels (mean + SEM) for the 6 studies in healthy volunteers. The data are
expressed as a percentage of the baseline Tg) value in order to facilitate comparison. The arrow
denotes an oral dose (50 mg/kg) of NCG, taken in an aqueous solution. As noted (Results),
significant (p < .05) changes in concentration post-NCG were observed with regard to the
concentration of alanine and of isoleucine.
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Fig. 4.
Blood glucose concentration (mmol/l; mean £ SEM) for the 6 studies. The arrow denotes the
time (90 min) of administration of NCG (50 mg/kg).
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