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Abstract

We developed a new technique that monitors metabolic
competency in female heterozygotes for ornithine transcar-
bamylase deficiency (OTCD). The method uses mass spec-
trometry to measure conversion of "NH,CI to ['*N]urea and
[5-5N]glutamine following an oral load of “NH,Cl. We
found that heterozygotes converted significantly less NH;
nitrogen to urea, with this difference being particularly ob-
vious for symptomatic carriers, in whom the blood [’N]urea
concentration (mM) was significantly less than control val-
ues at most time points. The blood concentration of [5-1°N]-
glutamine (M) was significantly higher in both asymptom-
atic and symptomatic heterozygotes than it was in the
control subjects. The administration of a test dose of sodium
phenylbutyrate to the control group did not affect the rate
of [N]urea formation. We conclude: (a) This test effec-
tively monitors in vivo N metabolism and might obviate the
need for liver biopsy to measure enzyme activity in OTCD;
(b) Asymptomatic OTCD carriers form urea at a normal
rate, indicating that ureagenesis can be competent even
though enzyme activity is below normal; (c) Although osten-
sibly asymptomatic OTCD carriers form urea at a normal
rate, their nitrogen metabolism is still abnormal, as reflected
in their increased production of [5-'*N]glutamine; and (d)
This new test may be important for monitoring the efficacy of
novel treatments for OTCD, e.g., liver transplantation and
gene therapy. (J. Clin. Invest. 1996. 98:2167-2173.) Key
words: ureagenesis « stable isotopes « mass spectrometry

Introduction

The relationship between in vitro enzyme activity and in vivo
metabolic flux in patients with inborn errors of metabolism is
not always straightforward. Even individuals with markedly
reduced enzyme activity may display a surprisingly intact de-
gree of flux through the metabolic pathway. Thus, a recent
study showed that the in vivo rate of ['*C]leucine oxidation in
children with branched-chain ketoacid decarboxylase defi-
ciency (maple syrup urine disease) exceeded the in vitro rate
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as measured in cultured skin fibroblasts (1). Similarly, residual
activity of propionyl-CoA carboxylase reflects neither disease
severity nor clinical outcome in patients with propionic aci-
demia (2). The relative preservation of metabolic flux suggests
that, for most enzymes, the “normal” level of activity greatly
exceeds that necessary to maintain metabolic integrity. In ad-
dition, metabolic flux depends on processes other than enzy-
matic activity, e.g., cell transport, compartmentation of en-
zyme activities and inhibitors and stimulators of flux.

The relationship between genotype and phenotype is es-
pecially complex for ornithine transcarbamylase deficiency
(OTCD),! an inherited disorder of the urea cycle that involves
diminished conversion of carbamyl phosphate to citrulline.
Untreated males with the classic variant of this X-linked enzy-
mopathy characteristically die with fulminant hyperammone-
mic coma during the first week of life. Affected females mani-
fest a milder syndrome because of random inactivation of the
X chromosome and consequent variable expression of hepatic
enzyme activity (3). Most female carriers are clinically silent.
Some manifest mild symptoms, e.g., headache or nausea, fol-
lowing a large protein intake or an intercurrent illness. About
10% of carriers develop more severe symptoms, e.g., lethargy
or encephalopathy, that are attributable to compromised urea
synthesis (4).

We have developed a new test that measures ureagenesis in
vivo. The procedure involves the conversion of an oral load of
the stable isotope NH,CI to ['*N]urea, which is quantified
with gas chromatography-mass spectrometry. Stable isotopes
have been used previously for the in vivo determination of
ureagenesis (5-9), but this technique has not been applied to
the study of OTCD heterozygotes.

We have administered the test to a group of obligate fe-
male heterozygotes. The results indicate that clinically asymp-
tomatic carriers convert ammonia to urea at a normal rate, even
though they have less enzyme activity than controls. In contrast,
ureagenesis in symptomatic heterozygotes was significantly be-
low normal. Although ureagenesis was normal in asymptom-
atic heterozygotes, their rate of [5-"N]glutamine production,
like that of symptomatic heterozygotes, exceeded the control
value.

The new test is safe and simple. It can be administered se-
quentially to the same individual. Thus, it ought to be a useful
tool with which to assess the efficacy of therapeutic interven-
tions, e.g., gene therapy and liver transplantation (10-14).

Methods

Materials. "NH,CI (98 atom percent excess) was purchased from
Cambridge Isotope Laboratories (Woburn, MA). Reagents for de-

1. Abbreviations used in this paper: OTCD, ornithine transcarbamy-
lase.
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rivatization of urea and amino acids were from Pierce Chemical Co.
(Rockford, IL). Ion-exchange resins were from Bio-Rad (Rich-
mond, CA).

Subjects. Subjects with one or more of the following criteria were
considered to be heterozygotes for OTCD: (a) A history of having
more than one affected child; (b) having a single affected child as well
as a mother and/or sister who also was affected or who had an af-
fected child; (c) a positive allopurinol loading test (15); and/or (d) a
demonstrable mutation in the OTC gene (16). A control group of
comparable age was drawn from females who had no personal or fa-
milial history to suggest OTCD or other inborn error of metabolism.

Asymptomatic heterozygotes (n = 6) were defined as females
who had no protein intolerance or other symptoms of hyperammone-
mia. Symptomatic heterozygotes (n = 8) included those women who
had a frank history of protein intolerance or hyperammonemia or
who had sustained neurologic injury, e.g., mental retardation, be-
cause of OTCD.

Procedure. After an overnight fast, all subjects were brought to
the out-patient facility of the Clinical Research Center of the Chil-
dren’s Hospital of Philadelphia. Symptomatic patients with OTCD
who were being treated with sodium phenylbutyrate (17) took their
usual morning dose, but no other medications. After obtaining base-
line samples of blood and urine, each subject ingested by mouth 25.9
mmol (~ 0.37 mmol/kg; 20 mg/kg) of PNH,CI (98 atom percent ex-
cess) dissolved in 125 ml of chilled water. A non-caloric flavoring was
added to the solution to improve palatability. Blood (5 ml in a hep-
arinized tube) was sampled from an indwelling venous catheter at 0,
30, 60, 90, 120, 180, and 240 min after ingestion of the labelled ammo-
nia). It was placed in a heparinized glass tube, gently mixed and cen-
trifuged to separate the plasma, which was kept frozen (—40°C) until
it was analyzed. The study was concluded after 4 h.

Informed consent was obtained from each subject or, when ap-
propriate, from both the subject and his or her parents. This study
was reviewed and approved by the Committee for the Protection of
Human Subjects of the Children’s Hospital of Philadelphia.

The putative effect of sodium phenylbutyrate on the testing pro-
cedure was examined by repeating the "'NH,Cl loading study in four
control subjects who took a single dose of sodium phenylbutyrate at
30 min before isotope administration. The remainder of the study was
performed in a manner identical to the original protocol.

Analytic methods. Plasma was separated by centrifugation of 100
wl of heparinized blood. It was treated with an equal volume of 10%
trichloroacetic acid. The precipitated proteins were removed by cen-
trifugation. Plasma lipids and the trichloroacetic acid were removed
by extraction (4X) with 1.5 ml of ethyl ether. After drying the sample
under nitrogen, the t-butyldimethylsilyl (TBDMS) derivatives of both
urea and glutamine were prepared (18) with acetonitrile as solvent.
The final volume was 100 .

Mass spectrometry was performed on a Hewlett-Packard MSD
GC-MS system. The following ion ratios were used: glutamine m/z
432/431 and urea m/z 232/231. The electron multiplier was set to
~ 2000 V, the filament potential to 70 eV, source temperature and
transfer line both were at 280°C and the injector at 250°C. The tem-
perature program was 120°C for 3 min and then 8°C/min until 280 de-
grees. The column was a 12M X 0.32mm Ultra-2 capillary from Hew-
lett-Packard. Calibration curves for [N]glutamine and [“N]urea
were run on a weekly basis to assure linearity of response for the
(M+1)/(M) ratio.

In order to be certain that all >N was resident in the amide rather
than the amino group of glutamine, representative samples (0.25 ml)
of plasma were added to an equal volume of imidazole buffer (50
mM; pH 8.0) and passed over a column (0.7 ml) of AG-1 resin (X-8;
100-200 mesh) in the CI~ form. This procedure separated glutamate,
which bound to the resin, from glutamine, which was recovered in the
initial eluate and a 1 ml water wash. The glutamine fraction was ad-
justed to 1IN HCI and heated for 90 min at 100°C in order to hydro-
lyze all glutamine to glutamate. After taking this fraction to dryness,
the tri-TBDMS derivative of glutamate was prepared. Labeling of
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[’N]glutamate was determined by monitoring the m/z 433/432 ratio
(18). In no instance was N label present, indicating that all N en-
richment of glutamine was resident in the amide N.

The concentration of amino acids was determined by a HPLC
method utilizing pre-column derivatization with o-phthalaldehyde
and fluorescent detection (19). The internal standard was e-NH,-cap-
roic acid.

Blood urea was determined with the indophenol-hypochlorite
method.

Calculations. Isotopic enrichment (atom percent excess) in a
given metabolite was calculated according to Rosenblatt et al. (20).
This value represents the incremental label (percent) over baseline.
The concentration of labelled ['*N]urea (mM) or of [5-"*N]glutamine
(LM) is:

[ atom percent excess/100] x
[ concentration of either urea(mM) or glutamine (M) ].

The conversion of ammonia into urea (percentage of NH,CIl
dose) is given by:

100 x Amount of °NH ,Cl Load/
(["°N] urea(mM) x 0.4 x Weight (kg) x 2)

where the factor 0.4 refers to the urea space, the factor 2 refers to the
fact that each molecule of urea includes two atoms of nitrogen, and
[PN]urea is the concentration (mM) of singly labeled urea in the
blood.

Statistical analysis. For each subject, the appearance of the N la-
bel in either blood [°N]urea or [5-"N]glutamine was measured at
baseline, 30, 60, 90, 120, and 180 min after ingestion of "NH,Cl. For
each subject the area under the curves was determined with a stan-
dard software package (21). The group value was calculated as the
mean+SEM. Comparisons between groups (control; asymptomatic
heterozygotes; symptomatic heterozygotes) were based on differ-
ences of means of the areas under the curves using a one-way analysis
of variance followed by the Newman-Keuls test for multiple compari-
sons. When the assumption of homogeneity of variances was not met,
a log transformation of the data was done and ANOVA testing was
done using the log-transformed variable. Significance was set at P <
0.05.

The ¢ test for paired data was used to compare the effects of so-
dium phenylbuytrate on ureagenesis (see above for experimental de-
tails).

Results

Subjects. All subjects (Table I) were female, including controls
(n = 9), asymptomatic heterozygotes (n = 6) and symptomatic
heterozygotes (n = 8). The sole exception was a 12-yr-old boy
with severe, neonatal-onset OTCD who had multiple develop-
mental disabilities. Blood levels of urea and ammonia at base-
line and 120 min were similar in both asymptomatic and symp-
tomatic heterozygotes vs controls (Table I). There was no
consistent increase of the blood ammonia level following ad-
ministration of “NH,CL. Nor did any OTCD carrier experi-
ence clinical symptoms following the ammonia load.

The baseline (TO) plasma glutamine concentration was
similar in controls and asymptomatic OTCD heterozygotes,
but it was significantly (P < 0.05) greater than control in symp-
tomatic heterozygotes and remained elevated at 120 min after
administration of "'NH,CI (Table I). In none of the groups did
the plasma glutamine value at 2 h increase significantly relative
to baseline. The concentration of glutamine in heterozygotes
was more variable than was true of the control population.
This reflects the fact that the carriers presumably do not share



Table I. Description of Patients

[Gln] [Gln] [NH;] [NH;] [Urea] [Urea]
Group Age TO T120 TO T120 TO T120 Symptoms Treatment
A. Controls (n = 9) 30924 285.0%21.5 274.7%259 257*63 352*6.2 42*+04 4.6*04 N/A N/A
B. Asymptomatic Hetero
Subject 1 40 378.4 383.8 7.5 11.9 6.2 5.0 None None
Subject 2 45 289.0 288.0 56.0 66.3 3.6 29 None None
Subject 3 44 270.0 376.0 11.2 9.5 4.2 3.7 None None
Subject 4 43 514.3 429.8 16.5 59.6 4.7 4.8 None None
Subject 5 41 417.7 4433 18.6 11.4 5.9 42 None None
Subject 6 28 1316.0 1138.0 39.0 34.0 4.0 3.0 None None
Mean*=SEM 40.2+4.0 530.9+161.2 509.8+127.6 24.8%7.7 32.1x10.9 4.8+0.4 3.9+0.4
C. Symptomatic Hetero
Subject 1 25 425.0 428.5 9.4 222 5.6 5.7  Protein intolerance None
Protein intolerance;
Subject 2 45 544.7 749.5 72 23.0 2.8 32 seizures None
Protein intolerance; Benzoate;
Subject 3 17 794.8 880.2 12.4 273 1.8 12 ataxia citrulline; LPD
Vomiting, lethargy; Phenylbutyrate,
Subject 4 14 345.1 353.4 20.6 41.8 39 5.1 Mild MR citrulline; LPD
Subject 5 43 358.2 316.2 41.1 23.9 6.4 4.8 Protein intolerance Citrulline; LPD
Protein intolerance;
Subject 6 8.6 1030.0 1197.0 20.0 44.0 1.9 1.8 Mild MR Benzoate; LPD
Subject 7 49 1124.0 1205.0 ND 33.0 49 49  Protein intolerance None
Subject 8 31 1490.0 1809.0 ND 43.0 1.2 0.9  Protein intolerance None
Mean+*SEM 29.1+5.4 764.0+148.3* 867.3+183.4* 18.5*5.1 32.3%x3.3 3.6+0.7 3.5+0.7
D. Neonatal onset
Phenylbutyrate,
Subject 1 12 206.5 515.5 22 27 1.2 0.7 Profound MR LPD

All values are mean*=SEM. ND, not determined; N/A, not applicable; MR, mental retardation; LPD, low protein diet; * P < 0.05 compared with con-
trol. There is no significant difference with respect to baseline blood [glutamine] for asymptomatic vs. symptomatic heterzygotes.

a common mutation of the OTC gene. Levels of glutamine are
more variable than those of urea because of the much slower
turnover of the latter pool.

Synthesis of [°N]urea. Enrichment (atom percent excess)
in [N]urea is illustrated in Fig. 1. After ingestion of "NH,CI,
labeling in both controls and asymptomatic heterozygotes in-
creased linearly during the first hour, reaching a value of ~ 5.0
atom percent excess by 60 min and remaining at approxi-
mately that level for the duration of the study. Labeling of
[N]urea in the symptomatic heterozygotes increased more
slowly. The maximal enrichment for the three groups (=SEM)
was: 6.220.5 (control), 5.4+0.6 (asymptomatic heterozygotes)
and 3.5*0.4 (symptomatic heterozygotes). Values for the
symptomatic group were significantly (P < 0.05) lower than
those of the controls or asymptomatic carriers. The latter two
groups did not differ from one another.

Cumulative labeling for controls, asymptomatic heterozy-
gotes and symptomatic heterozygotes was (atom percent ex-
cess X 30 min; =SEM): 108978, 993+108, and 63785, re-
spectively. Controls and asymptomatic heterozygotes did not
differ from one another but both of these groups had values
that were significantly higher than that of symptomatic het-
erozygotes (P < 0.05).

Nitrogen Metabolism in Ornithine Transcarbamylase Deficiency

The severely affected male OTCD hemizygote formed very
little ['*N]urea in comparison with controls. He attained a
maximal labelling of 1.4 atom percent excess by 90 min (Fig. 1).

The foregoing data refer to the enrichment of blood urea.
In Fig. 2 is shown the absolute concentration of plasma
[“N]urea, corresponding to the product/100 of enrichment
(atom percent excess) and total plasma urea (mM). For the
three groups this parameter reached these maximal values
(mM; =SEM): 0.279=0.021 (control), 0.237+0.027 (asymp-
tomatic heterozygotes) and 0.128+0.030 (symptomatic het-
erozygotes). The mean maximal value in symptomatic carriers
was less (P < 0.05) than that of controls or asymptomatic het-
erozygotes. The latter two groups did not differ from one an-
other.

Mean cumulative [*N]urea synthesis (mM X 30 min) was
(=SEM): 44.7%3.6 (control), 39.4+4.2 (asymptomatic het-
erozygotes), and 22.5+5.5 (symptomatic heterozygotes). The
symptomatic group differs significantly (P < 0.05) both from
controls and from asymptomatic heterozygotes. There is no
significant difference for controls vs. asymptomatic heterozy-
gotes.

If we assume a urea distribution space of ~ 40% of body
weight, then the initial rate of urea synthesis, based on the

2169



Atom % Excess in ["°*N]Urea
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Figure 1. Tsotopic Abundance (atom percent excess) in blood
[*N]urea (single labeled) after the oral administration of *NH,CI to
controls (n = 9), asymptomatic OTCD heterozygotes (n = 6), symp-
tomatic heterozygotes (n = 8) and a hemizygous male with OTCD.
Each point is the mean+=SEM. (@) control, (O) asymptomatic het-
erozygotes, (J) symptomatic heterozygotes, (V) male hemizygote.

blood [“N]urea concentration at 30 min, was 1.75=0.41 wmol/
kg/min in the controls and 1.64+0.42 pmol/kg/min in asymp-
tomatic heterozygotes (P < 0.05). The comparable value in
symptomatic heterozygotes was 0.52+0.13 wmol/kg per min
(range 0.16-0.81 wmol/kg per min) (P = 0.05 compared with
control), or about 30% of the control value. In the male hemi-
zygote this parameter was 0.029 pmol/kg/min, or < 2% of the
control rate.

Synthesis of [5-°N]glutamine. The transfer of nitrogen from
I5NH; to the amide group of glutamine is shown in Fig. 3,
which illustrates labelling (atom percent excess) in plasma [5-
N]glutamine. Labeling increased rapidly over the initial 60
min, declining thereafter. Peak enrichments (atom percent ex-
cess) in the three groups were (=SEM): 7.0+1.2 (control),
12.9%+1.6 (asymptomatic heterozygotes) and 13.1x1.1 (symp-
tomatic heterozygotes). For both groups of carriers the values
are significantly (P < 0.05) higher than control. The carriers
did not differ from one another. The N label appeared to dis-
appear more rapidly from the plasma of both groups of het-
erozygotes than from that of control subjects (Fig. 3).

The cumulative appearance of label in [5-N]glutamine
(atom percent excess X 30 min) was (=SEM): 1000162 (con-
trol), 1880275 (asymptomatic heterozygotes) and 1940+210
(symptomatic heterozygotes). Values for asymptomatic and
symptomatic heterozygotes are significantly (P < 0.05) greater
than control but not different from one another.

In Fig. 4 is shown the absolute concentration of plasma [5-
I5N]glutamine (uM). The concentration of [5-N]glutamine in
both groups of heterozygotes at all time points exceeded that
of the controls. The peak value in asymptomatic heterozygotes
was 63.3+28.9 uM, or approximately three times the control
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Figure 2. The absolute concentration (mM) of ['*N]urea in the blood
of controls, asymptomatic OTCD heterozygotes, symptomatic het-
erozygotes and a hemizygous male with OTCD. The absolute concen-
tration of ["N]urea represents the product/100 of the total ("N +
14N urea concentration and the isotopic abundance (atom percent
excess) (Fig. 1). Each point is the mean*+SEM. Symbols as in Fig. 1.

value (P < 0.05). In symptomatic heterozygotes this parameter
was 118.2%31.2 pM, or nearly 6 times the control value (P <
0.05). The symptomatic and asymptomatic groups did not sig-
nificantly differ from one another.

The cumulative appearance of label in plasma [5-5N]glu-
tamine (uM X 30 min) was (xSEM): 2720460 (control),
8600+1290 (asymptomatic heterozygotes) and 47401340
(symptomatic heterozygotes). Both groups of carriers are sig-
nificantly (P < 0.05) greater than control. The carrier groups
did not differ from one another.

Effects of phenylbutyrate. At the time of study, several symp-
tomatic heterozygotes were receiving sodium phenylbutyrate
as prophylaxis against hyperammonemia. Although the amount
of nitrogen administered as '"'NH,Cl was relatively small, ethi-
cal considerations precluded stopping this medication on the
day of study. The possibility therefore existed that the dimin-
ished rate of [*N]urea production observed in symptomatic
heterozygotes (Figs. 1 and 2) might be an artifact caused by
medication rather than a true reflection of compromised urea-
genesis.

In order to assess the putative effect of phenylbutyrate
therapy on [NJurea formation, we repeated the “NH,CI
loading study in four control females who took 4 grams of so-
dium phenylbutyrate (equivalent to a dose of 250 mg/kg/day in
four divided doses) before administration of the labeled am-
monia. The basal (T0) urea concentration was 4.3==0.2 mM be-
fore phenylbutyrate administration and 4.7+0.4 mM after-
wards (P > 0.05 with paired ¢ test). The mean baseline blood
glutamine concentration in this group (xSEM) was 328.0*
92.2 uM prior to treatment and 463.3+57.7 uM after treat-
ment (P > 0.05).The cumulative appearance of label in
[N]urea (mM X 30 min) was (xSEM): 1.23=0.11 before ad-
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Figure 3. Tsotopic abundance (atom percent excess) in [5-°N]glutamine
following the oral administration of a "NH,Cl load. Subjects included
controls, asymptomatic OTCD heterozygotes and symptomatic het-
erozygotes. Each point is the mean+SEM. Symbols as in Fig. 1.

ministration of phenylbutyrate and 1.01+£0.05 afterwards. A
paired ¢ test showed no significant differences in the area un-
der the curve (P = 0.12) when the pre- and post-phenylbu-
tyrate data are compared. Mean cumulative appearance of la-
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Figure 4. The absolute concentration (uM) of [5-*N]glutamine in the
blood of the controls, asymptomatic OTCD heterozygotes and symp-
tomatic heterozygotes. The absolute concentration of [5-°N]glutamine
corresponds to the product/100 of the total ("N + “N) glutamine con-
centration and the isotopic abundance (atom percent excess) (Fig. 3).
Symbols as in Fig. 1.

Nitrogen Metabolism in Ornithine Transcarbamylase Deficiency

bel in [5-PN]glutamine (uM X 30 min) was (=SEM): 76.9+
26.2 with phenylbutyrate treatment and 85.0+17.6 afterwards
(P = 0.63). Thus, the data show no consistent effect of phenyl-
butyrate therapy on the incorporation of the N label into ei-
ther urea or glutamine.

A similar comparison of the peak value in either [“N]urea
or [5-"N]glutamine also failed to reveal any significant effect
of sodium phenylbutyrate therapy on >N transfer to either
urea or glutamine.

Discussion

The above data suggest the following. (a) The rate of ureagen-
esis in asymptomatic OTCD heterozygotes is comparable to
that of a control population. (b) Symptomatic heterozygotes
form demonstrably less urea than do controls. (c) Asymptom-
atic carriers may produce urea at the control rate, but their
ammonia metabolism is not completely normal. This is mani-
fested by an increased transfer of N into the amide group of
glutamine. (d) The foregoing results did not appear to be arti-
facts of sodium phenylbutyrate therapy, although it is possible
that the isotopic method may have failed to detect a subtle
diminution of ureagenesis.

The maximal plasma [N]urea concentration in controls
(Fig. 2) was 0.221 mM. Because the duration of experimental
observation is short compared with the turnover of body urea
(6, 22), essentially all this urea must have been synthesized de
novo rather than having been recycled. If we assume a urea
distribution space of 40% of body weight, then ~ 46% of the
ISNH,CI dose was converted to urea during the 2 h after ad-
ministration of the isotope (see Methods for details of calcula-
tion). This value is comparable with that recorded by Patter-
son et al. (9), who found that ~ 50% of orally or parenterally
administered "'NH; was converted into urea, with most of the
remaining N resident in blood amino acids, particularly
glutamine. Stone et al. (23) found that healthy adult males ex-
creted from 50-80% of a N-ammonium lactate load as
[N]urea over a 3-d period of experimental observation. Our
observed rate of ureagenesis therefore is comparable to the re-
sults of other investigations.

The rate of ['*N]urea production in the asymptomatic carri-
ers was similar to that of the control population (Fig. 2). Be-
cause of random inactivation of the X chromosome, female
carriers for a sex-linked disorder such as OTC deficiency man-
ifest a broad spectrum of phenotypes (24, 25). Most remain
asymptomatic, but even ostensibly “silent” carriers sometimes
develop hyperammonemia during a period of stress (26). Our
observation of a normal rate of ureagenesis in asymptomatic
heterozygotes is consistent with this epidemiology and indi-
cates that a partial enzymatic deficiency is compatible with a
reasonable capacity to detoxify ammonia.

It is difficult to determine precisely the minimal OTC en-
zyme activity that is compatible with normal ureagenesis.
Studies in males with late-onset OTCD suggest that ureagene-
sis can be near normal with as little as ~ 15% of normal he-
patic enzyme activity (27, 28), although it must be emphasized
that this figure represents overall hepatic activity and ignores
the fact that urea cycle enzyme activity is not evenly distrib-
uted within the liver but is much greater in the peri-portal
hepatocytes. This problem is of more than academic interest.
Although the mainstay of the treatment of OTCD has been a
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combination of dietary protein restriction and alternate path-
way therapy (25, 29), recent studies suggest the feasibility of vi-
ral-mediated transduction of affected hepatocytes with a cDNA
for the OTC gene (10, 11, 13, 14). An implication of the cur-
rent data is that efficacious gene therapy need not restore
OTC activity to the control level in all liver cells. A favorable
clinical response should occur even if overall enzyme activity is
restored to a lower value.

Although these “silent” carriers may have a normal rate of
ureagenesis, their overall nitrogen metabolism is still abnor-
mal. This is reflected in the finding (Figs. 3 and 4) that all het-
erozygotes formed more [5-N]glutamine than did unaffected
women (Figs. 3 and 4). Glutamine, the most abundant amino
acid in the blood, also is a major repository of ammonia nitro-
gen (9), and an increased blood glutamine concentration often
is a harbinger of hyperammonemia. Indeed, increased levels of
glutamine in the brain may contribute to hyperammonemic
encephalopathy (30). Ammonia nitrogen is transferred to
glutamine and other amino acids before it is incorporated into
urea, in which form this nitrogen is excreted (9).

The relatively high rate of glutamine synthesis differenti-
ated ostensibly asymptomatic heterozygotes from controls. In-
deed, the rise of blood [5-"*N]glutamine appeared to reflect
gene-dosage, since this parameter was higher in asymptomatic
OTCD heterozygotes than in controls and greater yet in symp-
tomatic carriers (Figs. 3 and 4). The greatest enrichment (atom
percent excess) was observed in the most profoundly affected
subject, i.e., the boy with neonatal onset disease, although the
combination of severe protein restriction and intensive acyla-
tion therapy so reduced his total blood glutamine concentra-
tion that the absolute level of [5-N]glutamine was less than
that of the female heterozygotes (data not shown).

A practical application of the current protocol might be to
monitor the response to enzyme enhancement by either ortho-
topic liver transplantation (12) or viral-mediated gene transfer
(10, 11, 13,14). The “NH,CI loading procedure would afford
several advantages as a monitoring instrument. (a) The test ex-
poses the subject to no radioactivity or drugs. (b) The study
design is simple and brief (~ 4 h) and the test is conveniently
administered on an out-patient basis. (c) The amount of nitro-
gen administered (~ 5.45 mg/kg as "NH,Cl) is < 5% that
which OTCD patients consume each day (1 gram protein/kg,
or ~ 160 mg nitrogen/kg). The current procedure did not
evoke hyperammonemia, even in affected patients. (d) The
test does not require the collection of urine, often an advan-
tage when a young child or an individual with mental retarda-
tion is the subject of study. (¢) The °N tracer can safely be ad-
ministered repeatedly, as long as labeling of either [“N]urea
or [5-N]glutamine has returned to a baseline value. (f) The
rate of ["N]urea formation does not appear to be confounded
by the administration of a modest dose (250 mg/kg per day) of
sodium phenylbutyrate, although treatment with very high doses,
e.g., 750 mg/kg per day, might divert sufficient N to reduce
the rate of [5-"*N]glutamine or ["N]urea appearance in blood.
This problem presumably could be circumvented by withhold-
ing a single morning dose of the drug. (g) The "NH,CI load is
a functional assay that permits the direct observation of nitro-
gen flux through the pathway which both gene therapy and
liver transplantation are intended to rectify. In contrast, the al-
lopurinol loading test (31), which measures the excretion of
orotic acid and orotidine derived from a cytosolic pool of car-
bamyl phosphate, monitors a pathway of pyrimidine biosyn-
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thesis that is only indirectly influenced by metabolic events
within the urea cycle itself. Gene therapy or immunosuppres-
sive drugs well might alter flux through the pyrimidine path-
way without ameliorating flux through the urea cycle, a phe-
nomenon that the allopurinol challenge might fail to disclose
(32). (h) The fact that the 'NH,Cl loading procedure is a func-
tional assay should mean that it would be an effective comple-
ment to mutational analysis of DNA, which is exquisitely spe-
cific but insufficiently sensitive to detect all cases (16).
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