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Abstract

Background Treatment recommendations for urea cycle disorders (UCDs) include supplementation with amino
acids involved in the urea cycle (arginine and/or citrulline, depending on the enzyme deficiency), to maximize
ammonia excretion through the urea cycle, but limited data are available regarding the use of citrulline. This study
retrospectively reviewed clinical and biological data from patients with UCDs treated with citrulline and/or arginine
at a reference center since 1990. The aim was to describe the prescription, impact, and safety of these therapies. Data
collection included patient background, treatment details, changes in biochemical parameters (plasma ammonia and
amino acids concentrations), decompensations, and patient outcomes.

Results Overall, 79 patients (median age at diagnosis, 0.9 months) received citrulline and/or arginine in combination
with a restricted protein diet, most with ornithine transcarbamylase (n=57, 73%) or carbamoyl phosphate synthetase
1 (n=15, 19%) deficiencies. Most patients also received ammonium scavengers. Median follow-up was 9.5 years

and median exposure to first treatment with arginine +citrulling, citrulline monotherapy, or arginine monotherapy
was 5.5, 2.5, or 0.3 years, respectively. During follow-up, arginine or citrulline was administered at least once (as
monotherapy or in combination) in the same proportion of patients (86.1%); the overall median duration of exposure
was 5.9 years for arginine +citrulline, 3.1 years for citrulline monotherapy, and 0.6 years for arginine monotherapy. The
most common switch was from monotherapy to combination therapy (41 of 75 switches, 54.7%). During treatment,
mean ammonia concentrations were 35.9 umol/L with citrulline, 49.8 umol/L with arginine, and 53.0 umol/L with
arginine +citrulline. Mean plasma arginine concentrations increased significantly from the beginning to the end of
citrulline treatment periods (from 67.6 umol/L to 84.9 umol/L, P <0.05). At last evaluation, mean height and weight for
age were normal and most patients showed normal or adapted behavior (98.7%) and normal social life (79.0%). Two
patients (2.5%) experienced three treatment-related gastrointestinal adverse reactions.

Conclusions This study underlines the importance of citrulline supplementation, either alone or together with
arginine, in the management of patients with UCDs. When a monotherapy is considered, citrulline would be the
preferred option in terms of increasing plasma arginine concentrations.
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Introduction

Urea cycle disorders (UCDs) are rare genetic disorders
that result from deficiencies in enzymes or transport-
ers of the urea cycle pathway [1, 2]. A large proportion
of cases present with neonatal hyperammonemia, with a
high risk of mortality or neurological impairment. Clini-
cal presentation depends on whether the deficiency is
partial or complete. Patients with partial deficiencies
may have later onset and more variable clinical manifes-
tations, but still have an increased risk of morbidity and
mortality. As brain damage is directly related to the dura-
tion and severity of hyperammonemia, prompt diagnosis
and treatment are imperative [2—4].

The long-term care of patients with UCDs involves
normalizing ammonia concentrations and prevent-
ing decompensation by balancing nitrogen input and
output. Therapeutic guidelines recommend a restric-
tion of dietary protein, essential vitamins and minerals,
ammonium scavengers (sodium benzoate and/or sodium
phenylbutyrate) and supplementation with amino acids
involved in the urea cycle (arginine and/or citrulline) [2,
5]. The number and the doses of treatments depend on
the onset and severity of the disease.

UCDs caused by mitochondrial enzyme deficiencies
induce an arginine deficiency, so patients with deficien-
cies in N-acetylglutamate synthase (NAGS), carbamoyl
phosphate synthetase 1 (CPS1), ornithine transcarbamy-
lase (OTC), or ornithine translocase (ORNT1) require
supplementation with either arginine or its precursor,
citrulline [2]. UCD treatment guidelines state that in
patients with these mitochondrial deficiencies, supple-
mentation with citrulline may be used instead of arginine;
however, they also note that there have been no stud-
ies comparing both supplements [2]. By contrast, UCDs
caused by cytosolic enzyme deficiencies are treated dif-
ferently; citrulline is not recommended for individuals
with argininosuccinate lyase deficiency and citrullinemia,
and supplementation with arginine is not recommended
for arginase 1 deficiency [2].

While supplementation with arginine and/or citrulline
has an established role in treating UCDs, there is little
data on treatment patterns or patient outcomes. Two
retrospective studies have provided insights into using
citrulline in patients with OTC [6, 7] or CPS1 [7]. The
current study aimed at expanding this research by retro-
spectively collecting data for patients with CPS1, OTC,
ORNT1, or NAGS deficiencies who received supplemen-
tation with arginine and/or citrulline. The aim was to
investigate the use of citrulline, either alone or in com-
bination with arginine, with a focus on the prescription,
impact, and safety of such supplementation.
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Methods

Study design and patient population

This retrospective study used medical data from patients
with a UCD due to a defect in NAGS, CPS1, OTC, or
ORNT1, who had been exposed to citrulline and/or
arginine since 1990 at the Reference Center for Inher-
ited Metabolic Disorders, Necker University Hospital
— Enfants Malades, in Paris, France. Standard treatment
practices for UCDs have not undergone major changes
since 1990, even after new guidelines [1, 2] were imple-
mented in 2012. Amino acids (citrulline and arginine)
and ammonium scavengers have commonly been pre-
scribed, with doses dependent on the severity of the
disease, together with a protein restriction diet. Data
from newborn patients (up to 1 month of age) who did
not survive the initial episode of hyperammonemia were
excluded. This research was conducted according to the
principles of the Declaration of Helsinki and local and
international laws. As per regulations, this study required
patient non-objection. A written note informing the
patient and/or their legal guardians/parents of the use of
their data, along with their right to refuse this use, was
sent by post or given during a regular consultation. If the
patient was deceased, the investigator ensured that they
had not, prior to their death, objected in writing to the
use of their personal data. This research was registered
on the French National Institute for Health Data direc-
tory (Institut National Des Données de Santé [INDS])
under the number MR 2,514,090,818.

Evaluation criteria

The evaluation criteria included: treatment with citrul-
line and/or arginine and other treatments prescribed for
UCD; any changes in biochemical parameters (plasma
ammonia and fasting concentrations of citrulline, argi-
nine, and glutamine); demographic and clinical char-
acteristics of the population, including the height and
weight, and mental, behavioral, and social development
of patients at diagnosis and during treatment; the num-
ber of decompensations after the start of treatment (not
including the diagnosis episode) and causes of decom-
pensation; and the tolerability of citrulline and argi-
nine. A decompensation episode was defined by either
a decompensation visit being recorded in the patient’s
medical records, or an episode identified by the patient
having more than two ammonia values above the pre-
defined critical threshold over two consecutive days com-
bined with a change in their therapeutic management
(modification of ammonium scavengers). More than two
successive ammonia values between 50 and 100 pmol/L
(normal range <50 umol/L), within two consecutive days
was defined as a minor decompensation episode, and
more than two successive ammonia values>100 pmol/L
within two consecutive days was defined as a major
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decompensation episode. Citrulline, arginine, and gluta-
mine concentrations were compared with the standard
reference concentrations used at the study center.

A treatment period was defined as the time interval
during which a patient received either citrulline mono-
therapy, arginine monotherapy, or arginine+citrulline,
with no change in drug regimen (i.e., stopping or (re)
introducing citrulline or arginine).

Adverse drug reactions were defined as those occurring
or worsening after treatment initiation and up to 30 days
after treatment discontinuation.

Statistical analyses

The exposed population included patients who were
receiving or had received oral treatment with citrul-
line and/or arginine for their UCD and had at least one
assessment after initiation of this treatment. All analyses
were performed on the exposed population, except the
analysis of decompensation, which was performed on the
evaluable population.

The evaluable population included patients from the
exposed population who, based on the investigator’s
judgement through analysis of the patient files, had good
treatment compliance and did not present with several
episodes of decompensation despite appropriate medical
care, as these factors could have interfered with the study
evaluation. This population was validated during a data
review meeting before database lock.

For some relevant data, results were displayed to show
distribution between neonatal (revealed before 1 month
old) and late onset (revealed after 1 month old) form of
the disease.

The statistical analyses were performed by eXYSTAT
(Malakoff, France) using SAS software version 9.4 (SAS
Institute, North Carolina, USA). Descriptive statistics
were used with continuous variables presented as num-
ber (n), number of missing data, meantstandard devia-
tion (SD), and median with minimum and maximum,
and discrete variables presented as n, missing n, fre-
quency, and percentages. Comparisons of the quantita-
tive data were made using analysis of variance (ANOVA)
or the non-parametric Kruskal Wallis test. Qualitative
data comparisons were made using the chi-squared test
or Fisher’s exact test based on population.

Results

Patient disposition and characteristics

A total of 86 potential study participants had UCDs
related to deficiencies of OTC, CPS1, NAGS or ORNT1
and were followed by the reference center between
January 1st 1990 and January 14th 2020. Of these, six
patients (4 females and 2 males) were excluded because
they did not receive arginine or citrulline and another
was excluded because he could not be contacted and
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informed about the collection of his data. Seventy-nine
patients (91.9%) satisfied the selection criteria and com-
prised the exposed population (Supplementary Fig. 1;
Additional File 1). Follow-up duration in this exposed
population ranged from 0.2 to 36.4 years (median 9.5
years; mean+SD 11.2+8.5 years; Supplementary Table 1;
Additional File 2).

The median age at diagnosis (exposed population) was
0.9 months (range: 0.0 months — 46.0 years, Table 1).

CPS1, carbamoyl phosphate synthetase 1; NAGS,
N-acetylglutamate synthase; ORNT1, ornithine translo-
case; OTC, ornithine transcarbamylase; UCD, urea cycle
disorders.

The majority of patients in the exposed population
had an OTC deficiency (72.2%; 35 females (7 with neo-
natal and 28 with late onset presentation), 22 males (9
with neonatal and 13 with late onset presentation); 19%
(5 females, 10 males) had a CPS1 deficiency, and only
small numbers had a NAGS (5.1%; 2 females, 2 males) or
ORNT1 (3.8%; 2 females, 1 male) deficiency. Family con-
sanguinity was reported in 11 patients overall (13.9%; in 2
patients with OTC Deficiency, 4 patients with CPS1 Defi-
ciency, 4 patients with NAGS Deficiency and 1 patient
with ORNT1 Deficiency) (Table 1).

Thirty one patients (39.2%) had a neonatal presentation
(16 OTCD, 10 CPS1D, 4 NAGSD and 1 ORNT1D), and
48 (60.8%) patients had a late-onset form of the disease
that was revealed after 1 month old (41 OTCD, 5 CPS1D
and 2 ORNTI1D).

UCD was diagnosed after a decompensation episode in
53 patients (67.1%), during risk assessment with attention
to other relatives/family members in 12 patients (15.2%)
or following biological metabolic work-up in patients
with symptoms suggestive of UCD (n=14, 17.7%).

Most patients were symptomatic at diagnosis (87.5%),
with heterogeneous presentation between patients. The
most common symptoms at diagnosis were neurologi-
cal (87.5% of symptomatic patients), followed by diges-
tive and hepatic symptoms (73.2%). Plasma ammonia
concentrations at diagnosis were available in 59 patients,
and ranged from 28.5 to 1180.0 pmol/L (median 104.0
pumol/L; normal<100 pmol/L for newborns or <50
umol/L for others). Glutamine concentrations at diagno-
sis (n=>55) ranged from 458.0 to 3941.5 pmol/L (median
931.0 pmol/L; normal 530£81 pmol/L; Table 1). The
median concentration of plasma glutamine at baseline
per deficiency were: 1311.0 pmol/L in the patient with
ORNT1 deficiency; 1301.0 pmol/L (695.0-1907.0) in
the two patients with NAGS deficiency; 958.0 pmol/L
(472.0-2000.0) in the 14 patients with CPS1 deficiency
and 873.8 umol/L (458.0-3941.5) in the 38 patients with
OTC deficiency.
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Table 1 Patient characteristics/biochemical parameters at diagnosis, in total and according to enzyme deficiency (exposed

population)
OTC (n=57) CPS1(n=15) NAGS (n=4) ORNT1 (n=3) Total (n=79)
Female, n (%) 35(61.4) 5(333) 2 (50.0) 2(66.7) 44 (55.7)
Male, n (%) 22 (386) 10 (66.7) 2(50.0) 1(33.3) 35 (44.3)
Age, years, median (range) 1.2 (0.0-46.0) 0.0(0.0-37.2) 0.0 (0.0-0.1) 8.6 (0.0-9.0) 0.9 (0.0-46.0)
Neonatal presentation (diagnosed 0-30 16 (28.1) 10 (66.7) 4(100.0) 1(33.3) 31(39.2)
days after birth), n (%)
Late-onset presentation (diagnosed 1 41(71.9) 5(33.3) 0 2 (66.7) 48 (60.8)
month after birth), n (%)
Diagnosis after a decompensation episode, 36 (63.2) 14 (93.3) 3(75.0) 0 53 (67.1)
n (%)
Diagnosis following risk assessment in rela- 9 (15.8%) 1(6.7%) 1(25.0%) 1(33.3%) 12 (15.2)
tives/family members
Diagnosis in patients with symptoms sug- 12 (21%) 0(0.0%) 0 (0.0%) 2 (66.6%) 14(17.7)
gestive of UCD (out of decompensation)
Family history of UCD, n (%) 22 (38.6) 3(20.0) 1(25.0) 0(0.0) 26 (32.9)
Family consanguinity, n (%) 2(35 (26.7) 4(100.0) 1(33.3) 11 (139
Biochemical parameters, median (range)
Plasma concentrations
Ammonia, umol/L 95.5(285-1180.0)  123.5(57.5-700.0) 64.0 (58.0-392.0) 217.5(104.0-331.0) 104.0
[n=40] [n=14] [n=3] [n=2] (28.5-1180.0)
[n=59]
Citrulline, umol/L 13.0 (2.0-147.0) 4.5 (0.0-39.0) 2.8 (0.0-5.5) 52.0(52.0-52.0) 10.5 (0.0-147.0)
[N=34] [n=13] [n=2] [n=1] [n=50]

Arginine, umol/L

33.0 (5.0-166.0)
[n=35]

32.0(14.5-109.0)
[hn=12]

124.5 (40.0-209.0)
[n=2]

87.0 (87.0-87.0)
(n=1]

34.0 (5.0-209.0)
[n=50]

Glutamine, umol/L 873.8 958.0 (472.0 1301.0 (695.0 1311.0 931.0
(458.0-3941.5) —2000.0) —1907.0) (1311.0-1311.0) (458.0-3941.5)
[N=38] [n=14] n=2] n=1] [n=55]

Valine, umol/L 120.0 (53.0-236.0) 955 (67.0-221.0) 133.5(129.0-1380) 197.0(197.0-197.0) 118.0(53.0-236.0)
[n=30] [n=13] [n=2] [n=1] [n=46]

Isoleucine, umol/L 36.0 (9.0-61.0) 26.0(13.0-74.0) 43.0 (39.0-47.0) 68.0 (68.0-68.0) 36.0 (9.0-74.0)
[h=31] [n=13] [n=2] (n=1] (n=47]

Urine orotic acid, mmol/mol/creatinine 84 (1.9-1381.0) 1.8(1.8-1.8) 2.5 (25-25) 473.0 (473.0-473.0) 5.8(1.8-1381.0)
[N=18] [n=1] [n=1] n=1] [N=21]

Median plasma concentrations were low for citrulline
(10.5 pmol/L, normal 26+8 umol/L) and arginine (34.0
umol/L, normal 79425 umol/L).

Patients with a neonatal presentation had increased
mortality (12.9% in neonatal onset, whereas no death
was registered in patients with late onset), peak plasma
ammonium (mean value(SD): 220.1 (278.4) pmol/L
versus 144.7 (113.0)pmol/L) and glutamine (mean
value(SD): 1219.7 (885.5)umol/L versus 955.5 (344.4)
umol/L) concentrations at diagnosis compared to late
onset presentation.

Arginine and/or citrulline treatment

During the first period after diagnosis, the most com-
mon initial treatment in the exposed population was oral
arginine monotherapy (58.2% of patients; 54.8% in neo-
natal onset versus 60.4% in late-onset), followed by oral
arginine+citrulline (24.1% of patients; 25.8% in neona-
tal onset versus 22.9% in late-onset) and oral citrulline
monotherapy (17.7% of patients; 19.4% in neonatal onset

versus 16.7% in late-onset, Table 2). These treatments
replaced initial intravenous arginine, which was admin-
istered in most patients before diagnosis when UCD
was suspected, and were administered, according to the
guidelines [1, 2], in combination with other therapies,
including emergency treatment with high-caloric glucose
and lipids, reduced protein intake, and ammonium scav-
engers, depending on the severity of the UCD.

The mean delay between diagnosis and initiation of
treatment was numerically shorter for arginine mono-
therapy (1.5 years) or arginine+citrulline (1.9 years)
than for citrulline monotherapy (2.9 years). The median
duration of exposure to arginine+citrulline or citrulline
monotherapy as first treatment was numerically longer
than for arginine monotherapy (median durations in total
exposed population: 5.5 and 2.5 vs. 0.3 years, respectively
(in neonatal form: 3.9, 2.3 vs. 0.0 years and in late-onset
form: 9.5, 3.4 vs. 0.5 years, respectively)).

During the overall study period, 68 patients (86.1%)
received arginine and 68 (86.1%) received citrulline at



Imbard et al. Orphanet Journal of Rare Diseases (2023) 18:207

Page 5 of 12

Table 2 Initial treatment with arginine and/or citrulline after diagnosis and during follow up (exposed population)

OTC (n=57) CPS1(n=15) NAGS ORNT1 (n=3) Total
(n=4) (n=79)
Initial treatment after diagnosis, n (%)
Arginine 35(61.4) 6 (40.0) 3(75.0) 2 (66.7) 46 (58.2)
Citrulline 11(19.3) 1(6.7) 1(25.0) 1(33.3) 14(17.7)
Arginine + citrulline 11(19.3) 8(53.3) 0 0 19 (24.1)
Duration of exposure to initial treatment, years, median (range)
Arginine and/or citrulline 0.7 (0.0-239) 09(0.0-154) 08(0.0-69) 25(1.9-9.1) 0.9 (0.0-23.9)
Arginine 0.3 (0.0-23.9) 0.2 (0.0-6.9) 02(0.0-14) 55(1.9-9.1) 0.3 (0.0-23.9)
Citrulline 2.5(0.0-19.2) 06(06-06) 69(69-69) 2.5(25-25) 2.5(0.0-19.2)
Arginine +citrulline 36(0.1-188) 89(0.2-154) - - 55(0.1-1838)
Received any time during follow up, n (%)
Arginine (xcitrulline) 48 (84.2) 15 (100) 3(75.0) 2 (66.7) 68 (86.1)
Citrulline (+arginine) 49 (86.0) 14 (93.3) 3(75.0) 2 (66.7) 68 (86.1)
Received only arginine during follow up, n (%) 8(14.0) 16.7) 1(25.0) 1(33.3) 11(13.9)
Received only citrulline during follow up, n (%) 9(15.8) 0 1(25.0) 1(333) 11(13.9)
Received only arginine + citrulline during follow up, n (%) 4(7.0) 6 (40.0) 0 0 10(12.7)
Received only arginine at least once during follow up, n (%) 38 (66.7) 6 (40.0) 3(75.0) 2 (66.7) 49 (62.0)
Received only citrulline at least once during follow up, n (%) 22 (386) 5(333) 2(50.0) 1(333) 30(38.0)
Received arginine +citrulline at least once during follow up, n (%) 38 (66.7) 13(86.7) 2 (50.0) 1(33.3) 54 (684)
Time from diagnosis to first treatment with arginine and/or citrulline,
years
Arginine
Mean (SD) 1.9(53) 0.1(0.1) 0.1(0.2) 0.1(0.1) 1.5(4.7)
Median (range) 0.0 (0.0-25.9) 0.0(0.0-0.3) 0.0 (0.0-0.3) 0.1(0.0-0.2) 0.0 (0.0-25.9)
Citrulline
Mean (SD) 29(3.5) 4166 14 (1.0) 0.1 (NA) 293.9)
Median (range) 14(0.0-115) 04(04-156) 14(0.7-2.2) 0.1(0.1-0.1) 1.2 (0.0-15.6)
Arginine +citrulline
Mean (SD) 24(54) 02(04) 0.1 (0.1) 9.2 (NA) 194.7)
Median (range) 0.1 (0.0-256) 0.0(-0.1-1.1)* 0.1(0.0-0.2) 9.2(9.2-9.2) 0.0
(-0.1-25.6)
Duration of exposure, years, median (range)
Arginine and/or citrulline 9.4 (05-257) 9.1(0.2-284) 3.0(1.4-69) 25(1.9-35.2) 7.3(0.2-35.2)
Arginine monotherapy 0.6 (0.0-23.9) 0.2 (0.0-6.9) 14(0.2-27) 55(1.9-9.1) 0.6 (0.0-23.9)
Citrulline monotherapy 3.7(0.0-19.2) 3.2(20-120) 35(00-69) 2.5(25-25) 3.1(0.0-19.2)
Arginine +citrulline 52(0.1-229) 95(0.2-15.7) 15(1.1-20) 26.2(26.2-26.2) 59(0.1-26.2)
Duration of exposure as a percentage of total follow up duration,
median (range)
Arginine and/or citrulline 99.8 99.8 57.8 98.7 (96.8-99.6) 99.8
(7.4-100.0) (82.8-100.0) (26.6-99.9) (7.4-100.0)
Arginine monotherapy 6.2 2.1(0.1-96.1) 723 62.2 (25.6-98.7) 74
(0.0-100.0) (1.9-81.6) (0.0-100.0)
Citrulline monotherapy 59.6 419 17.1 96.8 (96.8-96.8) 55.7
(0.2-100.0) (17.0-94.0) (0.3-33.9) (0.2-100.0)
Arginine +citrulline 94.3 99.1 26.0 73.9(73.9-73.9) 94.3
(0.5-100.0) (6.0-100.0) (24.5-27.6) (0.5-100.0)

?One patient was treated for suspected UCD before diagnosis was confirmed

CPS1, carbamoyl phosphate synthetase 1; NAGS, N-acetylglutamate synthase; NA, not applicable; ORNT1, ornithine translocase; OTC, ornithine transcarbamylase;

SD, standard deviation; UCD, urea cycle disorders

least once (as monotherapy or in combination, Table 2).
Most UCD patients (n=54; 68.4%) also received argi-
nine+citrulline at least once during follow-up, with the
highest use of the combination in patients with OTC
deficiency (38/57; 66.7%) or CPS1 deficiency (13/15;

86.7%). Arginine monotherapy was received at least
once during the study by 49 patients (62.0%), and citrul-
line monotherapy by 30 patients (38.0%). The median of
total treatment duration with arginine and/or citrulline
was 7.3 years (range: 0.2—35.2) and represented 99.8% of
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the follow-up duration of patients. Median duration of
exposure to treatment during follow-up was longest for
arginine+citrulline (5.9 years; 4.0 years in neonatal form
and 7.0 years in late-onset form), followed by citrulline
monotherapy (3.1 years; 2.1 years in neonatal form and
4.3 years in late-onset form), and shortest for arginine
monotherapy (0.6 years, 0.1 years in neonatal form and
0.9 years in late-onset form).
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The 79 patients in the exposed population had a total
of 147 treatment periods during follow-up: 60 with argi-
nine+citrulline administration, 55 with arginine mono-
therapy, and 32 with citrulline monotherapy (Fig. 1;
Table 3). The median duration of treatment periods was
longest for arginine+citrulline (5.1 years), followed by
citrulline monotherapy (3.1 years) and then arginine
monotherapy (0.4 years, Supplementary Table 2; Addi-
tional File 2).
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Table 3 Changes in treatment during follow up, as a proportion
of treatment periods

Argi- Citrul-  Argi- Total
nine line nine+ci- (n=147)
(n=55) (n=32) trulline
(n=60)
Treatment switched atend 41 (74.5) 13(40.6) 21(35.0) 75(51.0)
of treatment period®
Treatment(s) switched to:
Arginine - 2(154) 6(286) 8(10.7)
Citrulline 4(9.8) - 11(52.4) 15 (20.0)
Arginine +citrulline 36(87.8) 5(385 - 41 (54.7)
No arginine or citrulline 1(24) 6(46.2) 4(19.0) 11(014.7)

Data are shown as number (%) of treatment periods

*Treatment periods were defined as a time interval receiving arginine alone,
citrulline alone or arginine combined with citrulline, with no change in drug
regimen (i.e., stopping or (re)introducing citrulline or arginine). There were a
total of 147 treatment periods in the exposed population

Where data were available, the median doses at the
beginning of a treatment period with arginine and citrul-
line (either as monotherapy or as part of combination
therapy) were 200.0 mg/kg/day and 143.2 mg/kg/day,
respectively (Fig. 2). The daily dose was approximately
200 mg/kg/day for arginine (maximum dose 300 mg/
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kg/day) and approximately 150 mg/kg/day for citrulline
(maximum dose 400 mg/kg/day) during the follow-up.

Among the 147 treatment periods, there were 75
(51.0%) treatment switches (Table 3). The most com-
mon switch was from monotherapy to combination
therapy (41 of 75 switches, 54.7%). Switching treatment
was more common after arginine monotherapy (74.5%)
than after citrulline monotherapy (40.6%) or combined
treatment (35.0%). After arginine monotherapy, citrul-
line was added in most cases (87.8%, n=36). After
citrulline monotherapy, treatment was switched to argi-
nine+citrulline in 38.5% (n=5) of cases, and to neither
arginine nor citrulline in 46.2% of cases (n=6).

Just over half of the 79 patients were receiving a combi-
nation treatment (51.9%; 61.3% in neonatal onset versus
45.8% in late-onset, Table 4) as the last supplementa-
tion given, 30.4% (32.3% in neonatal onset versus 29.3%
in late-onset) were receiving citrulline monotherapy, and
17.7% arginine monotherapy (6.5% in neonatal onset ver-
sus 25% in late-onset). Overall, the median duration of
exposure to final treatment with arginine and/or citrul-
line was 6.3 years (Table 4).

350
— — — —

300
250
200
150
100 .
50

—— =
0

Alone (n=26) Combined (n=13) Total (n=39) Alone (n=10) Combined (n=20) Total (n=30)
ARGININE CITRULLINE
- Minimum Median = Maximum * Mean

Fig. 2 Arginine/citrulline doses (mg/kg/day), as monotherapy or combination therapy, at the beginning of a treatment period. Data were available for
only 39 of the 115 treatment periods for arginine, and for 30 of the 92 treatment periods for citrulline (both as either monotherapy or part of combination

therapy)
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Table 4 Exposure to final treatment received during follow up
period (exposed population)

oTC CPS1 NAGS ORNT1 Total
(n=57) (n=15) (n=4) (n=3) (N=79)
Last treatment re-
ceived, n (%)
Arginine 10 167) 2 1(333) 14
(17.5) (50.0) (17.7)
Citrulline 17 4(267) 2 1(333) 24
(29.8) (50.0) (30.4)
Arginine + citrulline 30 10 0 1(333) 41
(52.6) (66.7) (51.9)
Duration of exposure
to last treatment, years
Arginine and/or
citrulline
Mean (SD) 8.1(63) 71(50 28 10.2 7.7 (6.3)
(3.0) (13.9)
Median (range) 6.8 6.4 2.1 25 6.3
(0.0- (0.2- (0.0- (1.9- (0.0-
23.9) 15.7) 6.9) 26.1) 26.1)
Arginine
Mean (SD) 9.7(72) 69(NA) 2.1 1.9(NA) 79(6.9)
0.9
Median (range) 9.8 6.9 2.1 19 7.1
(0.7- (6.9-69) (14— (19-19) (0.7-
23.9) 2.7) 23.9)
Citrulline
Mean (SD) 6.3(54) 35(.1) 34 25(NA) 55(4.9)
(4.8)
Median (range) 53 2.7 34 25 46
(0.1- (20-64) (0.0- (25-25) (0.0-
19.2) 6.9) 19.2)
Arginine +citrulline
Mean (SD) 85(64) 85(54) NA 26.1 9.0 (6.6)
(NA)
Median (range) 7.0 10.3 NA 26.1 79
(0.0- (02— (26.1-  (0.0-
22.9) 15.7) 26.1) 26.1)
CPS1, carbamoyl phosphate synthetase 1; NAGS, N-acetylglutamate

synthase; NA, not applicable; ORNT1, ornithine translocase; OTC, ornithine
transcarbamylase; SD, standard deviation

In addition to arginine and/or citrulline supplementa-
tion, the most commonly administered other treatment
for UCD was sodium benzoate, given in 86.4% of the 147
treatment periods; other UCD drugs administered were
sodium phenylbutyrate (45.6%), carglumic acid (19.0%),
and sodium phenylacetate/sodium benzoate (4.1%, Sup-
plementary Table 3; Additional File 2). During all treat-
ment periods, patients were prescribed a low-protein diet
in addition to treatment. The median dose of natural pro-
teins ranged between 0.0 (during decompensation) and
2.5 g/kg/day.
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Outcomes

Acute metabolic decompensation episodes

Acute metabolic decompensation episodes were ana-
lyzed during follow-up in the evaluable population only
(n=66, as 13/79 patients were excluded due to the lack of
information regarding treatment intake), of whom 48 had
an OTC deficiency, and 11, 4, and 3 patients had CPSI,
NAGS, and ORNT1 deficiencies, respectively.

Overall, 36 patients (54.5%; 10 (35.7%) of neonatal
patients and 26 (68.4%) of late-onset patients) exhibited
no decompensation after the UCD diagnosis; the remain-
ing 30 patients (18 of neonatal patients and 12 of late-
onset patients) experienced a total of 98 acute metabolic
decompensation episodes (excluding decompensations at
diagnosis). Of these 30 patients, 10 (4 of neonatal patients
and 6 of late-onset patients) had one decompensation
episode, 7 had two decompensation episodes (5 of neona-
tal patients and 2 of late-onset patients), and 13 patients
had more than two (9 of neonatal patients and 4 of late-
onset patients). In patients whose initial decompensation
episode was followed by another episode (n=68 initial
episodes), the median duration without decompensation
was 0.9 years (range 0.0-12.5 years). Among all evaluable
patients, the mean annual incidence of decompensation
episodes was 0.20 during arginine+citrulline treatment
(0.36 in neonatal and 0.09 in late onset), 0.04 during
arginine monotherapy (0.08 in neonatal and 0.03 in late
onset), and 0.10 during citrulline monotherapy (0.26 in
neonatal and 0.03 in late onset). Respective annual inci-
dences during these treatments were 0.18, 0.04, and 0.02
for patients with an OTC deficiency and 0.35, 0.12, and
0.29 for patients with a CPS1 deficiency.

Median plasma concentrations of ammonia reported
during decompensation episodes (excluding decom-
pensations at diagnosis) were 153.0 umol/L in patients
receiving arginine monotherapy, 100.5 pmol/L in patients
receiving arginine+citrulline, 96.5 pmol/L in patients
receiving citrulline monotherapy and 148.8 pumol/L in
patients without any supplementation (Supplementary
Table 4; Additional File 2). The ammonia concentration
decreased markedly between the onset of decompen-
sation and the next visit, in all treatment groups (mean
[SD] change of —67.5 [139.9] umol/L).

The overall median duration of a decompensation
episode was 5 days (range 1-82 days, Supplementary
Table 4; Additional File 2). The duration of decompen-
sation episodes in patients receiving arginine, combined
supplementation, or no treatment were not statistically
different from the duration in those receiving citrulline.

The median doses of arginine and citrulline remained
broadly stable before and during UCD decompensations.
All patients receiving citrulline and/or arginine at the
onset of an episode also received at least one additional
ammonia-scavenger during the decompensation episode.
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Biochemical parameters during treatment periods

Basal plasma ammonia concentrations, ie. not during
decompensation episodes, decreased during all treat-
ment periods (exposed population): The mean (SD) of the
median ammonia concentrations during treatment peri-
ods were 35.9 (13.4) umol/L during citrulline monother-
apy, 49.8 (22.0) umol/L during arginine monotherapy,
and 53.0 (33.5) pmol/L during arginine+citrulline.

Mean plasma arginine concentrations increased
significantly from the beginning to the end of treat-
ment periods with citrulline (from 67.6 pmol/L to 84.9
umol/L, P=0.05), whereas increases were not significant
with arginine (P=0.76) or arginine+-citrulline (P=0.60;
Table 5).

Mean citrulline plasma concentrations remained low
in all treatment periods. Mean (SD) concentrations were
23.2 (12.3) pymol/L during arginine treatment periods,
22.3 (17.0) pmol/L during arginine+citrulline periods,
and 16.5 (8.1) pmol/L during citrulline periods.

There were reductions in plasma glutamine con-
centrations during treatment periods with arginine

Table 5 Change in plasma arginine concentration from
beginning to end of treatment periods

Treatment
First value Last value P-value?
after startof  available for
treatment treatment
period period
During arginine treatment periods
Plasma arginine concen-
tration, pmol/L
Mean (SD) 56.0 (35.1) 62.5 (49.8) 0.76
Median (Range) 46.0 49.0
(3.0-166.0) (8.0-209.0)
Data available (data miss- 37 (18) 25 (30)
ing), n
During citrulline treatment periods
Plasma arginine concen-
tration, pmol/L
Mean (SD) 67.6 (56.6) 84.9 (46.0) 0.05
Median (Range) 55.0 76.0
(10.0-318.0) (39.0-231.0)
Data available (data miss- 25 (7) 19 (13)
ing), n
During arginine +citrulline treatment periods
Plasma arginine concen-
tration, pmol/L
Mean (SD) 62.0 (434) 64.1 (38.6) 0.60
Median (Range) 52.0 580
(7.0-265.0) (14.0-199.0)
Data available (data miss- 54 (6) 5109

ing), n
Data shown are per treatment period (total 147 periods) in the exposed
population (N=79)

#Kruskal Wallis test

SD, standard deviation
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monotherapy (decreased from mean [SD] 1053.7 [690.0]
to 700.5 [126.3] pumol/L) and citrulline monotherapy
(mean [SD] 870.2 [273.4] to 719.2 [213.8] pumol/L). No
significant change was perceived in patient with argi-
nine+citrulline therapy (from mean [SD] 870.2 [435.5] to
917.0 [299.1] pmol/L).

Changes in patient characteristics, development, and social
life
In the patients below 18 years of age, body weight, height,
and head circumference were within normal ranges at
birth and at first reference visits, as the median values
of the z-scores for height, body weight, body mass index
(BMI), and head circumference showed no growth delay
(defined by a value less than 2 SDs according to growth
charts). During follow-up, growth parameters remained
broadly comparable to the general population, with mean
and median z-scores indicating normal growth between
diagnosis and their last medical follow-up performed
before 18 years (Supplementary Fig. 2; Additional File 1).
As patients got older, they were more likely to be
assessed for their development and social life (Supple-
mentary Table 5; Additional File 2). At the final visit, of
those evaluated, all but one patient showed normal or
adapted behavior (75/76, 98.7%) and 49 of 62 (79.0%) had
a normal social life.

Adverse drug reactions

During follow-up, two patients (2.5%) experienced a total
of three arginine or citrulline-related adverse reactions,
one while receiving arginine, and the other while receiv-
ing citrulline (Supplementary Table 6; Additional File 2).
The patient receiving arginine had nausea. The patient
receiving citrulline had abdominal pain and nausea,
which led to treatment discontinuation.

Discussion

This retrospective study analyzed data from 79 patients
with UCDs who were treated with arginine and/or citrul-
line associated with nitrogen scavengers and followed up
for between 0.2 and 36 years (median of 9.5 years; mean
11.2 years). To our knowledge, this is the first study to
analyze longitudinal clinical data from one of the largest
French reference centers managing patients with UCDs
with a focus on the use of citrulline and/or arginine.

The most common initial supplementation after diag-
nosis was arginine monotherapy, followed by argi-
nine+citrulline, and then citrulline monotherapy. The
duration between diagnosis and initial treatment with
arginine monotherapy was shorter than for citrulline
monotherapy (mean 1.5 vs. 2.9 years). There are at least
two possible reasons for this difference. Firstly, phy-
sicians have to wait for results of chromatography of
amino acids (CAA) to rule out citrullinemia, arginase 1
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or argininosuccinate lyase deficiency before citrulline
supplementation can be initiated. Secondly, arginine is
available in an intravenous form, whereas citrulline is
given orally, which may impact treatment initiation in the
emergency setting.

Our data indicate that, while arginine is the most
commonly used initial treatment, exposure to argi-
nine+citrulline (median 5.5 years) or citrulline mono-
therapy (2.5 years) as initial treatment was longer than
that of arginine monotherapy (0.3 years). Overall, ~86% of
patients received arginine or citrulline at least once during
follow-up and 68% received arginine+citrulline at least
once during follow-up. Our data complement previous
retrospective research from the same institution, which
evaluated 90 French patients with OTC deficiencies, and
showed that 70% of patients with the neonatal form of
UCD received supplementation with both arginine and
citrulline, underlining that the most severe UCD required
combination therapy [6]. The combination of argi-
nine+citrulline was also the most common practice dur-
ing treatment episodes in our study. Patients were more
likely to switch treatment after arginine monotherapy
than after citrulline monotherapy or combination treat-
ment, and the most common switch from arginine mono-
therapy was to combination treatment. According to
guidelines, before diagnosis when UCD is suspected, argi-
nine (including intravenous in case of decompensation)
is used as an initial treatment. Once the diagnosis estab-
lished, arginine could be kept with addition of citrulline
(in severe forms) or switch to citrulline (without arginine),
as this supplementation is more suitable for increasing
citrulline concentrations. The availability of arginine in
liquid form (while citrulline is available only in a powder
enclosed in capsules) is also taken into consideration.

Treatment duration with arginine and/or citrulline
was 7.3 years (median), which correlated to 99.8% of
the follow up duration, indicating that most patients
received almost constant supplementation with arginine
and/or citrulline as soon as diagnosis was established.
Median total duration of exposure was longest for argi-
nine+citrulline (5.9 years), followed by citrulline mono-
therapy (3.1 years) and then arginine monotherapy (0.6
years), depending on the severity of the disease.

Taken together, these data indicated that oral citrul-
line is commonly prescribed for maintenance therapy in
a post-acute setting, usually in combination with argi-
nine. Treatment adherence is an essential determinant of
outcomes in patients with UCDs [8], and non-adherence
to diet or medication is an important trigger for hyper-
ammonemic episodes [9, 10]. It is encouraging that a US
drug adherence survey by Shchelochkov and colleagues of
52 adult UCD patients and 114 caregivers of young UCD
patients found that 95% of patients were either compliant
or very compliant with citrulline supplementation [11].
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Adherence tends to be higher with amino acid supple-
mentation than with nitrogen scavengers [11], as these
latter could be considered less palatable by patients.

In our study, more than half of the patients (54.5%) who
were considered to be compliant with treatment had no
acute metabolic decompensations after the diagnostic
episode during follow-up. The overall annual incidence of
decompensation episodes was higher in patients receiv-
ing combination treatment than arginine or citrulline
monotherapy, which again most likely reflects greater
disease severity in patients receiving the combination.
High concentrations of plasma ammonia were reported
during decompensation episodes, particularly in patients
receiving arginine monotherapy compared with those
receiving citrulline monotherapy or combination therapy.

A long-term outcome study has shown that hyperam-
monemia is significantly correlated with poor neuro-
logical outcomes [12]. In the current study, there was a
reduction in plasma ammonia concentrations with all
treatments after the initial decompensation, including
nitrogen scavengers. Excluding the decompensation peri-
ods, they were in a normal range irrespective of arginine
or citrulline treatment, or subnormal in the group treated
by arginine and citrulline, again underlining the sever-
ity of UCD in this group. There was also a reduction in
plasma glutamine concentrations, with all treatments,
more pronounced with arginine supplementation due to
the fact that arginine was administered immediately after
the initial decompensation in most patients. As some
patients were switch to citrulline lately, the plasma glu-
tamine concentration at treatment initiation did not per-
fectly reflect the initial plasma glutamine concentration at
diagnosis or during the first episode of decompensation.

Treatment with citrulline significantly increased the
mean plasma concentrations of arginine to within the
normal range whereas increases of arginine concen-
trations s with arginine alone or arginine-+citrulline
treatments were not significant; indeed, mean plasma
concentrations at the end of these treatment periods
remained below normal. Similarly, other pharmacoki-
netic studies in healthy volunteers, including elderly
individuals, citrulline increased plasma arginine con-
centrations significantly more effectively than arginine
supplementation alone [13, 14], possibly because citrul-
line is converted to arginine through the renal pathway
of arginine synthesis and that arginine is reabsorbed [15].
An analysis of a European multicenter registry (which
included data for 361 patients with UCDs) showed that
patients with CPS1, OTC, or ORNT1 deficiencies who
received citrulline supplementation had significantly
higher plasma arginine concentrations s than those who
received only arginine supplementation or no supple-
mentation [16]. The reason for this is likely to be phar-
macokinetic; arginine undergoes extensive metabolism
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in the intestine and liver, whereas citrulline does not
undergo intestinal metabolism and is not taken up by the
liver [17], resulting in greater bioavailability [14]. This
makes exogenous citrulline administration a more effec-
tive way of augmenting arginine concentrations than
arginine administration [14]. As it is a rare disease and
the benefits of citrulline in clinical practice has been
established for decades, it is unsurprising that there are
few studies of citrulline supplementation in patients with
UCDs. A Japanese retrospective study of 43 patients
with OTC or CPSD1 deficiencies showed that citrulline
treatment significantly reduced serum ammonia con-
centrations (from 81.1 pmol/L before treatment to 36.8
umol/L, P<0.05) [7]. Similar to the current study, plasma
arginine concentrations were significantly higher after
the initiation of citrulline treatment, even when arginine
doses were reduced. The authors concluded that citrul-
line supplementation could be the standard treatment for
patients with OTC or CPSD1 deficiencies [7].

Hyperammonemia in UCD can cause encephalopathy,
of which the long-term effects range from mild cogni-
tive impairment to more severe intellectual disability [4].
Treatment with arginine reduced attacks of hyperam-
monemia in boys with late-onset OTC deficiency and led
to an increase in their growth [18]. Although no brain
function testing was performed in this study, at the end
of follow-up, almost all patients (99%) displayed normal
or adapted behavior and ~80% had a normal social life.
This is consistent with previous data from France among
patients with OTC deficiency, which showed that most
pediatric patients with neonatal onset had normal or
adapted schooling, and the adult patients had good socio-
professional integration [6]. In the same way, at the end
of follow-up, mean and median BMI, height and weight
for age were in normal ranges even though patients with
UCD frequently show growth impairment [19].

In the current study, supplementation with argi-
nine and/or citrulline was well tolerated, with only two
patients experiencing a total of three treatment-related
gastrointestinal adverse events. In the above-mentioned
US drug adherence survey conducted by Shchelochkov
and colleagues, citrulline was reported to be better toler-
ated than arginine supplementation [11]. Patients in our
study were receiving citrulline at a median daily dose that
was consistent with the recommended dose in Europe
(100-200 mg/kg [1]), and a little lower than the recom-
mended dose in the USA (170 mg/kg [7]).

Strengths of this study are that it was performed at a ref-
erence center with a large cohort of patients with UCDs
in France, where management practices were consistent
over time, and with data collection covering 30 years and
including all eligible patients at that center. However, it
was a single-center study, and was retrospective in design.
As a result, some selection bias is inherent in the study,
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e.g., the selection of combination therapy for patients
with more severe disease. Other therapies could influence
ammonia and plasma amino acid results; Sodium Phenyl-
butyrate and Phenylacetate may have a direct impact on
glutamine concentration, making their dosage important.
Malnutrition would also influence the baseline levels of
glutamine. Hence, It is difficult to compare the efficacy
of arginine, citrulline and arginine +citrulline on decom-
pensation episode numbers and on biochemical param-
eters without taking into account disease severity, other
treatments (ammonium scavengers) and environmental
context (e.g. number of infections, malnutrition). How-
ever, this study underlines the efficacy of citrulline, alone
or associated with other treatments, in metabolic bal-
ance of mitochondrial UCD and its active role on plasma
arginine concentrations s. Since we relied on patients’
medical records as the source of data, there were inevi-
table gaps in the data for some patients and we could not
distinguish the effects on outcomes of UCD treatments
other than citrulline and arginine.

In conclusion, although the current study is retro-
spective, it underlines the importance of citrulline
supplementation, either alone or with arginine, in man-
aging most patients with UCD. In this cohort, citrulline
was preferred for the medical management of patients
resulting in positive metabolic outcomes. Indeed, citrul-
line achieved a good metabolic balance in patients with
severe UCDs when used in association with arginine, or
alone in less severe UCDs, and reaching normal plasma
arginine concentrations. The results also suggest that
citrulline supplementation may be more effective than
arginine supplementation at increasing plasma arginine
concentrations.
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