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Background: The effect of long-term N-carbamylglutamate (NCG) treatment on the rate and severity of decom-
pensations due to propionic aciduria (PA) and methylmalonic aciduria (MMA) is unknown. This paper presents
clinical experience from a single-centre cohort of patients with PA andMMAwho received continuous long-term
treatment with NCG.
Methods: The effect of oral NCG treatment (initial dose: 50 mg/kg/day) was investigated in patients with PA or
MMAwhowere experiencing frequent progressive episodes ofmetabolic decompensation,whohad pathological
levels of ammonia, and who were referred to the Division of Metabolic Diseases, University Hospital of Padova
between August 2014 and December 2015. Clinical and biochemical data, including the number of metabolic de-
compensations, lactic acid, uric acid and plasma ammonia levels, protein intake and body weight, were collected
before and after the initiation of NCG treatment.
Results: Eight patientswith PA (n=4)andMMA(n=4) aged2–20 yearswere treatedwithNCG (50mg/kg/day)
for 7–16 months. Metabolic decompensation episodes decreased in number and severity, with three of the
patients having no episodes (pre-treatment: 24 episodes; post-treatment: 9 episodes). After NCG treatment,
all episodes were treated at home and none required hospitalisation, lactic acid values were 1.3–2.1 mmol/L
and uric acid values were 0.21–0.36mmol/L. Significant reductions in blood ammonia levels after NCG initiation
were observed infive patients, whereas levelswere reduced ormaintained in the normal range in the remainder.
Over the treatment period, patients had an increase in natural protein intake of 20–50% and gained 0–6.5 kg in
bodyweight.
Conclusion: These observations suggest that, in addition to short-term benefits for the acute treatment of
hyperammonaemia, NCG may be effective and well tolerated as a long-term treatment in patients with severe
PA and MMA, and that further prospective studies are warranted.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Propionic aciduria (PA) and methylmalonic aciduria (MMA) are
rare, autosomal recessive metabolic disorders caused by deficiency of
propionyl-CoA carboxylase and methylmalonyl-CoA mutase, respec-
tively. PA and MMA often present in the neonatal period with acute
sepsis-like metabolic decompensation, involving metabolic acidosis,
keto and lactic acidosis, and hyperammonaemia. Metabolic decompen-
sation and hyperammonaemia are recurrent features over the course of
these diseases, with potentially life-threatening consequences, includ-
ing brain damage and renal failure [1].

Blood ammonia levels are normally regulated by the conversion
of ammonia to urea in the liver, followed by urinary excretion.
Although the underlying mechanism of hyperammonaemia in
lic Diseases, University Hospital
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organic aciduria is still debated, it is well documented that propio-
nyl-CoA and methylmalonyl-CoA accumulate in patients with PA
and MMA. The excess propionyl-CoA and methylmalonyl-CoA in pa-
tients with PA and MMA act to inhibit N-acetylglutamate synthase
(NAGS) [2], which catalyses the formation of N-acetylglutamate
(NAG), an activator required by carbamoyl-phosphate synthase-1
(CPS-1) [2–4]. Inhibition of CPS-1 leads to the build-up of ammonia,
which cannot then enter the urea cycle [3]. Both compounds further
inhibit the urea pathway by depleting hepatic acetyl-CoA, which is
required for NAG synthesis [5]. Inhibition of the tricarboxylic acid
(TCA) cycle is also deemed to contribute to the observed increase
in ammonia in patients with PA and MMA [6].

During acute decompensation episodes, the prompt normalisation
of blood ammonia levels is essential to avoid neurological damage and
associated complications. Therefore, first-line treatment in patients
with MMA and PA undergoing an acute decompensation includes the
reduction of catabolism and the promotion of anabolism by the admin-
istration of a protein-restricted high-calorie diet. Guidelines by
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Baumgartner et al. suggest stopping protein intake during episodes of
hyperammonaemia and treating the patient with intravenous glucose
to stop catabolism [7]. Ammonia-scavenging drugs such as sodium ben-
zoate, sodium phenylbutyrate, and arginine hydrochloride, which have
high renal clearance, are also often used to accelerate the elimination of
ammonia in the urine [2,5].

A number of studies have shown that N-carbamylglutamate
(NCG) effectively and rapidly reduces hyperammonaemia when
added to classical treatment for emergent acute metabolic decom-
pensation, both in neonates and older patients with PA and MMA
[3,8]. One short trial (3 days in duration) in seven patients with
PA evidenced the beneficial effects of NCG on ureagenesis and
reductions in plasma ammonia and glutamine [9]. However, the
effect of long-term NCG treatment on the rate and severity of de-
compensations due to PA and MMA is unknown. Here, we present
the clinical experience from a single-centre cohort of patients
with PA and MMA who received continuous long-term treatment
with NCG.

2. Methods

2.1. Study population

This study investigated the effects of oral NCG in patients with PA or
MMA referred to the Division of Metabolic Diseases, University Hospital
of Padova between August 2014 and December 2015. Patients were di-
agnosed by urinary organic acid analysis, and the diagnosis was con-
firmed by molecular analysis. All patients included were experiencing
frequent progressive episodes of metabolic decompensation, had path-
ological levels of ammonia and had received a standard management
regimen comprising protein restriction, with or without supplementary
amino acids, and carnitine prior to initiation of long-term NCG
(Carbaglu®, Orphan Europe).

2.2. Treatment

NCG was initiated at a dose of 50 mg/kg/day in patients who
were experiencing frequent progressive episodes of metabolic
decompensation and who had pathological levels of ammonia.
Written informed consent to receive long-term NCG treatment
was obtained from all patients and/or a legal representative, for
those who were minors, prior to commencement of therapy. NCG
was prescribed on a case-by-case basis, and in accordance with
local health regulations.
Table 1
Patient characteristics and demographics prior to initiating long-term NCG treatment at the Un

Patient Sex Diagnosis
Age
(years)

Age at
diagnosis
(years) Genetics

N
re

1 M PA 20 Neonatal c.1111C N T (p.Q3 71X) /
c.1625–1628delT (p.Q544fs)

+

2 F PA 11 Neonatal c.937C N T (p.R313X) / nf +

3 M PA 9 Neonatal c.937C N T (p.R313X) / nf +
4 M PA 3 Neonatal c.69_78del (p.Gln23Hisfs*2) /

c.1788G N A (p.Trp596*)
+

5 F MMA
Mut0

12 Neonatal c.643G N A (p.G215S) / c.2179C N

T (p.R727X)
−

6 F MMA
Mut0

6 11 months c.1844C N T (p.P615L) / c.1844C N

T (p.P615L)
+

7 M MMA
Mut-

2 Neonatal c.655A N T (p.N219Y) /
c.2197del4ins5 (p.A732WfsX5)

−

8 F MMA
Mut0

12 Neonatal c.1844C N T (p. P615L) / c.1953T N

C (p. L618P)
−

+ = mild; ++= severe; CMP, cardiomyopathy; MMA, methylmalonic aciduria; NCG, N-carb
2.3. Clinical measurements and observations

This was a retrospective, observational review of patientmedical re-
cords to assess the clinical experience of patients with PA and MMA
treated with long-term NCG. Patient demographics and characteristics
were collected prior to the initiation of NCG treatment, and included
age, gender, diagnosis, age at diagnosis, body weight, genetic mutation,
the presence of neurological involvement (dystonia or epilepsy), renal
damage, pancreatitis and heart disease. Medical records were reviewed
for the following clinical and biochemical characteristics: number of
metabolic decompensations, protein intake, body weight, and levels of
plasma ammonia, amino acids, lactic acid and uric acid, before and
after initiation of NCG. Mean ammonia levels measured during the
monitoring follow-up and acute decompensation episodes are reported
for 3 years prior to long-term NCG initiation and 1 year afterwards. For
the purpose of this study, all other assessmentswere reported for 1 year
prior to the initiation of treatment for all patients, regardless of time
from diagnosis.

3. Results

3.1. Patient overview and demographics

Eight patients (aged 2–20 years) were included in the study: four
with PA and four with MMA (Table 1). One patient was the sibling of
amalewith PA andwas diagnosed at birth. All other patients were diag-
nosedwithin the first fewweeks after birthwith one exception: one pa-
tient was 11 months old at diagnosis. Protein intake was low for each
patient (1–1.5 g/kg/day) at the initial assessment for this retrospective
analysis. An overview of each patient's clinical history is provided in
Table 2.

3.2. Decompensation episodes

During the year prior to the initiation of continuous treatment with
NCG all patients experienced at least three decompensation episodes,
and one patient with PA experienced 11. All the patients with MMA
and one patientwith PA required hospitalisation for ametabolic decom-
pensation during this period. Following treatmentwith NCG (50mg/kg/
day) for 7–16 months, metabolic decompensation episodes decreased
in number and in the severity of ketoacidosis; three patients had no ep-
isodes, and none required hospitalisation for metabolic decompensa-
tion (Fig. 1). One patient was hospitalised owing to a recurring
gastroenteritis; however, the patient did not presentwithmetabolic ac-
idosis or hyperammonaemia. When patients were assessed by age and
iversity Hospital of Padova.

eurological impairment (mental
tardation/dystonia)

Renal
damage Pancreatitis

Heart
disease

Protein intake
(g/kg/day)

/− − No Dilated
CMP

1.0

/− − No Dilated
CMP

1.3

+/++ − No No 1.1
+/− − No No 1.5

/− ++ No No 1.4

/++ ++ Yes No 1.3

/− + No No 1.0

/++ ++ Yes No 1.1

amylglutamate; PA, propionic aciduria; nf, not found.



Table 2
Overview of patients treated with N-carbamylglutamate at the University Hospital of Padova.

Patient Overview

1(PA) • 20-year-old male with developmental delay, born at term after an uncomplicated pregnancy, labour and delivery
• Patient presented with severe metabolic acidosis in the first days of life associated with hyperammonaemia and hyperglycinaemia, leading to a diagnosis of PA
confirmed by organic acid analysis
• A protein-restricted diet with amino acids supplementation, carnitine was initiated
• Clinical course characterised by frequent and severe episodes of decompensation, mostly requiring hospital admission for intravenous fluid therapy
• Patient more stable since adolescence, but in last 3 years developed stable dilated cardiomyopathy, with ammonia levels of 80-140 μmol/l
• Following an episode of vomiting with food refusal, mild hyperammonaemia and acidosis requiring hospitalisation 13 months ago, patient initiated on NCG
therapy, 50 mg/kg/day

2(PA) • 11-year-old male, born at term
• Patient presented with acute metabolic acidosis and hyperammonaemia at 5 days old
• Treated with a low protein diet, amino acid mixture and carnitine, which brought progressive clinical improvement
• Frequent mild to moderate episodes of metabolic acidosis over disease course, with ammonia levels of 80-120 μmol/l
• After a prolonged period of constipation, with plasma ammonia at 100 μmol/l, patient initiated on NCG therapy, 50 mg/kg/day

3(PA) • 9-year-old sister of patient 2, diagnosed with propionic aciduria at birth as a result of her affected brother, therefore avoiding any decompensation episodes
• A low protein diet and carnitine was initiated
• At the age of 3 years she had meningitis with severe metabolic decompensation and hyperammonaemia requiring haemodialysis and severe neurological
impairment
• Several subsequent hospital admissions, primarily for food refusal, persistent vomiting with ketosis and hyperammonaemia (up to 200 μmol/l); after her last
episode (13 months ago) patient initiated on NCG therapy, 50 mg/kg/day

4(PA) • 3-year-old male, born at term after an uncomplicated pregnancy, labour and delivery
• Patient presented with severe hyperammonaemia and metabolic acidosis that required haemodialysis
• Diagnosed with PA by organic acid analysis, and started treatment with a low protein diet with amino acids supplementation and carnitine
• Multiple hospital admissions during first two years of life, typically for acute exacerbations due to catabolic states, during which his plasma ammonia level rose up
to 200 μmol/l
• Following a severe episode with persistent hyperammonaemia (160 μmol/l) 14 months ago, patient initiated on NCG therapy, 50 mg/kg/day

5 (MMA) • 12-year-old female who presented at birth with metabolic decompensation and hyperammonaemia (400 μmol/l) requiring haemodialysis and ventilation support
• Medical history characterised by progressive clinical deterioration with increasing episodes of vomiting, acidosis and loss of appetite
• Patient’s kidney function fluctuated over the years, but she has not required dialysis
• Owing to persistent mild acidosis and ammonia level of around 100 μmol/l, patient initiated on NCG therapy, 50 mg/kg/day

6 (MMA) • 6-year-old female with slight mental retardation, who presented at the age of 11 months, after an episode of gastroenteritis, with severe metabolic acidosis and
hyperammonaemia requiring haemodialysis and ventilation
• Responded well to a protein-restricted diet supplemented with carnitine but not to vitamin B12
• Patient suffering with frequent episodes of metabolic acidosis and hyperammonaemia some of these requiring admission to the ICU; complicated with severe basal
ganglia damage
• Patient initiated on NCG therapy, 50 mg/kg/day

7 (MMA) • 2-year-old male who presented with metabolic acidosis and severe hyperammonaemia in the first days of life, requiring haemodialysis and ventilator support
• Vomiting and poor feeding were present in the first months of life, despite a gastrostomy, requiring multiple admissions for intravenous fluids
• Hyperammonaemia was always present during metabolic acidosis. He also has kidney failure
• Following a recent admission (6 months ago) patient was initiated on NCG therapy, 50 mg/kg/day

8 (MMA) • 12-year-old female who presented with neonatal metabolic acidosis and hyperammonaemia requiring therapy and intubation in ICU
• Patient began treatment with a protein-restricted diet with amino acids mixture and carnitine
• In the first years of life, she had several episodes of metabolic decompensation with hyperammonaemia (b100 μmol/l) and vomiting requiring intravenous fluid
therapy. Two years ago she presented with severe dystonia episodes refractory to pharmacological treatment, which required subthalamic deep brain stimulation
• Patient required hospitalisation owing to food refusal and frequent vomiting prior to NCG treatment; despite fluid treatment and a low protein diet her ammonia
levels increased to 140 μmol/l
• Five months ago, patient was initiated on NCG therapy, 50 mg/kg/day

ICU, intensive care unit; MMA, methylmalonic aciduria; NCG, N-carbamylglutamate; PA, propionic aciduria.

Fig. 1. Metabolic decompensations before and after long-term treatment with NCG (50 mg/kg/day) in patients with PA and MMA. MMA, methylmalonic aciduria; NCG, N-
carbamylglutamate; PA, propionic aciduria.
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Table 3
Change in protein intake and bodyweight per patient following long-term treatment with NCG (50 mg/kg/day) compared with pretreatment values.

Patient Diagnosis
Calendar month of treatment
initiation

NCG treatment duration
(months)

Pre-treatment protein (synthetic protein)
intake (g/kg/day)

Increase in natural protein
intake (%)

Weight gain
(kg)

1 PA September 9 1.0 (0.5) 50 1.5
2 PA November 10 1.5 (0.4) 20 nc
3 PA November 10 1.2 (0.4) 50 2.8
4 PA May 12 1.5 (0.5) 50 6.5
5 MMA October 5 1.0 20 0.6
6 MMA March 5 1.3 – nc
7 MMA February 4 1.0 20 0.6
8 MMA March 3 1.1 – nc

MMA, methylmalonic aciduria; NCG, N-carbamylglutamate; PA, propionic aciduria; nc, no change.
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severity of decompensation episodes, no pattern in the frequency of ep-
isodes was observed either before or after NCG treatment.

3.3. Clinical outcome

Improvements in attention, exercise tolerance, appetite, and
strength following continuous NCG treatment were reported for all
patients. Over the treatment period, patients had an increase in natural
protein intake of 20–50% and gained 0–6.5 kg in body weight (Table 3).
This was partly due to the decrease in decompensation episodes and an
improvement in appetite.

Patient 1, the oldest patient in this cohort at 20 years of age, present-
ed with dilated cardiomyopathy, a mild reduction of systolic function
(ejection fraction 39.7%), elevated creatine phosphokinase (CPK)
(350–500 U/L; normal value: b220 U/L) and a CPK-MB of 4.3% (normal
value:b3%), which required medication with beta-blocker drugs. He
was asthenic and easily fatigued. After 12 months of NCG treatment,
cardiac function improved, with an increase in ejection fraction of
~43.0% and normalisation of CPK. Interestingly, owing to a delay in
drug supply, this patient had a half dose of NCG for 2 months during
which his CPK rose to 373 U/L. These symptoms dissipated when full-
dose treatment was reinstated.

3.4. Biochemical profiles

Significant reductions in plasma ammonia comparedwith pre-treat-
ment levels were observed in five patients (two patients withMMAand
three with PA) (Fig. 2); none of these patients presented with decom-
pensation episodes during the period of NCG follow-up. Levels were re-
duced or maintained in the normal range in the remainder, with the
exception of one patient whose levels increased slightly post-NCG initi-
ation. In patient 1, where NCG treatment was reduced owing to the
Fig. 2. Plasma ammonia levels before and after long-term treatment with NCG (50mg/kg/day)
PA, propionic aciduria.
shortage of the drug, therewas a slight increase in the level of ammonia
(80 μmol/L); this normalised after the reintroduction of the drug at the
dose of 50 mg/kg/day.

Reductions in lactic acid and uric acid were observed in five patients
following treatment compared with pre-treatment levels (Fig. 3). After
NCG treatment initiation, lactic acid values ranged from 1.3 to
2.1 mmol/L (normal range: 0.56–1.40 mmol/L) and uric acid values
ranged from 0.21 to 0.36 mmol/L (normal range: 0.26–0.45 mmol/L)
[10]; these data were not statistically significant. Amino acid analyses
were performed during the routine monitoring of disease progression
(Fig. 3). In all patients, no statistically significantmodificationswere ob-
served in the profile of glycine and glutamine after the initiation of NCG
treatment, whereas in branched-chain amino acids (leucine, isoleucine
and valine), normalisation of isoleucine was observed in three patients,
possibly due to the increase in protein intake.

4. Discussion

Because long-term survival in patients with PA and MMA has im-
proved over recent years, long-term complications have become in-
creasingly apparent and pose new challenges in terms of patient care.
The efficacy of NCG in the acute treatment of patients with organic
acidurias experiencing metabolic decompensation is well established
[3,6,8,11–14]. However, to our knowledge, this is the first report of the
long-term use of NCG in patients with PA or MMA.

Long-term management of both PA and MMA is based on reducing
the production ofmethylmalonic or propionic acid by restricting natural
protein,maintaining an optimal calorie intake, supplementingwith car-
nitine and reducing intestinal production of propionate by metronida-
zole [15]. In this study, long-term continuous administration of NCG
was shown to stabilise metabolic control, reducing the number and se-
verity of episodes of metabolic decompensation in patients with PA and
in patients with PA andMMA.MMA, methylmalonic aciduria; NCG, N-carbamylglutamate;



Fig. 3. Changes in plasma levels of: A) lactic acid, B) uric acid, C) glutamine, D) isoleucine, E) valine, and F) leucine levels after long-term treatment with NCG (50 mg/kg/day) in patients
with PA and MMA. MMA, methylmalonic aciduria; NCG, N-carbamylglutamate; PA, propionic aciduria.
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MMA spanning a broad range of ages, and eliminating the need for
hospitalisation. Patients were selected for long-term treatment with
NCG if they had frequentmetabolic decompensations and elevated am-
monia levels. In seven out of eight patients, the ammonia concentration
was decreased or maintained within the normal range after treatment
initiation, and improvements in clinical outcomes were reported for
all patients. Management of ammonia in these patients improved appe-
tite, and patients were able to increase their natural protein intake. Sub-
sequently, patients gained up to 6.5 kg in weight over the treatment
period and, in addition to increased appetite, reported improvements
in attention, exercise tolerance and strength.

Dietary management including a protein-restricted diet is often the
first-line treatment in the management of decompensation episodes
in patients with PA and MMA. However, there are limitations to the ef-
fectiveness of this approach because an extremely restricted diet should
not generally be implemented for longer than 48 h [4,16]. As observed
previously in the treatment of NAGS deficiency, long-term continuous
administration of NCG may allow a faster discontinuation of a protein-
restricted diet and consequently limit muscular catabolism and subse-
quent hyperammonaemia [17].

The authors of a number of studies have reported the efficacy of NCG
in reducing elevated serum ammonia levels in patients with PA and
MMA during acute metabolic decompensation [3–6,8,9,12–14,18], and
several investigators have attributed this to NCG stimulation of
ureagenesis [8,18–20]. However, all of these studies related to brief
treatment (of a few hours up to 3 days) focused on the rapid normalisa-
tion of ammonia in the acute decompensation state. In this analysis,
long-term treatment with NCG, at a dose determined on the basis of a
previous long-term study of patients with NAGS deficiency [21], mark-
edly reduced ammonia levels in five out of eight patients, with only one
patient with PA experiencing a slight increase in ammonia levels. The
relationship between NCG and ammonia was clear; moreover, all
patients experienced a reduction and stabilisation in the number of
metabolic decompensations following treatment. There were no de-
compensation crises in patients with MMA, and none of the patients
with PA required hospitalisation during long-term treatment with
NCG, suggesting clinical improvement even with sub-optimal improve-
ment in ammonia levels.

Although the frequency of metabolic decompensation decreases
with increasing age [22], it is worth noting that in our retrospective
analysis, no pattern was observed in the frequency of decompensation
episodes in the period before or after NCG treatment when patients
were assessed by age or severity of episodes. However, as stated previ-
ously, when the number and severity of episodes in the 12 months be-
fore and post long-term NCG initiation were assessed, all patients
experienced a reduction and stabilisation in the number of metabolic
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decompensations following treatment. Ammonia concentration also
decreased for the majority of patients.

Hyperammonaemia is a frequent corollary of metabolic decompen-
sation in patients with organic acidurias; indeed, elevated ammonia
and pathological changes in the acid–base balance reflecting metabolic
acidosis are the two most reliable biochemical indicators of metabolic
decompensation in patients with PA and MMA [23,24]. The underlying
mechanism of hyperammonaemia in organic aciduria is debated. The
most quoted hypothesis is that the increase of ammonia is secondary
to the inhibition of an early step in the urea cycle [3,25,26]. Inhibition
of the TCA cycle is deemed to contribute to a greater or lesser degree
[14], and hyperammonaemia has also been suggested to relate primar-
ily to the inability to maintain adequate concentrations of glutamate
precursors through a dysfunctional TCA cycle [27]. The metabolic se-
quelae are exacerbated by the fact that patients with PA and MMA fre-
quently refuse food, leading to a decrease in glucose availability and
an increase in protein catabolism, with a consequent build-up of toxic
metabolites and propionate produced by bacteria in the gut [14].

In this analysis, a decrease in ammonia levels was the most promi-
nent result of long-term NCG treatment. Ammonia levels are measured
routinely in clinical practice in patients with PA andMMA, and the data
are reported here in that context. Post long-termNCG initiation, ammo-
nia levels were in the normal range, indicating that NCG can enhance
the rate of ureagenesis in organic acidurias, presumably by increasing
the rate of carbamoyl phosphate synthesis in the urea cycle [28]. The ef-
fects of NCG therapy are not apparent when patients are treated for
acute symptoms, but become noticeable after long-term intervention.

Because this is an observation of patients in clinical practice, the plas-
ma amino acid data were alsomeasured during the routine follow-up of
these patients. No significant change was observed in plasma glycine
levels during the treatment, even though the ammonia levels normal-
ised. The independent nature of the two findings can be explained by
themode of action of NCG, because NCG is not expected to alter the he-
patic concentration of propionyl-CoA, which inhibits the glycine cleav-
age system [29]. The decrease in glutamine observed in five patients
who also had an increase in natural protein intake could have been
due to the effect of NCG in augmenting ureagenesis and consequently
decreasing plasma glutamine [28].We hypothesised that the normalisa-
tion of the branched-chain amino acid profiles (leucine, isoleucine and
valine) observed in some of these patients may have been due to the
increased protein intake and decreased metabolic decompensation epi-
sodes reported for long-term NCG treatment. Because decompensation
episodes are frequently observed in the long-term follow-up of patients
with PA and MMA, we suggest that this is a direct effect of long-term
NCG administration. Five patients with elevated plasma lactic acid levels
experienced fluctuating reductions as metabolic decompensation de-
clined following NCG treatment, whereas the remainder stayed within
the normal range (0.5–2.2 mmol/L) [10]. Plasma uric acid levels
decreased slightly, but not significantly, following NCG treatment.

In this analysis, NCG was more efficacious in patients with PA com-
pared with those with MMA, possibly because the treatment of MMA
was less prolonged. There were indications of stabilisation in cardiac
function during long-term NCG treatment in the patient with the most
severe heart condition, and stabilisation of heart deficits in other pa-
tients. This would be consistent with a beneficial effect of NCG onmito-
chondrial cardiomyopathy [30]. No improvement in kidney function in
the four MMA patients or the neurological status of the three patients
with severe dystonia was apparent; the relatively limited duration of
treatment could account for this. Importantly, the long-term use of
NCG did not appear to be associated with any side effects, and all pa-
tients or their parents chose to continue treatment owing to improve-
ments in clinical outcome.

Limitations of this analysis include the small sample size, and the
lack of formal statistical analysis and study controls. We would stress
that this is a retrospective observational analysis of patients in clinical
practice; therefore, the results are preliminary and provisional, and
require further verification and exploration. Nevertheless, it is worth
noting that, to the best of our knowledge, conventional treatments of
organic aciduria with carnitine andmetronidazole are also based on ob-
servational data andhave not been proven effective in clinical trials. This
is of particular interest because metronidazole treatment does have as-
sociated adverse events.

In conclusion, the present findings suggest that, in addition to its
short-term benefits for the acute treatment of hyperammonaemia,
NCG appears to be effective andwell tolerated as a long-term treatment
in patients with severe PA and MMA. Prolonged benefits for general
clinical outcomes were reported for all patients in this single-centre co-
hort, and five out of eight patients had lower ammonia levels after NCG
initiation. Therefore, further studies on the long-term treatment of NCG
in patients with PA and MMA are warranted.
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