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Abstract

Background and Objective Methylmalonic aciduria (MMA) and propionic aciduria (PA) are organic acidurias character-
ised by the accumulation of toxic metabolites and hyperammonaemia related to secondary N-acetylglutamate deficiency.
Carglumic acid, a synthetic analogue of N-acetylglutamate, decreases ammonia levels by restoring the functioning of the
urea cycle. However, there are limited data available on the long-term safety and effectiveness of carglumic acid. Here, we
present an interim analysis of the ongoing, long-term, prospective, observational PROTECT study (NCT04176523), which
is investigating the long-term use of carglumic acid in children and adults with MMA and PA.

Methods Individuals with MMA or PA from France, Germany, Italy, Norway, Spain, Sweden and the UK who have received
at least 1 year of carglumic acid treatment as part of their usual care are eligible for inclusion. The primary objective is the
number and duration of acute metabolic decompensation events with hyperammonaemia (ammonia level >159 umol/L dur-
ing a patient’s first month of life or >60 umol/L thereafter, with an increased lactate level [> 1.8 mmol/L] and/or acidosis
[pH < 7.35]) before and after treatment with carglumic acid. Peak plasma ammonia levels during the last decompensation
event before and the first decompensation event after carglumic acid initiation, and the annualised rate of decompensation
events before and after treatment initiation are also being assessed. Secondary objectives include the duration of hospital stay
associated with decompensation events. Data are being collected at approximately 12 months’ and 18 months’ follow-up.
Results Of the patients currently enrolled in the PROTECT study, data from ten available patients with MMA (n = 4) and
PA (n = 6) were analysed. The patients had received carglumic acid for 14—77 (mean 36) months. Carglumic acid reduced
the median peak ammonia level of the total patient population from 250 umol/L (range 97-2569) before treatment to 103
umol/L (range 97—-171) after treatment. The annualised rate of acute metabolic decompensations with hyperammonaemia
was reduced by a median of — 41% (range — 100% to + 60%) after treatment with carglumic acid. Of the five patients who
experienced a decompensation event before treatment and for whom a post-treatment rate could be calculated, the annualised
decompensation event rate was lower after carglumic acid treatment in four patients. The mean duration of hospital inpatient
stay during decompensation events was shorter after than before carglumic acid treatment initiation in four of five patients
for whom length of stay could be calculated.

Conclusions In this group of patients with MMA and PA, treatment with carglumic acid for at least 1 year reduced peak
plasma ammonia levels in the total patient population and reduced the frequency of metabolic decompensation events, as
well as the duration of inpatient stay due to metabolic decompensations in a subset of patients.

Clinical Trial Registration ClinicalTrials.gov, NCT04176523. Registered 25 November, 2019, retrospectively registered,
https://clinicaltrials.gov/ct2/show/NCT04176523.

Extended author information available on the last page of the article
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Propionic aciduria and methylmalonic aciduria are
inherited metabolic disorders that result in the accumula-
tion of toxic metabolites and excessively high levels of
ammonia.

Carglumic acid decreases ammonia levels and is a recog-
nised treatment for acute hyperammonaemia in propionic
aciduria and methylmalonic aciduria; however, there is
limited experience with its long-term use. The
PROTECT study is an ongoing observational study of
the effects of long-term carglumic acid treatment in
adults and children with propionic aciduria or methyl-
malonic aciduria.

The interim analysis reported in this article presents

data from ten individuals in the PROTECT study. The
data indicate that treatment with carglumic acid for at
least 1 year reduces peak plasma ammonia levels and the
frequency of metabolic decompensation events, as well
as the duration of inpatient hospital stay due to metabolic
decompensations in some patients.

1 Introduction

Organic acidurias (OAs) are a class of autosomal recessive
inherited diseases that arise from defects in fatty acid, car-
bohydrate or amino acid metabolic pathways [1]. The patho-
physiology of OAs is complex and multifactorial and can be
due to mutations in several genes [2—6]. Organic acidurias
resulting from defects in the propionate metabolic pathway
include propionic aciduria (PA) and methylmalonic aciduria
(MMA), which are caused by deficiencies of propionyl-
coenzyme A (CoA) carboxylase and methylmalonyl-CoA
mutase, respectively [7, 8]. Because of these enzyme defi-
ciencies, there is an accumulation of their associated acyl
CoA esters [7, 8], inducing CoA depletion and secondary
cataplerosis, which is associated with low blood glutamate
and glutamine levels in these diseases [9]. This, in turn,
leads to a secondary deficiency of N-acetylglutamate (NAG)
synthesis. As NAG is an activator of carbamoyl phosphate
synthetase 1, which is involved in the first step of the urea
cycle, these diseases induce secondary hyperammonaemia
[10, 11]. In addition, disrupted metabolism associated with
MMA and PA can cause secondary carnitine depletion [12],
inhibition of pyruvate dehydrogenase and pyruvate carbox-
ylase [13, 14], inhibition of respiratory chain complexes
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[15], impaired replenishment of the Krebs cycle, increased
glutamate release [16], and altered neuronal and glial gene
expression [16, 17].

Because of this complex pathophysiology, including
the accumulation of toxic compounds, energy deprivation
and hyperammonaemia, patients with severe OAs, such as
MMA and PA, have typically poor outcomes [18], often
experiencing neurological complications (such as cognitive
impairment, movement disorders, stroke, loss of vision),
cardiomyopathy, pancreatitis, renal failure and growth fail-
ure [1, 7, 8, 17, 19]. If not treated immediately, metabolic
decompensations of OAs with hyperammonaemia progress
to seizures, coma, multi-organ failure and even death [7, 8,
20]. The treatment of OAs aims to restore the biochemical
and physiological homeostasis, thereby promoting normal
growth and development [7]. In addition to dextrose-con-
taining emergency regimes provided in case of intercurrent
illness, mainstay treatment generally involves the preven-
tion of endogenous protein catabolism by regular meals and
avoidance of fasting, dietary protein restriction, use of anti-
biotics to decrease propionyl-CoA production by gut flora
and scavenging of the accumulated toxins [7, 8]. Cofactors
(such as vitamin B, for B ,-responsive MMA and biotin as
a cofactor for propionyl-CoA carboxylase in PA) and sup-
plements (such as carnitine) are used to help remove the
intermediate products of the metabolic decompensation,
which is suggested to improve patient prognosis [21, 22].
The management of secondary hyperammonaemia is also
important, as this is a medical emergency for which delays
in treatment are associated with poor prognosis [23]. Carg-
lumic acid (Carbaglu®; Recordati Rare Diseases, Lebanon,
NJ, USA), a synthetic analogue of NAG that activates carba-
moyl phosphate synthetase 1, can be used in the acute setting
to restore functioning of the urea cycle and, hence, to reduce
the levels of ammonia.

Carglumic acid was approved by the European Medi-
cines Agency for the treatment of hyperammonaemia due
to primary NAG deficiency in 2003, and for the treatment
of hyperammonaemia due to MMA, PA or isovaleric aci-
duria in 2011 [24, 25]. Several large retrospective analyses
have shown that short-term treatment with carglumic acid is
efficacious and well tolerated for the management of hyper-
ammonaemia during metabolic decompensation events [26,
27], and a more recent 2-year randomised trial reported that
carglumic acid in addition to standard treatment significantly
reduced the number of emergency room visits in patients
with PA and MMA compared with standard treatment alone
[28]. Case reports [29, 30] and case series [31, 32] have
reported a reduction in metabolic decompensation events
with long-term carglumic acid treatment.

Here, we present an interim analysis of the PRospec-
tive Observational study of long-TErm Carbaglu® for the
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Treatment of PA & MMA (PROTECT), a prospective obser-
vational study that aims to investigate the long-term man-
agement of MMA and PA with carglumic acid. The data
presented herein provide an initial assessment of the effec-
tiveness of long-term treatment with carglumic acid, which
will be helpful to guide the treatment of patients with these
rare diseases until more follow-up data become available
from studies such as PROTECT. When completed, PRO-
TECT will be the largest long-term study to date of carglu-
mic acid in patients with MMA and PA.

2 Methods
2.1 Study Design and Participants

PROTECT (ClinicalTrials.gov record: NCT04176523) is
a prospective, multicentre, observational study enrolling
patients from France, Germany, Italy, Norway, Spain, Swe-
den and the UK. The enrolment phase of the study was initi-
ated in January 2019 and is ongoing.

Children or adults with MMA or PA who have received
at least 1 year of treatment with carglumic acid as part of
their usual care are eligible for this study. Inclusion in this
study is not dependent on metabolic decompensation. There
are no exclusion criteria, with the exception of the patient or
caregiver not agreeing to participate in the study.

The study is being conducted in accordance with the ethi-
cal standards of the institutional and/or national research
committees at each centre and with the 1964 Declaration of
Helsinki, as revised in 2013. The study protocol has been
approved by the local institutional review board at each
study site, and written informed consent is being collected
from all participants or their caregivers before initiating the
study.

2.2 Outcomes

The primary objective of the PROTECT study is to describe
and compare the number and duration of acute metabolic
decompensation with hyperammonaemia events before and
after treatment with carglumic acid. Acute metabolic decom-
pensation is defined as an increased ammonia level (> 159
pmol/L during a patient’s first month of life or > 60 pmol/L
thereafter) with an increased lactate level (> 1.8 mmol/L)
and/or acidosis (pH < 7.35), based on the investigators’
clinical experience in treating patients with MMA and PA.
The peak plasma ammonia levels are being recorded during
the last decompensation event before the start of carglumic
acid and the first decompensation event after the initiation of
long-term carglumic acid. The annualised rate of decompen-
sation events before and after treatment with carglumic acid
is also being assessed. For patients who were < 3 months of

age when treatment with carglumic acid was initiated, it is
not possible to estimate the rates of decompensation before
treatment because insufficient time will have elapsed since
the diagnosis and initiation of treatment to allow such rates
to be calculated. The secondary objectives are to assess the
healthcare resources utilised in association with a decom-
pensation event and to describe the patient and caregiver
burden associated with MMA and PA, and patient and/or
caregiver satisfaction with treatment. The outcomes reported
in this interim analysis are summarised in Table 1.

Data are being collected at baseline (i.e. the date at which
consent was received for patient participation in the study,
which was following at least 1 year of prior treatment with
carglumic acid), and at approximately 12 months’ and 18
months’ follow-up. At baseline, the medical charts of each
patient are reviewed, with any relevant demographic and
medical history information recorded, as well as baseline
safety data (rates, duration, outcomes, severity, action taken
and causality of adverse events), disease-related resource
use (visits to the emergency room, general practitioners and
specialists, number and duration of hospital/inpatient stays
and use of outpatient services), clinical outcomes (number
and duration of all decompensation events, use of emergency
room or hospitalisation for decompensation events, treat-
ments for decompensation events, dietary data, ammonia
levels and other laboratory values) and treatment details
(names, dose and frequency of drugs used for the long-term
management of MMA or PA). During the study, safety data,
disease-related resource use, clinical outcomes and treat-
ment details are being collected using medical charts. All
data are being recorded through a web-based electronic data
capture system.

If possible, each patient (or their caregiver) will also
undergo a one-on-one phone interview 6 months after enrol-
ment. The interview will take approximately 1 h, with the
aim of obtaining information about the patients’ symptoms

Table 1 Study outcomes

Primary outcomes

Number of acute metabolic decompensation events with
hyperammonaemia®

Peak ammonia level®

Annualised rate of decompensation events®
Secondary outcome

Duration of hospital stay

“Defined as an increased ammonia level (>159 umol/L during
a patient’s first month of life or >60 pumol/L thereafter) with an
increased lactate level (>1.8 mmol/L) and/or acidosis (pH <7.35)

"During the last decompensation event before the start of carglumic
acid versus the first decompensation event after initiation of long-
term carglumic acid

“Before versus after treatment with carglumic acid
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and the impact of the disease, as well as the patients’ and
caregivers’ experiences with carglumic acid, their treatment
preferences and satisfaction with treatment. The interview
uses a pre-planned questionnaire consisting of open-ended
questions to elicit information from the participants and to
orient the discussion, and is audio recorded (with the per-
mission of the patients/caregivers) to allow for transcription
and subsequent coding of concepts and qualitative analysis
of responses.

2.3 Statistical Analysis

As this study is descriptive in nature, no formal sample size
calculation was conducted. Nevertheless, it was estimated
that a sample size of 40 would be sufficient to meet the study
needs; however, in January 2021, the study protocol was
amended to include up to 80 patients.

Descriptive statistics will be used to analyse the data.
Continuous variables will be summarised using means,
medians and ranges, whilst categorical variables will be
summarised by absolute and relative frequencies. All sta-
tistical analyses in this interim report were conducted using
SAS® version 9.4 (SAS/STAT®; SAS Institute Inc., Cary,
NC, USA).

3 Results
3.1 Participants

Between January 2019 and December 2020, a total of 42
patients were enrolled from 32 centres. Of these, data for ten
patients (median age 5 [range 1.2-12.8] years; 70% male)
from France (n = 3), Norway (n = 1), Spain (n = 1) and the
UK (n =5) were available for this interim analysis (Table 2).
Four patients had MMA (all were mutase deficient) and six
had PA. None of the patients was vitamin B, responsive.
All but one patient were diagnosed during the neonatal
period (first days of life); the remaining patient was diag-
nosed aged approximately 5 months. At diagnosis, the most
common presentation was encephalopathy (patients 1, 2, 3,
5, 6 and 7). Other presentations included renal damage (a
typical presentation for patients with MMA that was seen in
one patient [patient 2] with MMA in this study), metabolic
acidosis and metabolic stroke (in one patient each with PA
[patient 8 and patient 5, respectively]; Table 2).

Patients initiated treatment with carglumic acid at a mean
age of 28.1 (range 0-95) months; four patients initiated treat-
ment in the neonatal period (MMA, n = 2 and PA, n = 2).
Carglumic acid was administered for a mean of 36 (range
14-77) months, giving a total patient-years of carglumic acid
treatment of 33.9 years (8 years for patients with MMA and
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25.9 years for patients with PA). Table 3 provides the spe-
cific doses of carglumic acid administered to each patient
and the number of post-initiation dose changes. Dietary
management prior to carglumic acid treatment initiation is
summarised in Table 4.

3.2 Ammonia Levels

Before treatment with carglumic acid, excluding the primary
presenting event in the neonatal period, the median peak
ammonia level was 250 umol/L (range 97-2569) in the total
patient population; median peak ammonia level was 127.5
umol/L (range 97-158) and 279 umol/L (range 201-2569)
in patients with MMA and PA, respectively. After treat-
ment with carglumic acid, the median peak ammonia level
was reduced to 103 umol/L (range 97-171) in the total
patient population, and 161 umol/L (range 105-171) and
100 umol/L (range 97-101) in patients with MMA and PA,
respectively.

Of the five patients (patients 2, 3, 8, 9 and 10) who expe-
rienced a decompensation event both before and after treat-
ment with carglumic acid, three patients (60%; patients 8,
9 and 10, all with PA) had lower mean peak plasma ammo-
nia levels after treatment with carglumic acid (Fig. 1). All
patients who had decompensation events after starting treat-
ment with carglumic acid had mean peak ammonia levels of
<175 pmol/L.

3.3 Decompensation Events

Decompensation events recorded in each patient are shown
in Fig. 2, for the period before initiating long-term treatment
with carglumic acid, as well as after this treatment. When all
events are considered, two patients (patients 4 and 7) had no
decompensation events before or after treatment with carglu-
mic acid, and one patient (patient 1) had a decompensation
event after initiating carglumic acid treatment but no event
was reported before carglumic acid treatment; however, this
patient commenced carglumic acid at day 2 of life. Of the
remaining seven patients, the median number of events (with
or without accompanying hyperammonaemia) prior to ini-
tiating long-term treatment with carglumic acid was nine
events (range 1-36). After treatment with carglumic acid,
four patients had a reduction in the number of decompensa-
tion events (patients 2, 5, 6 and 9) and three patients had an
increase (patients 3, 8 and 10; Fig. 2). Of the seven patients
who had decompensation events that were determined to
be accompanied by hyperammonaemia (and excluding the
aforementioned patient 1), five patients (patients 2, 5, 6, 9
and 10) had a reduction in such decompensation events after
carglumic acid treatment (most strikingly in patient 2, who
experienced a reduction from 14 events to 1 event; Fig. 2).
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Table 3 Dosing information for carglumic acid treatment

Patient Weight at Weight at Weight at Weight Age at Dose at Number  Reason(s) for dose Last recorded
number birth (kg) initiation of 6 months’ at study initiation of initiation of of dose changes dose (mg
carglumic post-initiation enrolment carglumic  treatment (mg changes daily)? [dose
acid (kg)* of carglumic  (kg)° acid daily)d [dose frequency]
acid (kg)® frequency]
1 3.06 NR 8.75 9.32 2 days 75 [QID] 2 Dosing schedule 100 [QID]
(n=2)
2 2.78 NR NR 30.0 7.88 years 400 [TID] 0 - 400 [TID]
3 3.21 10.9 12.1 17.0 3.04 years 600 [BID] 0 - 600 [BID]
4 2.92 2.47 7.35 12.0 6 days 150 [OD] 2 Weight (n = 4) 200 [BID]
5 3.00 3.00 8.12 15.0 3 days 150 [BID] 3 Ammonia control 700 [BID]
(n=3)
6 345 12.1 14.3 17.0 1.81 years 600 [BID] 1 NR 800 [BID]
7 34 32 6.785 12.7 20 days 150 [QID] 0 - 150 [QID]
8 33 9.3 13 20.0 8.5 months 150 [OD] 1 Dosing schedule 150 [OD]
9 1.9 21.3 21.5 44.3 6.75 years 100 [BID] 5 Lack of response 200 [BID +
(n=3),NR OD]
(n=1)
10 3.32 12.8 14.4 30.08 3.10 years 100 [BID] 7 Growth and weight 200 [QID]

gain (n = 3), lack
of response (n

= 2), increased
during an acute
episode (n = 2)

BID twice daily, NR not reported, OD once daily, QID four times daily, 71D three times daily

Initiation of carglumic acid under usual clinical practice

PRefers to 6 months after carglumic acid treatment was initiated under usual clinical practice, prior to study enrolment

“Refers to the date at which consent was received for the patient to be enrolled in the study, which was after carglumic acid treatment was initi-

ated under usual clinical practice

9Unless otherwise indicated

Overall, the annualised rate of all decompensation
events (with and without hyperammonaemia) decreased by
a median — 41% (range — 100% to + 60%) with carglumic
acid treatment (from a median of 3.2 [range 1.1-13.1] to
1.95 [range 0.5-6.8] events per year). Of the five patients
who experienced a decompensation event before treatment
and for whom a post-treatment rate could be calculated, the
annualised rate of decompensation events was lower after
treatment with carglumic acid in four of them (patients 2,
8, 9 and 10; Fig. 3). The remaining patient (patient 3) had
an increase in the annualised rate of decompensation events
from 1.65 to 2.64 events per year.

A\ Adis

3.4 Hospitalisations

Of the five patients who had decompensation events both
before and after starting treatment with carglumic acid
(patients 2, 3, 8, 9 and 10), three (patients 2, 3 and 10) had
a shorter duration of hospital stay for the first decompensa-
tion event after starting carglumic acid than the duration
of hospital stay for the last decompensation event prior
to starting treatment (see Fig. la of the Electronic Sup-
plementary Material [ESM]), with a particularly marked
reduction in the duration of stay for patient 2 (from a
16-day stay before starting carglumic acid to a 5-day stay
after starting treatment). The mean duration of hospital
stay during decompensation events was shorter, for four
out of five patients (patients 2, 3, 9 and 10), after initiation
of carglumic acid than before initiation of carglumic acid
(see Fig. 1b of the ESM); patient 3 showed the greatest
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Table 4 Dietary management

. e . Patient Patient diagnosis Dietary management
prior to initiation of carglumic number
acid treatment Caloric intake  Natural protein Synthetic protein ~ Total protein
(kCal/day) intake (g/kg/day) intake (g/kg/day) intake (g/kg/
day)
1 MMA 860.1 0.9 0.8 1.7
2 MMA 852.2 - - -
3 MMA 1120 0.9 0 0.9
4 MMA 1000 1.1 1 1.2
5 PA 802 1 0 1
6 PA - 0.9 0 0.9
7 PA 1400 0.7 0.76 1.46
8 PA 1840 1.1 0.3 1.4
9 PA 2030 0.6 0.5 1.1
10 PA - 0.89 0 0.89

MMA methylmalonic aciduria, PA propionic aciduria

All boxes with an “—* indicate where data were not reported
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Di MMA PA
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A

Fig. 1 Mean (95% confidence interval) peak plasma ammonia levels
recorded before/after initiation of carglumic acid treatment. *Error
bars incalculable because there was only one decompensation event.
As peak plasma ammonia levels were recorded only during decom-
pensation events, and patients 4 and 7 did not have decompensation

reduction in the mean duration of stay (from 13.2 days
before starting carglumic acid to 7 days after starting
treatment).

4 Discussion

The results of this interim analysis, conducted in Decem-
ber 2020, of ten patients participating in the ongoing, pro-
spective, multicentre, observational PROTECT study show

v

events before/after carglumic acid treatment recorded within the time
window of the follow-up, their peak plasma ammonia levels were not
measured. MMA methylmalonic aciduria, NDE no decompensation
events in time window, PA propionic aciduria

that long-term treatment with carglumic acid reduces the
duration of hospital stays during periods of acute metabolic
decompensations with hyperammonaemia, and reduces the
annualised rate of decompensation events (with and with-
out hyperammonaemia). The acute metabolic decompensa-
tions, including hyperammonaemia, associated with MMA
and PA impact the physiology and functioning of multiple
organs and, in severe cases, can have a fatal outcome [7,
8, 20]. Thus, prevention of these decompensations, reduc-
tion of ammonia levels, restoration of biochemical and
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Fig.2 Decompensation events

pre-/post-carglumic acid in each 20 -
patient, including decompensa- 36
tion events accompanied by 35 A M

hyperammonaemia (HA). Time
0 was defined as the initiation
of long-term carglumic acid

30 4

O Pre-carglumic acid (all events)

0 Post-carglumic acid (all events)

m Pre-carglumic acid (events accompanied by HA)
W Post-carglumic acid (events accompanied by HA)

26 25

8
c
o
>
w
c
S
. 8 25
treatment and Time 1 was the g
start of the study. Age at Time 0 £ 20 | 18
and carglumic acid dose at Time g u 1515
- -
1 are shown below the graph g 15 2 12 13
for each patient. Decompensa- 3 ol lo
. . . o 10 4 8
tion events without ammonia > 77 6
level measurements were not & s | M
# e 2 2
cpunted. The reason for initia olol 11 |_| 0000 lolo 0°m° o000
tion of carglumic acid treatment 0 e - 0= "
was not recorded. MMA methyl- Patient 1 2 3 4 5 6 7 8 9 10
malonic aciduria, PA propionic Disease < MMA > < PA >
aciduria Dose at Time 1 107 | 133 {353 {333 | 467 | 471 {460 {500 135 6.6
(mg/kg) ] : : : : : : :
: ' ! ! ! ! 1825
Age at Time 0 2days | 7.88years | 3.04years| 6days | 3days | 1.8lyears|20days | months | 6.75years | 3.10years
Time between Time 0 1 H H H : H
12 | 182 266 {23 224 | 367 1377 138 ! 6.08 ! 639

and Time 1 (years)

physiological homeostasis, and promotion of normal growth
and development are the main aims of treatment for the
disorders.

Our analysis found that carglumic acid treatment indeed
resulted in a reduction in ammonia levels: in the five patients
who experienced metabolic decompensation events both
before and after treatment with carglumic acid, three had
lower peak plasma ammonia levels during decompensation
events after treatment with carglumic acid compared with
before receiving carglumic acid. All three patients had PA;
a more marked effect in these patients than in those with
MMA is to be expected, as patients with PA have higher
circulating levels of propionate and, thus, a greater poten-
tial for hyperammonaemia. In the total patient population,
the median peak ammonia level during decompensation was
also reduced after carglumic acid treatment. Although one
patient (patient 3) showed a very small increase in the num-
ber of metabolic decompensation events (by 0.9 events/year)
after starting carglumic acid, the mean duration of hospital
stay for all events after initiation of carglumic acid treat-
ment in this patient was reduced (by 6.2 days; 47%). Further,
most patients in whom an annualised rate of decompensation
events could be calculated showed a decrease in this param-
eter. This effect was particularly marked for patient 2, who
had MMA. This finding suggests that, despite the potential
for a greater effect in patients with PA (as mentioned above),
carglumic acid may also be a useful treatment for individuals
with MMA.

The interim results of the PROTECT study are in line
with those from several case reports [29, 30] and case series
[31, 32] reporting the use of long-term carglumic acid in
patients with PA and MMA. The first was a case report of a
male patient diagnosed with PA at the age of 2 years who,
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at the age of 9 years, initiated carglumic acid (100 mg/kg/
day for 6 months, then 50 mg/kg/day), which resulted in a
significant reduction of plasma ammonia levels (from 140.3
+ 47.2 pmol/L to 75.7 + 37 pmol/L; p < 0.005) over the
next 6 years, with only two hospitalisations due to metabolic
decompensation in the first year of treatment [29]. Another
case report, of a 6-day-old female neonate born with severe
PA, demonstrated that treatment with carglumic acid led
to metabolic stabilisation by the age of 26 months [30].
Although these two publications were limited to a single
patient each and, therefore, the favourable reported outcomes
should be interpreted cautiously, a case series assessing the
long-term use of carglumic acid in eight patients with MMA
(n=4) or PA (n = 4) demonstrated that long-term treatment
with carglumic acid (50 mg/kg/day for 7-16 months) was
able to significantly reduce ammonia levels in five patients
(all p < 0.05) [31]. Ammonia levels were reduced or main-
tained within the normal range (11-32 umol/L) in all but
one of the remaining patients; the exception was one patient
who experienced a slight increase in ammonia levels (to 80
pmol/L) due to a shortage of the drug. Once the drug was
reintroduced, this patient’s ammonia levels normalised [31].
In addition, the number and severity of metabolic decom-
pensations experienced by these patients were reduced, with
none of them requiring hospitalisation for such decompen-
sations. These results are further supported by another case
series study that included 21 patients (11 patients with
MMA and ten patients with PA) treated with carglumic
acid for a median of almost 2 years. Of these, data from 11
patients were available to compare ammonia levels in plasma
before versus during carglumic acid treatment. Ammonia
levels significantly decreased in nine patients (five patients
with MMA and four with PA) during treatment (from 69.64
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Fig.3 Annualised rate of all decompensation events pre- and post-
carglumic acid initiation. The annualised rates of decompensation
events were calculated by dividing the number of events by age at
carglumic acid initiation (for pre-carglumic acid rates), and by treat-
ment duration (for post-carglumic acid rates). For patients who were

+ 17.828 pmol/L to 55.31 + 13.762 pmol/L; p = 0.021) with
no apparent adverse events and no treatment discontinuation
[32], suggesting that long-term carglumic acid effectively
reduces ammonia levels in patients with MMA and PA, with
a good safety profile.

A recently published, prospective clinical trial has pro-
vided more robust evidence of the effectiveness of long-term
treatment with carglumic acid in patients with PA and MMA
[28]. In this multicentre, randomised, parallel-group, open-
label, controlled study, carglumic acid (50 mg/day in two
divided doses) plus standard treatment (L-carnitine, metro-
nidazole and a protein-restricted diet; n = 16) was compared
to standard treatment alone (n = 17). The primary outcome
measure was the impact of treatment on the number of emer-
gency room visits over the course of 2 years. Secondary
outcomes included effects on plasma ammonia levels, time
to the first episode of hyperammonaemia, levels of relevant
biochemical biomarkers and the number of hospitalisation
days. Similar to the findings from our interim analysis of the
PROTECT study, carglumic acid plus standard treatment
was found to reduce emergency room admissions (by 51%)
compared with standard treatment alone; however, no signif-
icant effects were seen on the secondary endpoints (includ-
ing ammonia levels), with the exception of a reduction in
glycine and free carnitine levels in the carglumic acid group.

The results of the interim analysis of the PROTECT
study are also broadly consistent with previous case reports
[33-38], case series [4, 39-43] and retrospective studies
[27] of carglumic acid in patients with MMA or PA, which
all established that short-term treatment with carglumic
acid is efficacious and well tolerated for the treatment of
acute decompensation with hyperammonaemia events in
patients with OAs. In a pooled analysis of two retrospective

<3 months of age when carglumic acid was initiated (patients 1, 4, 5
and 7), a rate of decompensation before treatment was not estimable.
MMA methylmalonic aciduria, NE not estimable, PA propionic aci-
duria

observational studies, carglumic acid with or without ammo-
nia scavengers significantly reduced plasma ammonia levels
compared with ammonia scavengers alone in the first 72 h of
treatment [26]. These reductions were also associated with
improvements in clinical symptoms and neurological signs,
indicating the superiority of carglumic acid over ammonia
scavengers to manage decompensation events. Another
study, this time a retrospective phase 3b trial of 41 patients
with a confirmed diagnosis of OA who had at least one meta-
bolic decompensation event that was treated with carglumic
acid, demonstrated that plasma ammonia levels decreased
rapidly from baseline following initiation of carglumic acid.
Normalisation of ammonia typically occurred within 2-3
days of treatment, and carglumic acid was also associated
with an improvement in clinical symptoms [27].

There are a number of limitations to our interim analy-
sis, some of which are inherent to observational real-world
studies such as the PROTECT study, and to studies of rare
diseases such as OAs [44]. These include the small num-
ber of patients with data currently available (likely lead-
ing to a large degree of variability in inter-patient data),
the relatively short duration over which the patients have
been treated and the lack of comprehensive information on
certain parameters (such as adverse events associated with
carglumic acid; concomitant treatments taken at specific
timepoints; diet, weight and psychomotor development of
the participants at this stage of the study; and dose units
and reasons for dose changes). In particular, a meaningful
analysis of an annualised rate of decompensation in this
study is limited owing to the size of the patient population
and the short follow-up time, as well as by the inclusion
of all recorded decompensation events (i.e. including the
primary presenting event) and the fact that reporting of
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decompensation events may change over time as patients,
family members and medical teams become more effective
at early recognition of and aggressive treatment to prevent
these events. Inclusion of the primary presenting event in
the decompensation rate analysis may have resulted in an
overestimation of the effect of carglumic acid given that, in
our clinical experience, hyperammonaemia of subsequent
decompensation events is typically more modest than the
primary event. Further, the PROTECT study is of an open-
label design, which can be associated with reporting bias,
and data on acidosis and levels of lactate, propionic acid
and methylmalonic acid are not being obtained, which lim-
its analysis of the impact of carglumic acid on the overall
metabolic profile of the study participants. Finally, plasma
ammonia is a metabolite that is prone to pre-analytical
errors, which may interfere with direct comparisons of
plasma ammonia levels among patients and between time-
points in individual patients. However, as carglumic acid is
used to treat extremely rare diseases, and physicians who
care for patients with MMA or PA are continuously wait-
ing for new data, we believe the ongoing collection and
communication of data from the PROTECT study, in this
case an interim analysis of data from ten patients, provides
valuable insight to help guide the management of patients
with these diseases.

5 Conclusions

Interim results of the PROTECT study suggest that carglu-
mic acid may reduce the frequency of metabolic decompen-
sation events, the duration of hospital stay due to metabolic
decompensation, and peak plasma ammonia levels in some
patients with PA and MMA. Complete results of the study
in a larger cohort of patients are expected in the near future,
which will allow a fuller assessment of the place of carglu-
mic acid in the long-term treatment of patients with these
OAs.
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