Received: 21 October 2023

Revised: 1 December 2023

W) Check for updates

Accepted: 5 December 2023

DOI: 10.1002/jmd2.12405

CASE REPORT

JIMDreporTs X\ SSEM W] LEY

Pyruvate carboxylase deficiency type C; variable
presentation and beneficial effect of triheptanoin

I. Bernhardt' © |
J. Baruteau'” |

'Department of Paediatric Metabolic
Medicine, Great Ormond Street Hospital
for Children, London, UK

?Dietetics Department, Great Ormond
Street Hospital for Children, London, UK

3Great Ormond Street Institute of Child
Health, University College London,
London, UK

Correspondence

1. Bernhardt, Department of Paediatric
Metabolic Medicine, Great Ormond Street
Hospital for Children, London, UK.
Email: isaac.bernhardt@nhs.net

Funding information

NIHR Great Ormond Street Hospital
Biomedical Research Centre; the
United Kingdom Medical Research
Council Clinician Scientist Fellowship,
Grant/Award Number: MR/T008024/1

Communicating Editor: Saskia Brigitte
Wortmann

1 | INTRODUCTION

Pyruvate carboxylase (PC, EC#6.4.1.1) is a biotin-dependent
enzyme encoded by the PC gene, which catalyses the
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Abstract

Pyruvate carboxylase is a mitochondrial enzyme essential for the tricarboxylic acid
cycle (TCA), gluconeogenesis and fatty-acid synthesis. Pyruvate carboxylase defi-
ciency (PCD) mostly presents with life-limiting encephalopathy (types A/B). A
milder type C presentation is rare, with a comparatively favourable prognosis.
Therapies remain essentially supportive. Triheptanoin is an odd-chain triglyceride,
with the potential to replenish TCA intermediates (anaplerosis), and its metabo-
lites cross the blood-brain-barrier. Outcomes of triheptanoin treatment in PCD
types A/B have been disappointing, but have not been reported in type C. Here,
we present two new patients with PCD type C, and report the response to treat-
ment with triheptanoin in one. Patient 1 (P1) presented with neonatal-onset lactic
acidosis and recurrent symptomatic lactic acidosis following exercise and during
illnesses, with frequent hospitalisations. Speech development was delayed. MRI-
brain showed delayed cerebral myelination. Patient 2 (P2) presented with episodic
ketoacidosis, hyperlactataemia and hypoglycaemia at 2 years of age, with gross
motor delay and mild global volume loss on MRI brain. Treatment with trihepta-
noin was commenced in P1 at 3 years of age with up-titration to 35 mL/day (25%
of daily energy intake) over 6 months, due to transient diarrhoea. Dietary long-
chain triglycerides were restricted, with fat-soluble vitamin supplementation. Sub-
sequently, hospitalisations during intercurrent illnesses decreased, post-exertional
hyperlactataemia resolved and exercise tolerance improved. Continued develop-
mental progress was observed, and repeat MRI 18 months after initiation showed
improved myelination. Triheptanoin was well-tolerated and appeared efficacious
during 2 years' follow-up, and has potential to restore energy homeostasis and
myelin synthesis in PCD type C.

conversion of pyruvate to oxaloacetate within the mitochon-
dria.' This reaction has three key metabolic roles; replenish-
ing tricarboxylic acid (TCA) cycle intermediates (termed
anaplerosis), gluconeogenesis, and acetyl-CoA export from
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mitochondria, for fatty-acid synthesis. Pyruvate carboxylase
deficiency (PCD; OMIM#266150) due to bi-allelic PC vari-
ants, is a rare disorder (1:250 000 live-births), associated
with lactic acidosis, hypoglycaemia and hypomyelination
due to impairment of the TCA cycle, gluconeogenesis, and
fatty acid synthesis, respectively.'

Three phenotypes of PCD are recognised; types A and
B present in infancy with lactic acidosis and severe neu-
rological manifestations, and have a poor prognosis.* A
rare attenuated form (type C) was first described in 1991,
and only 11 patients have been reported (seven molecu-
larly confirmed).* "' It is characterised by episodic hyper-
lactataemia and ketoacidosis, and has a favourable
outcome, with relatively mild developmental delay and
variable myelination abnormalities.

Treatment of PCD is generally supportive, with a lack
of effective disease-modifying therapies. Biotin is fre-
quently trialled, with minimal clinical effect in patients
with PCD types A/B, and few reports of benefit in PCD
type C.*'* Supplementation with TCA intermediates cit-
rate and aspartate has been shown to stabilise biochemi-
cal derangements; however, they do not appear to correct
biochemical abnormalities in cerebrospinal fluid (CSF) or
alter the neurological outcome.'?

Triheptanoin is a synthetic odd-carbon medium-chain
triglyceride comprising a glycerol backbone with three
seven-carbon (C7) fatty acids, and hydrolysis yields C5-fatty
acids or propionyl-CoA (C3) in addition to acetyl-CoA
(C2).** Propionyl-CoA is metabolised to succinyl-CoA
which may then replenish the TCA cycle. Triheptanoin has
been widely used in the treatment of long-chain fatty acid
oxidation disorders (LC-FAOD), with evidence for
improved metabolic stability and exercise tolerance."> "’

Clinical outcomes of triheptanoin treatment for PCD
type B have been poor.'*'® However biochemical improve-
ments and improved myelination were noted in one indi-
vidual."* Encouragingly, C5-ketones were demonstrated in
CSF, suggesting that triheptanoin metabolites cross the
blood-brain-barrier."* Therefore, triheptanoin has potential
to restore cerebral energy homeostasis and improve myeli-
nation in PCD. Improvements in speech and eye contact
have been reported in one patient with PCD type C treated
with triheptanoin'®; however, the outcome of treatment is
yet to be described in detail. Here we present two new
patients with PCD type C, and describe the beneficial effect
of triheptanoin treatment in one.

2 | CASE REPORTS
2.1 | Patientl

Patient 1 (P1) was the second child to non-
consanguineous parents. He was born at 38/40 following

Synopsis

Triheptanoin treatment in a patient with pyru-
vate carboxylase deficiency (PCD) type C was
associated with reduced hospitalisations, resolu-
tion of post-exertional hyperlactataemia and
improved myelination and development during
2 years' follow-up.

induction of labour. Grunting respirations were noted at
18 h of age, and he was found to have severe lactic acido-
sis and hypoglycaemia (Table 1), without hyperammo-
naemia. Reflexes and tone were normal, and there were
no dysmorphic features or hepatomegaly. Hypoglycaemia
and acidosis resolved following intravenous glucose and
sodium Dbicarbonate infusions. Biotin (10 mg/day)
and thiamine (50 mg/day) were commenced, and enteral
feeding was established prior to discharge home on
day five.

Growth and developmental progress in infancy were
normal, however mild persistent hyperlactataemia was
observed (range 4.1-5.9 mmol/L, normal < 2.2 mmol/L).
Blood lactate/pyruvate ratio was mildly elevated (range
24-29, normal < 25). Exacerbation of hyperlactataemia
without acidosis occurred during viral respiratory infec-
tions at 6 and 8 months of age, requiring hospitalisation
for intravenous glucose. MRI brain at 12 months of age
showed delayed cerebral myelination (Figure 1A).

A further viral respiratory infection at 13 months of
age resulted in profound lactic acidosis requiring haemo-
filtration. Following discharge, an oral nutritional supple-
ment (1 kcal/mL) was commenced to ensure adequate
energy during periods of poor appetite. An emergency
regimen (ER) comprising frequent glucose polymer (15%
carbohydrate solution) feeds was advised, to provide
energy during intercurrent illnesses.

Compound heterozygous PC variants NM_000920.3:
c.1358G>A, p-(Arg453Gln); .865_870del, p-
(Thr289_Arg290del) were detected by trio whole exome
sequencing at 18 months of age, and his phenotype was
considered to be consistent with PCD type C. Tricitrate
(5 mmol/kg/day of alkali) was commenced, biotin was
increased to 20 mg/day, and thiamine was continued.

At 23 months of age he required fluid resuscitation
and intravenous glucose due to symptomatic lactic acido-
sis during a febrile illness. Riboflavin 50 mg/day was
commenced at 2 years of age.

At 2.5 years of age a history of recurrent exertional
dyspnoea was reported, and he was found to have a post-
exertional rise in blood lactate (Table 2). Speech develop-
ment was markedly delayed and he had a broad-based,
toe-walking gait; however, neurological examination was
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TABLE 1 Summary of clinical features and genotype in two patients with pyruvate carboxylase deficiency type C.

PC genotype

Age at presentation

Clinical presentation

Venous blood gas results
at presentation
(reference range)

Hypoglycaemia at the
time of initial metabolic
crisis

Hyperammonaemia

Urine organic acids

Patient 1

¢.1358G>A, p.(Arg453Gln); c.865_870del, p.
(Thr289_Arg290del)

18 h

Grunting respiration, hypoglycaemia and
metabolic acidosis

pH 7.048 (7.35-7.45)

Bicarbonate 10.4 mmol/L (22-28)
Base excess —24.9 (=3 — +3)
Lactate 18 mmol/L (<2.2 mmol/L)
Yes (1.1 mmol/L)

No

Increased excretion of lactate and
3-hydroxybutyrate, milder elevations of
pyruvate and acetoacetate.

Patient 2

¢.2767C>G, p.(GIn923Glu); c.2800del, p.
(GIn934Argfs*35)

2 years

Vomiting, laboured breathing, shock, reduced
alertness and metabolic acidosis

pH 6.88 (7.35-7.45)

Bicarbonate 5.1 mmol/L (22-28)
Base excess —26.7 (—3 — +3)
Lactate 6.4 mmol/L (<2.2 mmol/L)

No (hypoglycaemia present during second acute
crisis)

No

Strongly increased ketones, lactate and pyruvate,
moderately increased 2-oxoisocaproate and
2-hydroxybutyrate.

Intermittently increased excretion of
2-oxoglutarate, fumarate, 2-hydroxybutyrate

and 2-oxoisocaproate

Plasma amino acids Alanine 555 pmol/L (150-450)

Alanine 532 pmol/L (150-450)

Median values (reference Glutamine 419 pmol/L (480-800)
range) Lysine 176 pmol/L (100-300)
Citrulline 23 pmol/L (8-57)
Aspartate 3 pmol/L (20-42)

Total episodes of 6
significant metabolic
acidosis*

Exertional dyspnoea (peak  Yes (6.2 mmol/L)
lactate post-exertion)

Development

walking

MRI brain (at 3 years of

age)

Age at last follow-up 5.5 years

Abbreviation: N/A, not assessed.

Delayed speech, broad-based gait with toe-

Globally delayed cerebral myelination.

Glutamine 465 pmol/L (480-800)
Lysine 132 pmol/L (100-300)
Citrulline N/A

Aspartate 2 pmol/L (20-42)

2

No (2.6 mmol/L)

Gross motor delay, unsteady gait with frequent falls

Mild global volume loss, left frontotemporal cystic

lesion

3.6 years

*Significant acidosis defined as requiring hospital admission and intravenous therapy.

otherwise normal. Repeat MRI brain at 3 years of age
showed evidence of interval progression of myelination
(Figure 1B).

2.2 | Patient 1; triheptanoin treatment

A therapeutic trial of triheptanoin was commenced at
3.25 years of age. Initially, a diet diary was completed to
assess daily energy and long-chain fat intake. The liquid
medication (triheptanoin 100% w/w) was given in four
divided doses with meals, diluted with juice or skimmed

milk to improve palatability. It was commenced during
an elective 3-day admission. The dose was then gradu-
ally up-titrated, due to transient diarrhoea. The target
dose was 35 mL/day (1.85 g/kg/day), providing 25% of
daily energy intake, based on dosages used in LC-FAOD
in the literature and in our centre's experience.'>” Die-
tary long-chain triglycerides were gradually restricted to
10% of daily energy intake. Thus, 35% of total daily
energy was from fat, in accordance with recommenda-
tions for the general population. Fat-soluble vitamin
supplements and walnut oil for essential fatty-acids
were prescribed.
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FIGURE 1 MRI brain (T2-weighted
images) in P1; (A) at 12 months of age
showing delayed myelination in cerebral
hemispheres, (B) at 3 years of age
showing some ‘catch-up’ of
myelination, with incomplete
myelination in several gyri, and (C) at
4.75 years of age, 18 months after
commencing triheptanoin, showing
almost age-appropriate myelination.

(D) MRI brain (T2-weighted images) in
P2 at 3.2 years of age, showing
incompletely myelinated cerebral gyri,
mild global volume loss and a left
frontotemporal arachnoid cyst.
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TABLE 2 Venous blood lactate at baseline and during treatment with triheptanoin (+time since initiation), measured at rest and

immediately following exercise (blood lactate reference range <2.2 mmol/L).

Venous blood Baseline Triheptanoin 30 g/day Triheptanoin 35 g/day
lactate (+0 months) (+3 months) (+13 months)
Pre-exercise 2.7 mmol/L 3.1 mmol/L 3.5 mmol/L
Post-exercise 6.2 mmol/L 5.1 mmol/L 2.6 mmol/L

During up-titration of the triheptanoin dose, one
further exacerbation of severe lactic acidosis requiring
hospitalisation occurred, while receiving 30 mL/day. This
followed a two-week history of viral respiratory symp-
toms, recurrent vomiting and reduced intake, during
which time the dose was reduced to 10 mL/day. Intrave-
nous glucose was required for 4 days, followed by a quick
recovery. Triheptanoin was suspended for a total of
3 weeks, due to potential gastrointestinal intolerance,
and was then restarted at a lower dose (5 mL/day) with
gradual escalation over the next 3 months.

Once the target dose of 35 mL/day was reached at
3.75 years of age, no further episodes of metabolic

decompensation occurred during 2 years of follow-up.
Subsequent viral infections were well tolerated, and were
manageable at home using the ER. At 4 years of age, he
presented to hospital with a history of poor intake and
vomiting over several days; however, blood gas and lac-
tate were normal and he was discharged home.

Post-exertional hyperlactataemia resolved once the
target dose of triheptanoin was reached (Table 2). This
was associated with an improvement in exercise toler-
ance, allowing increased participation in active play with-
out episodes of dyspnoea.

Repeat MRI brain 18 months after initiation of trihep-
tanoin showed improved myelination (Figure 1C), and
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continued developmental progress was observed during
treatment. Standardised developmental assessments were
administered at 4.9 years of age, and a language disorder
and speech disorder impacted by poor oro-motor skills
were diagnosed. Visual working memory and non-verbal
reasoning were in the low-average range.

2.3 | Patient2

Patient 2 (P2) was the first child to non-consanguineous
parents, and was born by caesarean section at 36/40. She
was admitted to the neonatal unit for 2 days due to respi-
ratory distress, requiring non-invasive respiratory support
and antibiotics. However, there was no significant neona-
tal hypoglycaemia or acidosis. Gross motor milestones
were delayed, with standing attained at 20 months and
walking at 24 months. However, growth was normal
and she remained generally well in the first 2 years.

At 2 years of age she presented with laboured breath-
ing, poor perfusion and reduced alertness, after 24 h of
vomiting with minimal intake. She had profound meta-
bolic acidosis with hyperlactataemia and ketonuria, but no
hypoglycaemia (Table 1). Cranial computed tomography
scan showed a left frontotemporal arachnoid cyst, which
was not considered relevant to her acute presentation. Fol-
lowing fluid resuscitation with normal saline, sodium
bicarbonate and glucose, blood ketones remained persis-
tently elevated 24 h after presentation, at 2.6 mmol/L. She
then made a full recovery and was discharged home 4 days
later. An ER (20% carbohydrate solution from glucose
polymer) was prescribed prior to discharge.

At 2.5 years of age, she developed another episode of
severe keto-lactic acidosis with hypoglycaemia, after wak-
ing with repetitive vomiting and lethargy. She was trea-
ted with intravenous glucose, saline, and sodium
bicarbonate, and was discharged the following day.

Compound heterozygous PC variants NM_0010
40716.1:c.2767C>G, p.(GIn923Glu); c.2800del p.(GIn93
4Argfs*35) were detected by trio whole genome sequenc-
ing at 3 years of age. Pyruvate carboxylase activity was
then measured in cultured skin fibroblasts, and was
7.5 nmol/h/mg protein, equivalent to 8% of the mean of
four unaffected controls measured simultaneously (94
+ 56.9 nmol/h/mg protein).

At 3 years of age, gross motor development remained
delayed with no running or jumping, and concerns
regarding poor balance and frequent falls. She was able
to speak in four-word sentences, and there were no con-
cerns regarding other developmental domains. There was
no history of exertional dyspnoea, and blood gases fol-
lowing exercise did not demonstrate a lactate rise. MRI
brain at 3.2 years of age showed mild global volume loss,

and stable appearance of the known left frontal cystic
lesion (Figure 1D).

Following diagnosis, biotin 20 mg/day and tricitrate
(5.7 mmol/kg/day of alkali) were initiated. Triheptanoin
was commenced at 3.5 years of age, and was well toler-
ated with only one instance of loose stools. The target
dose (35 mL/day, 25% of daily energy) was reached after
5 weeks. Long-chain triglycerides were restricted and
micro-nutrient supplements were prescribed as for P1.
No further acute decompensations occurred since treat-
ment was commenced.

3 | DISCUSSION

Compared to PCD types A/B, type C is extremely rare, with
13 patients reported including the two presented here. It is
typically associated with late-onset milder manifestations,
however these patients demonstrate the variable age of
onset. Neonatal lactic acidosis has been reported previously
in PCD type C’; however, P1 developed severe lactic acido-
sis and hypoglycaemia on the first day of life, which is the
earliest reported presentation. In both patients, recognition
of this rare clinical entity was challenging, and other causes
of recurrent lactic acidosis and ketoacidosis were initially
considered. In PCD types A/B, the diagnosis may be sus-
pected on the basis of characteristic biochemical findings
which may include increased lactate/pyruvate and acetoa-
cetate/p-hydroxybutyrate ratios, hyperammonaemia, ele-
vated plasma alanine, citrulline and lysine and low plasma
glutamine and aspartate."” These findings are not consis-
tently observed in PCD type C"% however, mildly elevated
plasma alanine with low aspartate and glutamine were pre-
sent in both P1 and P2, and may be useful clues to the
diagnosis.

Increased availability of next generation sequencing
is likely to improve detection of this disorder, as demon-
strated in P1 and P2. Both were compound heterozygous
for previously unreported PC variants, that were also
absent in the gnomAD database of healthy individuals.
The c.865_870del variant in P1 is predicted to generate
an in-frame deletion of two amino acid residues resulting
in a truncated protein, and the c.1358G>A missense vari-
ant affects a highly conserved residue in the critical bio-
tin carboxylase domain, and is predicted to be pathogenic
by in silico algorithms (SIFT, PolyPhen). The c.2800del
frameshift variant in P2 is predicted to cause nonsense-
mediated decay, and the missense variant c.2767C>G is
predicted to be pathogenic in silico. The PC gene has a
low rate of benign missense variation, with a significantly
raised EXAC constraint score (z = 4.05), and this was
used as further evidence supporting the pathogenicity of
these variants, in addition to confirmation of bi-allelic
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inheritance, and the specific phenotype. PC enzymology
was performed to support the diagnosis in P2, and dem-
onstrated deficient activity, 8% of normal controls.

However, residual PC activity correlates poorly with
clinical severity, and thus PCD is classified on the basis
of clinical presentation.”'®'* PCD types A and B are typi-
cally associated with Leigh disease or fatal neonatal
encephalopathy, whereas type C may be associated with
a relatively preserved neuro-developmental outcome.*”
Neurological manifestations are well-reported however,
including variable developmental delay, episodic hemi-
plegia, acute flaccid paralysis, hypomyelination, and
leukodystrophy.®® P1 had a severe speech impairment,
and both P1 and P2 had gross motor delay, gait abnor-
malities and cerebral hypomyelination, emphasising that
PCD type C should not be considered benign.

It has been suggested that abnormal myelination may
contribute to the neurological phenotype, as a result of
impaired fatty acid synthesis from citrate."”” Triheptanoin
has been shown to generate anaplerotic substrates in CSF
that have potential to improve cerebral synthesis of fatty
acids and myelin.'* It was encouraging in P1 that myelina-
tion improved on MRI after 18 months of triheptanoin treat-
ment, associated with continued developmental progress.

Exercise intolerance due to exertional lactic acidosis
was seen in P1 but not P2, and is not a commonly reported
feature in PCD. It is seen in respiratory chain defects, and
in PCD it presumably reflects variable TCA cycle impair-
ment in muscle. A significant symptomatic improvement
was demonstrated during triheptanoin treatment, and was
corroborated by a dose-dependent reduction in post-
exertional hyperlactataemia. This may be due to provision
of anaplerotic TCA substrates to muscle.

Finally, a marked reduction in the frequency of meta-
bolic decompensations requiring hospitalisation was
observed once the full triheptanoin dose was reached.
This was a clinically meaningful outcome, however it
could be coincidental and thus should be replicated in
further patients. Biotin and tricitrate were given through-
out the trial of triheptanoin; however, these were started
long before the observed reductions in metabolic crises
and exertional hyperlactataemia. The efficacy of trihepta-
noin in prevention of metabolic crises may be impacted
by reduced gastro-intestinal tolerability during infections,
and maintenance of adequate energy intake during ill-
ness remains an essential component of treatment.

4 | CONCLUSION

Triheptanoin was well-tolerated and appeared efficacious
during 2 years' follow-up in a patient with PCD type C,
and has been safely initiated in our second patient. These
encouraging findings merit further investigation.
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