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Chapter 19 - Branched-chain Organic Acidurias/Acidaemias

Catabolism of Branched-chain Amino Acids sequently, the degradative pathways of BCAA diverge.

Leucine is catabolised to acetoacetate and acetyl-CoA,
which enters the Krebs cycle. The final step in the

The three essential branched-chain amino acids
(BCAA:s), leucine, isoleucine and valine, are initially ca-

tabolised by a common pathway (8 Fig. 19.1). The first
reaction, which occurs primarily in muscle, involves re-
versible transamination to 2-oxo- (or keto)acids and is
followed by oxidative decarboxylation to coenzyme A
(CoA) derivatives by branched-chain oxo- (or keto)acid
dehydrogenase (BCKD). The latter enzyme is similar in
structure to pyruvate dehydrogenase (8 Fig. 12.2). Sub-

catabolism of isoleucine involves cleavage into acetyl-
CoA and propionyl-CoA, which also enters the Krebs
cycle via conversion into succinyl-CoA. Valine is also
ultimately metabolised to propionyl-CoA. Methionine,
threonine, fatty acids with an odd number of carbons,
the side chain of cholesterol, and bacterial gut activity
also contribute to the formation of propionyl-CoA.
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B Fig. 19.1. Pathways of branched-chain amino acid catabolism. 1, Branched-chain 2-ketoacid dehydrogenase complex; 2, isovaleryl-
coenzyme A (CoA) dehydrogenase; 3, 3-methylcrotonyl-CoA carboxylase; 4, 3-methylglutaconyl-CoA hydratase; 5, 3-hydroxy-3-
methylglutaryl-CoA lyase; 6, short-/branched-chain acyl-CoA dehydrogenase; 7, 2-methyl-3-hydroxybutyryl-CoA dehydrogenase; 8,
2-methylacetoacetyl-CoA thiolase; 9, isobutyryl-CoA dehydrogenase; 10, 3-hydroxyisobutyryl-CoA deacylase; 11, 3-hydroxyisobutyric
acid dehydrogenase; 12, methylmalonic semialdehyde dehydrogenase; 13, acetyl-CoA carboxylase (cytosolic); 14, propionyl-CoA car-
boxylase; 15, malonyl-CoA decarboxylase; 16, methylmalonyl-CoA mutase. Enzyme defects are indicated by solid bars
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Branched-chain organic acidurias or organic acidaemias are a
group of disorders that result from an abnormality of specific
enzymes involving the catabolism of branched-chain amino
acids (BCAAs). Collectively, the most commonly encountered
are maple syrup urine disease (MSUD), isovaleric aciduria (IVA),
propionic aciduria (PA) and methyl malonic aciduria (MMA).
They can present clinically as a severe neonatal-onset form

of metabolic distress, an acute and intermittent late-onset
form, or a chronic progressive form presenting as hypotonia,
failure to thrive, and developmental delay. Other rare disorders
involving leucine, isoleucine, and valine catabolism are 3-m-
ethylcrotonyl glycinuria, 3-methylglutaconic (3-MGC) aciduria,
short-/branched-chain acyl-CoA dehydrogenase deficiency,
2-methyl-3-hydroxybutyryl-CoA dehydrogenase deficiency,
isobutyryl-CoA dehydrogenase deficiency, 3-hydroxyisobutyric
aciduria, and malonic aciduria. All these disorders can be di-
agnosed by identifying acylcarnitines and other organic acid
compounds in plasma and urine by gas chromatography-mass
spectrometry (GC-MS) or tandem MS and all can be detected
by newborn screening using tandem MS.

19.1  Maple Syrup Urine Disease, Isoval-
eric Aciduria, Propionic Aciduria,
Methylmalonic Aciduria

19.1.1 Clinical Presentation

Children with maple syrup urine disease (MSUD), isoval-

eric aciduria (IVA), propionic aciduria (PA), or meth-

ylmalonic aciduria (MMA) have many clinical and bio-

chemical symptoms in common. There are three main

clinical presentations:

1. A severe neonatal-onset form with acute metabolic
decompensation and neurological distress.

2. An acute, intermittent, late-onset form also with re-
current episodes of metabolic decompensation.

3. A chronic, progressive form presenting as hypotonia,
failure to thrive, and developmental delay.

In addition, prospective data gathered by newborn
screening programmes, mainly using tandem MS and
the systematic screening of siblings of subjects with an
abnormal newborn screening result, have demonstrated
the relative frequency of asymptomatic forms.

= Severe Neonatal-onset Form

== General Presentation

The general presentation of this form is that of a toxic en-
cephalopathy with either ketosis or ketoacidosis (type I or
IT in the classification of neonatal inborn errors of metabo-
lism in » Chapter 1). An extremely evocative clinical setting

is that of a full-term baby born after a normal pregnancy
and delivery who, after an initial symptom-free period,
undergoes relentless deterioration with no apparent cause
and is unresponsive to symptomatic therapy. The interval
between birth and clinical symptoms may range from
hours to weeks, depending on the nature of the defect, and
may be related to the timing of the sequential catabolism of
carbohydrates, proteins, and fats. Typically, the first signs
are poor feeding and drowsiness, followed by unexplained
progressive coma. There may be cerebral oedema with a
bulging fontanelle, arousing suspicion of a central nervous
system (CNS) infection. At a more advanced stage, neu-
rovegetative dysregulation with respiratory distress, hic-
cups, apnoeas, bradycardia, and hypothermia may appear.
In the comatose state, most patients have characteristic
changes in muscle tone and exhibit involuntary move-
ments. Generalised hypertonic episodes with opisthotonus,
boxing or pedalling movements, and slow limb eleva-
tions, spontaneously or upon stimulation, are frequently
observed. Another pattern is that of axial hypotonia and
limb hypertonia with large-amplitude tremors and myo-
clonic jerks, which are often mistaken for convulsions. In
contrast, true convulsions occur late and inconsistently.
The electroencephalogram may show a burst-suppression
pattern. In addition to neurological signs, patients may
present with dehydration and mild hepatomegaly.

m = Specific Signs

Maple Syrup Urine Disease. Concomitantly with the on-
set of the symptoms, the patient emits an intense (sweet,
malty, caramel-like) maple-syrup-like odour. In general,
neonatal (classic) MSUD does not lead to pronounced
abnormalities seen on routine laboratory tests. Patients
are not severely dehydrated, have no metabolic acidosis,
no hyperammonaemia or only a slight elevation (<130
pmol/l), and no blood lactate accumulation, and the
blood cell count is normal. The main laboratory ab-
normalities are greatly increased branched-chain amino
acids (BCAAs) in plasma and the presence of 2-ketoacids
rapidly detectable in urine with organic acid analysis or
with the 2,4-dinitrophenylhydrazine (DNPH) test.

Isovaleric Aciduria, Propionic Aciduria and Methylmalonic
Aciduria. In contrast to MSUD, dehydration is a frequent
finding in patients with IVA, PA, or MMA, and moderate
hepatomegaly may be observed. They have metabolic aci-
dosis (pH <7.30) with increased anion gap and ketonuria
(Acetest 2-3 positive). However, ketoacidosis can be mod-
erate and is often responsive to symptomatic therapy. Hy-
perammonaemia is a constant finding. When the ammonia
level is very high (>500 pumol/l) it can induce respiratory
alkalosis and lead to the erroneous diagnosis of a urea-
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cycle disorder. Moderate hypocalcaemia (<1.7 mmol/l)
and hyperlactataemia (3-6 mmol/l) are frequent findings.
The physician should be wary of attributing marked neu-
rological dysfunction merely to these. Blood glucose can
be normal, reduced, or elevated. When blood glucose level
is very high (20 mmol/l) and is associated with glucosuria,
ketoacidosis, and dehydration it may mimic neonatal dia-
betes. Neutropenia, thrombocytopenia, nonregenerative
anaemia, and pancytopenia can occur and are frequently
confused with sepsis. Among these disorders, IVA is easily
recognized by its unpleasant sweaty feet odour.

In some cases, the combination of vomiting, abdomi-
nal distension, and constipation may suggest gastroin-
testinal obstruction. Cerebral haemorrhages have been
described in a few neonates, a complication that may be
linked to inappropriate correction of acidosis and may
explain some poor neurological outcomes.

= Acute Intermittent Late-onset Form

In approximately one fourth of the patients the disease pres-
ents after a symptom-free period, which is commonly longer
than 1 year and sometimes even lasts until adolescence or
adulthood. Recurrent attacks may be frequent and, between
them, the child may seem entirely normal. Onset of an acute
attack may arise during catabolic stress such as can occur
with infections or following increased intake of protein-rich
foods, but sometimes there may be no overt cause.

= » Neurological Presentation
Recurrent attacks of either coma or lethargy with ataxia
are the main presentations of these acute late-onset forms.
The most frequent variety of coma is that presenting with
ketoacidosis, but in exceptional cases this may be absent.
Hypoglycaemia may occur in patients with MSUD,
while in the other disorders blood glucose levels are low,
normal, or high. Mild hyperammonaemia can be present
in IVA, PA, and MMA patients. Although most recur-
rent comas are not accompanied by focal neurological
signs, some patients may present with acute hemiplegia,
hemianopsia, or symptoms and signs of cerebral oedema
mimicking encephalitis, a cerebrovascular accident, or a
cerebral tumour. These acute neurological manifestations
have frequently been preceded by other premonitory
symptoms that had been missed or misdiagnosed. They
include acute ataxia, unexplained episodes of dehydra-
tion, persistent and selective anorexia, chronic vomiting
with failure to thrive, hypotonia, progressive develop-
mental delay and abnormal behaviour.

== Hepatic Forms
Some patients may present with a Reye syndrome-like
illness characterised by onset of coma, cerebral oedema,

hepatomegaly, liver dysfunction, hyperammonaemia and
even macro- or microvesicular fatty infiltration of the
liver. These observations emphasise the importance of
complete metabolic investigations in such situations.

== Haematological and Immunological Forms

Severe haematological manifestations are frequent, mostly
concomitant with ketoacidosis and coma, and are some-
times the presenting problem. Neutropenia is regularly
observed in both neonatal and late-onset forms of IVA,
PA and MMA. Thrombocytopenia occurs mostly in in-
fancy, and anaemia occurs only in the neonatal period.
Various cellular and humoural immunological abnor-
malities have been described in patients presenting with
recurrent infections, leading to erroneous diagnosis and
management.

= Chronic, Progressive Forms

== Gastrointestinal Presentation

Persistent anorexia, chronic vomiting, aversion to protein-
rich food, failure to thrive and osteoporosis (evidence of
a long-standing GI disturbance) are frequent manifesta-
tions. In infants, this presentation is easily misdiagnosed
as gastro-oesophageal reflux, cow’s milk protein intoler-
ance, coeliac disease, late-onset chronic pyloric stenosis or
hereditary fructose intolerance, particularly if these symp-
toms start after weaning and diversification of food intake.
Later in life, recurrent vomiting with ketosis may occur.
These patients may remain undetected until an acute neu-
rological crisis with coma leads to the diagnosis.

mm Chronic Neurological Presentation

Some patients present with severe hypotonia, muscular
weakness and poor muscle mass that can simulate con-
genital neurological disorders or myopathies. Nonspecific
developmental delay, progressive psychomotor retarda-
tion, dementia, seizures and movement disorders may
also be observed during the course of the disease. How-
ever, these rather nonspecific findings are rarely the only
presenting symptoms [1].

= Complications

= m Neurological Complications

Maple Syrup Urine Disease. Acute cerebral oedema is a
well-recognised complication in newborn infants with
MSUD and encephalopathy. Brain ultrasonography dis-
plays a characteristic pattern that may be of help in the
diagnosis [2]. In older patients with metabolic decom-
pensation it may cause brain stem compression and un-
expected death, particularly following intensive rehydra-
tion [3]; it may also develop slowly due to long-standing
elevations of BCAAs. Additionally, demyelination can
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occur over time in those patients with poor biochemical
control and persistently raised BCAAs. The areas most
commonly affected are the periventricular white matter
of the cerebral hemispheres, the deep cerebellar white
matter, the dorsal part of the brain stem, the cerebral
peduncles, the dorsal limb of the internal capsule and
the basal ganglia. The severity of dysmyelination does
not correlate with signs of acute neurotoxicity, and the
changes are reversible with appropriate treatment [4, 5].
Acute axonal neuropathy may complicate late-onset dec-
ompensation [6].

Propionic Aciduria and Methylmalonic Aciduria. An in-
creasing number of patients with PA and MMA have
presented with an acute or progressive extrapyramidal
syndrome associated with increased signal within the
basal ganglia (mostly the globus pallidus in MMA). The
basal ganglia involvement may be due to oedema that
evolves to necrosis. In addition, magnetic resonance im-
aging (MRI) studies indicate cerebral atrophy and de-
layed myelination [7, 8]. These dramatic complications
are arguments for adequate life-long dietary control even
if the patient is free of symptoms. Even in well-treated
patients with PA who are clinically and metabolically
stable, brain lactate is elevated; this might indicate that
aerobic oxidation is persistently impaired from elevated
intracellular propionic metabolites [8]. Late-onset optic
neuropathy with visual dysfunction is another insidious
complication [9].

= m Renal Complications

Renal tubular acidosis associated with hyperuricaemia
may be an early and presenting sign in some late-onset
patients with MMA. This condition partially improves
with metabolic control. Chronic renal failure is increas-
ingly recognised in patients older than 10 years [10]. The
renal lesion is a tubulo-interstitial nephritis with type-4
tubular acidosis and adaptative changes secondary to the
reduced glomerular filtration rate [11]. The course of the
disease is usually indolent, but end-stage renal failure
may develop, and dialysis and renal transplantation are
likely to be necessary by the end of the 2nd decade of life
in many patients [12]. If the nephropathy is the complica-
tion of a chronic glomerular hyperfiltration secondary to
excessive MMA excretion, minimising and deceleration
of renal injury may require strict metabolic control.

== Skin Disorders

Large, superficial desquamation, alopecia, and corneal
ulceration may develop in the course of late and severe
decompensations in MSUD, PA or MMA. These skin
lesions have been described as a staphylococcal scalded-

skin syndrome with epidermolysis or as acrodermatitis
enteropathica-like syndrome [13]. In many cases, these
complications occur together with diarrhoea and can be
ascribed to acute protein malnutrition, especially to iso-
leucine deficiency.

== Pancreatitis

Acute, chronic or recurrent pancreatitis may complicate
this group of organic acidaemias. It has been the present-
ing illness in patients with late-onset forms of IVA. The
pathophysiological mechanism is unknown. However,
ketoacidosis is assumed to play a role, as pancreatitis also
complicates diabetic ketoacidosis. The condition may be
difficult to diagnose and must be considered in the as-
sessment of patients with acute deterioration. However,
elevation of serum lipase and amylase alone does not
confirm the diagnosis. Pancreatitis, being defined by in-
flammation on pancreas imaging, implies specific dietary
therapy with a low-fat diet. In contrast, isolated hyper-
amylasaemia and hyperlipasaemia would normalise with
the correction of the metabolic status [14].

== Cardiomyopathy

Cardiomyopathy is one of the major complications in
PA and may be responsible for rapid deterioration or
death. It may develop as part of an acute decompensa-
tion or as a chronic deterioration even in patients who
are metabolically stable. Both dilated and hypertrophic
types have been reported, with an estimated prevalence
of 23% in one cohort [15]. In another cohort, 70%
of patients beyond infancy were found to have de-
veloped disturbance in cardiac electrophysiology that
could contribute to cardiac complications [16]. The
mechanism is uncertain but may result from energy
deprivation or toxic accumulation. Investigation and
follow-up may be useful to prevent irreversible damage
and to help in decisions on therapeutic measures, as
recovery with renal replacement therapies or with or-
thotopic liver transplantation has been described in rare
cases [15, 17].

19.1.2 Metabolic Derangement

= Maple Syrup Urine Disease

MSUD is caused by a deficiency of the branched-chain
2-ketoacid dehydrogenase (BCKD) complex, the second
common step in the catabolism of the three BCAAs
(B Fig. 19.1, enzyme 1). Like the other 2-ketoacid dehy-
drogenases, BCKD is composed of three catalytic com-
ponents (8 Fig. 12.2): a decarboxylase (E1), composed of
Ela- and E1B-subunits and requiring thiamine pyrophos-
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phate as a coenzyme, a dihydrolipoyl acyltransferase (E2)
and a dihydrolipoamide dehydrogenase (E3). A deficiency
of the E1 or E2 component can cause MSUD, whereas
a deficiency of the E3 component produces a specific
syndrome (dihydrolipoamide dehydrogenase [E3] defi-
ciency) with congenital lactic acidosis, branched-chain
2-ketoaciduria and 2-ketoglutaric aciduria (> Chapter 12).
However, E3 deficiency, particularly the neonatal-onset
forms, may present with lactic acidaemia alone, with
elevation of branched-chain amino acids only becoming
apparent weeks or months later.

The enzyme defect results in marked increases in the
branched-chain 2-ketoacids in plasma, urine and cere-
brospinal fluid (CSF). Owing to the reversibility of the
initial transamination step, the BCAAs also accumulate.
Smaller amounts of the respective 2-hydroxy acids are
formed. Alloisoleucine is invariably found in the blood
of all classic MSUD patients and in those with variant
forms, at least in those still without dietary treatment.
This compound is endogenously formed and is a diaste-
reomer of isoleucine.

Among the BCAA metabolites, leucine and 2-ke-
toisocaproic acid appear to be the most neurotoxic. In
MSUD, they are always present in approximately equimo-
lar concentrations in plasma, and may cause acute brain
dysfunction when their plasma concentrations rise above
1 mmol/l. Isoleucine and valine are of lesser clinical sig-
nificance. Their 2-ketoacid-to-amino acid ratios favour
the less toxic amino acids, and cerebral symptoms do not
occur even when the blood levels of both amino acids are
extremely high.

= Isovaleric Aciduria

IVA is caused by a deficiency of isovaleryl-CoA dehydro-
genase (IVD; BFig. 19.1, enzyme 2), an intramitochondrial
flavoenzyme which, in a similar way to the acyl-CoA
dehydrogenases (B Fig. 13.1), transfers electrons to the
respiratory chain via the electron transfer flavoprotein
(ETF)/ETF-ubiquinone oxidoreductase (ETF-QO) sys-
tem. Deficiencies of the ETF/ETFQO system result in
multiple acyl-CoA-dehydrogenase deficiency (MADD;
synonym: glutaric aciduria type II) (» Chapter 13).

The enzyme defect results in the accumulation of
derivatives of isovaleryl-CoA, including free isovaleric
acid, which is usually increased in both plasma and urine
(although normal levels have been reported), 3-hydroxy-
isovaleric acid (3-HIVA) and N-isovalerylglycine. This
glycine conjugate is the major derivative of isovaleryl-
CoA, owing to the high affinity of the latter for glycine
N-acylase. Conjugation with carnitine (catalysed by car-
nitine N-acylase) results in the formation of isovaleryl-
carnitine.

= Propionic Aciduria
PA is caused by a deficiency of the mitochondrial enzyme
propionyl-CoA carboxylase (PCC; B Fig. 19.1, enzyme 14),
one of the four biotin-dependent enzymes. PCC is a mul-
timeric protein composed of two different sorts of PCC
subunits, a- (which bind biotin) and p-PCC subunits. So
far, all patients with isolated PA have been biotin resistant.
PA is characterised by greatly increased concentra-
tions of free propionic acid in blood and urine and the
presence of multiple organic acid by-products, among
3-hydroxypropionate
methylcitrate are the major diagnostic metabolites. The

which  propionylcarnitine, and
first is formed by acylation to carnitine. The second is
formed by either B- or w-oxidation of propionyl-CoA.
Methylcitrate arises by condensation of propionyl-CoA
with oxaloacetate, which is catalysed by citrate synthase.
During ketotic episodes, 3-HIVA is formed by conden-
sation of propionyl-CoA with acetyl-CoA, followed by
chemical reduction. Low concentrations of organic acids
derived from a variety of intermediates of the isoleu-
cine catabolic pathway, such as tiglic acid, tiglylglycine,
2-methyl-3-hydroxybutyrate, 3-hydroxybutyrate and pro-
pionylglycine, can also be found. Owing to an abnormal
biotin metabolism, propionyl-CoA accumulation also oc-
curs in multiple carboxylase deficiency (biotinidase de-
ficiency, holocarboxylase synthetase (HCS) deficiency),
resulting in defective activity of all four biotin-dependent
carboxylases (» Chapter 27).

= Methylmalonic Aciduria

MMA is caused by a deficiency of methylmalonyl-CoA
mutase (MCM; B Fig. 19.1, enzyme 16), a vitamin B,,-de-
pendent enzyme. Deficient activity of the MCM-apoen-
zyme leads to MMA: Because the apomutase requires ad-
enosylcobalamin (AdoCbl), disorders that affect AdoCbl
formation cause variant forms of MMA (» Chapter 28).
The deficiency of MCM leads to the accumulation
of methylmalonyl-CoA, resulting in greatly increased
amounts of methylmalonic acid in plasma and urine. Ow-
ing to secondary inhibition of PCC, propionic acid also
accumulates, and other propionyl-CoA metabolites, such
as propionylcarnitine, 3-hydroxypropionic acid, meth-
ylcitrate and 3-HIVA, are usually also found in urine.
However, some mildly affected or asymptomatic patients,
identified through urine organic acids screening in neo-
nates but showing only slightly increased methylmalonic
acid in blood and urine, have not shown constant excre-
tion of metabolites derived from propionyl-CoA.
Recently, novel variants of MMA, also characterised
by mild MMA, have been identified (@ below).
Vitamin-B,, deficiency must be excluded when exces-
sive urinary methylmalonic acid is found, particularly in
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a breast-fed infant whose mother either is a strict vegetar-
ian or suffers from subclinical pernicious anaemia.

= Secondary Metabolic Disturbances Common to PA
and MMA

The accumulation of propionyl-CoA results in inhibitory
effects on various pathways of intermediary metabo-
lism, in increased levels of acylcarnitines (particularly
propionyl carnitine) in blood and urine leading to a
relative carnitine deficiency and in enhanced synthesis
of odd-numbered long-chain fatty acids. Inhibition of
various enzymes may explain some features such as hy-
poglycaemia, hyperlactataemia, hyperammonaemia and
hyperglycinaemia. The abnormal ketogenesis that is a
major cause of morbidity is not fully understood. Several
pathomechanisms (e.g. accumulation of putatively toxic
organic acids, inhibition of mitochondrial energy metab-
olism) have been evoked to explain acute and long-term
organ damage [18].

Propionate, essentially in the form of propionyl-CoA,
is produced in the body from three main sources: (1) ca-
tabolism of the amino acids isoleucine, valine, methionine
and threonine, (2) anaerobic fermentation in the gut and
(3) mobilisation and oxidation of odd-chain fatty acids
during prolonged fasting states. It has been estimated that
catabolism of amino acids contributes approximately 50%
to the total propionate production, anaerobic gut bacteria,
20% and odd-chain fatty acids, 30% [19]. These data,
which are largely from stable isotope turnover studies, are
based on a number of unproven assumptions and have not
been reproduced in a more systematic manner. They are
therefore questionable (for critical reviews, see [12, 20]).

19.1.3 Genetics

= Maple Syrup Urine Disease

MSUD is an autosomal-recessive disorder, with an inci-
dence of 1 in 120,000 to 1 in 500,000. It is highly prevalent
in the inbred Mennonite population in Pennsylvania, oc-
curring in approximately 1 in 176 newborns. In countries
where consanguineous marriages are common the fre-
quency is also higher (about 1 in 50,000 in Turkey). About
75% of those affected suffer from the severe classic form,
and the remainder suffer from the milder intermediate or
intermittent variants. Over 150 different causal mutations
scattered among the three Ela, E1f and E2 genes give rise
to either classic or intermediate clinical phenotypes [21].

= Isovaleric Aciduria

IVA is an autosomal recessive disorder, with extreme clin-
ical variability for reasons that are unknown. Reported

mutations in the IVD gene are highly heterogeneous, and
generally no phenotype/genotype correlation has been
established. However, children with IVA diagnosed by
newborn screening and carrying a 932C>T mutant allele
can exhibit a milder, potentially asymptomatic phenotype
[22].

®  Propionic Aciduria

PA is an autosomal recessive disorder with an incidence
of less than 1 in 100,000. PA can result from mutations in
the PCCA or PCCB genes encoding the a- and p-subunits,
respectively, of propionyl-CoA carboxylase.

To date, more than 50 different allelic variations in
the PCCB gene and more than 30 in the PCCA gene
have been identified in different populations [23, 24].
Following the introduction of the newborn screening
programme in Japan a number of infants with an appar-
ently mild phenotype and the Y435C mutation in the
PCCB gene have been reported. The natural history of
this phenotype is not yet clarified [25]. Particularly in PA,
knowledge of the phenotype-genotype correlations may
provide important information for the prediction of the
metabolic outcome and for the implementation of treat-
ments tailored to individual patients.

= Methylmalonic Aciduria

Isolated MMA can be caused by mutations in the MUT
locus encoding the methylmalonyl CoA mutase (MCM)
apoenzyme, or by those in genes required for provision of
its cofactor, 5’-deoxyadenosylcobalamin (AdoCbl). Iso-
lated MMA is classified into several genotypic classes
and complementation groups. These are designated ei-
ther mut~ or mut® (together termed mut), according
to whether there is minimal or no apoenzyme activity,
respectively, or cobalamin A or B (Cbl A/B) for cofactor
defects. To date more than 50 disease-causing mutations
in patients with mut”~ MMA have been identified at the
MUT locus [26]. MMA is an autosomal recessive disor-
der. The incidence of both benign and severe forms is
about 1 in 50,000. Approximately one half to two thirds
of patients have a mutase apoenzyme defect; the remain-
ing patients have cobalamin variants. Genes MMAA and
MMAB for the Cbl A and Cbl B complementation groups
have been cloned and deleterious mutations in CblA and
CbIB patient cell lines, identified [27-29]. It is specu-
lated that the MMAA gene product is a component of a
transporter or an accessory protein that is involved in the
translocation of vitamin B, into mitochondria. The gene
product of the MMAB gene is a cob(I)alamin adenosyl-
transferase (see » Chapter 28 for further details).

Newly described MMA variants include defects in
succinyl-CoA synthase and methylmalonyl-CoA epim-
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erase. Succinyl-CoA synthase catalyses the conversion
of succinyl-CoA to succinate in the Krebs cycle. Its defi-
ciency causes mild MMA, variable lactic acidosis, accu-
mulation of succinyl-carnitine and mitochondrial DNA
depletion (» Chapter 15). Succinyl-CoA synthase is com-
posed of an a-subunit (encoded by SUCLGI) and two
B-subunits (encoded by SUCLA2 and SUCLG2). Sev-
eral patients with different genetic backgrounds have
been found to have mutations in SUCLA2, but to date
only two families have been reported with mutations in
SUCLGI [30-34]. The clinical picture in SUCLA2 pa-
tients is highly homogeneous and comprises early-onset
encephalomyopathy, dystonia, deafness and Leigh-like
MRI abnormalities. Patients with SUCLGI mutations are
clinically heterogeneous, showing either a severe form
with neonatal multiorgan failure and early death or a
phenotype similar to that of SUCLA2 mutation.

A deficiency in methylmalonyl-CoA epimerase has
been reported in a subject with mild MMA. This defect
has a questionable clinical impact [35, 36].

19.1.4 Diagnostic Tests

Only MSUD can be diagnosed by using plasma amino
acid chromatography alone. IVA, PA and MMA are di-
agnosed by their specific urinary organic acid profiles
using GC-MS or abnormal acylcarnitines on tandem MS,
while amino acid chromatography displays nonspecific
abnormalities, such as hyperglycinaemia and hyperalani-
naemia. Owing to acidosis and its impact on glutamine
metabolism, hyperammonaemia associated with organic
acidurias leads to normal or even low plasma glutamine
levels [37, 38]. Whatever the clinical presentation, the di-
agnosis can be made by sending filter-paper blood speci-
mens, fresh or frozen urine samples or 1- to 2-ml samples
of fresh or frozen plasma to an experienced laboratory
for analysis. Specific loading tests are not necessary. New-
born screening for this group of organic acidurias can be
performed by tandem MS [39-41]. An increased leucine/
isoleucine peak in blood spots taken at 24 or 36 h of age
requires immediate notification to the sender. The abnor-
mal acylcarnitine found in PA and MMA is propionylcar-
nitine (C3-carnitine) and that in IVA is isovalerylcarnitine
(C5-carnitine) [40].

Enzymatic studies are useful for diagnostic confirma-
tion. Around the 14th week of gestation (2nd trimester),
reliable and rapid prenatal diagnosis of IVA, PA, and
MMA can be performed by the direct measurement of
metabolites in amniotic fluid using GC-MS, stable-iso-
tope dilution techniques, or tandem MS. First-trimester
diagnosis using direct enzyme assay or assays of the DNA

in families in which the mutations are known can be
performed in fresh or cultured chorionic villi. This can
also be done in cultured amniotic cells taken in the 2nd
trimester. Prenatal diagnosis of MSUD relies exclusively
on enzyme assays in chorionic villi or in cultured amnio-
cytes and on mutational analysis.

19.1.5 Treatment and Prognosis

CNS dysfunction can be prevented or at least minimised
by early diagnosis and emergency treatment. Neona-
tal-onset forms frequently require early toxin removal
(» Chapter 4). Thereafter dietary restriction, which is nec-
essary to limit the production of organic acids and their
metabolites and other specific treatments, is required
both for survivors of the early-onset forms and for those
with late-onset disease. For both groups it is essential that
episodes of metabolic decompensation are recognised
and treated sufficiently early; parents must be taught to
recognise early warning signs and manage their child ap-
propriately.

= Principles of Long-term Dietary Treatment
Long-term dietary treatment is aimed at reducing the
accumulation of toxic metabolites while, at the same
time, maintaining normal physical development and nu-
tritional status and preventing catabolism. Some patients
tolerate normal foods; others need only minimal restric-
tion or can even regulate the diet themselves. However,
many need very specific food allowances, implying strin-
gent dietary restrictions that will be necessary for life.

The cornerstone of treatment is the limitation of one
or more essential amino acids which, if present in excess,
are either toxic or precursors of organic acids. Precise
prescriptions are established for the daily intake of amino
acids, protein and energy. The diet must provide the
recommended daily allowance (RDA) and the estimated
safe and adequate daily dietary intakes of minerals and
vitamins and follow the principles of paediatric dietetics
[42].

= Protein/Amino Acid Prescriptions

Requirements for BCAAs and protein vary widely from
patient to patient and in the same patient, depending on
the nature and severity of the disorder, other therapies
prescribed (stimulation of an alternate pathway), growth
rate, state of health and feeding difficulties. Individual re-
quirements must be estimated for each child by frequent
monitoring of clinical and metabolic status. The balance
between protein malnutrition and metabolic disequilib-
rium can be difficult to maintain in severe PA and MMA
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and needs to be kept under regular review, especially after
an acute metabolic decompensation or after a change in
the diet.

Within this group of organic acidurias, only in MSUD
is the diet directly related to the intake of an amino acid,
which is leucine in milligram amounts. Natural protein,
which contains leucine, must be severely restricted in an
age-dependent manner to only one tenth to a half of the
normal recommended daily requirement. Consequently,
in order to meet the protein RDA for the patient’s age, a
large supplement of BCAA-free amino acid mixture as a
protein substitute is necessary. In IVA it is sufficient to
restrict natural protein to the recommended minimum
daily requirements or just somewhat more; a special
amino acid mixture free of leucine is rarely needed. In
neonatal PA and MMA dietary protein is generally re-
stricted to the adequate age-related safe levels. Restriction
of specific amino acids has not been proved useful. Al-
though controversial, a limited, relatively small, amount
of an amino acid mixture free of valine, isoleucine, me-
thionine and threonine can be added to the diet to supply
additional nitrogen and other essential and nonessential
amino acids in order to promote a protein-sparing ana-
bolic effect [43].

The prescribed amounts of leucine or natural protein
are provided by natural foods. Breast milk or standard
infant formula is used in young infants. For toddlers and
children solids are introduced, using serving lists and lists
of amino acid content in foods. In all protein-restricted
diets, high-protein foods (eggs, meat, dairy products),
apart from milk, are generally avoided, since the lower
percentage of amino acids in vegetable protein (compared
with that in animal protein) makes it easier to satisfy the
appetite of children.

= Energy and Micronutrient Prescriptions

Energy requirements vary widely and may be greater
than normal to ensure that essential amino acids are not
degraded to provide energy or nitrogen for the biosyn-
thesis of nitrogenous metabolites. Reduction of energy
intake below the individual’s requirements results in a
decreased growth rate and a metabolic imbalance. The
energy requirement is met through natural foods, special
amino acid formulas and additional fat and carbohydrates
from other sources, including protein-free modular feeds.
Distribution of energy intake from protein, carbohydrates
and lipids should approach the recommended percent-
ages. The diet must be assessed for minerals, vitamins
and trace elements and, if incomplete, supplemented with
an appropriate commercial preparation. Hyperosmolar-
ity of formulas should be avoided by offering sufficient
fluids.

= Evaluation of Clinical and Nutritional Status

This comprises regular evaluation of weight, length and
head circumference, which should all follow growth per-
centiles appropriate for the patient’s age. Nutritional sta-
tus is also judged by blood cell count, haemoglobin and
haematocrit, plasma protein and albumin, iron and fer-
ritin, evaluation of calcium/phosphate metabolism and
plasma amino acid profile. The metabolic and nutritional
statuses are both evaluated weekly during the 1st month
of therapy, once a month during the 1Ist year, and later
every 3-6 months. In patients treated with a low-protein
diet without an added amino acid mixture, measurement
of urea excretion is an easy means to evaluate anabolism
[43]. Regular assessment of developmental progress pro-
vides the opportunity for psychological support, as social
and emotional needs are major elements of the overall
therapy of the affected child and of the family’s wellbe-

ing.

= Specific Adjustments

== Maple Syrup Urine Disease

Acute Phase Management in the Newborn. Exogenous
toxin removal procedures such as haemodialysis and hae-
mofiltration together with high-energy dietary treatment
are usually advised for the reversal of acute metabolic
decompensation in symptomatic newborns with the clas-
sic form of MSUD [44]. With these measures the plasma
leucine level is reduced to 1 mmol/l or less within hours.
During the recovery interval, oral intake of BCAA-free
formula (tube feeding) should be started early and BCAA
intake adjusted according to the plasma levels, which are
monitored daily until the optimal equilibrium is attained.
During this stage, plasma concentrations of valine and
isoleucine may fall below normal and become rate limit-
ing for protein synthesis, a situation which requires gener-
ous valine and isoleucine supplements in doses of 300-400
mg/day. Newborn screening for MSUD by tandem MS
allows for early diagnosis and intervention and in some
cases obviates the need for extracorporeal detoxification.
In affected newborns found positive on screening the oral
intake of BCAA-free formula (tube feeding) with ade-
quate calorie supply (glucose polymer) and supplementa-
tion with isoleucine and valine (300-400 mg/day) can be
sufficient to stimulate protein synthesis and to normalise
plasma leucine levels within 2-3 days [3, 45].

Long-term Management. Management of MSUD com-
prises a life-long strict and carefully adjusted semisyn-
thetic diet, as well as acute-phase treatment during epi-
sodes of catabolic stress. The dietary treatment of MSUD
differs from that of other organic acidurias, since the
condition results in elevated plasma BCAA levels. In that
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respect MSUD can be regarded as an aminoacidopathy,
and the principles of dietary treatment are essentially
those that apply to phenylketonuria. The diet consists
of measured proportions of BCAA-containing foods (as
natural protein) and a synthetic BCAA-free amino acid
supplement, which in most preparations also contains
the recommended requirements for minerals and vita-
mins and other essential nutrients. Additional fat and
carbohydrate are provided by protein-free products and
additional supplements. The aim of such treatments is to
maintain the 2-3 h postprandial plasma BCAAs at near-
normal concentrations (leucine: 80-200 pmol/l; isoleu-
cine: 40-90 pmol/l; valine: 200-425 pumol/l). Since leucine
is the most toxic precursor, the diet can be based on the
leucine requirement, with frequent adjustment according
to plasma leucine levels.

In newborns with the classic severe form of MSUD,
the leucine requirement is 300-400 mg/day (80-110 mg/
kg/day), which is approximately 50-60% of the leucine
intake in healthy newborns. Minimum valine and isoleu-
cine requirements are 200-250 mg/day. Apart from con-
siderable interindividual variation, children, adolescents
and adults with the classic form of MSUD tolerate about
500-700 mg of leucine per day. Individuals with variant
forms tolerate greater amounts, and some do well on a
low-protein diet.

Serial monitoring of blood BCAA levels is essential in
the treatment of MSUD, and intakes of BCAAs must fre-
quently be titrated against plasma concentrations. Occa-
sionally, small amounts of free valine and isoleucine must
be added to those provided by natural protein, because
the tolerance for leucine is lower than that for the other
two. When the plasma leucine levels are high and those of
valine and isoleucine low, a rapid fall of leucine can only
be achieved by combining a reduced leucine intake with a
temporary supplement of valine and isoleucine.

In MSUD, unlike other organic acidurias, no abnor-
mal acylcarnitines are formed and there is no increased
carnitine loss; consequently no carnitine supplement is
required. Although treatment with thiamine has often
been advocated, its efficacy has not been confirmed in
any form of MSUD.

Emergency Regimen. During maintenance treatment mi-
nor illnesses such as fever, vomiting, or diarrhoea result
in an increase in catabolism and amino acid release from
muscle protein. Neurotoxic levels of BCAAs and BCKAs
are reached within hours, and patients may present with
apathy, ataxia, hallucinations and, eventually, with fasting
hypoglycaemia and convulsions. High energy intake and
temporary removal of natural protein from the diet, and
continuing supplements of BCAA-free amino acids (with

the early addition of valine and isoleucine supplements)
help to limit accumulation of the branched-chain com-
pounds. Owing to its anabolic effect, intravenous insulin
(0.15-0.20 IU/kg body weight/h), combined with large
amounts of glucose and with continued enteral BCAA-
free amino acids, can be successfully used to treat severe
catabolic episodes. Such therapy may prevent metabolic
decompensation following major surgery and trauma and
can obviate the necessity for extracorporeal toxin removal
in critically ill children.

Maternal MSUD. In a woman with MSUD, maintaining
the plasma leucine level between 100 and 300 pmol/l
and plasma valine and isoleucine in the upper normal
ranges resulted in the delivery of a healthy infant. Leucine
tolerance increased progressively from the 22nd week of
gestation from 350 to 2100 mg/day. The risk of metabolic
decompensation in the mother during the catabolic post-
partum period can be minimised by careful monitoring
after delivery in a metabolic referral centre [46].

Liver Transplantation. Liver replacement results in a clear
increase in whole-body BCKD activity to at least the level
seen in the very mild MSUD variant; following transplant
patients no longer require protein-restricted diets and the
risk of metabolic decompensation during catabolic events
is apparently abolished [47, 48].

Prognosis. Patients with MSUD are now expected to
survive; they are generally healthy between episodes of
metabolic imbalance, and some attend regular schools
and have normal IQ scores. However, the average in-
tellectual performance is clearly below that of normal
subjects [45, 49]. The intellectual outcome is inversely
related to how long after birth plasma leucine levels re-
main above 1 mmol/l and is dependent on the quality
of long-term metabolic control [50]. This suggests that
inclusion of MSUD in neonatal screening programmes
by tandem-mass spectrometry may improve the prog-
nosis in this disease. Normal development and normal
intellectual outcome and performance can be achieved
at least in prospectively treated patients [3] and if aver-
age long-term plasma leucine levels are not more than
1.5-2 times normal [50]. However, some patients may
present mental health problems despite good metabolic
control. Children may have inattention and hyperactiv-
ity, and older patients may show generalised anxiety,
panic or depression, resulting in poor educational and
social achievement. Both types of disorders may require
specific treatment [45]. In addition, timely evaluation
and intensive treatment of minor illnesses at any age is es-
sential, as late death attributed to recurrence of metabolic
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crises with infections has occurred [3]. Assiduous care is
also indicated for patients with variant forms, in order to
prevent further ketoacidotic crises after they have been
diagnosed and to retain the relatively good prognosis.

== |sovaleric Aciduria

Acute Phase Management in the Newborn. Intensive
treatment with nonspecific measures (glucose infusion to
provide calories and reduce endogenous protein catabo-
lism, possibly bicarbonate infusion to control the acido-
sis) including exogenous toxin (and ammonia) removal
may be needed in newborns, who are often in a poor
clinical condition precluding the effective use of alternate
pathways to enhance the removal of isovaleryl-CoA. In
these circumstances, the administration of intravenous
L-carnitine (100-400 mg/kg/day) and oral L-glycine (250-
600 mg/kg/day) are effective means of treatment. Glycine
can be provided as a 100-mg/ml water solution delivered
in four to eight separate doses.

Dietary Therapy. The aim of treatment is to reduce the
isovaleric acid burden to a minimum and to keep the
urine free of IVA and 3-hydroxy-IVA. Such a therapy
consists of a low-protein diet with supplemental glycine
and carnitine and should be started as soon as possible
after birth. In most patients the amount of protein toler-
ated meets the official protein requirements, and a special
amino acid mixture free of leucine is rarely needed. Ex-
cessive protein intake should be avoided.

Carnitine and Glycine Therapy. For supplemental ther-
apy either oral L-carnitine (50-100 mg/kg/day) or oral
L-glycine (150-300 mg/kg/day) can be used. Under stable
conditions the need for both supplementations is still
controversial, but it can be useful during metabolic stress
when toxic isovaleryl-CoA accumulation increases the
need for detoxifying agents [51]. Supplementation with
large doses of carnitine gives rise to an unpleasant odour
in many IVA patients.

Prognosis. Prognosis is better than for the other organic
acidurias. Even when a patient is compliant with treatment,
metabolic crises can occur during catabolic stress, making
a short hospitalisation for intravenous fluid (glucose/elec-
trolytes/buffer) necessary. With puberty metabolic crises no
longer occur. Growth is normal; intellectual prognosis de-
pends on early diagnosis and treatment and, subsequently,
on long-term compliance [52]. According to this, inclusion
of IVA into neonatal screening programmes by tandem MS
should improve the prognosis. So far (only one pregnancy
published) there is no evidence that uncomplicated mater-
nal IVA has any adverse effect on the unborn child [53].

In asymptomatic individuals identified by newborn
screening and showing a mild biochemical phenotype it
is crucial to follow the course of the inherited metabolic
disturbance prospectively, as far as possible without any
therapeutic regimen in order to find out the natural his-
tory.

== Propionic Aciduria and Methylmalonic Aciduria
Acute Phase Management in the Newborn. The urinary
excretion of propionic acid is negligible, and no alter-
nate urinary pathway is sufficient to effectively detoxify
newborns with PA. However, this does not mean that
exogenous toxin removal procedures are inevitably re-
quired. Extracorporal detoxification such as haemo(dia)
filtration and haemodialysis (peritoneal dialysis is far less
efficient), together with measures to promote anabolism,
should be considered when neonatal illness is accompa-
nied by severe hyperammonaemia (>400 umol/l). In con-
trast to PA, the efficient removal of toxin in MMA takes
place via urinary excretion, because of the high renal
clearance of methylmalonic acid (22+9 ml/min per 1.73
m?), which allows excretion of as much as 4-6 mmol/day.
Thus, emergency treatment of the newborn with MMA,
if not complicated by very high ammonia levels, mainly
comprises rehydration and promotion of anabolism [54].
When conservative measures with high energy supply
are sufficient, hyperammonaemia (especially in PA) may
be controlled by use of sodium benzoate and/or carbam-
oylglutamate [55]. Metabolic decompensation in PA may
be complicated by severe lactic acidosis due to thiamine
deficiency, requiring vitamin supplementation [56].

Long-term Management. The goal of treatment is to re-
duce the production of methylmalonic or propionic acid
by means of
Natural protein restriction
Maintaining an optimal calorie intake
Carnitine supplementation (100 mg/kg/day)
Reduction of intestinal production of propionate by
metronidazole

Dietary Management. The aim of dietary treatment is to
reduce the production of propionate by both the restric-
tion of precursor amino acids using a low-protein diet
and avoidance of prolonged fasting to limit oxidation of
odd-chain fatty acids, which are liberated from triglyc-
eride stores during lipolysis. The low-protein diet must
provide at least the minimum amount of protein, nitrogen
and essential amino acids to meet requirements for nor-
mal growth. Figures for estimates of safe levels of protein
intake for infants, children and adolescents are available
[42], which can be used as a guide for low-protein diets.
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In early childhood this is often 1-1.5 g/kg/day. To improve
the quality of this diet it may be supplemented with a
relatively small amount of synthetic amino acids free from
the precursor amino acids. However, the long-term value
of these supplements remains uncertain, and metabolic
balance can be achieved without them [12, 42, 43]. Some
studies have shown that the addition of a special amino
acid mixture to a severely restricted diet has no effect on
growth or metabolic status and that these amino acids are
mostly broken down and excreted as urea [43].

The diet must be nutritionally complete, with adequate
energy intake and sufficient vitamins and minerals, in or-
der to save the patient from serious complications associ-
ated with poor nutrition. Long fasts should be avoided. In
order to prevent fasting at night nocturnal tube feeding
may be used in the early years of management.

In children with severe forms of PA and MMA, an-
orexia and feeding problems are almost invariably pres-
ent, and in order to maintain a good nutritional state
feeds have to be given via nasogastric tube or gastrostomy
at some stage. This is essential to provide adequate di-
etary intake, to prevent metabolic decompensation and
to help the parents to cope with a child who is difficult to
feed [12, 42, 43].

Most patients with a late-onset form are easier to
manage. Individual protein tolerance can be quite high.
Even though their individual tolerance allows a less rigid
protein restriction and leads to a lower risk of malnutri-
tion, these patients must be taught to reduce their protein
intake immediately during intercurrent illness to prevent
metabolic imbalance.

Vitamin Therapy. Every patient with MMA should be
tested for responsiveness to vitamin B,,. Some late-onset
forms (and, more rarely, neonatal-onset forms) of MMA
are responsive to vitamin B,,; thus, parenteral vitamin
therapy, starting with hydroxycobalamin 1000-2000 pg/
day for about 10 days, must be carefully tried during a
stable metabolic condition. During this period 24-h urine
samples are collected for an organic acid analysis. Vita-
min-B,, responsiveness leads to a prompt and sustained
decrease of propionyl-CoA byproducts. However, as bio-
chemical results may be difficult to assess, they must later
be confirmed by in vitro studies. Most B,,-responsive
patients need only mild protein restriction or none at all.
Vitamin B, is either given orally once per day or admin-
istered once a week (1000-2000 pg i.m.). In some cases,
i.m. hydroxycobalamin therapy can be kept in reserve for
intercurrent infections.

Carnitine Therapy. Chronic oral administration of L-car-
nitine (100 mg/kg/day) appears to be effective not only

in preventing carnitine depletion but also in allowing
urinary propionylcarnitine excretion and in this way re-
ducing propionate toxicity [12].

Metronidazole Therapy. Microbial propionate produc-
tion can be suppressed by antibiotics. Metronidazole, an
antibiotic that inhibits anaerobic colonic flora, has been
found to be specifically effective in reducing urinary
excretion of propionate metabolites by 40% in MMA and
PA patients. Long-term metronidazole therapy (at a dose
of 10-20 mg/kg once daily for 10 consecutive days each
month) may be of significant clinical benefit [12]. This
intermittent administration may prevent the known side
effects of the drug, such as leukopenia, peripheral neu-
ropathy and pseudomembranous colitis.

Growth Hormone. Growth hormone (GH) induces pro-
tein anabolism. It is contraindicated in the acutely ill
patient but potentially useful in the long term for those
in whom growth is poor [12]. There is a place for recom-
binant human GH treatment as an adjuvant therapy in
some patients with MMA and PA, mainly in those with
reduced linear growth, but controlled long-term studies
are needed [57].

Biochemical Monitoring. During the course of decom-
pensation, plasma ammonia, blood gases, electrolytes,
calcium, phosphate, lactate, glucose, uric acid, amylase,
lipase and ketones in urine should be monitored. Some
groups prefer also to measure urea in urine [43]. Regular
amino acid analysis (all essential amino acids, and in
particular isoleucine) is important. Furthermore, methyl-
malonic acid in plasma or urine should be controlled in
order to define the lowest possible level in each individual
patient on treatment. There may be little practical use for
the measurement of acylcarnitines and of odd-chain fatty
acids in terms of directing clinical management.

Prognosis. Around 15% of patients with MMA are vi-
tamin B, responsive and have mild disease and a good
long-term outcome [10, 58, 59]. Conversely, both vitamin
B,,-unresponsive patients with MMA and those with PA
have severe disease and many encephalopathic episodes,
mainly due to intercurrent infections [60]. Among all
patients with all forms of MMA, mut® patients have the
poorest prognosis, and vitamin B,,-responsive CblA and
mut™ patients, the best [10, 58]. Owing to earlier diag-
nosis and better treatment, outcomes for PA and MMA
patients have improved in the last decade [43, 59, 60].
Survival rates into early and mid-childhood can now
exceed 70%. However, morbidity, in terms of cogni-
tive development, remains high, with a majority of pa-
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tients having DQ/IQ in the mildly to moderately retarded
range. With the improved management the frequency of
growth retardation has decreased, and now most patients
with PA and MMA have growth curves within the normal
range [43]. Abnormal neurological signs (mainly move-
ment disorders, chorea, dystonia) continue to increase
with age [10, 58-60]. Chronic progressive impairment of
renal function is a frequent and serious complication that
manifests in older patients with high methylmalonic acid
excretion [10, 58]. Renal transplantation is likely to be
necessary for many patients with MMA who survive into
adolescence [61]. Including PA and MMA into newborn
screening programmes by tandem MS may make it pos-
sible to identify the late-onset forms of the diseases in the
newborn period and contribute to a further improvement
in the outcome in this group. Decreased early mortality,
less severe symptoms at diagnosis and more favourable
short-term neurodevelopmental outcomes were recorded
in patients identified through expanded newborn screen-
ing. However, the short duration of follow-up so far does
not allow us to draw final conclusions about the effects of
newborn screening on long-term outcome [60].

There are only a few reports of female patients with
MMA who have carried a pregnancy to term. The out-
come was favourable despite high levels of methylmalonic
acid in blood and urine [62, 63].

Liver/KidneyTransplantation. In view of the poor long-
term prognosis associated with a high risk of complica-
tions, liver or combined liver-kidney transplantations have
been performed in a growing group of patients of different
ages (from early infancy to adulthood) [64, 65]. After suc-
cessful transplantation most patients have returned to a
liberalised diet. A few patients with PA had remission of
cardiomyopathy following liver transplantation [15, 17].
Despite sometimes only slight improvement in the levels
of circulating propionyl-CoA metabolites, life-threatening
episodes of ketoacidosis disappeared or were reduced to
some degree. However, some patients have developed
acute decompensation and basal ganglia necrosis years af-
ter liver transplantation and while on a normal diet. Today,
it is recommended that such patients be maintained on a
relaxed diet and with continued carnitine supplementa-
tion. There is ample experience that progressive renal
failure and neurological dysfunction, including metabolic
stroke, are not always prevented. Successful isolated kid-
ney transplantation has been performed in some MMA
patients in end-stage renal failure, with a very significant
improvement in their metabolic control [66].

Management of Intercurrent Decompensations. Acute in-
tercurrent episodes are prevented or minimised by aware-
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ness of the situations that may induce protein catabo-
lism. These include intercurrent infections, immunisation,
trauma, anaesthesia and surgery and dietary indiscretion.
In all cases, the main response comprises a reduction in
protein intake. All patients should have detailed instruc-
tions, including information on a semi-emergency diet,
in which natural protein intakes are reduced by half, and
an emergency diet, in which it is stopped. In both, energy
supply is augmented using carbohydrates and lipids, such
as solutions based on protein-free formula base powder or
a mixture of glucose polymer and lipids diluted in an oral
rehydration solution. For children treated with specific
amino acid mixtures the usual supplements can be added,
though one should be aware that they increase osmolarity
and that their taste renders nasogastric tube feeding un-
avoidable. Their use is contraindicated in MMA and PA in
cases of severe hyperammonaemia. At home, the solution
is given in small, frequent drinks during day and night or
by nasogastric tube [42]. After 24-48 h, if the child is do-
ing well the usual diet is resumed within 2 or 3 days.

In cases of clinical deterioration with anorexia and/or
gastric intolerance or if the child is obviously unwell, the
patient must be hospitalised to evaluate the clinical status,
to search for and treat intercurrent disease and to halt
protein catabolism. Emergency therapy depends on the
presence of dehydration, acidosis, ketosis and hyperam-
monaemia. Most often, intravenous rehydration for 12-24
h results in sufficient clinical improvement to allow for
progressive renutrition with continuous enteral feeding.
During this step enough natural protein to at least cover
the minimal dietary requirements should be introduced
into the feeds. The energy intakes are supplied with car-
bohydrates and lipids, applying the same rules as for the
treatment of late-onset forms. During this stage of manage-
ment close metabolic evaluation is advised, as the condi-
tion is labile and may deteriorate, requiring adjustment of
the therapy. Conversely, if the patients condition improves
quickly normal feeding should be restored without delay.

During periods when enteral feeding is contraindi-
cated or poorly tolerated, as can occur with severe or
prolonged decompensation, the use of total parenteral
nutrition may be an effective means of improving meta-
bolic control and preventing further deterioration.

19.2  3-Methylcrotonyl Glycinuria

19.2.1 Clinical Presentation

The clinical phenotype ranges from neonatal onset with
severe neurological involvement and even death to com-
plete lack of any symptoms in adults. On the whole, symp-

19
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tomatic patients present either in the neonatal period or
later in childhood. Some infants present with intractable
seizures from the 1st days of life, others with feeding dif-
ficulties, failure to thrive, and hypotonia within the 1st
weeks after weaning, and some have recurrent seizures
resulting in microcephaly and developmental delay. Most
patients, however, present with a Reye-like syndrome
following intercurrent illness or a protein-enriched diet
within the first 2 years of life, developing neurologi-
cal manifestations along with hypoglycaemia, ketoacido-
sis, hyperammonaemia and very low plasma carnitine.
Additional manifestations in late-onset patients include
muscular hypotonia, seizures, psychomotor retardation,
hemiparesis (‘metabolic stroke’), signs of ‘metabolic leu-
kodystrophy’ and dilated cardiomyopathy. A few adult
women diagnosed following newborn screening of their
infants have complained of muscle weakness.

19.2.2 Metabolic Derangement

In 3-methylcrotonyl glycinuria, leucine catabolism is
blocked by deficiency of 3-methyl crotonyl CoA car-
boxylase (3-MCC) (8 Fig. 19.1, enzyme 3). This enzyme is
one of the four biotin-containing carboxylases known in
humans. Accumulation of 3-methylcrotonylglycine also
occurs in multiple carboxylase deficiency, but in contrast
to 3-MCC is found together with lactic acid and deriva-
tives of propionyl-CoA (» Chapter 27).

Owing to the enzyme block, 3-methylcrotonyl-CoA
and 3-methylcrotonic acid accumulate. Most of the ac-
cumulated acyl-CoA is conjugated with glycine to form
3-methylcrotonylglycine (MCG). In contrast, acylation of
3-methylcrotonyl-CoA with carnitine appears to be only a
minor pathway. 3-Hydroxyisovalerate (3-HIVA), another
major metabolite, is derived through the action of a cro-
tonase on 3-methylcrotonyl-CoA and the subsequent hy-
drolysis of the CoA-ester. 3-Hydroxyisovalerylglycine has
not been found in this condition. However, acylation with
carnitine leads to the formation 3-hydroxyisovaleryl car-
nitine, which is the major abnormal acylcarnitine found
in plasma and dried blood by tandem MS techniques.

19.2.3 Genetics

3-MCC is a heteromeric enzyme consisting of a- (biotin-
containing) and B-subunits. 3-MCC deficiency results
from loss of function mutations in the MCCA and MCCB
genes encoding these subunits. The mutations can be
classified into two groups, denoted CGA and CGB. More
than 50 mutations have been identified in both genes

[67]. They are associated with an almost total lack of
enzyme activity in fibroblasts. The apparent biochemi-
cal severity of all the MCC mutations contrasts with the
variety of the clinical phenotypes, suggesting that there
are other unknown cellular and metabolic factors that
affect the resulting phenotypes. Although most patients
are compound heterozygotes or homozygotes, some are
heterozygotes with a dominant negative allele [68]. The
introduction of tandem MS into newborn screening has
revealed an unexpectedly high incidence of this disorder,
which in certain areas appears to be the most frequent or-
ganic aciduria, found in 1:40,000 newborns in Germany
and Australia [39, 40].

19.2.4 Diagnostic Tests

The diagnosis relies on a characteristic urinary profile
of organic acids, with huge excretion of 3-HIVA and
3-methycrotonylglycine and without the lactate, meth-
ylcitrate, and tiglylglycine found in multiple carboxlase
deficiency (MCD). Supplementation with pharmacologi-
cal doses of biotin does not alter this pattern. Total and
free carnitine concentrations in plasma are extremely low.
The presence of 3-hydroxyisovaleryl carnitine (C50H) in
plasma and in dried blood spots is diagnostic for 3-MCC
deficiency, since it is not found in IVA. In other disorders,
such as MCD, propionylcarnitine (3C) is also seen, and
in 3-hydroxy-3-methylglutaryl CoA lyase deficiency glu-
tarylcarnitine is the major finding (» Chapter 3).

Since family studies and newborn screening have
identified a number of totally asymptomatic siblings and
mothers with MCC deficiency, it is advisable to search in
any affected family for other MCC-deficient subjects by
analysis of the acylcarnitine profile in blood and organic
acids in urine.

19.2.5 Treatment and Prognosis

Long-term treatment of symptomatic infants based on a
mildly protein-restricted diet (meeting the recommended
requirements) results in a general improvement and a
reduction in the number of exacerbations. It is effective in
lowering the abnormal excretion of organic acids which,
however, never disappears.

Glycine and carnitine therapies directed at increasing
the excretion of glycine and carnitine conjugates are com-
plementary rather than competitive means of detoxifica-
tion. Glycine supplementation (175 mg/kg/day) increases
the excretion of 3-MCG. Carnitine supplementation (100
mg/kg/day) corrects the very low plasma carnitine levels
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and increases the excretion of 3-HIVA. Family stud-
ies and newborn screening have identified a number of
totally asymptomatic siblings and mothers with 3-MCC
deficiency who have very low carnitine concentrations
in blood and have never had any treatment, so that the
need for treatment must be doubted. The poor prognosis
described in early-onset forms presenting as neonatal
seizures could be due to late diagnosis and treatment. In
acute late-onset forms presenting as Reye-like syndrome,
all but one patient fully recovered. A consensus protocol
to assist clinicians in the diagnosis and management of
screen-positive newborns for 3-MCC deficiency has been
proposed [69](» Chapter 3).

19.3  3-Methylglutaconic Aciduria

3-Methylglutaconic aciduria is found in a number of
inborn errors of metabolism, only one of which is associ-
ated with a defect in leucine metabolism (for review see
[70]). However, for completeness the other disorders are
also considered here.

3-Methylglutaconic Aciduria Type I. 3-Methylglutaconic
aciduria type I (3-MGA type I) has only been identified
in very few individuals, who presented with a wide spec-
trum of clinical signs of a neurometabolic disease ranging
from no symptoms (at 2 years of age) to mild neurologi-
cal impairment, severe encephalopathy with basal-ganglia
involvement, quadriplegia, athetoid movement disorder,
severe psychomotor retardation and leukoencephalopa-
thy in a 61-year-old woman.

3-Methylglutaconyl (MGC)-CoA is metabolised to
3-hydroxy-3-methylglutaryl-CoA by 3-MGC-CoA hy-
dratase (@ Fig. 19.1, enzyme 4). Defective activity leads to
3-MGC aciduria type I, which is characterised by urinary
excretion of 3-MGC and 3-methylglutaric acids. Both
metabolites derive from accumulated 3-methylglutaconyl-
CoA, through hydrolysis and dehydrogenation, respec-
tively. The combined urinary excretion of 3-MGC and
3-methylglutaric acids range from 500 to 1000 mmol/
mol creatinine, of which 3-methylglutaric acid represents
about 1%. The metabolic pattern also includes 3-HIVA,
which differentiates type I from the other secondary types.
3-MGC-CoA Hydratase activity can be measured in fi-
broblasts. The role of the human 3-MGC-CoA hydratase
in leucine metabolism has been elucidated, and different
mutations in the AUH gene have been identified [71, 72].
No clear therapeutic regimen has been described. Carni-
tine supplementation may have beneficial effects.

3-Methylglutaconic aciduria type I must be distin-
guished from many other conditions associated with
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3-MGC aciduria, which include Barth syndrome (3-MGA
type II), Costeft optic atrophy syndrome (3-MGA type
III) and disorders of unknown origin, summarised as
3-MGA type IV.

3-Methylglutaconic Aciduria Type Il (Barth Syndrome).
This X-linked disorder, characterised by dilated cardi-
omyopathy, skeletal myopathy, neutropenia and mito-
chondrial respiratory chain dysfunction, is considered in
» Chapter 35.

3-Methylglutaconic Aciduria Type lll. 3-MGA type III
(Costeff optic atrophy syndrome) has mostly, but not
exclusively, been reported in Iraqi Jewish individuals. It
is a neuro-ophthalmological syndrome that consists of
early-onset bilateral optic atrophy and later-onset spastic-
ity, extrapyramidal dysfunction and cognitive deficits.
3-Methylglutaconic and 3-methylglutaric acid excretion
are increased. The disease is caused by mutations in the
OPA3 gene. The high prevalence of this allele in the Iraqi
Jewish population (allele frequency of 1 in 10) suggests a
founder effect. [73]. Although the majority of OPA3 mu-
tations are associated with recessive disease, autosomal
dominant inheritance has also been reported.

3-Methylglutaconic Aciduria Type IV. There is a rela-
tively large and heterogeneous group of patients with
3-MGC aciduria, who suffer from variable, multisystem
diseases and cannot be classified as having type MCG
aciduria types I, II, III or V (3-MGC aciduria type IV,
unspecified diseases). Some have been described with
respiratory chain disorders [74]. A group of these pa-
tients may have quite a well-defined and similar clinical
presentation without any clear enzymatic defect [75].
Conversely, mutations in the TMEM?70 gene have been
observed in patients with 3-MDC aciduria, hypertro-
phic cardiomyopathy and mitochondrial ATP synthase
deficiency [76].

3-Methylglutaconic Aciduria Type V. 3-MGA aciduria
type V, or dilated cardiomyopathy with ataxia (DCMA)
syndrome, presents with an early-onset dilated cardio-
myopathy with conduction defects and nonprogressive
cerebellar ataxia. The disorder, which has been described
in 18 patients belonging to the Canadian Dariusleut Hut-
terite population, is also associated with testicular dys-
genesis and growth failure [77]. There are 5- to 10-fold
increases in both plasma and urine 3-MGC and 3-MG
acid. A mutation in the DNAJCI9 gene, which codes for
a protein believed to act as molecular chaperone in the
inner mitochondrial membrane, was identified by ho-

mozygosity mapping.
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19.4 Short-/Branched-chain
Acyl-CoA Dehydrogenase

Deficiency

Isolated 2-methylbutyrylglycinuria, caused by 2-methyl-
butyryl-CoA dehydrogenase deficiency (MBD) and en-
coded by the ACDSB gene (@ Fig. 19.1, enzyme 6), is an
autosomal recessive disorder of isoleucine metabolism
[78]. A few patients have been diagnosed following vari-
ous clinical symptoms, and a set of asymptomatic sub-
jects of Hmong descent were identified through newborn
screening with elevated C5-acylcarnitine concentrations
in blood spots. Detection of MBD deficiency in new-
born screening is not limited to this population, and an
increasing number of asymptomatic patients have been
extensively investigated. Clinical relevance of this dis-
order remains in doubt and requires careful long-term
follow-up of affected individuals. Theoretically, valproic
acid should be avoided, as valproyl-CoA could be a sub-
strate of MBD (» Chapter 3).

19.5  2-Methyl-3-Hydroxybutyryl-CoA

Dehydrogenase Deficiency

Only a few patients with 2-methyl-3-hydroxybutyryl-CoA
dehydrogenase (MHBD) deficiency have been described.
All male patients had an unusual neurodegenerative and
progressive disease, and some affected females had psy-
chomotor retardation and speech delay. Related women
(mothers and grandmothers of patients) have shown mild
to moderate developmental delay. In early childhood
the severe neurodegenerative symptoms included rigidity,
dystonic posturing, spastic diplegia, dysarthria, chore-
oathetoid movements, restlessness, cortical blindness,
myoclonic seizures, brain atrophy, periventricular white
matter and basal ganglia abnormalities. All patients iden-
tified so far have had a severe progressive neurological
phenotype rather than ketoacidotic attacks, in contrast to
patients with a defect in the next step of isoleucine degra-
dation attributable to 2-methylacetoacetyl-CoA thiolase
deficiency.

MHBD deficiency (8 Fig. 19.1, enzyme 7) is a defect
in the degradation of isoleucine and branched-chain fatty
acids. Laboratory findings include marked elevations of
urinary 2-methyl-3-hydroxybutyrate and tiglylglycine
without elevation of 2-methylacetoacetate. The organic
acid excretion is more pronounced after a 100-mg/kg oral
isoleucine challenge. Enzyme studies have shown mark-
edly decreased activity of MHBD in fibroblasts and lym-
phocytes. MHBD deficiency is caused by mutations in the
X-chromosomal HADH?2 gene. A short-term stabilisation

of neurological symptoms and a biochemical response to
an isoleucine-restricted diet have been observed in some
patients [79, 80].

The deficiency of 2-methyl-acetoacetyl-CoA thiolase
(B Fig. 19.1, enzyme 8), also known as 3-ketothiolase or
T2, is discussed in » Chapter 14.

19.6 Isobutyryl-CoA Dehydrogenase

Deficiency

The mitochondrial enzyme isobutyryl-CoA dehydroge-
nase (IBD) catalyses the third step in the degradation
of valine (@ Fig.19.1, enzyme 9). It is encoded by the
ACADS8 gene [81]. Fewer than 20 patients with IBD
deficiency have been described. Only the first patient,
a 2-year-old, was diagnosed following the investigation
of anaemia and dilated cardiomyopthy. Other patients
have been identified following the expansion of newborn
screening [41, 81, 82]. This disorder can be detected on
the basis of elevated butyrylcarnitine/isobutyrylcarnitine
(C4-carnitine) concentrations in newborns” blood spots
analysed by tandem MS. The presence of this metabolite,
which is also present in short-chain acyl-CoA dehy-
drogenase deficiency, requires further investigation for
precise diagnosis [82]. The possible clinical implication
of this enzyme defect is not known, and to date most
of the identified patients have remained asymptomatic.
However, a few patients have moderate speech delay and
careful follow-up is necessary.

19.7  3-Hydroxyisobutyric Aciduria

A few patients with increased excretion of 3-hydroxy-
isobutyric acid (3-HIBA), an intermediate of the catabolic
pathways of valine and thymidine, have been identified.
This condition may be linked to various enzymatic de-
fects. Unfortunately, in most cases described, the enzy-
matic diagnosis has been speculative.

Clinical presentation is heterogeneous. Some patients
present in infancy, with acute metabolic episodes with
ketoacidosis, hypoglycaemia or hyperlactataemia. Muscle
involvement and hypertrophic cardiomyopathy have been
reported. CNS involvement is highly variable, ranging
from normal development to brain dysgenesis observed
in neonates.

Several enzyme defects may underlie 3-hydroxy-
isobutyric aciduria. However, only combined deficiency
of malonic, methylmalonic and ethylmalonic semial-
dehyde dehydrogenase (MMSDH, (MMSDH) gene)
(B Fig. 19.1, enzyme 12) [83] and 3-hydroxyisobutyryl-
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CoA deacylase deficiency (B Fig. 19.1, enzyme 10) have
been identified [84].

19.8 Malonic Aciduria

MA is a rare condition, with fewer than 30 cases reported.
Deficient malonyl-CoA decarboxylase (MLYCD) is usu-
ally expressed in fibroblasts or leukocytes, and various
mutations have been reported in the MLYCD gene [85].

19.8.1 Clinical Presentation

A neonatal form has been described in some patients, who
displayed progressive lethargy, hypotonia, hepatomegaly
associated with metabolic acidosis, and mild hyperam-
monaemia, variously associated with hypoglycaemia and/
or hyperlactacidaemia. Cardiac failure due to cardiomyo-
pathy could be present at birth.

In the late-onset forms, most patients present acute
metabolic episodes secondary to intercurrent infections.
Some of these patients could be previously known to be
affected with a mild and nonspecific psychomotor retar-
dation. Other children have been diagnosed following
systematic screening for mental retardation and hypoto-
nia. Cardiomyopathy has been present in about 40% of
identified patients.

19.8.2 Metabolic Derangement

Malonic aciduria is due to deficiency of MLYCD
(B Fig. 19.1, enzyme 15). The physiological role of this
cytosolic enzyme could be in the regulation of cytoplas-
mic malonyl-CoA abundance and, thus, of mitochondrial
fatty acid uptake and oxidation. Patients with MLYCD
deficiency display a number of phenotypes that are remi-
niscent of mitochondrial fatty acid oxidation disorders
[85]. However, in contrast to these, dicarboxylic acidu-
ria together with ketonuria is found during catabolic
episodes and the patients exhibit normal ketogenesis on
acute fat-loading tests.

19.8.3 Genetics

MLYCD deficiency is an autosomal recessive disorder.
More than 20 mutations in the MLYCD gene have been
reported. No hotspot mutations have been identified.
No phenotype-genotype relationship was detected, and
siblings may have different presentation/s [85]. Anaother
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rare disorder presenting with malonic and methylma-
lonic aciduria has been recently elucidated as secondary
to ACSF 3 deficiency, a member of the acyl-CoA syn-
thetase family (86).

19.8.4 Diagnostic Tests

Diagnosis relies on a characteristic profile of urinary or-
ganic acids, in which malonic and methylmalonic acids
are constant findings. Abnormal succinic aciduria has
been found in about half the cases, as have various dicar-
boxylic and glutaric acidurias.

Total and free carnitine concentrations in plasma
are low. Documented accumulation of malonylcarnitine
would allow tandem mass spectrometry screening of new-
born blood spots. MLYCD has been found to be reduced
in cultured fibroblasts and/or leukocytes of most defective
cell lines, with residual activity less than 10% of control.
Patients with normal enzyme activity in fibroblasts have a
similar disorder, with mutations in the MLYCD gene [85].

19.8.5 Treatment and Prognosis

No rules for treatment and prognosis have been estab-
lished. Carnitine supplementation corrects the carnitine
deficiency and may improve the cardiomyopathy and
muscle weakness. Conversely, some patients have wors-
ened despite carnitine supplementation and have recov-
ered with a long-chain triglyceride-restricted/medium-
chain triglyceride-supplemented diet [87]. Long-term
prognosis is unknown. Except for the two patients who
developed extrapyramidal signs following an acute crisis,
most patients have residual mild developmental delay.
There are subjects identified by newborn screening who
remained asymptomatic at least during preschool age.
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