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8.1 Introduction

As the title indicates, this chapter comprises a mixed group of six individu-
al organic acidurias. Two are disturbances of the citric acid cycle (2-keto-
glutaric aciduria and fumaric aciduria). Two further organic acidurias are
characterised by excretion of high levels of 2-hydroxyglutaric acid: D-2-hy-
droxyglutaric aciduria and L-2-hydroxyglutaric aciduria. The other two or-
ganic acidurias described in this chapter are malonic aciduria and N-acetyl-
aspartic aciduria (Canavan disease).

The 2-ketoglutarate dehydrogenase (2-KGD) complex is composed of
three separate enzymes: 2-ketoglutarate decarboxylase, or E1; lipoate succi-
nyltransferase, or E2; and lipoamide dehydrogenase, or E3. The complex
catalyses the oxidation of 2-ketoglutarate to yield succinyl-CoA and NADH.
2-KGD deficiency together with pyruvate dehydrogenase deficiency and
branched chain ketoacid decarboxylase deficiency has been ascribed to E3
deficiency because the three enzyme complexes have the E3 component in
common. E3 deficiency will not be discussed.

To date, isolated 2-KGD deficiency (E1 or E2) has only been described
in five families [1-6]. The clinical presentation of the disease is heteroge-
neous. Age of onset varies between the neonatal period and 16 months of
life. Symptoms include axial hypotonia, developmental delay, variable pyra-
midal and extrapyramidal dysfunction, spasticity and hepatomegaly. One
male patient presented with only mild neurological symptoms, which might
have been an unspecific consequence of a complicated neonatal period and
which ameliorated with age. Some patients died in infancy, whereas the
mildly affected patient is still alive at age 14 years.

In most patients, the urinary organic acid profile showed an elevated ex-
cretion of 2-ketoglutaric acid. However, 2-ketoglutaric aciduria is not a con-
sistent finding as it can be absent or intermittently present. Sometimes,
other Krebs cycle intermediates are increased in urine. In some patients
high glutamine and glutamic acid concentrations in plasma were observed.
Elevated concentrations of lactate with high lactate/pyruvate ratios were
permanently present in some, but absent in other patients. Activity of 2-
KGD was measured in fibroblasts and/or muscle homogenates from all pa-
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tients but one and was found to be decreased (5-29% of control value). The
El and E3 subunits were measured separately and found to be normal in
some of the patients, suggesting that at least in some patients the E2 com-
ponent is responsible for the defect.

Fumarase (fumarate hydratase) catalyses the conversion of fumarate to
malate. There are two isoenzymes, a mitochondrial and a cytosolic one.
The presence of a single fumarase gene explains the reduced activities of
both the mitochondrial and the cytosolic isoenzymes in fumarase-deficient
patients. Only the mitochondrial isoenzyme is expressed in brain tissue.
Twenty six patients in 16 families with a defect in fumarase have been de-
scribed [7-10]. Affected children exhibit progressive severe infantile
encephalopathy, feeding problems, failure to thrive, hypotonia, lethargy, mi-
crocephaly, and absent or severely retarded development. The manifestation
of the disease in some patients even began before birth, in the form of
polyhydramnios and a suspicion of congenital hydrocephalus [7]. In a num-
ber of cases, dysmorphia and relative macrocephaly were reported. How-
ever, the intracranial pressure in these patients was normal and the head
small, indicative of atrophy rather than hydrocephalus as cause of the ven-
tricular enlargement. Infantile spasms have also been described. In some
patients, hepatic dysfunction was present in the neonatal period. The clini-
cal course can be fatal (<5 years). A direct relationship between the sever-
ity of the defect, its distribution among tissues, and the fatal course of the
disease has not been observed [8].

In addition two mentally retarded adults with fumaric aciduria have
been described, but the abnormality was thought to be due to a renal fu-
maric acid resorption defect. Fumarase activity was not determined in
these patients.

Deficiency of fumarase causes marked elevations of fumaric acid and of-
ten other Krebs cycle intermediates in the urinary organic acids profile.
The diagnosis is confirmed by measurement of fumarase activity in cul-
tured skin fibroblasts, leukocytes or affected organs. For defining the car-
rier status of family members, fumarase activity measurement in blood
mononuclear cells appears to be a good, easy screening tool [7-9]. Muta-
tion analysis can confirm the results of enzyme studies [11].

Malonic aciduria is caused by a reduced activity of mitochondrial malo-
nyl-CoA decarboxylase, the enzyme responsible for conversion of intramito-
chondrial malonyl-CoA to acetyl-CoA. Hitherto, the disorder has been con-
fined to nine patients. Clinical symptoms, which can develop soon after
birth or in early childhood, include delayed neurological development, sei-
zures, episodes of vomiting and anorexia, mild to severe metabolic acidosis
and cardiomyopathy [12-15]. One patient died at the age of 8 days [15];
the other patients are still alive, the oldest being 13 years of age.

Biochemically, malonyl-CoA decarboxylase deficiency is characterised by
the excretion of excess malonic and methylmalonic acids in urine, mostly
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during episodes of vomiting or febrile convulsions. Sometimes also in-
creased excretions (lower) of succinic, ethylmalonic, glutaric, adipic, and
suberic acids are observed. Grossly reduced malonyl-CoA decarboxylase ac-
tivities have been demonstrated in fibroblasts. Recently, the molecular basis
of malonic aciduria has been reported [16, 17].

2-Hydroxyglutaric (HG) acid is an optically active organic acid. With re-
spect to 2-HG acid two distinct disorders with very different phenotypes
are known; in one D-2-HG acid accumulates and in the other it is the L-
form. Therefore it is important to determine the configuration of accumu-
lating 2-HG acid. The separation of D- and L-2-HG acid requires the use of
chiral GC- and/or HPLC-columns or the preparation of chiral derivatives
using D-2-butanol [18].

D-2-HG aciduria has been reported in about 30 patients [19, 20]. There
appear to be two phenotypes: a severe neonatal and a mild infantile pheno-
type. The most frequent findings, regardless of the phenotype, are epilepsy,
hypotonia, and psychomotor retardation. Additional findings, mainly oc-
curring in the severe phenotype, are episodic vomiting, cardiomyopathy, in-
spiratory stridor, and apneas. The most consistent MRI finding is enlarge-
ment of the lateral ventricles, occipital more than frontal. Regardless of the
clinical phenotype, early infantile MRI shows subependymal cysts and
signs of delayed cerebral maturation. The subependymal cysts disappear
within a few months. Minor facial anomalies, including a “coarse” facial ap-
pearance, broad nasal bridge and large protruding ears, have been de-
scribed [21]. D-2-hydroxyglutaric aciduria should be considered in patients
with minor facial anomalies and epileptic encephalopathy of unknown ori-
gin.

The D-2-HG acid concentration is elevated in urine, sometimes accom-
panied by increased 2-ketoglutaric acid excretion. Elevated concentrations
of D-2-HGA in plasma and CSF, and total GABA in CSF were also reported
[18-20].

More than 40 patients with L-2-HG aciduria have been reported and at
least 75 patients are known to the authors. The clinical phenotype is one of
a progressive neurodegenerative disorder manifested by extrapyramidal
and cerebellar signs, seizures and magnetic resonance imaging findings
indicative of spongiform changes in the subcortical white matter [22].
Usually, the disease presents in childhood, but an increasing number of
cases with adult onset has been reported [23, 24]. L-2-hydroxyglutaric acid-
uria associated with lactic acidosis with onset of neurological symptoms in
the neonatal period and neonatal death has been described in two patients
[25, 26].

The L-2-HGA concentration is persistently elevated in urine, plasma and
CSF without additional organic aciduria. Lysine is often elevated in CSE.

A few patients with combined D-2- and L-2-hydroxyglutaric aciduria
have been reported. Whether these patients represent another clinical and/
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or biochemical entity remains to be established [27]. The origins of D- and
L-2-HG acids are still unknown. A number of loading and fasting studies
have been conducted without conclusive results. Little is known about the
roles of D- and L-2-HG acids in mammalian metabolism and so far no de-
finite clue to the metabolic blocks have been found.

N-acetylaspartic aciduria (Canavan disease, Van Bogaert Bertrand dis-
ease) is caused by a deficiency of aspartoacylase (N-acetyl-aspartate amido-
hydrolase). Three forms have been described: a congenital form presenting
at or shortly after birth, an infantile form presenting between 3 and 6
months of age and a rare juvenile form, which presents after age 5 years.
Clinically, the disease manifests itself with absence of or regression of de-
velopment, hypotonia, poor head control, optic atrophy, and accelerated
head growth resulting in macrocephaly [28, 29]. MRI of the brain shows a
diffuse white matter disease and typically involvement of the thalamus and
globus pallidus [30]. Diagnosis can be established by analysis of N-acetylas-
partic acid in urine, which is pathognomonic for Canavan disease [31].
Furthermore, aspartoacylase can be assayed in cultured skin fibroblasts and
mutation analysis can be performed [32].

8.2 Nomenclature

No.  Disorder-affected component Tissue Chromosomal  McKusick
distribution localisation

8.1  2-Ketoglutarate dehydrogenase M, F 7pl3-pll.2, 203740
complex deficiency: 14q24.3
El
E2

8.2  Fumarase deficiency M, Lym, F 1q42.1 136850

8.3  Malonyl-CoA decarboxylase  F Leu 16q24 248360
deficiency

8.4  L-2-Hydroxyglutaric aciduria 236792
(enzyme defect unknown)

8.5  D-2-Hydroxyglutaric aciduria 600721
(enzyme defect unknown)

8.6  Aspartoacylase deficiency F 17p13-ter 217900

M, muscle; H, heart; K, kidney; B, brain; F, fibroblasts; Liv, liver; Lym, lymphocytes;
Leu, leukocytes.
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8.3 Metabolic Pathways
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Fig. 8.1. Pathways of 2-ketoglutarate, fumarate, malonate and N-acetylaspartate metabolism and proposed pathways
of D- and L-2-hydroxyglutarate metabolism. 8.1, 2-Ketoglutarate dehydrogenase complex (E1 or E2); 8.2, fumarase;
8.3, malonyl-CoA decarboxylase; 8.6, aspartoacylase
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8.4 Signs and Symptoms

B 2-Ketoglutaric Aciduria (5 Families)

System

Symptoms/markers

Neonatal

Infancy

Childhood Adolescence Adulthood

Characteristic clinical
findings

Routine laboratory

Special laboratory

GI
Respiratory
Liver

CNS

Cardiac

Normal initial development
Motor deterioration > mental
deterioration

Mainly pyramidal or extra-
pyramidal symptoms
Episodic course

Glucose

Acidosis

ASAT/ALAT

Lactate (B)

Pyruvate (B)
Lactate/pyruvate ratio (B)
3-Hydroxybutyrate/acetoacetate
ratio (B)

CAT: cortical atrophy
Organic acids (U):
2-ketoglutarate succinate,
fumarate,

citrate, malate

Failure to thrive

Tachypnea

Hepatomegaly

Hypotonia, axial >limbs
Motor >mental deterioration
Absent head control
Extrapyramidal movement
disorder

Spasticity

Psychotic behavior

Epileptic seizures
Hypertrophic cardiomyopathy
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B Fumaric Aciduria (26 Patients, 16 Families)

System Symptoms/markers Prenatal Neonatal Infancy  Childhood Adolescence

Characteristic clinical Polyhydramnion +

findings Cerebral ventriculomegaly + + ++ +++
Absent development® + +

Routine laboratory Acidosis + +
ASAT/ALAT 7
Lactate (B) N-1 N-1
Lactate (CSF) N-1 N-1
Pyruvate (B) N-1 N-1
Pyruvate (CSF) N-1 N-1
Lactate/pyruvate ratio (B) N-1 N-1
3-hydroxybutyrate/acetoacetate N-| N-|
ratio (B)

Special laboratory CAT: progressive atrophy + + + +
EEG abnormalities + + +
Organic acids (U):
Fumarate, 1 i) 1 )
Succinate, citrate, malate, 2-keto- N-1 N-1 N-1 N-1
glutarate

G.I Vomiting + + +
Prolonged icterus *

Liver Hepatomegaly +

CNS Lethargy + + +
Irritability + + +
Hypotonia + + +
Opisthotonus + + +
Visual failure + + +
Severe MR/DD + +
Seizures + + +
Microcephaly + +
Relative macrocephaly *

Hematological Neutropenia +

General Dysmorphia

* Some development reported in one patient.
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B Malonic Aciduria

System

Symptoms/markers

Neonatal

Infancy  Childhood Adolescence Adulthood

Characteristic clinical
findings
Routine laboratory

Special laboratory

G.I
CNS

Cardiac

Dysmorphism

Short stature

Glucose (B)

Ketones (U)

Acidosis

ASAT/ALAT (P)

Urea (P)

Organic acids (U):

Malonate

Methylmalonate, ethylmalonate,
succinate, adipate, suberate, glu-
tarate

Free carnitine (U)

Acylcarnitine (U)

Episodic vomiting

Mild mental retardation
Hypotonia

Febrile or nonfebrile convulsions
Cardiomyopathy
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# After high fat/low carbohydrate load.

B L-2-Hydroxyglutaric Aciduria

System

Symptoms/markers

Neonatal

Infancy ~ Childhood Adolescence Adulthood

Unique clinical
findings
Routine laboratory

Special laboratory

CNS

Progressive ataxia

Progressive mental def.

Lactate (B)

Ammonia (B)

Protein (CSF)

CT/MRI white matter
abnormalities

EEG abnormalities

NCV

Evoked potential abnormalities
L-2-hydroxyglutarate (U, P, CSF)
Lysine (U, P, CSF)

Dysarthria

Hypotonia

Spasticity

Choreoathetosis, dystonia
Tremor

Seizures

Macrocephaly
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B D-2-Hydroxyglutaric Aciduria

System

Symptoms/markers

Neonatal

Infancy

Childhood Adolescence Adulthood

Special laboratory

GI
Face
CNS

Cardiac

CT/MRI:

Enlarged ventricles
Subependymal cysts

Delayed myelination/gyration
Organic acids (U):
D-2-hydroxyglutarate
2-Ketoglutarate
D-2-hydroxyglutarate (P, CSF)
GABA (CSF)

Episodic vomiting

Facial dysmorphism

Epilepsy

Hypotonia

Cerebral visual failure
Developmental delay
Extrapyramidal movement
abnormalities

Macrocephaly

Cardiomegaly
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B N-Acetylaspartic Aciduria (Canavan Disease)

System

Symptoms/markers

Neonatal

Infancy

Childhood Adolescence

Adulthood

Characteristic clinical
findings

Special laboratory

CNS

Regression of development

Macrocephaly (disproportionate)

Poor head control

Inability to fix or track/blindness

Optic atrophy
Hypotonia

Spasticity (diplegia, quadriplegia)

MRI/CT: leukodystrophy
Organic acid (U):
N-Acetylaspartic acid
N-Acetylaspartic acid (P, CSF)
Mental + motor retardation
Seizures

Nystagmus

Opisthotonus

Ataxia

Dysarthria

Deafness

Choreoathetosis, dystonia,
tremors
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System Symptoms/markers Neonatal Infancy  Childhood Adolescence Adulthood
GI Feeding difficulties + + + + +
Failure to thrive + + * + +
Cholelithiasis + + + + +
Vomiting + + + + +
Respiratory Inspiratory stridor + + + + +
Cyanotic spells + + + + +
Other Fevers of unknown origin + + + + +
8.5 Reference Values
B 2-Ketoglutaric Acid (2-KGA)
Age 2-KGA (U) 2-KGA (S/P) 2-KGA (CSF)
mmol/mol creat pmol/1 pmol/1
<1 year 20-340 4-14 2-16
>1 year 10-80
B Fumaric Acid (FA)
Age FA (U) FA (S/P) FA (CSF)
mmol/mol creat pmol/1 pmol/1
<1 year <100 0.49-1.4 0.06-0.18
>1 year <20
B Malonic Acid (MA)
Age MA (U) MA (S/P) MA (CSF)
mmol/mol creat pmol/1 pmol/1

<5

B L-2-Hydroxyglutaric Acid (L-2-HGA)

Age L-2-HGA (U) L-2-HGA (S/P) L-2-HGA (CSF)
mmol/mol creat pumol/1 pumol/1
1.3-19 0.5-1.0 0.3-2.3
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B D-2-Hydroxyglutaric Acid (D-2-HGA)

Age D-2-HGA (U) D-2-HGA (S/P) D-2-HGA (CSF)
mmol/mol creat pmol/l pmol/1
2.8-17 0.3-0.9 0.07-0.3

B N-Acetylaspartic Acid (NAA)

Age NAA (U) NAA (P) NAA (CSF)
mmol/mol creat pmol/l pmol/1
6-36 0.17-0.84 0.25-2.8

8.6 Pathological Values/Differential Diagnosis

B Disorder 8.1: 2-Ketoglutaric acid (2-KGA)

Age 2-KGA (U) 2-KGA (S/P) 2-KGA (CSF)
mmol/mol Creat pmol/l pmol/1
5-1700° 17-37° 4-13

* The organic acid profile might also show elevations of other Krebs cycle intermediates:
succinate, fumarate, citrate and malate.

® The molar ratio of blood lactate/pyruvate is increased and the 3-hydroxybutyrate/ace-
toacetate ratio is decreased.

B Disorder 8.2: Fumaric acid (FA)

Age FA (U) FA (S/P) FA (CSF)
mmol/mol creat pumol/l pmol/l
n-3829*° 22-28 6.8

# The organic acid profile might also show elevations of other Krebs cycle intermediates:
succinate, citrate, malate, 2-ketoglutarate.

B Disorder 8.3: Malonic acid (MA)

Age MA (U) MA (S/P) MA (CSF)
mmol/mol creat pumol/l pmol/l
21-5440°

* Next to malonate, elevations of methylmalonate and sometimes ethylmalonate, succi-
nate, glutarate, adipate suberate are found.
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B Disorder 8.4: L-2-Hydroxyglutaric acid (L-2-HGA)

Age L-2-HGA (U) L-2-HGA (S/P) L-2-HGA (CSF)
mmol/mol creat pumol/1 pumol/1
226-4294 7-84 23-474

B Disorder 8.5: D-2-Hydroxyglutaric acid (D-2-HGA)

Age D-2-HGA (U) D-2-HGA (S/P) D-2-HGA (CSF)
mmol/mol creat pmol/1 pmol/1
676-7076 38-283 5-313

Sometimes, the organic acid profile also shows elevations of 2-ketoglutarate.

B Disorder 8.6: N-Acetylaspartic acid (NAA)

Age NAA (U) NAA (P) NAA (CSF)
mmol/mol creat pmol/1 pmol/1
61-9647 9.3

8.7 Loading Tests

B Disorders 8.1 and 8.2

Investigation of the redox status in plasma on the basis of the molar L/P
and B/A ratios in vivo can help to discriminate between several causes of
congenital lactic acidosis. An intravenous glucose loading test (GTT; 2 g/kg
b.w.) might be advantageous to get more information about the redox sta-
tus. An increased L/P ratio and a normal or decreased B/A ratio would be
suggestive for a defect in the citric acid cycle.

B Disorder 8.3

During ketogenic (high fat) diet, urine of patients showed excess malonic
acid excretion, whereas organic acid excretions of the parents were normal.
Therefore it is considered that ketogenic challenge, although of proven di-
agnostic value in homozygous subjects, is not a useful tool in the investiga-
tion of potential heterozygotes.

When patients are in good condition, a ketogenic diet may be con-
sidered in order to promote urinary excretion of excess malonate for diag-
nostic purposes.
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B Disorders 8.4 and 8.5

A number of loading and fasting studies have been conducted without con-
clusive results.

B Disorder 8.6

No loading tests are available for Canavan disease.

8.8 Specimen Collection

Disorder Test Precondi- Material Pitfalls
No. tions
8.1 Organic acids none Urine May decompose to
form succinate
L/P ratio, ketone body Plasma
ratio
8.2 Organic acids none Urine
L/P ratio, ketone body Plasma
ratio
8.3 Organic acids, acyl- none Urine Separation from
carnitines methylmalonate by
GC sometimes diffi-
cult
8.4 Organic acids, followed none Urine
by specific
D-2-HG and L-2-HG iso-
mers separation
8.5 Organic acids, followed none Urine Compound may be
by specific a prominent ab-
D-2-HG and L-2-HG iso- normality in multi-
mers separation ple acyl-CoA
dehydrogenase defi-
ciency
8.6 Organic acids none Urine Compound has bad
(N-acetylaspartic acid) recovery in organic

solvent extraction
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8.9 Prenatal Diagnosis

Disorder  Material Timing Pitfalls

No. trimester

8.1 Chorionic villi (potentially) I
Amniotic fluid, amniocytes II
(potentially)

8.2 Chorionic villi (accomplished) I
Amniotic fluid, amniocytes
(accomplished) I

8.3 Chorionic villi (potentially) I
Amniotic fluid, amniocytes II
(potentially)

8.4 Amniotic fluid (accomplished) I

8.5 Amniotic fluid (accomplished) I Mild and combined DL

forms are risky.

8.6 Chorionic villi (accomplished) I Assay of aspartoacylase
Amniotic fluid, amniocytes II in amniocytes is not reli-
(accomplished) able. A combination of

mutation analysis and
metabolite measurement
is recommended [33]

B DNA Analysis

Disorder Tissue/specimen Methodology

8.1

8.2 FB LYM Sequencing

8.3 FB Sequencing

8.4

8.5

8.6 FB Sequencing

8.10 Initial Treatment

B Disorder 8.1

Nasogastric tube feeding during the night with a diet low in carbohydrate
(40%) and supplementation with bicarbonate in order to prevent further
acidotic episodes have been recommended.

B Disorder 8.2

There is no known treatment. Theoretically, aspartic acid supplementation
might offer some benefit.
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B Disorder 8.3

It has been demonstrated that a low fat, high carbohydrate diet (18% and
67% of energy intake respectively), given for a period of five months, led to
near normalization of the urinary organic acid excretion. Long-term out-
come in affected individuals may be improved by implementing this diet as
a permanent regimen. In another patient, treatment with 100 mg/kg b.w. of
L-carnitine improved patient’s muscle strength and tone and development.
Supplementation of L-carnitine may therefore be beneficial in this disorder.

B Disorders 8.4, 8.5 and 8.6

To date, there is no rational therapy for these disorders. For Canavan dis-
ease, gene transfer therapy is being developed [34].

8.11 Summary/Comments

B Disorders 8.1 and 8.2

The mitochondrial encephalomyopathies are a heterogeneous group of
disorders characterized by a wide range of clinical signs and symptoms.
Onset of these disorders may occur at any time of life, including in utero.
They may affect skeletal muscle, cardiac muscle or both, and involve other
organs including brain, liver and kidney. Clinical symptoms associated with
hyperlactic acidemia or hyperlactatorachia suggest a mitochondrial defect
such as a disorder of pyruvate metabolism, respiratory chain defect or an
inherited defect of the citric acid cycle. Urinary organic acids analysis and
determination of the oxidoreduction (redox) status in plasma can help in
differential diagnosis. One should keep in mind that excretion of 2-keto-
glutarate and fumarate in these disorders is not always elevated, and that
elevations can be intermittently present.

B Disorder 8.3

Patients affected by this disorder were often diagnosed during episodes of
vomiting and febrile convulsions associated with developmental delay. This
finding again illustrates the importance of collecting urines for organic
acids analysis during acute episodes of illness. The excretion of abnormal
metabolites in this disorder can drop markedly within a short time.
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B Disorders 8.4 and 8.5

These “cerebral” organic acid disorders often appear to remain undiag-
nosed. Abnormalities such as hypoglycemia, metabolic acidosis or lactic
acidemia, the usual concomitants of disorders of organic acid metabolism,
are generally absent. Therefore, the correct diagnosis requires an increased
awareness of these disorders by the referring physician as well as the clini-
cal biochemist in the metabolic laboratory. Additional important diagnostic
clues can be derived from neuro-imaging. Since the first description of
these disorders in 1980, only recently an increasing number of reports of
cases came to our attention.

B Disorder 8.6

Canavan disease usually presents in early childhood with hypotonia, visual
loss and accelerated head growth. MRI of the brain shows a leukodystro-
phy. In urine, plasma, and CSF N-acetylaspartic acid is elevated. However,
sometimes the elevation in urine is marginal. The diagnosis can be con-
firmed by analysis of aspartoacylase and by mutation studies. Prenatal di-
agnosis is possible, preferably by the combined analysis of N-acetylaspartic
acid in amniotic fluid and mutation studies.
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