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Isovaleric Acidemia: New Aspects of Genetic and
Phenotypic Heterogeneity

JERRY VOCKLEY* anp REGINA ENSENAUER

Isovaleric acidemia (IVA) is an autosomal recessive inborn error of leucine metabolism caused by a deficiency of the
mitochondrial enzyme isovaleryl-CoA dehydrogenase (IVD) resulting in the accumulation of derivatives of
isovaleryl-CoA. It was the first organic acidemia recognized in humans and can cause significant morbidity and
mortality. Early diagnosis and treatment with a protein restricted diet and supplementation with carnitine and
glycine are effective in promoting normal development in severely affected individuals. Both intra- and
interfamilial variability have been recognized. Initially, two phenotypes with either an acute neonatal or a chronic
intermittent presentation were described. More recently, a third group of individuals with mild biochemical
abnormalities who can be asymptomatic have been identified through newborn screening of blood spots by
tandem mass spectrometry. IVD is a flavoenzyme that catalyzes the conversion of isovaleryl-CoA to 3-
methylcrotonyl-CoA and transfers electrons to the electron transfer flavoprotein. Human IVD has been purified
from tissue and recombinant sources and its biochemical and physical properties have been extensively studied.
Molecular analysis of the /VD gene from patients with IVA has allowed characterization of different types of
mutations in this gene. One missense mutation, 932C>T (A282V), is particularly common in patients identified
through newborn screening with mild metabolite elevations and who have remained asymptomatic to date. This
mutation leads to a partially active enzyme with altered catalytic properties; however, its effects on clinical
outcome and the necessity of therapy are still unknown. A better understanding of the heterogeneity of this
disease and the relevance of genotype/phenotype correlations to clinical management of patients are among the

challenges remaining in the study of this disorder in the coming years.
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INTRODUCTION

Isovaleric acidemia (IVA) was the first of’
the organic acidemias to be described
and its nature was elucidated due to a
combination of astute clinical acumen
and new technology. The two original
patients were 4 and 2% years old,
respectively, and had similar histories of
recurrent episodes of vomiting and
lethargy that resolved with supportive
therapy including glucose infusions
[Tanaka et al., 1966; Budd et al., 1967;
Efron, 1967]. A “smell specialist” sug-

gested that the unusual odor associated
with their acute episodes was likely a
short chain fatty acid, and isovaleric acid
was identified in patient plasma through
the then novel approach of gas chroma-
tography followed by mass spectrometry
[Tanaka, 1990]. Urine was subsequently
shown to contain isovalerylglycine and
3-hydroxyisovaleric acid as well as other
metabolites [Tanaka and Isselbacher,
1967; Tanaka et al.,, 1968]. Oxidation
oflabeled isovaleric acid by patient white
blood cells was reduced compared to

Jerry Vockley is Professor of Pediatrics and Human Genetics at the University of Pittsburgh
School of Medicine and Graduate School of Public Health, and Chief of Medical Genetics at the
Children’s Hospital of Pittsburgh. He has extensively researched the molecular and biochemical

basis of isovaleric acidemia.

Regina Ensenauer is a pediatrician and biochemical geneticist at the Children’s Hospital of the
Ludwig-Maximilians University in Munich, Germany. She currently holds an academic career
research scholarship. Her research interests are in the field of branched-chain amino acid

catabolism and fatty acid oxidation.

Grant sponsor: NIH; Grant number: RO1-DK45482; Grant sponsor: Pennsylvania Tobacco

Settlement Fund.

*Correspondence to: Jerry Vockley, Department of Pediatrics, University of Pittsburgh School of
Medicine, The Children’s Hospital of Pittsburgh, 3705 Fifth Avenue, Pittsburgh, PA 15238.

E-mail: gerard.vockley@chp.edu
DOI 10.1002/ajmg.c.30089

Published online 00 Month 2006 in Wiley InterScience

(www.interscience.wiley.com)

© 2006 Wiley-Liss, Inc.

control cells, and a defect of leucine
metabolism was postulated [Shih et al.,
1973; Rhead and Tanaka, 1980; Yoshida
et al., 1985; Hyman and Tanaka, 1986].
It must be remembered that until
the characterization of these patients,
the oxidation of isovaleryl-CoA was
assumed to be catalyzed by the newly
identified short chain acyl-CoA dehy-
drogenase [Crane et al., 1956; Engel and
Massey, 1971; McKean et al, 1979;
Frerman et al.,, 1980]. Over the next
20 years IVD was separated from the
other acyl-CoA dehydrogenases, puri-
fied, cloned, and the molecular nature
of the defects responsible for loss of
IVD activity elucidated. The use of
gas chromatography/mass spectrometry
(GC-MS) ultimately became the main-
stay of the identification and routine
clinical diagnosis of a new class of inborn
errors of metabolism resulting in the
abnormal accumulation of organic acids
inurine, and it remains a valuable tool for
biochemical geneticists today [Tanaka
et al.,, 1980; Burke et al., 1983]. The
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more recent application of tandem mass
spectrometry (MS/MS) for analysis of
the acylcarnitine profile of blood spots
from newborn screening filter paper
cards has allowed a significant expansion
of the recognition of mildly affected
and potentially asymptomatic individuals
with IVD deficiency through newborn
screening [Ensenauer et al., 2004].

DISEASE SPECTRUM

Early literature on IVA, an autosomal
recessive disorder, emphasized two
apparent phenotypes [Tanaka, 1990].
The first was an acute, neonatal pre-
sentation with patients becoming symp-
tomatic within the first 2 weeks of
life [Tanaka et al.,, 1966; Budd et al.,

1967; Efron, 1967; Lott et al., 1972;

Early literature on IVA,
an autosomal recessive disorder,
emphasized two apparent
phenotypes. The first was an
acute, neonatal presentation
with patients becoming

symptomatic within the first
2 weeks of life.

Levy et al, 1973; Elsas and Naglak,
1988]. Patients appeared initially well,
then developed vomiting and lethargy,
progressing to coma. The second group
presented with relatively non-specific
failure to thrive and/or developmental
delay (chronic intermittent presenta-
tion) [Levy et al., 1973; Shih et al.,
1984; Berry et al.,, 1988; Elsas and

The second group presented
with relatively non-specific
failure to thrive and/or
developmental delay.

Naglak, 1988; Mehta et al., 1996].
Patients who survived an early acute
presentation subsequently were indis-

tinguishable from those with the chronic
phenotype, and both groups of patients
were prone to intermittent acute epi-
sodes of decompensation with minor
illnesses [Tanaka, 1990]. In reality it is
now apparent that patients can fall
anywhere on the spectrum of acute to
chronic presentation and that there is
probably little predictive value to the
initial presentation. Moreover, with
the application of MS/MS in new-
born screening, potentially asympto-
matic patients with one recurring IVVD
gene mutation and a mild biochemi-
cal phenotype are being identified in
increasing numbers, representing an
additional phenotype of IVA [Ensenauer
et al., 2004]. This type may represent a
biochemical phenotype only without
the expression of any clinical symptoms
(such as in benign hyperphenylalanine-
mia) and, therefore, needs to be differ-
entiated from the classic forms of IVA.
For practical purposes, we suggest
classifying patients with IVA as “meta-
bolically severe” and “metabolically
mild or intermediate”, giving consid-
eration to the broader spectrum of IVA
detectable by newborn screening.

CLINICAL PRESENTATION

Nearly all published clinical information
on patients with IVA is retrospective
[Sweetman and Williams, 2001], and thus
the following discussion of clinical symp-
toms is limited to the classic presentations
of IVA prior to newborn screening, that
is, manifestation in the neonatal period
versus later in childhood. In one sum-
mary of 37 patients compiled from dif-
ferent publications, 28 presented in the
first 2 weeks of life, 7 between 2 weeks
and 1 year of age, and the remaining 2 after
1 year of age [Tanaka, 1990]. Sixteen of
the patients were deceased, and of those
still alive, seven were reported to have
mild to moderate mental retardation.
Neonatal symptoms are non-speci-
fic and include poor feeding, vomiting,
decreased level of consciousness, and
seizures [Tanaka et al., 1966; Budd et al.,
1967; Efron, 1967; Lott et al., 1972;
Levyetal., 1973; Spirer etal., 1975; Elsas
and Naglak, 1988]. Infants may develop
hypothermia and appear to be dehy-

drated. A characteristic smell of “dirty
socks” may be present when the patient
is acutely sick though, unlike other
organic acidemias, the urine has no odor
since the unconjugated isovaleric acid
responsible for the odor is not excreted
in urine in appreciable quantity [Tanaka
et al.,, 1966; Tanaka, 1990]. The odor

A characteristic smell of
“dirty socks’’ may be present
when the patient is acutely
sick though, unlike other
organic acidemias, the urine
has no odor since the
unconjugated isovaleric acid
responsible for the odor is not
excreted in urine in appreciable
quantity. The odor may be best
appreciated in body sweat or
cerumen from the ear.

may be bestappreciated in body sweat or
cerumen from the ear. Acidosis with an
unexplained anion gap is characteristic,
and hyperammonemia, hyper- or hypo-
glycemia and hypocalcemia may be pre-
sent [Tanaka et al., 1966; Budd et al,,
1967; Lottetal., 1972; Levy etal., 1973;
Yoshino et al., 1982; Mendiola et al.,
1984; Tanaka, 1990; Worthen et al.,
1994]. Secondary hyperammonemia is
presumed to be due to inhibition of
N-acetylglutamate synthetase by isova-
leryl-CoA and/or intracellular deple-
tion of acetyl-CoA leading to reduced
N-acetylglutamate synthesis and impair-
ment of the urea cycle [Coude et al.,
1979; Stewart and Walser, 1980]. Pan-
cytopenia as well as isolated neutropenia
and thrombocytopenia can occur due
to bone marrow suppression [Kelleher
etal., 1980]. Left untreated, patients may
progress to coma and death often due to
cerebral edema or hemorrhage [Fischer
etal., 1981]. Overall, the clinical picture
overlaps other organic acidemias includ-
ing the B-oxidation defects as well as the
urea cycle disorders and other primary
causes of hyperammonemia, all of which
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must, therefore, be considered in the
differential diagnosis. Patients who sur-
vive a neonatal crisis may be clinically
indistinguishable from children diag-
nosed later in life [Tanaka, 1990].

Children diagnosed outside the
newborn period may present with more
chronic, relatively non-specific findings
of failure to thrive and/or developmen-
tal delay or mental retardation [Tanaka,
1990]. Minus the “sweaty feet odor” of
isovaleric acid, which is not present
when a patient is otherwise well, there
is little to suggest a specific diagnosis
in these children and thus, it must be
considered in all patients with this clini-
cal picture. They also are at risk of
episodes of acute acidosis and metabolic
decompensation, usually due to inter-
current illnesses or other physiologic
stress including fasting [Berry et al.,
1988; Tanaka, 1990]. Acute episodes
may be misdiagnosed as diabetic ketoa-
cidosis due to hyperglycemia, acidosis
and the apparent presence of blood and
urinary ketones [Attia et al., 1996].
Acute pancreatitis, myeloproliferative
syndrome, Fanconi syndrome, and car-
diac arrhythmias have been reported
[Arnold et al., 1986; Kahler et al., 1994;
Weinberg et al., 1997; Gilbert-Barness
and Barness, 1999]; abnormalities of the
globus pallidus can be seen [Sogut et al.,
2004]. The variability of this disorder is
highlighted by the diagnosis of IVA in a
previously well 18-year-old man who
developed acute nausea, vomiting, and
mental status changes during basic train-
ing camp for the United States Air Force
[Feinstein and O’Brien, 2003].

There have been reports of success-
ful pregnancies in women with IVA
resulting in apparently well infants [Shih
et al., 1984; Spinty et al., 2002].

BIOCHEMICAL
DIAGONOSIS AND
FOLLOW-UP

The majority of patients with IVA
today are diagnosed pre-symptomatically
through newborn screening by use of
MS/MS which reveals elevations of the
marker metabolite C5 acylcarnitine in
dried blood spots. Because C5 acylcarni-
tine represents a mixture of isomers

(isovalerylcarnitine, 2-methylbutyrylcar-
nitine, and pivaloylcarnitine), further diag-
nostic evaluation is required (Table I).
Elevations of 2-methylbutyrylcarnitine are
seen in patients with 2-methylbutyrylgly-
cinuria caused by a deficiency of short/
branched-chain acyl-CoA dehydrogenase
(SBCAD), an inborn error of isoleucine
catabolism [Andresen et al., 2000; Gibson
et al., 2000], whereas pivaloylcarnitine is
derived from pivalic acid, a component of
several antibiotics [Abdenur et al., 1998].
Isovaleryl-CoA intermediates can also be
seen in deficiencies of the electron transfer
flavoprotein (ETF) and its dehydrogenase
(glutaric aciduria type 2).

A long list of other isovaleryl-CoA
derived metabolites has been reported in
blood and urine from patients with IVA
and can assist in confirmation of the dis-
order [Lehnert, 1981a,b, 1983; Lehnert
and Niederhoft, 1981; Burke et al,,
1983; Dorland et al., 1983; Hine and
Tanaka, 1984; Poorthuis et al., 1993;
Loots et al., 2005]. Isovaleryl conjugates
of multiple amino acids have also been
detected in urine, as have free 3- and 4-
hydroxyisovaleric acids [Tanaka et al.,
1968; Lehnert and Niederhoff, 1981;
Loots etal., 2005]. Free isovaleric acid in
blood during episodes of acute meta-
bolic decompensation can reach several
hundred times normal values but is not
readily seen in blood and urine due to its
rapid conjugation to other compounds.
Thus, isovalerylcarnitine and isovaler-
ylglycine are the hallmarks of this

disorder in plasma and urine, respec-
tively, and are elevated regardless of a
patient’s metabolic condition. Quantifi-
cation of both conjugates has suggested

Free isovaleric acid in blood
during episodes of acute
metabolic decompensation can
reach several hundred times
normal values but is not readily
seen in blood and urine due to
its rapid conjugation to
other compounds. Thus,
isovalerylcarnitine and
isovalerylglycine are the
hallmarks of this disorder in
plasma and urine, respectively,
and are elevated regardless of a
patient’s metabolic condition.

a correlation of the metabolite concen-
trations with genotype, differentiating
between groups of patients with a meta-
bolically severe phenotype associated
with heterogeneous IVVD gene muta-
tions and patients with a metabolically
mild or intermediate phenotype asso-
ciated with one recurring mutation
[Ensenauer etal., 2004]. Disease-specific

TABLE I. Initial Diagnostic Evaluation for Isovaleric Acidemia

Evaluation following abnormal newborn screening with an elevated C5 acylcarnitine

concentration

Test

Determination of

Urine organic acid analysis

Plasma acylcarnitine analysis
Plasma carnitine analysis

Molecular genetic analysis

Enzymatic analysis optional

(fibroblasts, lymphocytes)

Multiple abnormal metabolites; isovalerylglycine
concentration

Isovalerylcarnitine concentration

Free carnitine concentration

Common 932C>T (A282V) IVVD gene mutation
associated with a mild biochemical phenotype;
otherwise heterogeneous mutations

Residual enzyme activity
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metabolites also accumulate in amniotic
fluid during pregnancy with an affected
fetus and provide the opportunity for
prenatal diagnosis [Jakobs et al., 1984;
Hine et al., 1986; Shigematsu et al.,
1991].

Several direct and indirect methods
to assay IVD activity have been pub-
lished and, in addition to molecular
genetic analysis, can be used to confirma
diagnosis of IVA [Shih et al., 1973;
Rhead and Tanaka, 1980; Yoshida et al.,
1985; Hyman and Tanaka, 1986; Vock-
ley et al.,, 1991; Mohsen et al., 1998;
Tajima et al., 2005]. Fibroblasts, lym-
phocytes, and amniocytes all have mea-
surable amounts of IVD activity and
serve as ready sources of tissue for this
purpose [Vockley etal., 1991; Kleij et al.,
1995; Mohsen et al., 1998; Ensenauer
et al., 2004]. While significant residual
activity blunts the level of abnormal
metabolites, correlation between clin-
ical presentation and enzyme activity has
been poor [Ikeda et al., 1985b; Hyman
and Tanaka, 1986; Vockley et al., 1991].

Regarding routine follow-up visits,
there is no established laboratory marker
for monitoring therapeutic control or
disease state. Weight gain, growth and
development should be age-appropriate
and thus, body measurements are key
parameters to follow on a routine basis.
Specifically, protein malnutrition must
be avoided if the patient is protein

restricted. Analysis of amino acids, albu-
min, and prealbumin in plasma is
recommended to monitor this. Plasma
levels of leucine are not elevated in
IVA, even if untreated, due to the
irreversible oxidative decarboxylation
earlier in the leucine degradation path-
way [Sweetman and Williams, 2001].
Plasma free carnitine concentrations
may be helpful for determining necessity
and monitoring of carnitine supple-
mentation.

MOLECULAR FINDINGS

IVD is an intramitochondrial homo-
tetrameric flavoenzyme that catalyzes
the o,B-dehydrogenation of isovaleryl-
CoA resulting in 3-methylcrotonyl-CoA
(Fig. 1) and transfers the reducing equiva-
lents to the ETF [Ikeda et al., 1983; Ikeda
and Tanaka, 1988; Mohsen and Vockley,
1995]. It is encoded in the nuclear gen-
ome as a precursor protein, but is active in
the mitochondrial matrix [Vockley et al.,
1991; Ikeda et al., 1987; Parimoo and
Tanaka, 1993]. Following transcription in
the nucleus and translation in the cyto-
plasm, it is held in a partially folded state by
chaperonin proteins, targeted to mito-
chondria by a characteristic amino term-
inal peptide sequence and imported into
mitochondria. The target peptide is
cleaved in the mitochondrial matrix,
folding of the monomer is completed,

and the final active tetramer is assembled.
The FAD cofactor is probably added after
import into the mitochondria, but the
exact timing and mechanism of this
reaction is poorly characterized [Nagao
and Tanaka, 1992]. The reaction catalyzed
by IVD is initiated upon acyl-CoA
substrate binding. In the reductive half-
reaction, the formation of a hydrogen
bond between the acyl carbonyl oxygen
and the 2'—hydroxyl hydrogen of the
FAD ribityl moiety is crucial for activation
of the acyl moiety?'[Ghisla et al., 1992;
Nishina et al., 1995; Miura et al., 1996].
The C, and Cg hydrogens of the acyl
moiety are then removed in concert as a
proton and a hydride, respectively, form-
ing a stable charge-transfer complex.
The ETE considered a second substrate,
extracts the reducing equivalents from the
charge-transter complex in the oxidative
half-reaction during which electrons are
transferred to the latter and the enoyl-
CoA product is released [Gorelick et al.,
1985; Ikeda et al., 1985a; Ghisla and
Massey, 1989]. The molecular mechan-
ism of the oxidative half-reaction and the
order of binding of the substrates have not
been elucidated.

Molecular cloning of the IVD
gene showed it to be located on chromo-
some 15q14-15, consisting of 12 exons
that span ~15 kb of genomic DNA
[Parimoo and Tanaka, 1993]. Molecular
analysis of the IIVD gene in patients with

Isovalerylglycine

Figure 1.
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symptomatic IVA has identified numer-
ous point mutations in the protein
coding region that lead to the produc-
tion of an inactive or unstable protein
(Fig. 2) [Ikeda et al., 1985b; Vockley
et al., 1991, 1992a,b, 2000; Mohsen
et al., 1998]. Some of these have been
shown to cause only a mild alteration in
enzyme function, correlating to some
extent with a mild clinical phenotype in
patients [Mohsen et al., 1998; Nasser
et al., 2004]. A significant proportion of
the mutant alleles lead to abnormal
splicing of the IVD RINA and subse-
quent complete lack of IVD protein
[Vockley et al., 1991, 2000]. Studies of
the bioprocessing of IVD protein in
fibroblasts from patients with IVA have
reflected the effects of these mutations
but have not provided insight into the
clinical variability seen in the disorder
[Tkeda et al., 1985b; Vockley et al.,
1991]. In general, genotype and pheno-
type have not been well correlated.

NEWBORN SCREENING
AND ISOVALERIC
ACIDEMIA

With the advent of the use of MS/MS to
screen newborn blood spots for acylcar-
nitine concentrations, most if not all
patients with IVA should be identified as
newborns prior to the development of
symptoms. One unexpected finding to

arise from newborn screening studies is
the identification of individuals with
only mild elevations of isovaleryl-CoA
related metabolites in plasma and urine,
orders of magnitude lower than in the
classic forms of IVA, and apparently
only partial reduction in IVD activity
(Table II) [Ensenauer et al., 2004].
Nearly half of the mutant IVD alleles
sequenced from infants diagnosed by
newborn screening have been found to
contain a common recurring missense
mutation [Ensenauer et al., 2005]
(932C>T; A282V; Fig. 2). This specific
mutation was present in approximately
two thirds of newborns in this cohort,
mostly in a compound heterozygous
fashion. All of the affected newborns
carrying the common mutation have
remained asymptomatic with mild or no
dietary protein restriction and carnitine
supplementation if necessary over a
maximum duration of follow-up of up
to 5 years of age. Subsequently, asymp-
tomatic siblings of patients identified
through newborn screening (ages 3—11
years at the time of diagnosis) have been
found to be homozygous or compound
heterozygous for the same mutation
with a similarly mild biochemical phe-
notype [Ensenauer et al., 2004]. They
have remained without symptoms dur-
ing episodes of febrile illnesses.

Prior to newborn screening, this
mutation was identified only in a single

patient with mild IVD deficiency origin-
ally evaluated for a tic disorder and slight
developmental delay [Vockley et al,
1992b; Mohsen et al., 1998]. The mutant
A282V protein is stable in vitro but
is kinetically impaired, exhibiting an
increased K, and a reduced catalytic
efficiency, and has diminished thermal
stability [Mohsen etal., 1998; Nasser etal.,
2004]. It is clear that the newborn
screening patients who carry the common
mutation either in a homozygous or
compound heterozygous state and their
sibs skew the spectrum of IVA with more
than half of individuals representing a new
mild phenotype and potentially remain-
ing asymptomatic. This is an expansion

It is clear that the newborn
screening patients who carry the
common mutation either in a
homozygous or compound
heterozygous state and their sibs
skew the spectrum of IVA with
more than half of individuals
representing a new mild
phenotype and potentially
remaining asymptomatic.

IVS2-1G>C
e 932C>T
943A>C
205G>A 358G>A " 1069T>C
359G>A 1112T>C
436A>G 1136T>C
IVS8-2A>G
IVS4+2T>C
125T>C +21> 851G>A 1174C>T
596G>T 868G>A
870_871insG|
262G>T 618delT — SRR
IVS3+5G>T IVS7-1G>A
5* 3
I 1
1 23 4 56 7 89 1011 12
Figure 2. Molecular defects in the IIVD gene on chromosome 15q14-15 [Mohsen et al., 1998; Ensenauer et al., 2004]. The nucleotide
change 932C>T (A282V) in exon 9 has been identified in a significant proportion of individuals diagnosed by newborn screening
[Ensenauer et al., 2004].
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TABLE II. Recommendations for Therapy in Isovaleric Acidemia

Biochemical phenotype

Therapy

Metabolically mild or intermediate®

Metabolically severe”

Prevention of metabolic crisis

Diet
Medication

None

None

Carnitine (30—-50 mg/kg per day) if plasma free

Close clinical observation; promote a
nabolism during illness
Protein restriction

carnitine concentration is low

Glycine (150-250 mg/kg per day)

Carnitine (100 mg/kg per day)

15—195 mmol/mol creatinine.

3,300 mmol/mol creatinine.

Values derived from Ensenauer et al., 2004.

*Metabolically mild or intermediate: NBS blood spot C5 acylcarnitine concentration 0.8—6 pumol/L; urine isovalerylglycine concentration

"Metabolically severe: NBS blood spot C5 acylcarnitine concentration up to 21.7 pmol/L; urine isovalerylglycine concentration up to

of our view of the natural history of IVA
prior to the newborn screening era
and leads to significant implications for
management and genetic counseling.
As opposed to the classic forms of IVA,
it 1s still uncertain whether individuals
with the latter type have a disease, a
risk of clinical manifestation, or simply
express a clinically insignificant biochem-
ical phenotype. While these individuals
may have normal leucine homeostasis
under physiological conditions, their risk
of metabolic decompensation under stress
conditions remains to be elucidated.

THERAPY

There are three goals for therapy of
IVA (Table II). The first is prevention
of metabolic decompensation by care-
ful clinical observation of the patient
regardless of the type of IVA. During
times of metabolic stress (including ill-
ness and fasting) endogenous leucine
from protein catabolism adds signi-
ficantly to the production of isovaleryl-
CoA [Collins et al., 1987; Millington
et al.,, 1987; Pollitt, 1987]. Achiev-
ing anabolism is the main therapeutic
approach. Thus, sick day precautions for
with IVA should
increased caloric intake in addition to

patients include
decreased leucine intake. This is most
easily accomplished with oral solutions
containing simple sugars and leucine free
metabolic formulae or powders. IV glu-

cose infusions need to be added if oral
intake is interrupted. Leucine intake
should be decreased to approximately
50% of the patient’s usual daily mini-
mum, but returned to normal after 24 hr
in order to promote protein anabolism.

The second goal is long-term reduc-
tion of the production of isovaleryl-CoA
from leucine catabolism through dietary
manipulation [Lott et al,, 1972; Levy
etal., 1973; Berry etal., 1988; Sweetman
and Williams, 2001]. Total protein and
caloric intake must be adequate to sup-
port normal growth in children and
maintain an anabolic state, and thus
monitoring of weight, length, and head
circumference is essential at follow-up.
In many cases, it may be sufficient to
moderately lower protein intake with
natural foods to approximately 1.5 gm/kg
per day. In patients with recurrent clinical
symptoms, leucine restriction in excess of
total natural protein may also be necessary
[Sweetman and Williams, 2001]. Natural
protein necessary to reach the recom-
mended age-appropriate daily require-
ment must then be provided with
leucine-free amino acids. Because of the
specific role of leucine in promoting
protein synthesis, however, there is a
potential for adverse side effects of rigo-
rous leucine restriction including muscle
wasting [Harris et al., 2004].

Acute episodes of metabolic de-
compensation can present with emesis,
lethargy and signs of overwhelming

acidosis. Under these circumstances,
immediate hospitalization is required
so that IV access can be established and
glucose administered. Glucose infusion
should be calculated to give at least
8 mg/kg per min with concomitant use
of IV insulin if necessary to maintain
euglycemia. Reintroduction of oral in-
take including catabolism-sparing levels
of protein (0.5 gm/kg per day) with
leucine should occur as soon as it can be
tolerated, otherwise parenteral amino
acids should be provided. If present,
hyperammonemia will reverse with cor-
rection of the primary metabolic derange-
ment; alternative ammonia conjugating
agents such as sodium benzoate or phe-
nylbutyrate are generally not indicated.
The third goal of therapy in pati-
ents with IVA is to prevent the accumu-
lation of toxic metabolites by shunting
isovaleryl-CoA towards reactions that
produce metabolites presumed to be
non-toxic and that can readily be
excreted. Recognition of isovalerylgly-
cine in urine in the initial patients
with IVA first led to the use of glycine
to achieve this end [Krieger and
T anaka, 1976; Cohn et al.,, 1978;
Yudkoff et al., 1978; Elsas and Naglak,
1988]. Isovaleryl-CoA is enzymatically
conjugated to glycine, a reaction that can
be augmented by supplementation with
exogenous glycine to supra-physiologic
levels. Such supplementation prevents or
reduces the accumulation of isovaleric
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acid in blood following a leucine load,
and the length and severity of symptoms
during intercurrent illnesses [Krieger
and Tanaka, 1976; Yudkoff et al., 1978;
Shigematsu et al., 1982]. Doses of 150—

Isovaleryl-CoA is
enzymatically conjugated to
glycine, a reaction that can be
augmented by supplementation
with exogenous glycine to
supra-physiologic levels. Such
supplementation prevents or
reduces the accumulation of
isovaleric acid in blood
following a leucine load, and
the length and severity of
symptoms during
intercurrent illnesses.

600 mg/kg per day given orally and
divided in three or four equal doses of
body weight have been proposed, but
the optimum dose has not been deter-
mined. Patients exhibit a dose sensitive
increase in excretion of isovaleryglycine,
but at least in one report an increase in
the glycine dose from 300 to 600 mg/kg
of body weight led to a decrease in the
excretion of isovalerylglycine, presum-
ably due to inhibition of glycine-N-
acylase by glycine [Elsas and Naglak,
1988]. Thus, initial dosing in the range
of 150—250 mg/kg per day is reasonable
in patients with a metabolically severe
type of IVA (Table II). Concern has been
raised about the potential for glycine
toxicity, though no reports of such an
occurrence have been published.

The identification of isovalerylcar-
nitine in blood and urine along with the
frequent observation of a secondary
deficiency of free carnitine in patients
with IVA has prompted treatment with
carnitine. A dose of 100 mg/kg body
weight per day has generally been used
(Table IT) and has been shown to increase
the excretion of isovalerylcarnitine in
urine [Mayatepek et al., 1991; Fries

et al., 1996]. Combined therapy with
carnitine and glycine has been shown to
maximize the total excretion of isova-
leryl-CoA conjugates, but the clinical
benefit of combined versus single ther-
apy has not been established through
controlled studies [Fries et al., 1996; Itoh
et al., 1996]. The relative merits of the
two therapies either singly or together in
patients with more severe presentations
including recurrent crises remains a
matter of debate.

The necessity of any treatment
for individuals diagnosed by newborn
screening and carrying the common
932C>T (A282V) mutation is unclear.
Specifically, the potential for metabolic
decompensation under stress conditions
remains to be elucidated. It appears
reasonable to observe these individuals
clinically, particularly when exposed to
metabolic stressors such as febrile ill-
nesses or fasting (e.g., when undergoing
surgery). Additional recommendations
include low-dose carnitine supplemen-
tation if the plasma free carnitine con-
centration is reduced (Table II).

SUMMARY

IVA was originally viewed as a relatively
rare, life threatening inborn error of
metabolism with both acute and chronic
manifestations. Recent data from new-
born screening studies and additional
molecular and cellular laboratory inves-
tigations have revealed a far more
heterogeneous condition with a poten-
tial for normal growth and development.
Prospective long-term follow-up of
newborns identified with IVA and
clinical trials of carnitine and glycine
therapy will be critical to optimization of
outcome in these patients.
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