J Inherit Metab Dis (2006) 29:261-274
DOI 10.1007/s10545-006-0358-0

SSIEM SYMPOSIUM 2005

Clinical approach to treatable inborn metabolic diseases:

An introduction

J.-M. Saudubray - F. Sedel - J. H. Walter

Received: 6 March 2006 / Accepted: 9 March 2006
(© SSIEM and Springer 2006

Summary In view of the major improvements in treatment,
it has become increasingly important that in order for first-
line physicians not to miss a treatable disorder they should
be able initiate a simple method of clinical screening, par-
ticularly in the emergency room. We present a simplified
classification of treatable inborn errors of metabolism in
three groups. Group I includes inborn errors of intermediary
metabolism that give rise to an acute or chronic intoxication.
It encompasses aminoacidopathies, organic acidurias, urea
cycle disorders, sugar intolerances, metal disorders and por-
phyrias. Clinical expression can be acute or systemic or can
involve a specific organ, and can strike in the neonatal period
or later and intermittently from infancy to late adulthood.
Most of these disorders are treatable and require the emer-
gency removal of the toxin by special diets, extracorporeal
procedures, cleansing drugs or vitamins. Group 2 includes
inborn errors of intermediary metabolism that affect the cyto-
plasmic and mitochondrial energetic processes. Cytoplasmic
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defects encompass those affecting glycolysis, glycogenosis,
gluconeogenesis, hyperinsulinisms, and creatine and pentose
phosphate pathways; the latter are untreatable. Mitochondrial
defects include respiratory chain disorders, and Krebs cycle
and pyruvate oxidation defects, mostly untreatable, and dis-
orders of fatty acid oxidation and ketone bodies that are treat-
able. Group 3 involves cellular organelles and includes lyso-
somal, peroxisomal, glycosylation, and cholesterol synthesis
defects. Among these, some lysosomal disorders can be effi-
ciently treated by enzyme replacement or substrate reduction
therapies. Physicians can be faced with the possibility of a
treatable inborn error in an emergency, either in the neona-
tal period or late in infancy to adulthood, or as chronic and
progressive symptoms — general (failure to thrive), neurolog-
ical, or specific for various organs or systems. These symp-
toms are summarized in four tables. In addition, an extensive
list of medications used in the treatment of inborn errors is
presented.

Abbreviations

3PGD 3-phosphoglycerate dehydrogenase
BCAA branched-chain amino acid

BRBGD biotin-responsive basal ganglia disease

Cbl cobalamin

CDG congenital disorder of glycosylation

CPT1I carnitine palmitoyltransferase type I

CPTII carnitine palmitoyltransferase type II

CTX cerebrotendinous xanthomatosis

FAO fatty acid oxidation

GTP guanosine triphosphate

HELLP haemolysis, elevated liver function, low
platelets

HFI hereditary fructose intolerance

IE inborn error

IEM inborn error of metabolism
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LPI lysinuric protein intolerance

HMG CoA 3-hydroxy-3-methylglutaryl coenzyme A

IVA isovaleric acidaemia

LCHADD long-chain 3-hydroxy-acyl-CoA
dehydrogenase deficiency

MCD multiple carboxylase deficiency

MMA methylmalonic acidaemia

MSUD maple syrup urine disease

MTHFR methylene tetrahydrofolate reductase

OA organic aciduria

oTC ornithine transcarbamylase

PA propionic acidaemia

PC pyruvate carboxylase

PDH pyruvate dehydrogenase

PKU phenylketonuria

PNPO pyridox(am)ine-5'-phosphate oxidase

PTP 6-pyruvoyltetrahydropterin synthase

TFP trifunctional protein

TH tyrosine hydroxylase

TL carnitine acyltranslocase

UCD urea cycle disorders

VLCADD  very long-chain acyl-CoA dehydrogenase
deficiency

Introduction

Some 50 years after the first nutritional treatment of
phenylketonuria (PKU) and 30 years after the publication
of the first book entirely devoted to the treatment of in-
born errors of metabolism (IEMs) (Raine 1975), we felt that
this was an appropriate time to choose ‘Treatment of In-
born Errors of Metabolism’ as the main theme for the 42nd
Annual Symposium of the Society for the Study of Inborn
Errors of Metabolism, held in Paris in September 2005. Dur-
ing the last half century, many new disorders have been dis-
covered and many therapeutic procedures have been tried.
Some of these are well established and life-saving; others
are still experimental. The long-term outcome of our oldest
patients, who have already reached adulthood, must question
our methods for diagnosis, management and treatment. The
new field of adult metabolic medicine also raises many new
therapeutic problems, including the management of preg-
nancy in affected mothers. Finally, our technical ability to
undertake systematic neonatal screening for many metabolic
disorders raises a number of ethical issues.

This special issue of the Journal gathers original papers
and reviews on the diverse aspects of treatment that were
presented at the Paris Symposium. We largely focused on
diseases in which treatment is both well tried and successful.
This issue contains a great deal of specialist information, but
it also shows how the paediatrician and various adult physi-
cians with little experience of these individually uncommon
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diseases can cooperate with special centres. Given these very
important instances of therapeutic progress, it becomes ever
more important to initiate a simple method of clinical screen-
ing by the first-line physicians with the goal ‘Do not miss a
treatable disorder’, in particular in the emergency room.

Classification of inborn errors
Pathophysiology

From a therapeutic perspective, metabolic disorders can be
divided into the following three useful groups.

Group 1: Disorders that give rise to intoxication

This group includes inborn errors of intermediary
metabolism that lead to an acute or progressive intoxica-
tion from the accumulation of toxic compounds proximal to
the metabolic block. In this group are the inborn errors of
amino acid catabolism (phenylketonuria, maple syrup urine
disease, homocystinuria, tyrosinaemia, etc.), most organic
acidurias (methylmalonic, propionic, isovaleric, etc.), con-
genital urea cycle defects, sugar intolerances (galactosaemia,
hereditary fructose intolerance), metal intoxication (Wilson
disease, Menkes disease, haemochromatosis), and porphyr-
ias. All the conditions in this group share clinical similari-
ties: they do not interfere with the embryofetal development
and they present with a symptom-free interval and clinical
signs of ‘intoxication’, which may be acute (vomiting, coma,
liver failure, thromboembolic complications) or chronic (fail-
ure to thrive, developmental delay, ectopia lentis, cardiomy-
opathy). Circumstances that can provoke acute metabolic at-
tacks include catabolism, fever, intercurrent illness and food
intake. Clinical expression is often both late in onset and in-
termittent. Most of these disorders are treatable and require
the emergency removal of the toxin by special diets, extra-
corporeal procedures or ‘cleansing’ drugs (carnitine, sodium
benzoate, penicillamine, vitamins, etc.). Nutritional therapy
is the backbone of the treatment in this group. It includes
approaches to deplete the toxic substrate that accumulates
or to replace the crucial metabolic product that is deficient.
Breast milk can still play an important role in these special
diets. The long-term consequences of artificial diets on the
offspring will have to be evaluated particularly as regards
possible mechanisms of metabolic imprinting (Junien 2006,
this issue). Strategies to decrease the concentration of toxic
substrates or their precursors also involve the administra-
tion of a variety of cleansing drugs that bind the accumu-
lated metabolites and allow their excretion. Pharmacological
doses of vitamins have also shown remarkable efficiency in
vitamin-responsive disorders.
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Table 1 Treatable IEMs presenting in neonates and infants <3 months

Main clinical presentation Presenting sign

Treatable metabolic disease

Neurological Metabolic encephalopathy (coma, abnormal BCAA disorders (MSUD, MMA, PA, IVA, MCD)
movements) Glutaric aciduria type II, UCD, Triple H
Seizures Bg-responsive seizures
PNPO
MCD
Folinic acid-responsive seizures
Congenital magnesium malabsorption
Seizures + microcephaly 3PGD, cerebral glucose carrier: GLUTI
Hepatic Liver failure Galactosaemia
Hereditary fructose intolerance
Tyrosinaemia type I
CDG Ib (phosphomannoisomerase)
Jaundice, cholestasis Galactosaemia
LCHADD
Bile acid synthesis defects
Cerebrotendinous xanthomatosis
Hepatosplenomegaly Congenital erythropoietic porphyria
Cardiac Cardiac failure Long-chain FAO defects
Cardiomyopathy (CPT II deficiency, VLCADD, LCHADD, TFP

Heart beat disorders
Severe hypoglycaemia Hepatomegaly
High glucose infusion rate
Cardiac/liver involvement

deficiency, TL deficiency)
Glycogenosis type I/I11
Fructose bisphosphatase deficiency
Congenital hyperinsulinism
FAO defects
Carnitine uptake defect

Although the pathophysiology is somewhat different, the
inborn errors of neurotransmitter synthesis and catabolism
(monoamines, GABA and glycine) and the inborn er-
rors of amino acid synthesis (serine, glutamine, and pro-
line/ornithine) can also be included in this group since they
share many characteristics: they are inborn errors of interme-
diary metabolism, their diagnosis relies on plasma, urine and
CSF investigations (amino acids, organic acid analyses, etc.),
and some are amenable to treatment even when the disorder
starts in utero, for example 3-phosphoglycerate dehydroge-
nase deficiency (de Koning 2006, this issue). These various
aspects of the nutritional treatment are presented in the first
part of this issue.

Group 2: Disorders involving energy metabolism

These consists of inborn errors of intermediary metabolism
with symptoms due at least partly to a deficiency in energy
production or utilization within liver, myocardium, muscle,
brain or other tissues. This group can be divided into mi-
tochondrial and cytoplasmic energy defects. Mitochondrial
defects are the most severe. They encompass the congenital
lactic acidaemias (defects of pyruvate transporter, pyruvate
carboxylase (PC), pyruvate dehydrogenase (PDH), and the

Krebs cycle), and mitochondrial respiratory chain disorders,
which are in general not amenable to treatment with the
exception of coenzyme Qo synthesis defect (Quinzii et al
2006), PDH and PC deficiency (Roe and Mochel 2006, this
issue), and the fatty acid oxidation and ketone body defects,
which are partly treatable. Cytoplasmic energy defects are
generally less severe. They include disorders of glycolysis,
glycogen metabolism and gluconeogenesis, hyperinsulinism
(all treatable disorders), the more recently described disor-
ders of creatine metabolism (partly treatable), and the new
inborn errors of the pentose phosphate pathways (untreat-
able). Some of the mitochondrial disorders and pentose phos-
phate pathway defects can interfere with the embryofetal
development and give rise to dysmorphism, dysplasia and
malformations (Valayannopoulos et al 2006; Van Spronsen
et al 2005).

Group 3: Disorders involving complex molecules

This group involves cellular organelles and includes dis-
eases that disturb the synthesis or the catabolism of
complex molecules. Symptoms are permanent, progres-
sive, independent of intercurrent events and unrelated to
food intake. All lysosomal storage disorders, peroxisomal
disorders, disorders of intracellular trafficking and process-
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Table 2 Late-onset (late infancy to adulthood) recurrent comas, ataxia, psychiatric signs

Main clinical presentation Other important signs

Treatable metabolic disease

Metabolic coma without focal Acidosis
neurological signs
Acute ataxia with lethargy
Hyperammonaemia

Hypoglycaemia

Hyperlactacidaemia

Neurological coma with focal Cerebral oedema
signs, seizures, or intracranial

hypertension

Extrapyramidal signs (dystonia, Parkinson)

Stroke-like

Thromboembolic accidents
Hepatic coma
Cytolysis

Reye syndrome Haemolytic jaundice

Enteropathy, hypoglycaemia

Psychiatric symptoms,
hallucinations, delirium

Hyperammonaemia

Ketoacidosis
Hyperhomocysteinaemia
Portwine urine

Hyperammonaemia, lactic acidosis

Multiple carboxylase deficiency
Organic acidurias, MSUD
Ketolysis, ketogenesis defects
FAO disorders

Fructose bisphosphatase deficiency
PDH deficiency

Urea cycle disorders, Triple H
Lysinuric protein intolerance
FAO defects

HMGCoA lyase deficiency
Gluconeogenesis defects
Glycogen synthetase deficiency
HMGCoA lyase/synthetase deficiency
FAO defects

Multiple carboxylase deficiency
PDH deficiency
Gluconeogenesis defects

FAO defects

MSUD

OTC deficiency

Organic acidurias

Glutaric aciduria type I

MMA

Wilson disease

Homocystinuria

BRBGD

UCD

Organic acidurias
Homocystinurias

B -responsive macrocytic megaloblastic anemias
Fabry disease

Homocystinurias (all types)
FAO defects

ucCbh

Wilson disease

CDG Ib

UCDh

Lysinuric protein intolerance
Organic acid disorders

MTHER deficiency, CblC deficiency
Acute intermittent porphyria
Hereditary coproporphyria

ing such as «j-antitrypsin, carbohydrate deficient glyco-
protein (CDG) syndrome, and inborn errors of cholesterol
synthesis belong to this group. For many years, none was
treatable. In the last decade however, efficient enzyme re-
placement therapy has become available for several lysoso-
mal disorders such as Gaucher and Fabry diseases.

Various cell and organ transplantation strategies have
been also developed for certain disorders, some of them
successful, but many others are still experimental or under
evaluation. Finally, besides gene therapy, new therapeutic
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approaches such as chaperon therapy appear promising but
currently remain mostly inaccessible in clinical practice. All
these aspects of treatment are presented in the second part
of this issue.

Clinical presentation

Besides newborn screening in the general population (as for
phenylketonuria) or in at-risk families, there are four groups
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Table 3 Neurological symptoms

Presenting or predominant symptom Other accompanying signs Treatable metabolic disease

Dystonia Parkinsonism

Polyneuropathy

Spastic paraplegia (and pseudo-spastic)

Ataxia

Psychiatric signs

Isolated

Basal ganglia involvement

Bitemporal atrophy

Spastic (or pseudo-spastic) paraparesia

Polyneuropathy
Psychiatric signs

Acute attacks

Isolated

Ataxia

Exercise intolerance

Recurrent attacks

Isolated

Extrapyramidal signs

Polyneuropathy
Recurrent attacks
Isolated

Spastic paraparesis
Dystonia/parkinsonism
Recurrent attacks
Isolated
Leukodystrophy

Recurrent attacks

Progressive

Homocystinuria, PKU

GTP cyclohydrolase deficiency

PTP synthase deficiency

Sepiapterin reductase deficiency

TH deficiency

BRBGD, PDH deficiency, Wilson disease, CTX,
glutaric aciduria type I

Glutaric aciduria type I

GTP cyclohydrolase deficiency

TH deficiency, homocystinuria

CTX, cerebral folate deficiency

PDH deficiency, CTX, homocystinurias

Homocystinurias, Wilson disease, CTX, PKU,
PDH deficiency

Nonketotic hyperglycinaemia, PTP deficiency,
PDH deficiency, BRBGD

PDH deficiency, Refsum disease, CTX, TFP
deficiency, MTHFR deficiency, serine
deficiency

PDH deficiency, cerebral folate deficiency,
Refsum, disease, CTX, vitamin E deficiency,
abetalipoproteinaemia

LCHADD, TFP deficiency

Porphyria, tyrosinaemia type I, Refsum disease,
PDH deficiency

PKU, cerebral folate deficiency, TH deficiency,
arginase deficiency, GTP cyclohydrolase
deficiency

Cerebral folate deficiency, GTP cyclohydrolase
deficiency, TH deficiency, CTX,
homocystinurias

CTX, MTHEFR deficiency, Cbl synthesis defects,
cerebral folate deficiency

Arginase deficiency, Triple H

PDH deficiency, coenzyme Q) deficiency

CTX, nonketotic hyperglycinaemia, vitamin E
deficiency

CTX, PDH deficiency, Cbl synthesis defects

CTX, UCD

Cbl synthesis defects, MTHFR deficiency, PKU,
Homocystinuria, Wilson disease, CTX

Cbl synthesis defects, MTHFR deficiency, PKU,
CTX

UCD, PDH deficiency, Cbl synthesis defects,
porphyrias

Wilson disease, CTX

of clinical circumstances in which physicians are faced with
the possibility of a metabolic disorder:

® Chronic and progressive symptoms which can be gen-
eral (failure to thrive), muscular or neurological (de-
velopmental delay, neurological deterioration, psychiatric

¢ Early symptoms in the antenatal and neonatal period signs)

e Later-onset acute and recurrent attacks of symptoms such @ Specific and permanent adverse effects on various organ
as coma, ataxia, vomiting and acidosis or systems

@ Springer
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The first two categories often present as treatable emer-
gencies, either in the neonatal period (Table 1) or late in
infancy to adulthood (Table 2). The main chronic or progres-
sive symptoms and signs that raise suspicion of a treatable
IEM are listed in Table 3 (neurological symptoms) and Table
4 (other organ/system symptoms). Of course these tables are
not exhaustive and are mostly based on the personal experi-
ence of the authors (Saudubray et al 2006). They should be
supplemented by readers.

Medications used in the treatment of IEMS (Table 5)

Readers should consult relevant pharmacopoeias for
additional details, particularly as regards side-effects
and contraindications (for example, BNF for children
www.bnfc.org).
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