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The phenotype of adult versus pediatric patients with inborn errors
of metabolism

Jean-Marie Saudubray1 & Fanny Mochel1,2,3,4

Abstract
Until recently, inborn errors of metabolism (IEM) were considered a pediatric specialty, as emphasized by the term Binborn,^ and
the concept of adult onset IEM has only very recently reached the adult medical community. Still, an increasing number of adult
onset IEM have now been recognized, as new metabolomics and molecular diagnostic techniques have become available. Here,
we discuss possible mechanisms underlying phenotypic variability in adult versus children with IEM. Specifically, phenotypic
severity and age of onset are expected to be modulated by differences in residual protein activity possibly driven by various
genetic factors. Phenotypic variability may also occur in the context of similar protein expression, which suggests the intervention
of environmental, ontogenic, and aging factors.
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Until recently, inborn errors of metabolism (IEM) were con-
sidered a pediatric specialty. Indeed, in the mind of clinicians,
the term Binborn^ has for a long time meant a disease with
onset in the newborn period or, at the latest, during childhood.
Although pediatricians have learned that some IEMmay have
a slowly progressive course and that most IEM can present

with mild forms, with the first clinical signs emerging in ado-
lescence or even in adulthood, the concept of adult onset IEM
has only very recently reached the adult medical community
and remains one of the most intriguing questions in medicine.
An increasing number of adult onset IEM have now been
recognized, as new metabolomics and molecular diagnostic
techniques have become available. Physicians caring for
adults with IEM not only manage patients with late onset
diseases but are also responsible for patients with early onset
forms. A further important issue is the diagnosis of adult pa-
tient, who had their first clinical manifestations in childhood
but in whom the diagnosis was missed. We will discuss below
possible mechanisms underlying phenotypic variability in
adult versus children with IEM.

The first group of mechanisms that comes tomind that may
underlie phenotypic variability in IEM is a difference in the
expression of the abnormal protein, often determined by ge-
netic factors. Likewise, phenotypic severity and age of onset
are expected to bemodulated by differences in residual protein
activity driven by (i) random X inactivation such as in orni-
thine transcarbamylase (OTC) deficiency, pyruvate dehydro-
genase (PDH) deficiency, adrenomyeloneuropathy (AMN) or
Fabry disease; (ii) genetic imprinting like in Niemann-Pick
type A/B disease (Simonaro et al. 2006) or citrullinemia
(Verma et al. 2017); (iii) somatic mosaicism like in OTC de-
ficiency (Giorgi et al. 2000), PDH deficiency (Ridout et al.
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2008), AMN (Mochel, personal observation) or GLUT1 defi-
ciency (Takahashi et al. 2017); (iv) composite heterozygosity
between a pathogenicmutation and amodifier variant either in
the same gene, as in maple syrup urine disease (MSUD)
(Frézal et al. 1985), or in a different gene, as in fatty acid
oxidation defect (Vockley et al. 2000) or OTC deficiency
(Mira and Boles 2012)—the so-called synergistic heterozy-
gosity; (v) mutational load (i.e., heteroplasmy) in mitochon-
drial DNA diseases like NARP/Leigh or MELAS syndromes;
and (vi) functional consequences of the mutation that may
lead to a conformational versus a metabolic defect like in
triose phosphate isomerase deficiency (Orosz et al. 2009).
Although not yet demonstrated in IEM, genetic resilience
may also take place whereby a second genomic alteration
compensate for the primary genetic defect (van Leeuwen et
al. 2016).

Let us now consider phenotypic variability in the context of
similar protein expression, which suggests the intervention of
environmental, ontogenic and aging factors.

& Environmental factors play an important role in the pre-
cipitation of IEM at any age, but triggers of IEM main-
ly seen in adults encompass prolonged fasting,
hypercatabolic status, certain diets or drugs. Likewise,
pregnancies, which can favor both prolonged fasting
due to hyperemesis gravidarum and/or increased energy
demands during the puerperium, can reveal IEM in
adults, especially urea cycle defects (Fassier et al.
2011; Weiss et al. 2018). The long-term accumulation
of toxic metabolites can also be at stake in some typical
adult onset IEM such as Refsum disease with a demy-
elinating neuropathy associated with high levels of
phytanic acid and hereditary sensory neuropathies type
I related to SPTLC1/SPTLC2 mutations, which lead to
the accumulation of deoxysphingolipids and share com-
mon pathogenic mechanisms with diabetic neuropathies
(Mwinyi et al. 2017).

& Ontogenic factors may underlie important phenotypic
variability in IEM as metabolic networks and inter-
organ interactions evolve with age. This is especially
true for IEM manifesting with two waves, an initial
phase in childhood predominantly affecting the liver
and reflecting the prominent role of these hepatic path-
ways early in life, and a subsequent phase in adoles-
cence or adulthood affecting the central nervous system
and reflecting long-term consequences of altered homeo-
stasis of cholesterol and/or bile acids. Likewise, patients
may present with transient neonatal hepatic manifesta-
tions (cholestasis, liver failure) followed many years lat-
er by a progressive neurodegenerative disease sometimes
after a long free interval (Saudubray and Garcia Cazorla
2016) such as in cerebrotendinous xanthomatosis (cata-
ract, spasticity, ataxia, peripheral neuropathy, psychosis)

(Degos et al. 2016), spastic paraplegia type 5 (CYP7B1
mutations) (Marelli et al. 2018), Niemann-Pick type C
disease (cognitive decline, ataxia, movement disorders)
(Patterson et al. 2013), and MEGDEL syndrome (dysto-
nia with Leigh like encephalopathy) (Maas et al. 2017;
Giron et al. 2018). Other IEM reflect changes in meta-
bolic pathways with age such as ornithine amino trans-
ferase (OAT) deficiency. In the neonate, OAT is orien-
tated towards ornithine and arginine production but then
switch in the first year of life to ornithine catabolism
leading to pyrroline-5-carboxylic acid. Hence, OAT de-
ficiency may present as an urea cycle disorder early in
infancy with low ornithine and citrulline plasma levels
while it presents in adolescence as a progressive gyrate
atrophy with marked hyperornithinemia (Cleary et al.
2005). Similarly, age-specific disease manifestations
have been well-delineated for (i) metabolic crises in
glutaric aciduria type 1, in which there is almost no risk
of crisis anymore after 36 months of age (Kolker et al.
2006); (ii) mutations in the TRMU gene, encoding a
mitochondria-specific tRNA-modifying enzyme requir-
ing sulfur and in which liver failure mostly occurs at
2–4 months of age, possibly related to limited availabil-
ity of cysteine then, with no recurrence in patients who
survive the neonatal episode (Zeharia et al. 2009); and
(iii) medium chain acyl-CoA dehydrogenase (MCAD)
deficiency, which may lead to neonatal death,
hypoketotic hypoglycaemia, or no symptoms, as
MCAD is not a limiting enzyme of the mitochondrial
fatty acid oxidation pathway—very long chain fatty acid
dehydrogenases and the trifunctional enzyme being able
to ensure several β-oxidation cycles. Brain energy me-
tabolism also varies largely with age. In the first weeks
of life, the brain relies mainly on ketone bodies but
progressively glucose becomes the main substrate. In
adults, the uptake of glucose decreases with age while
the uptake of acetoacetate remains relatively spared, rais-
ing the question whether ketones can compensate for
deteriorating brain glucose uptake during aging and neu-
rodegenerative conditions (Nugent et al. 2014). It is
therefore of further interest that the phenotype of patients
with GLUT1 deficiency may evolve strikingly with age,
children usually presenting with a prominent epileptic
syndrome whereas adults instead manifest non-epileptic
paroxysmal disorders (Gras et al. 2014).

& As illustrated above, aging is accompanied by important
changes in the relative importance of metabolic pathways
and metabolic substrates, which, along with genetic fac-
tors, likely contribute to phenotypic variability between
children and adults with IEM. Furthermore, aging itself
may influence the expression of IEM due to additional
cellular modifications. This is especially true for the main-
tenance of energy homeostasis in the nervous system that



is challenged with cellular aging. Likewise, late onset
forms of some IEMmay reflect primarily altered neuronal
or glial energy homeostasis with age, like long-chain
acylCoA dehydrogenase deficiency or peroxisome bio-
genesis defects presenting with adult onset sensory neu-
ropathy and/or retinal degeneration. Energy homeostasis
is also key for myelin maintenance, which could explain
the changing spectrum of several energetic disorders like
late onset PDH or biotinidase deficiency that present with
adult onset optic atrophy potentially reversible on high
doses of vitamin B1 (Sedel et al. 2008) and biotin
(Ramaekers et al. 1992) respectively. These examples il-
lustrate the need for more standardized evaluation of the
benefit of energy replenishment therapies in various neu-
rodegenerative and neurometabolic diseases (Adanyeguh
et al. 2015; Garcia-Cazorla and Saudubray 2018, in
revision). Furthermore, mitochondrial DNA mutations ac-
cumulate with age and this phenomenon is thought to
modulate the risk for neurodegenerative diseases like
Parkinson disease (Dölle et al. 2016), but likely
neurometabolic diseases as well. Aging is also associated
with increasing somatic mutations (Lodato et al. 2018),
defective autophagy and increased risk for protein aggre-
gation which may, in the context of a metabolic suscepti-
bility like decreased glucocerebrosidase activity, acceler-
ate neurodegeneration (Mazzulli et al. 2011).

In summary, mechanisms underlying pediatric versus
adult phenotypic differences are numerous and still not well
understood. Indeed, the phenotype (characteristic features of
an organism) is the net sum of hereditary and environmen-
tal factors. It depends on phenotypic plasticity (modulations
in response to changes in the environment) and is age-
dependent (ontogenic changes and aging). Rather than an-
alytical approaches focusing only on genotype-phenotype
correlations, it is important to explore pathophysiological
mechanisms based on an integrated approach that takes into
account changes in metabolic pathways and substrates with
age as well as the impact of environmental factors and
aging. This underscores the need for maintaining and fur-
ther developing a strong capacity for metabolic investiga-
tions in biochemical genetic labs (e.g., metabolomics,
lipidomics) besides their increasing access to next genera-
tion sequencing. Indeed, metabolomics and lipidomics
stand out among omics as the study of the end products
of cellular processes, therefore are more likely to be repre-
sentative of clinical phenotypes than genetic variants or
changes in gene expression. A greater understanding of
phenotypic variability will be critical to personalize, or at
least weigh, the initiation of long-term, sometimes burden-
some, therapies in diseases detected by expanded newborn
screening but that can manifest only in adulthood and with
milder phenotypes like AMN.
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