
C l i n i c a l  r e s e a r c h

An overview of inborn errors of metabolism 
affecting the brain: from neurodevelopment to 
neurodegenerative disorders
Jean-Marie Saudubray, MD; Angela Garcia-Cazorla, MD, PhD

Inborn errors of metabolism (IEMs) are particularly fre-
quent as diseases of the nervous system. In the pediatric 
neurologic presentations of IEMs neurodevelopment is 
constantly disturbed and in fact, as far as biochemistry is 
involved, any kind of monogenic disease can become an 
IEM. Clinical features are very diverse and may present 
as a neurodevelopmental disorder (antenatal or late-
onset), as well as an intermittent, a fixed chronic, or a 
progressive and late-onset neurodegenerative disorder. 
This also occurs within the same disorder in which a con-
tinuum spectrum of severity is frequently observed. In 
general, the small molecule defects have screening met-
abolic markers and many are treatable. By contrast only 
a few complex molecules defects have metabolic mark-
ers and most of them are not treatable so far. Recent 
molecular techniques have considerably contributed in 
the description of many new diseases and unexpected 
phenotypes. This paper provides a comprehensive list of 
IEMs that affect neurodevelopment and may also pres-
ent with neurodegeneration.       	          
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Introduction

	 Inborn errors of metabolism (IEMs) have a strong 
predilection for the nervous system. From the estimated 
300 “new” disorders described in the 5 years between 
the 5th (2011) and the recent 6th (2016) edition of the 
classic clinical textbook Inborn Metabolic Diseases: 
Diagnosis and Treatment,1 85% display predominantly 
neurological manifestations. Neurodevelopment is con-
stantly interrupted in the pediatric neurologic presen-
tations of IEMs. The precise neurobiological stage of 
development that is affected and the associated clini-
cal manifestations are both terms related to the main 
groups of pathophysiological categories found in these 
diseases, as well as to the specific mechanisms of brain 
damage linked to every particular IEM. Additionally, 
neurodevelopment and neurodegeneration can behave 
as opposites throughout disease evolution, but they 
may also run in parallel.2,3 
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Neurodevelopment and metabolism: some basic 
concepts

Neurodevelopment begins in the early prenatal stage 
with a complex process that starts with the prolifera-
tion of distinct cell types, followed by differentiation 
into various fates, migration to their proper locations, 
and integration into functional circuitries.4 These steps 
continue to evolve in the postnatal years due to func-
tions such as plasticity, myelination, and the matura-
tion of brain cell connectivity. Therefore, neurodevel-
opment encompasses an important period of time in 
the life of a human being that goes from early fetal life 
until the beginning of adulthood. If everything goes 
well, the highly specialized human brain will be capa-
ble of developing a series of intriguing abilities, such 
as complex language, cognition, emotion, and a reper-
toire of precise and coordinated movements.5 Neuro-
development disorders can arise as cognitive, neuro-
psychiatric, or motor problems6 and in general traits 
include, intellectual disability, learning difficulties, at-
tention deficit hyperactivity disorder, autism, and ce-
rebral palsy.7 The abnormal functioning of molecules 
involved in IEM can disrupt neurodevelopment at dif-
ferent stages producing a wide repertoire of clinical 
manifestations that oscillate from severe brain mal-
formations to mild neurological signs such as learning 
difficulties (Tables I and II).

Defects in the proliferation of progenitors in the ven-
tricular zone8 lead to microcephaly and are predomi-
nantly those of centrosomes and centrioles, involving 
structural proteins and microtubules, which in turn af-
fect proliferation and cell migration. However, most of 
these defects are not considered as metabolic disorders. 
IEM that disturb proliferation are related to amino 
acid, fatty acid synthesis, and complex lipid metabolism 
defects (Table I). 

Defects in neuronal migration, which occur from 
the 2nd to the 6th month of gestation,9 give rise to lis-
sencephaly and other types of cortical gyration defects 
(pachygyria, polymicrogyria). IEM leading to deficien-
cies of both small molecules (amino acids, fatty acids) 
(Table I) and complex molecules (phosphatidyl inositi-
des, cholesterol, peroxisomal metabolism, O-glycosyl-
ation, and trafficking defects) (Table II) are related to 
migration defects, as well as some energy defects (ie, fu-
marase deficiency). Flaws found in other neurobiologi-
cal processes of brain development include: 

•	� Synapse formation and maturation10 which occurs 
essentially in the last trimester as well as in the first 
2 years of life. Synaptic dysfunction presents itself 
through a series of symptoms such as intellectual 
disability (ID), epilepsy, neuropsychiatric signs, and 
movement disorders in any combination.11  

•	� Myelination, that begins in the second half of gesta-
tion and goes on to adolescence.12 Defects in myelin-
ation are related to connectivity defects (ID, neuro-
psychiatric disorders, epilepsy) and motor problems 
(spasticity, peripheral neuropathy).

•	� Cytoskeletal rearrangements are crucial for every 
aspect of neurodevelopment (regulation of cell 
division, migration, dendritic and axonal growth, 
transport of cargo along those fibers). Cytoskel-
etal dysfunction is related to migrational defects 
(malformations), axonal conduction (spasticity, 
peripheral neuropathy), and dendritic dysfunction 
(symptomatic spectrum of synaptopathies).13 Syn-
apse formation and maturation, myelination and 
cytoskeletal functions are very likely to be affected 
by most IEM since metabolism is an important regu-
lator of these functions. The role of metabolism in 
the biology of neurodevelopment has scarcely been 
explored. Some recent works point to relevant func-
tions of glucose14 purines, pyrimidines,15 lipids, and 
autophagy16 in the molecular mechanisms which 
regulate brain growth and neuronal connectiv-
ity. From the “metabolic side,” very few IEMs have 
been explored from the neurodevelopmental per-
spective. However, neurodevelopment is constantly 
disturbed in the pediatric presentations of inherited 
metabolic diseases. 

Neurodevelopment versus neurodegeneration in IEM: 
opposites or a continuum 

Due to the fact that brain function is still one of the 
most unknown mysteries of biology, concepts and ap-
proaches that could have been well-established in the 
past, can be seen as a matter of controversy nowadays. 
This is the case for neurodevelopment and neurode-
generation. Initially considered as opposite ends of the 
spectrum, an accumulating body of evidence shows sig-
nificant similarities between cellular processes involved 
in both of them.2,3,17 For that matter, an important ques-
tion includes the extent to which rare neurodevelop-
mental diseases have progressive pathology across the 
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Figure 1. �Main neurological presentations, pathophysiological categories, and neurodevelopmental to neurodegenerative features. Main 
clinical presentations are presented depending on the severity degree, from antenatal malformations to isolated symptoms. It is 
not rare that the same disease could have different types of presentation. Severe global encephalopathies include genetic defects 
that lead to early disruption of fundamental biological processes that are required for a proper brain development and affect mo-
tor, cognitive and behavioural aspects. Synaptopathies correspond to diseases impairing synaptic communication and often have 
epilepsy, intellectual disability, behavioural abnormalities (including autism) and movement disorders in any combination. Synaptic 
diseases produce connectivity impairments (abnormal brain circuitries’ organization). Complex motor presentations correspond to 
diseases leading to abnormal motor symptoms; these are related to brain structures and circuits that regulate voluntary and passive 
movements, strength and muscle tone. In pediatrics’ IEMs it is not rare to detect combinations of different motor signs (dyskinetic 
movements, pyramidal signs, hypotonia, ataxia…).

	� Some additional explanations: COG6 plays a major role in Golgi trafficking and positioning of glycosylation enzymes. HCFC1: gene 
responsible for X-linked cobalamin deficiency. PHARC: Acronym for a neuropathy syndrome due to a phospholipid remodeling 
defect that mimics Refsum disease. PIGA is one of the 7 proteins require for the 1st step of the GPI synthesis. SERAC1: protein 
with a lipase domain involved in the remodeling of phosphatidylglycerol, bis monoacyl glycerol phosphate and cardiolipin. SNAP29: 
encodes for a SNARE protein involved in vesicle fusion. SNX14: gene mutations responsible for childhood ARCA syndrome (Auto-
somic Recessive Cerebellar Ataxia). VPS15: is implicated in endosomal-lysosomal trafficking and autophagy. WDR45: interacts with 
autophagy proteins Atg2 and Atg9 to regulate autophagosome formation and elongation.

	� Ast: aspartate transporter; Asp: asparagine synthetase; ADSL: adenylosuccinate lyase deficiency: BCAA: branched chain amino 
acid; BetaM: β mannosidosis; CAD: enzymatic complex responsible for the first 3 steps of the de novo pyrimidine synthesis; Cbl: 
cobalamin; Cholest: cholesterol; CholK: choline kinase; COG6: conserved oligomeric Golgi complex; CDG: Congenital disorder of 
glycosylation; CERS: ceramide synthetase; DARS2: mt aspartyl-tRNA synthetases; EARS2: mt glutamyl-tRNA synthetases; ELOVL4: 
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lifespan into adulthood, and how these potentially neu-
rodegenerative mechanisms may inform more common 
diseases. For trisomy 21 and Rett syndrome, the exis-
tence of both neurodevelopmental and neurodegen-
erative pathology is well-known.18 Interestingly, IEMs 
provide many examples of these apparently paradoxi-
cal clinical outcomes.  In this sense we could consider 
the following situations: 
1.	  �IEMs that disrupt biological programs at any stage 

of neurodevelopment but then remain stable over 
time. In fact they tend to have a constant improve-
ment as long as they follow a proper treatment (in 
those treatable disorders). This is the case of treat-
able disorders of small molecules such as urea cycle 
defects, homocystinurias, and other aminoacidopa-
thies. A major constraint in this group of diseases is 
the lack of knowledge about long-term outcomes. 
There are few reports on neurological and mental 
health status at old age, even in those IEMs that 
have been studied for a long time. Recent articles 
point towards a significant percentage of neuropsy-
chiatric problems in adolescents and adults in dis-
eases such as urea cycle defects and organic acid-
urias.19,20

2.	  �IEMs that mimic neurodevelopmental disorders 
such as learning difficulties, ID, neuropsychiatric 
signs (ADHD, autism) and cerebral palsy because 
they present with similar symptoms and onset age, 
and remain apparently stable. However, this stabil-
ity evolves towards clinical impairment and then to 
a degenerative course.17,21 This is the case of some 
lysosomal disorders such as Sanfilippo disease, that 
may start with symptoms mimicking ADHD, and 
BPAN (an autopaghy disorder) that often presents 
initially as autism and Rett-like phenotype.22 The 
time span between stability and progressive symp-
toms is variable and represents a major trait that 

characterizes every disease. Additionally, the inter-
action between genetic and environmental factors 
probably has an important role and modulates the 
mixed neurodevelopmental and neurodegenerative 
coexistence. 

3.	  �IEMs that present as pure neurodegenerative dis-
eases because of the rapid and dramatic progressive 
outcome or due to adult presentations. 

These are just descriptions of clinical scenarios without 
the confirmation of appropriate pathological studies. 
This is the case for patients that after a number of years 
of being asymptomatic, present with psychiatric, motor, 
or cognitive decline. Lysosomal disorders are amongst 
the most frequent in this group.23,24 Neurodevelopment 
is linked to reduced neuronal arborization, abnormal 
dendritic morphology, and failures in synapse develop-
ment.25 Neurodegeneration appears as gliosis, neuronal 
loss, and other specific markers such as apoptosis and 
protein aggregation. It is unknown if even those neuro-
degenerative diseases starting in adulthood may have 
pathology changes linked to neurodevelopmental dys-
function that are clinically silent.26 The lack of necropsy 
studies, animal models, and high-resolution brain im-
age techniques prevents delineation of the hypothetical 
continuum of neurobiological disturbances. 

Figure 1 is a tentative overview to connect neuro-
logical presentations with pathophysiological IEM cat-
egories and neurodevelopmental to neurodegenerative 
features. 

Classification of IEM with implications in 
neurodevelopment

Metabolism involves thousands of proteins: mostly en-
zymes, receptors, and transporters of which the deficits 
cause IEM. Deficits can affect small or complex mol-
ecules. Regardless of their size, metabolites involved in 
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fatty acid elongase 4; FAt: fatty acid transporter; FAs: fatty acid synthetase; FADH: fatty alcohol deshydrogenase; FAHN: fatty acid 
hydroxylase associated neurodegeneration; FARS 2: mt phenylalanine-tRNA synthetases; GABA:g aminobutyric acid; Glu: gluta-
mine synthetase; GLUT1: glucose transporter; GluR: glutamate receptor; GlyR: glycine receptor; GM: ganglioside; HCFC1: host 
cell factor C1; HHH: hyperammonemia, hyperornithinemia, homocitrullinemia syndrome; MARS2: mt methionyl-tRNA synthetases. 
MTHFR: methyltetrahydrofolate reductase; MD: movement disorders; ML: mucolipidosis; MLD: metachromatic leucodystrophy; MPS 
III: mucopolysaccharidosis type III (sanfilippo disease); NBIA: neurodegeneration with brain iron accumulation; NCL: neuronal ceroid 
lipofuschinosis; NPSY: neuropsychiatric symptoms; OA: organic aciduriasO-gly: O-glycosylation; PC: pyruvate carboxylase; PDH: 
pyruvate deshydrogenase; perox: peroxysome biogenesis defects; PHARC: polyneuropathy, hearing loss, ataxia, retinitis pigmentosa 
and cataracts; PIGA: phosphatidylinositol glucosaminyltransferase; PI3K/AKT: phosphatidyl inositides kinase; PLA2G6: phospholipase 
A2; PNPLA6: phospholipase B; PNPO: pyridox(am)ine 5’-phosphate oxidase; Ser: serine synthesis defects; SERAC1: serine active site 
containing protein 1; SNAP29: synaptosomal associated protein 29 KD; SNX14: sorting nexin 14 SV: synaptic vesicle; tRNAs: tRNA 
synthetases; TPP: thiamine pyrophosphate; VARS2 mt valyl-tRNA synthetases; VPS15  is also known as PHOSPHATIDYLINOSITOL 
3-KINASE, REGULATORY SUBUNIT 4: PIK3R4; WDR45: WD repeat containing protein 45.
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IEMs can behave in the brain as signaling molecules, 
structural components, and fuels, and many metabo-
lites have more than one role. According to Morava, 
the “classification of a disorder as an IMD requires 
only that impairment of specific enzymes or biochemi-
cal pathways is intrinsic to the pathomechanism.”27 Us-
ing this extended definition the more recent tentative 
nosology of IEM encompasses more than 1100 IEMs 
currently identified and provisionally classified into 130 
groups.28

A “simplified” classification of IEMs mixes practical 
diagnostic approach and pathophysiological consider-
ations according to 3 large categories based on the size 
of molecules (“small and simple” or “large and com-
plex”) and their implication in  energy metabolism.29 
Only some very specific references focused on the more 
recent and significant defects will be cited while the 
more classic and well-known IEM will be referred to in 
the recent clinical textbook Inborn Metabolic Diseases: 
Diagnosis and Treatment.1

Small molecule defects

Almost all these IEM have plasma and urine metabolic 
marker(s) (small diffusible water-soluble molecules) 
that can be easily and rapidly measured in emergency, 
in one run (such as amino acids, organic acids, acylcar-
nitine chromatography), or by using  specific methods 
(such as metals or galactose metabolites).

There are two subcategories in small-molecule dis-
orders defined by whether the phenotype primarily re-
sults from an accumulation or a deficiency (Table I).

Small molecule diseases linked to an accumulation of 
compounds 

These cause acute or progressive “intoxication” disor-
ders. Signs and symptoms result primarily in the abnor-
mal accumulation of the compound(s) proximal to the 
block and can potentially reverse as soon as it is removed. 
They do not interfere with embryo and fetal neurodevel-
opment and they present after a symptom-free interval 
(days to years: late onset) with clinical signs of “intoxica-
tion” (acute, intermittent, chronic, and even progressive: 
neurodegeneration) provoked by fasting, catabolism, fe-
ver, intercurrent illness, and food intake. Most of these 
disorders are treatable and require the removal of the 
“toxin” by special diets, scavengers, and cofactors.

This group encompasses IEMs of amino acid catab-
olism (like phenylketonuria, maple syrup urine disease, 
or homocystinurias), urea cycle defects, organic acid-
urias (such as methylmalonic, or glutaric aciduria type 
1), galactosemias, metals accumulation (such as Wilson 
disease, neuroferritinopathies and brain iron accumu-
lation syndromes, or cirrhosis dystonia syndrome with 
hypermanganesemia).30 Some purines/pyrimidines and 
metabolite repair defects (D/L-2-OH-glutaric, NAXE 
mutations) are also included in this group. Hyperglycin-
emias behave more so as neurotransmitters disorders 
than as an intoxication (see following section). Vitamins 
in metabolism (transport and intracellular process-
ing) interfere with many different metabolic pathways 
where they act as enzymatic cofactor, chaperone, or sig-
nalling molecules. Therefore IEM of vitamins may turn 
out to be an intoxication treatable disorder or a com-
plex severe congenital encephalopathy.

In the brain, molecules that accumulate can behave 
as neurotransmitters in the case of amino acids or stim-
ulate biological pathways related to impaired autoph-
agy and nerve growth factors. Secondary disturbances 
of essential amino acid (AA) transport are commonly 
observed in case of an elevation of one specific neutral 
AA using the L-type AA carrier like phenylalanine or 
leucine in phenylketonuria (PKU) and maple syrup 
urine disease respectively. This observation has been 
used to treat PKU.31 Synaptic plasticity and excitability 
are almost constantly impaired and executive functions 
are especially vulnerable. Therefore, and in spite of a 
proper metabolic control, most of these patients display 
learning, behavioural and emotional difficulties.32 

Small molecule diseases linked to a deficiency

Symptoms result primarily from the defective synthesis 
of compounds that are distal from the block or from 
the defective transportation of an essential molecule 
through intestinal epithelium, blood-brain barrier, and 
cytoplasmic or organelle membranes. Clinical signs are, 
at least in theory, treatable by providing the missing 
compound.  Most of these defects cause a neurodevel-
opmental disruption, have a congenital presentation 
(antenatal), and may present as birth defects (Table I). 
They share many characteristics with disorders in the 
complex molecules group (Table II). 

This group encompasses all carrier defects of essen-
tial molecules that must be transported through cellular 
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membranes, and inborn errors of non-essential amino 
acids, and fatty acid synthesis. The most paradigmatic 
IEM linked to brain carrier defects are SLC7A5 defi-
ciency resulting in defective transport of the branched 
chain amino acids (BCAA),33 and MFSD2A deficiency 
resulting in defective transport of essential fatty acids 
such as docosahexanoic acid (DHA).34 Interestingly the 
rare disorder branched chain dehydrogenase kinase 
(BCDHK) deficiency, which overactivates irreversible 
BCAA oxidation, causing very low levels of BCAA as 
in SLC7A5 mutations, presents a similarly devastating 
neurological syndrome with neurodevelopmental dis-
ruption.35

Non-essential amino acid synthesis defects may 
present also in antenatal life in the form of neurodevel-
opmental disruption. All severe forms of serine synthe-
sis defects cause Neu Laxova syndrome.36 Glutamine 
synthetase37 and asparagine synthetase38 deficiencies 
display an almost complete agyria and clinically pres-
ent with a severe congenital epileptic encephalopathy. 
Less severe forms of these disorders present with ID 
and epilepsy. This variation of clinical manifestations 
may be common in many other disorders. Severe de-
fects affect early developmental stages and behave as 
brain malformations whereas mild forms may present 
as “synaptopathies.”

Fatty acids either derived from dietary sources or 
synthesized de novo can be converted into longer-
chain fatty acid either saturated, mono-, or polyunsat-
urated to be further incorporated in complex lipids.39 
Elongase 4 deficiency40 may present early in infancy 
with neurodevelopmental arrest, intellectual disabil-
ity, spasticity, seizures, and ichthyosis similar to the 
Sjogren Larsson syndrome (Table I). Fatty acid syn-
thesis/elongation defects share many similarities with 
peroxysomal very-long-chain fatty (VLCFA) acid 
catabolic disorders and complex lipids synthesis and 
remodeling deficiencies. 

In addition to amino acid and fatty acid metabolism 
defects, the small molecules group also encompasses the 
IEM of neurotransmitters and those causing metal de-
ficiency30 such as the  manganese transporter deficiency 
syndrome (SLC39A8),41,42 the copper transporter ATP 
7B deficiency causing  Menkes disease and the copper 
regulator AP1S1 deficiency causing the MEDNIK syn-
drome.43

Inborn errors of neurotransmitters encompass the 
monoamine transport and synthesis, the g-amino bu-

tyric acid (GABA) and GABA receptor deficiency, the 
glycine cleavage and transport defects and the gluta-
mate defects. The diagnosis of monoamine disorders 
is based on CSF monoamine and neopterin analysis 
of carefully collected samples. In general, glycine and 
GABA defects are detected by means of amino acid 
quantification in plasma and urine (and also in the CSF 
for glycine-related disorders).44

In summary, most small-molecule defect disor-
ders produce major neurodevelopmental disruptions, 
thereby leading to severe global encephalopathies 
where almost all neurological functions are chronically 
altered. In early-onset presentations, patients display 
severe psychomotor delays affecting both motor and 
cognitive milestones. Microcephaly and hypomyelin-
ation are very common as are epilepsy and movement 
disorders, which may demonstrate distinct features 
specific to each particular disease. These defects mimic 
early “non-metabolic” genetic encephalopathies that 
affect crucial neurodevelopmental functions such as 
neuronal precursor proliferation, migration, pruning, 
and dendrite development. This is because these small 
molecules contribute to antenatal brain “construction” 
in terms of signaling, cytoskeleton guidance, synapse 
formation later on in experience-dependent synapse 
remodelling.32

Complex molecule defects

This expanding group encompasses diseases that dis-
turb the metabolism of complex molecules that are 
neither water soluble or diffusible. The main chemi-
cal categories of such complex molecules encompass 
glycogen, sphingolipids, phospholipids, cholesterol 
and bile acids, glycosaminoglycans, oligosaccharides, 
glycolipids, and nucleic acids. Similar to the small 
molecules, there are also two subcategories in com-
plex molecule disorders, defined by whether the phe-
notype primarily results from an accumulation or a 
deficiency. 

Complex molecule diseases linked to an accumulation

Catabolism defects lead to storage of a visible accumu-
lated compound like classical lysosome defects. They 
are the most typical and historical group (such as the 
sphingolipidoses or mucopolysaccharidoses) in which 
signs and symptoms primarily result from the abnormal 
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GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

Structural defects, ab-
normal head growth 

POSTNATAL BRAIN 
ABNORMALITIES 

at any time of the 
postnatal  

development

MAIN NEUROLOGICAL  
SYMPTOMS 

Mimicking what kind of  
neurodevelopmental  

disorder?

OUTCOME
Early death?

Stability -Improvement? 
Neurodegeneration?

REF

Small  
molecules:

ACCUMULA-
TION

In general no  
antenatal  

manifestations

In general normal or 
subtle abnormalities 

(except  
decompensations)

Free interval. Most are 
efficiently treatable and can 

be screened at birth

In general, with 
treatment, constant 

improvement
1, 29

AMINOACID CATABOLISM. Diagnosis on AA chromatography. Postnatal neurodevelopmental disruption. Abnormal synaptic sig-
naling, excitotocity (and other specific mechanisms), connectivity alterations, mostly circuitries involved in executive functions. 
Under treatment, in general mimicking ADHD and learning disabilities

Phenylalanine
PKU

Not described
Maternal PKU: con-
genital microcephaly,  
ventriculomegaly, 
hypoplastic cerebral 
white matter, and de-
lay of myelination

White matter T2 
reversible hyperin-
tensities

- �Untreated: profound ID. 
Neuropsychiatric and behav-
ioral AUTISM-like manifesta-
tions

- �Even under strict diet may 
still present ADHD, NPSY 
(anxiety, depression), Learn-
ing disabilities 

Stability. 
NDEV disorder 
Outcome in long-term 
treated patients at older 
ages not reported.
Diet discontinuation 
may produce NDEG in 
adults/ elderly patients

1

Homocysteine
Homocystinu-

rias

Not described in CBS
Remethylation de-
fects may present as 
congenital hydro-
cephalus 

-Reversible WM le-
sions in CBS
-Hemorrhagic/isch-
emic stroke

- �Untreated: ID, NPSY, stroke
- �Even on strict treatment: 

ADHD, NPSY (obsessions, 
depression), Learning dis-
abilities

Stability. 
NDEV disorder although 
unknown evolution in 
elderly patients 

1

Leucine
MSUD

Not described WM T2 reversible 
hyperintensities

- Untreated: ID, spasticity
- �Even under strict treatment: 

ADHD, NPSY, Learning dis-
abilities

Stability. 
NDEV disorder although 
unknown evolution in 
elderly patients

1

Ammonia, 
Glutamate, 
Glutamine 
(in UCD)

Not described WM T2 reversible 
hyperintensities

- �Even under strict treatment: 
ADHD, NPSY, Learning dis-
abilities

- �Cerebral palsy-like in argi-
nase deficiency and HHH

Stability. 
NDEV disorder although 
unknown evolution in 
elderly patients

1

ORGANIC ACIDURIAS (OA): Diagnosis on OA/Acylcarnitines (GCMS) Postnatal neurodevelopmental disruption. Neurobiological 
mechanisms similar to AA accumulation but associated with energy depletion. Classic OA under treatment mimic ADHD and 
learning disabilities whereas “cerebral” OA mimic cerebral palsy (CP) and some of them produce NDEG.

Propionic, 
Methylmalo-
nic, Isovaleric 

acidurias

Not described WM T2 and basal 
ganglia hyperinten-
sities that may be 
reversible

- �Untreated: ID, Cerebral pal-
sy-like (spasticity, movement 
disorders)

- �Even under strict treatment: 
ADHD, NPSY, Learning dis-
abilities, Optic atrophy

Stability. 
NDEV disorder although 
unknown evolution in 
elderly patients

1

Cerebral 
organic 

acidurias 
(COA):

Glutaric type 1

Immature gyration 
pattern
Bitemporal (biopercu-
lar) hypoplasia

Macrocephaly
Subdural hematoma
Basal ganglia lesions
WM hyperintensities

- �Acute encephalopathy (first 
2 years of life), BG lesions. 
Dyskinetic CP

- �Mild forms: motor delay ver-
sus normality

- �Tremor,  orofacial dyskinesia 
in adolescence in previously 
asymptomatic patients

- �After acute BG injury, 
very similar to dys-
kinetic CP of other 
causes (stability but 
episodes of exacerba-
tion that may lead to 
status dystonicus)

- �Unknown in older 
patients

1

Table I. �Small molecule defects and vitamin-related disorders: neurodevelopmental phenotypes, brain MRI and clinical outcome.



C l i n i c a l  r e s e a r c h

308

GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
SYMPTOMS

OUTCOME REF

Other COA:
L2 OH glutaric; 
D2 OH glu-
taric; DL OH 
glutaric acid-
uria*  
Canavan 
disease 
(N-AAA)

L2OH glutaric: cer-
ebellar hypoplasia

N-AAA: Soft, gelati-
nous  WM
Loss of myelinated 
arcuated fibres

Characteristic white 
matter and cerebel-
lar involvement, 
cortical atrophy

L2OH: Progressive cognitive 
deterioration in infancy with 
ataxia, seizures, pyramidal 
signs. Mild forms may mimic 
ID
D2OH: Severe neonatal en-
cephalopathy (seizures, early 
death)
N-AAA: macrocephaly, early 
regression, progressive spas-
ticity, optic atrophy, death

All these diseases 
evolve towards NDEG, 
with different degrees 
of severity and natural 
history

1

SMALL CARBOHYDRATE MOLECULE ACCUMULATION: diagnosis on plasma and urine biomarkers 

Galactosemias
(Galactose, 

Galactose-1-P
Galactitol)

Not reported White matter T2 
reversible hyperin-
tensities

Even on strict diet delayed 
speech development, verbal 
dyspraxia, difficulties in spa-
tial orientation and visual per-
ception, ID, anxiety, depres-
sion. Mimics ID and learning 
difficulties

Stability. 
NDEV disorder although 
unknown evolution in 
elderly patients

1

METAL ACCUMULATION: Diagnosis on specific metals, protein carriers, brain MRI features, molecular analysis. Postnatal devel-
opmental disruption, mainly motor signs mimicking CP but later on progressive neurodegeneration

Copper ATP7B 
transporter

Not described “Eye of the panda” 
sign (lenfiform 
nuclei, thalamus, 
midbrain and pons). 
Atrophy of cere-
bral and cerebellar 
cortex 

Wilson disease: bulbar dys-
function, tremor, rigidity, 
behavioral, and mood distur-
bances in 1st decade

NDEG without treat-
ment

30

Iron: NBIA 
(PKAN, CoASY, 
PLA2G6, 
C19oef12, 
FAH2, WDR45, 
ATP13A2, FTL, 
DCAF17, SCP2, 
GTPBP2)

Not described

(every defect has 
different pathophysi-
ological mechanisms; 
brain iron accumula-
tion is probably a 
paraphenomenon)

T2 pallidum hy-
pointensity, leading 
to the “eye of the 
tiger” sign. WM 
alterations may be 
also present. Corti-
cal and cerebellum 
atrophy

More than 10 genetic rec-
ognized conditions so far in-
cluded in the NBIA syndromes. 
Some of them mimic NDEV 
disorders:
- �INAD due to PLA2G6 and 

early forms of PKAN mimic 
CP

- �BPAN mimic Retts 

NDEG is the natural 
evolution. No effective 
treatments so far

30

Manganese 
SLC30A10 and 
SLC30A14
transporters

Not described Hyperintense T1, hy-
pointense T2 signals 
on basal ganglia

Early dystonia-parkinsonism 
mimicking dystonic CP; hepat-
ic dysfunction is associated

NDEG is the natural 
evolution. But may 
improve on chelation 
treatment

30

Small 
molecules: 
DEFICIENCIES

Frequent antenatal 
manifestations, in 

particular congenital 
microcephaly

Wide variety of 
findings, from 

normal to severe 
alterations

Most have congenital or very 
early manifestations, mimick-
ing CP or ID with NPSY signs. 
Late-onset presentations may 

occur

Many of them have a 
treatment with a vari-
able response depend-
ing on the particular 

defect

1, 
29, 
32

AMINO ACID DEFECTS: Diagnosis on AAC (B, U, CSF), molecular analysis. Prenatal disruption of crucial neurodevelopmental 
programs. While BCAA deficiencies produce ID, ASD and the clinical spectrum of the synaptopathies, the other AA defects may 
cause severe antenatal malformations

Table I. �Continued
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Large neutral 
AA transporter
(SLC7A5) and 

BCDHK 
Low BCAA

Congenital micro-
cephaly may be pres-
ent with no other 
alterations in the 
brain MRI

Hypomyelination Mimicking NDEV disorders, in 
particular ID with NPSY signs, 
mostly autism spectrum disor-
der (ASD)

NDEV disorder: Stability 
towards improvement 
with treatment (BCAA 
supplementation)

33, 
35

Glutamine 
synthetase

Low P gluta-
mine

Complete agyria, 
hypomyelination, 
periventricular cysts, 
Cerebral atrophy

The same abnormal-
ities found at early 
stages

Severe encephalopathy. 
Severe epilepsy 

Early death. Severe dis-
ease involving crucial 
biological processes and 
probably incompatible 
with life

37

Serine defects
3-PGDH(**)
PSAT1, PSP
 Serine (SL-

C1A4) trans-
porter

Low P serine

Lissencephaly, mi-
crocephaly in Neu 
Laxova syndrome
 (congenital form)
HM. Hypoplasic cer-
ebellum
CC Absent vs hypo-
plasia

Mild forms may dis-
play microcephaly 
and hypomyelin-
ation

- �Severe encephalopathy: mi-
crocephaly, spastic tetrapare-
sis, cataracts, epilepsy. Mim-
icking congenital infections

- �Mild forms: ID and epilepsy

NDEV disorder: stability 
towards improvement 
with L-serine supple-
mentation

36

Asparagine 
synthetase
Low to Nl 

P asparagine

Simplified gyri
Decreased cerebral 
volume, congenital 
microcephaly

The same abnormal-
ities found at early 
stages

Profound developmental 
delay, early-onset intractable 
seizures, axial hypotonia with 
severe appendicular spasticity

Early death. Severe dis-
ease involving crucial 
biological processes and 
probably incompatible 
with life

38

NEUROTRANSMITTER DEFECTS: Monoamines and amino acids that behave as neurotransmitters
MONOAMINES: Diagnosis mostly on CSF pterins and NT metabolites. Some BH4 deficiencies and DNAJC12 have high plasma 
phe levels. Low brain dopamine disrupt neurodevelopmental programs probably at early prenatal stages, symptoms may ap-
pear at diverse ages and mimic CP
AMINO ACIDS that behave as neurotransmitters: Diagnosis based on P, U, CSF analysis. Molecular analysis. Probably prenatal 
disruption of neurodevelopmental programs although brain malformations are not common. They present with the clinical 
spectrum of the synaptopathies and some particular defects as severe global encephalopathies. 

Monoamine 
synthesis 

defects: (TH, 
AADC, DNA-

JC12, 
BH4 deficien-
cies: GTPCH, 
SR, DHPR, 

PTPS)

No antenatal malfor-
mations described. In 
severe forms congeni-
tal microcephaly can 
be present

In general normal 
brain MRI although 
mild nonspecific 
findings have been 
found in some cases.
BG calcifications can 
appear in DHPR

- �Very severe forms may cause 
congenital microcephaly and 
may be incompatible with 
life

- �Early encephalopathies with 
hypokinetic-rigid and dysto-
nia mimicking CP

- Parkinsonism,
- �L-Dopa responsive dystonia

NDEV disorder: Stability 
towards improvement 
with treatment (L-Dopa, 
5OHT and related mol-
ecules)

44

Monoamine 
transport 
defects:

DAT, VMAT2

Not described In general normal 
brain MRI

- �DAT may present as a severe 
dyskinetic CP that evolves 
towards parkinsonism

- �VMAT2 presents as dystonia-
parkinsonism

DAT may have a NDEG 
progression. VMAT2 has 
a similar outcome and 
treatment than biogenic 
amine defects

44

GABA defects
SSADH

(High P/CSF 
GABA)
GABAT

(Low CSF 
GABA)

Spongiform leukodys-
trophy in GABAT

Pallidum hyperin-
tensity, WM lesions, 
cerebellar atrophy 
in SSADH

- �SSADH may present as ID 
and NPSY signs (ASD and 
others), epilepsy and ataxia

- �GABAT Early mortality and 
profound developmental 
impairment

SSADH: Stability al-
though progression of 
epilepsy has been re-
ported in adults
Outcome in patients at 
older ages not reported

44

Table I. �Continued
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GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
SYMPTOMS

OUTCOME REF

Glycine NKH:
GCS and 

lipoate disor-
ders

High P/CSF 
Glycine

Cerebellar hypoplasia 
Cysts 
CC absent vs hypo-
plasia
Diffusion restriction 
pattern in the brain 
stem
(these diseases are 
also related to AA ac-
cumulation defects)

WM lesions in par-
ticular in lipoate 
related hyperglycin-
emias

- �Severe neonatal encepha-
lopathy, epilepsy, hypotonia, 
spasticity, profound mental 
retardation

- �Mild forms: Moderate ID, 
NPSY signs (ADHD,  behav-
ioral problems), seizures, 
chorea episodes

Early death in the se-
vere forms

Stability in mild forms 
although no long-term 
outcomes have been 
reported

1

GABA, gluta-
mate and gly-
cine receptors 
and transport-

ers

Congenital polymi-
crogyria has been de-
scribed in glutamater-
gic NMDA receptors.
In Glutamate trans-
porter (SLC25A22):
abnormal gyration. 
CC hypoplasia and 
congenital micro-
cephaly

No specific patterns 
have been reported

Diverse signs in the spectrum 
of the synaptopathies: epi-
lepsy, ID, NPSY problems
Glycine receptors and trans-
porters: hyperekplexia
Glutamate transporter: severe 
congenital encephalopathy, 
epilepsy, severe psychomotor 
delay

Severe mutations in the 
glutamate receptors 
lead to early death

Stability versus improve-
ment with clonazepam 
in some forms of hyper-
ekplexia

1, 44

AGC1 
(SLC25A12)

Low CSF NAA, 
high lactate

Global hypomyelin-
ation (this disease 
is also an energy 
defect)

BG hyperintensity, 
delayed myelina-
tion, reduced NAA 
in brain MRS, cer-
ebellar atrophy

Arrested psychomotor devel-
opment, hypotonia, infantile 
onset epilepsy

Severe encephalopathy. 
Long-term outcome not 
reported

1, 44

METAL DEFICIENCIES: Diagnosis on specific metals and protein carriers; molecular investigations. Prenatal neurodevelopmental 
disruption since they present with severe early encephalopathies

Copper (low 
serum copper 
and ceruleo-

plasmin
ATP7A)

Brain vascular tortuo-
sities

Cephalhematomas, 
vascular tortuosity

Menkes disease is a severe 
early encephalopathy. Sei-
zures, hypotonia, loss of de-
velopmental milestones
Mild forms (occipital horn syn-
drome) may present with mild 
to moderate ID 

Menkes disease is a 
NDEG disorder

30

AP1S1
(Low serum 

cerulopasmin 
and copper)

Not reported (MED-
NIK syndrome is also 
a trafficking disorder)

Mild T2 hyperinten-
sity of 
caudate and puta-
men, brain atrophy

Multisystem disease. Dysmor-
phic features, Ichthyosis, ID, 
deafness, peripheral neuropa-
thy, hepatopathy

Liver copper overload 
treatable by zinc ace-
tate therapy
This disease may be pro-
gressive, but there are 
no outcome reports 

43

Manganese 
(Low blood 
Mn and Zn)

SLC39A8

Cerebellar atrophy Severe atrophy of 
cerebellar vermis 
and hemispheres

Severe encephalopathy, hy-
potonia, seizures, strabismus, 
profound ID

Stability, mild NDEV 
achievements
Progressive cerebellar 
signs reported in one 
family (NDEG?)

41, 
42

BRAIN ENERGY MOLECULE TRANSPORTER DEFECTS: Diagnosis on B and CSF glucose/lactate/KB. RBC glucose and lactate uptake. 
Due to the energy characteristics of the prenatal brain and the newborn, these diseases should produce post-natal neurodevel-
opmental disruptions. They mimic CP and ID

Table I. �Continued
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GLUT 1 
deficiency
(low CSF 
glucose)

Not reported Normal brain MRI. 
Severe forms may 
have microcephaly

- Early infantile severe epilepsy 
- �Motor dysfunction that may 

be diverse and combined: 
cerebellar ataxia/dyspraxia, 
pyramidal signs, dyskinesias, 
mimicking CP

- ID may be associated

Improvement with ke-
togenic diet and other 
anaplerotic treatments 
(such as triheptanoin)

62

Monocar-
boxylic

acid  
transporter

(lactate,  
pyruvate, 

ketone bodies) 
SLC16A1 

Not reported Recurrent attacks of ketoaci-
dosis. Moderate ID in homozy-
gous forms

Stability of ID although 
no long-term outcomes 
reported

63

FATTY ACID TRANSPORTER and SYNTHESIS DEFECTS:  
Diagnosis on FFA profile, lipidomics, molecular investigations

DHA  
transporter:

MFSD2A
High plasma 

LPC (Low brain 
DHA?)

Cortical malforma-
tion, gross hydro-
cephaly, hugely 
dilated lateral ven-
tricles cerebellar/
brain stem hypopla-
sia/atrophy 

The same antena-
tal manifestations, 
microcephaly 

Severe encephalopathy: de-
velopmental delay, hypotonia, 
hyperreflexia, spastic quadri-
paresis, seizures

Lethal microcephaly 
syndrome

34

FA elongation:
ELOVL4

(NL serum FA)

Not reported Cerebellar atrophy Severe encephalopathy: Ich-
thyosis, seizures, ID, spasticity 
resembling Sjogren Larsson 
(mimicking CP)
Spinocerebellar ataxia. Reti-
nopathy

NDEG disease
Neonatal death repor-
ted in a mouse model

40, 
49

Fatty aldehyde 
dehydroge-

nase
(FALDH)

Not reported Not reported Sjogren Larsson syndrome: 
Congenital pruritic ichthyosis 
with bilateral spastic para-
paresis, dysarthria, mild ID 
Mimic CP

Not enough informa-
tion about outcome

49

ELOVL5 Low 
serum C20-4, 

C22-6

Not reported Cerebellar atrophy Spinocerebellar ataxia NDEG disease 49

VITAMIN/COFACTOR DEFECTS:  
Diagnosis on AAC, OAC, folates, B12, molecular investigations1

Biotin
Biotinidase 

Not reported WM and BG abnor-
malities have been 
described

Biotin responsive MCD defi-
ciency
Seizures, developmental de-
lay. Hearing loss. Crisis. Optic 
atrophy

Early treatment with 
biotin is very efficient. 
Stability towards im-
provement.

1

B12
Cobalamin C

Congenital  
hydrocephalus
Hypomyelination and 
ventriculomegaly in 
HCFC1

Similar to antenatal Progressive neurological 
deterioration crisis, abnormal 
movements, seizures, micro-
cephaly

HCFC1 may cause early 
death
Other causes: Stability 
towards improvement

1

Table I. �Continued
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accumulation of compound(s) proximal to the block 
and potentially reverse as soon as the accumulation is 
removed. In general there are no antenatal manifesta-
tions. Neurological presentation signs display progres-

sive disorders with late onset neurodegeneration with 
or without obvious “storage” signs. Diagnosis is mostly 
based on urine screening and leukocyte enzyme analy-
sis.45
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GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
SYMPTOMS

OUTCOME REF

Folic acid 
(FOLR)
MTHFR

Not reported Hypomyelination, 
cerebellar atrophy, 
microcephaly,  
enlarged  
ventricles

Progressive encephalopathy,  
seizures, microcephaly, psy-
chiatric disorders

If treated, stability 
towards improvement

1

B6 (pyrido-
xine)
Antiquitin
PNPO

May have hypoxic-
encephalopathy like 
features. Thin CC

Subtle, nonspecific 
findings

Neonatal pyridoxine-depen-
dent epilepsy
Some cases with encepha-
lopathy
PLP dependent epilepsy

Stability towards impro-
vement
PNPO has been related 
to early death

1

Mitochondrial 
TPP transpor-
ter
(SLC25A19)

Thiamine 
transporter 
(SLC19A3)

SLC25A19: Extreme 
microcephaly lissen-
cephaly, dysgenesis of 
the corpus callosum, 
spinal dysraphic state 

SLC19A3: Basal gan-
glia necrosis

SLC25A19: Amish lethal mi-
crocephaly: extreme micro-
cephaly 

SLC19A3: Recurrent BG in-
volvement, thiamine-respon-
sive

SLC25A19: Early death. 
One case of long-term 
survival with profound 
ID and microcephaly has 
been reported
SLC19A3: may be fully 
reversible with thiamine 
(improvement)

1

TPP kinase Not reported Increased signal in-
tensities in the corti-
cospinal tract at the 
medulla oblongata, 
and increased inten-
sities in the dorsal 
pons. BG necrosis

Psychomotor retardation, 
severe encephalopathy, dysto-
nia, ataxia

Stability after symptom 
onset although not 
enough information 
about outcome has 
been reported

1

AA: amino acids; AAC: aminoacid chromatography; ADHD; attention deficient hyperactivity disorder; AGC1:aspartate glutamate mitochondrial 
carrier; AADC: aromatic amino acid decarboxylase; AD: autosomal dominant; AR: autosomal recessive; ASD: autism spectrum disorder; BCDHK: 
branched chain dehydrogenase kinase; BG: basal ganglia; BPAN: β propeller associated neurodegeneration; CC: corpus callosum; CoASY: coen-
zyme A synthetase; COA: cerebral organic acidurias; CP: cerebral palsy; CSF: cerebrospinal fluid; DAT: dopamine transporter; DHA: docosahexa-
noic acid; DHPR: dihydropterine reductase; D-P: dystonia parkinsonism; DNAJC12: chaperone associated with complex assembly, protein folding, 
and export; DRD: dopa responsive dystonia; ELOV: fatty acid elongase; FA: fatty acid; FOLR: folate receptor, mutations leading to brain folate 
depletion; GABA: g-aminobutyric acid; GABAT: GABA transaminase; GCMS: Gas chromatography mass spectrometry; GCS: glycine cleavage 
system; GTPCH: guanosine triphosphate cyclohydroxilase; HCFC1: gene responsible for X-linked cobalamin deficiency; HM: hypomyelination; 
HVA: homovanillic acid; ID: intellectual disability; INAD: infantile neuroaxonal dystrophy; KB: ketone bodies; LPC: lysophosphatidylcholine; MCD: 
multiple carboxylase; MHBD:2-methyl-3-Hydroxybutyryl-CoA dehydrogenase; MHPG: 3-Methoxy-4-hydroxyphenylglycol; MSUD: maple syrup 
urine disease; MTHFR: methylene tetrahydrofolate reductase; NAA:N-acetyl aspartate; NBIA: neurodegeneration with brain iron accumulation; 
NDEG: neurodegeneration; NDEV: neurodevelopmental; NPSY: neuropsychiatric; OAC: organic acid chromatography; SDE: syndrome; WM: white 
matter; NL: neu-laxova, severe form of serine synthesis deficiency. NKH: non ketotic hyperglycinemias; OA: organic acid; NR: not reported; OGC: 
oculogyric crisis; PHE: phenylalanine; PKAN: pantothenate kinase-associated neurodegeneration; P:plasma; PKU: phenylketonuria; PLP: pyridoxal 
5’-phosphate; PNPO: pyridox(am)ine 5’-phosphate oxidase; PSAT1: phosphoserine aminotransferase; PSP: phosphoserine phosphatase; PTPS: 
PVC: paraventricular cysts; PVM: periventricular leucomalacia; RBC: red blood cell; SR: sepiapterine reductase; SSADH: succinyl adenosine dehydro-
genase; TH: tyrosine hydroxylase; TPP: thiamine pyrophosphate; U: urine; UCD: urea cycle disorders; VMAT: brain vesicular monoamine transporter 
2; WM: white matter; 3-PGDH: 3-Phosphoglycerate Dehydrogenase Deficiency; 5-HIAA: 5-hydroxyindolacetic acid; 5-OH-T:5 hydroxytryptophane
Important and frequent manifestations and outcome are in bold. (*) SLC25A1 citrate mito carrier. (**) This variation of clinical manifestations 
may be common in many other disorders. Severe defects affect early developmental stages and behave as brain malformations whereas mild 
forms may present as “synaptopathies.”

Table I. �Continued - Small molecule defects and vitamin-related disorders: neurodevelopmental phenotypes, brain MRI and clinical outcome.
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Complex molecule diseases linked to a deficiency

Phospholipids (PL) and sphingolipids (SPL) synthesis/
remodeling defects compose a new rapidly expanding 
group of disorders without storage signs.39,46 Many SPL/
PL remodeling disorders present as late-onset neuro-
degenerative diseases (hereditary spastic paraplegia: 
HSP,HSP+). Phosphatidylinositides (P-ins) are PL syn-
thesized from cytidyl diphosphate diacylglycerol and 
inositol, and are highly regulated by a set of kinases and 
phosphatases. The P-ins 3 kinases (PIK3) are a family of 
signaling enzymes that regulate a wide range of process-
es including cell growth, proliferation, migration, metab-
olism, and brain development. Several disorders in this 
enzymatic system lead to megalencephaly-polymicrogy-
ria-polydactyly-hydrocephalus syndromes.47 In general, 
there is no metabolic marker and diagnosis is mostly 
based on molecular genetic techniques (eg, targeted next 
generation sequencing or whole exome sequencing).

Most cholesterol synthesis disorders may present with 
various multiple congenital and morphogenic anomalies 
including brain, internal organ, skeletal, or skin anoma-
lies, and/or a marked delay in psychomotor development. 
Accumulation of substrate and consequent toxicity, with 
or without cholesterol deficiency, also explains the diver-
sity of phenotypes observed. Alternatively, the anomalies 
might be attributable, at least in part, to deficient hedge-
hog signaling as has been suggested in CK syndrome 
and Smith Lemli Opitz syndrome.48 Diagnosis is based 
on plasma oxysterols analysis by gas chromatography/
mass spectrometry. Several bile acid synthesis defects 
present as late-onset neurodegenerative disorders after 
a symptom-free period following a transient episode of 
neonatal cholestatic jaundice.29

Glycosaminoglycan and oligosaccharide synthesis 
disorders do not present with preponderant neurologi-
cal symptoms (therefore not presented here).

Peroxisomal  disorders

Deficits may affect a specific matrix enzyme or a peroxin 
involved in the peroxysome membrane biogenesis. Many 
peroxysome biogenesis disorders interfere with neuro-
development in the fetal life with a broad spectrum of 
phenotypes ranging from the severe Zellweger syndrome 
with cortical migration defect to mild ID. Peroxisomes 
play an indispensable role in the oxidation of VLCFA, 
pristanic, bile acids, and eisosanoids, the deficit of which 

causes severe neurological consequences. Out of all of 
them the D-bifunctional protein is the only one that may 
interfere with antenatal development and can mimic 
classic Zellweger syndrome. In both, diagnosis is based 
upon VLCFA, phytanic acid, and plasmalogen determi-
nations in blood, RBC, and fibroblasts.49 Peroxisomal 
disorders are examples of early neurodevelopmental dis-
ruptions leading later on to neurodegeneration. 

Congenital disorders of glycosylation 

Congenital disorders of glycosylation (CDG) should be 
considered in any unexplained clinical condition, particu-
larly in multiorgan disease with neurological involvement 
but also in nonspecific developmental disability.50 Many 
CDG interfere with neurodevelopment in the fetal life, 
particularly the protein O-glycosylation and lipid O glyco-
sylation and glycosyl phosphatidyl inositol disorders. Cer-
ebellar and olivopontocerebellar atrophy are a frequent 
finding in many protein N-glycosylation defects.51 Screen-
ing methods are limited to serum transferrin isoelectro-
focusing (for N-glycosylation disorders with sialic acid 
deficiency) and serum apolipoprotein C-III isoelectrofo-
cusing (for core 1 mucin-type O-glycosylation disorders). 
Exome/genome sequencing is increasingly used in the di-
agnostic workup of patients with CDG-X.50

Intracellular trafficking and processing disorders

Many defects affecting systems involved in intracel-
lular trafficking, vesiculation, processing, and quality 
control of complex molecules, such as protein folding 
and autophagy52 have been recently discovered using 
next-generation sequencing. These diseases produce 
a wide repertoire of neurological symptoms including 
neurodevelopmental defects at various stages, progres-
sive, and neurodegenerative disorders.32 Significant ex-
amples that involve either a category of molecules (like 
SNARE proteins),53,54 a metabolic process (like au-
tophagy)55 or the synaptic vesicle cycle11 are presented 
in Table II. In general there is no metabolic marker and 
diagnosis relies on molecular investigations.

t-RNA synthetases

Aminoacyl-tRNA synthetases (aaRSs) catalyze the 
specific attachment of each of the 20 amino acids to 
a cognate tRNA. With the exception of GARS and 
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Table II. �Neurodevelopmental phenotypes, brain MRI and clinical outcome in complex molecule defects.

GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

Structural defects, ab-
normal head growth 

POSTNATAL BRAIN 
ABNORMALITIES 

at any time of the 
post-natal  

development

MAIN NEUROLOGICAL  
SYMPTOMS 

Mimicking what kind of  
neurodevelopmental  

disorder?

OUTCOME
Early death?

Stability -Improvement? 
Neurodegeneration?

REF

I 
COMPLEX 

MOLECULE
ACCUMULA-

TION
DEFECTS

In general no ante-
natal manifestations, 
although occasionally 
reported in very se-
vere forms 

Great variety of 
brain MRI abnor-
malities that evolve 
towards progressive 
cortical/subcortical 
atrophy

Progressive disorders with 
late-onset NDEG with or with-
out obvious “storage” signs 
(like hepatosplenomegaly, 
coarse facies, cherry red spot, 
dysostosis multiplex,  
vacuolated lymphocytes)

These disorders are 
NDEG diseases.  
Some forms lead to 
early death.  
New therapies 
have been currently 
developed in order 
to modify these fatal 
outcomes

1

Glycogen (APBD, Lafora disease). NDEG starting in adolescence or adulthood / myoclonic epilepsy syndrome with polyglucosan 
deposition1

Sphingolipid catabolism: Sphingolipidoses (SPD) are a subgroup of lysosomal storage disorders in which sphingolipids accu-
mulate in one or several organs. Most SPD present with post-natal progressive neurological regression. The clinical presenta-
tion and course of the most severe classic forms are often typical. Late-onset less typical forms (with movement disorder or 
psychiatric presentations) have been overlooked in the past. Diagnosis is mostly based on leukocytes, enzymes, and molecular 
analysis45

Gaucher type 2
(B cerebrosi-

dase)

In general, no 
antenatal brain 

abnormalities are 
found in these 

diseases

Brain atrophy Acute neuronopathic 
perinatal form  

 Early death 45

Gaucher type 3 Brain atrophy Myoclonic epilepsy, brainstem 
dysfunction starting at 5-8 
years of age

In general, these disor-
ders start with arrest 
of neurodevelopment 
in early forms and with 
learning disabilities in 
older children following 
by motor signs (ataxia, 
spasticity) and other 
neurological symptoms 
leading to a progressive 
NDEG

Age at death ranges 
from childhood to adul-
thood depending on 
the age of first symp-
toms

45

Niemann-Pick
Disease type A

(ASMD)

Brain atrophy At 5-10 months: hypotonia, 
loss of acquired motor skill, 
intellectual deterioration, 
spasticity, rigidity. Death be-
low 3 years

45

Niemann-Pick
Disease type C

(NPC1/2)

Cerebellar atrophy - �Early infantile: regression, 
spasticity

- �Late infantile: ataxia, MD, 
spasticity

- �Adult: ataxia, MD, psychiatric 
signs

45

Gangliosidosis
GM1 (late on-

set)
GM2

Basal ganglia 
abnormalities, 
cerebellar atrophy

- �Rapid regression, seizures, 
spasticity 

- �Late infantile: ataxia, sei-
zures 

- �Adult: ataxia, MD, psychiatric 
signs

45

Krabbe disease WM lesions, 
calcifications 

Rapid global regression in 
early forms. Gait disturbances, 
optic atrophy, later forms

45

Metachromatic 
leukodystro-

phy

Characteristic 
leukodystrophy

Spastic tetraparesis, optic 
atrophy
Late-onset: motor and/or 
psychiatric signs

45
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Neuronal ceroid lipofuscinosis (NCL) Group of disorders with accumulation of autofluorescent ceroid lipopigments in neural tis-
sue. Diagnosis is mostly based on molecular analysis. They are usually characterized by progressive psychomotor retardation, sei-
zures, visual loss, and early death. Initial signs and outcome depend on the different subtypes: Congenital forms (Cathepsin D), 
Infantile NCL (6-24 months), Late infantile NCL (2-4 years), Juvenile NCL (4-10 years); Adult NCL (30 years)45

 INCL, LINCL, 
JNCL, ANCL

Severe cortical/
subcortical atrophy 
may be present at 
prenatal stages in the 
congenital form

Cerebellar atrophy 
may be the initial 
sign followed by 
global, progressive 
brain atrophy

- Congenital: early death
- �INCL-CLN1: Microcephaly, 

optic atrophy, ataxia, myoc-
lonus, regression

- �LINCL-CLN2: Jansky Biel-
schowsky, Seizures, ataxia, 
regression

- �JNCL: Batten disease, sei-
zures, dysarthria, parkinson-
ism, dementia

- �ANCL: progressive myoclonic 
epilepsy:  type A. Dementia 
with motor signs: type B 

NDEG: Progressive mo-
tor and cognitive de-
cline leading to death.

45

GAG and oligosaccharide catabolism. Mucopolysaccharidosis (MPS) and oligosaccharidosis are a subgroup of lysosomal storage 
disorders in which glycosaminoglycans (GAG) or glycoproteins accumulate in one or several organs. Most those disorders display 
post-natal progressive neurological regression but only a few present with predominant cognitive impairment. Diagnosis is 
based on GAG analysis and leukocyte enzyme analysis1

MPS type III
(Sanfilippo

disease)

In general, no ante-
natal brain abnor-
malities are found in 
these diseases

Progressive cortical/
subcortical atrophy.
Enlarged perivascu-
lar (Virchow) spaces 
are also common

2-6 years: Learning difficulties 
with behavioral problems fol-
lowed by cognitive decline

NDEG: Progressive mo-
tor and cognitive de-
cline leading to death

In Sanfilippo disease, 
learning difficulties and 
NPSY signs mimicking 
NDEV disorders normal-
ly precede NDEG

1

B mannosi-
dosis

Fucosidosis
Salla Disease

Variable neurodegenerative 
disorder seizures; learning dif-
ficulties, challenging behavior

1

Sialidosis (MLI)
Mucolipidosis 

(ML IV)

Slowly progressive cherry red 
spot myoclonus
developmental delay with 
progressive blindness

1

II
COMPLEX 
MOLECULE
SYNTHESIS
DEFECTS

Antenatal abnor-
malities found in 
cholesterol defects 
and phosphatidyl-
inositide defects

Diverse post-natal 
brain abnormalities. 
Brain and cerebellar 
atrophy common in 
NDEG defects

Great variety of manifes-
tations. Most presenting 
complex motor problems, 
although ID and epilepsy are 
also present

Most of them NDEG. 
Only a few mimic NDEV 
diseases at early stages 
of the disease

Phospholipid synthesis and recycling (PL). A few defects in de novo PL synthesis and many defects of phospholipases involved in 
the remodeling of lipid membranes display preponderant late-onset neurodevelopment/neurodegeneration presentations. Two 
defects present with congenital spondylometaphyseal dysplasia or Lenz-Majewski dwarfism39,46

Choline kinase In general, antenatal 
brain abnormali-
ties have not been 
described in these 
diseases

Thin CC (occasional) Mimics NDEV disorders with 
ID and NPSY (ASD) but associ-
ates muscle dystrophy, early 
onset muscle wasting 

All these diseases have a 
NDEG character. Initially 
they can mimic CP

39, 
46

SERAC1 Characteristic basal 
ganglia abnormali-
ties

MEGHDEL syndrome (early 
dystonia spasticity) dyskinetic 
CP. Mild late forms

39, 
46

ABHD12
Cerebellar atrophy PHARC syndrome. Demy-

elinating polyneuropathy, 
cataracts, hearing loss, and RP 
mimicking Refsum disease

39, 
46
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GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
SYMPTOMS

OUTCOME REF

PLA2G6 Cerebellar atrophy
Pallidum hypoin-
tensities due to iron 
accumulation

1) �Infantile neuroaxonal dys-
trophy

2) �Neurodegeneration with 
brain iron accumulation. 
Static encephalopathy

3) �Early onset dystonia parkin-
sonism, cognitive decline, 
and psychiatric disorder 
(PARK 14) 

39, 
46

PNPLA6 Cerebellar atrophy Clinical spectrum of neuro-
degenerative disorders: HSP 
(SPG39), Boucher-Neuhauser, 
GordonHolmes, Oliver Mc-
Farlane and Laurence-Moon 
syndromes

39, 
46

DDHD1 Thin CC. WM 
abnormalities may 
be present

HSP (SPG28), cerebellar ataxia 
without ID

39, 
46

DDHD2 Thin CC. WM ab-
normalities may be 
present

Progressive complex HSP 
(SPG54),ID, developmental 
delay

39, 
46

CYP2U1 Basal ganglia calcifi-
cations

HSP with basal ganglia calcifi-
cations (SPG56)

39, 
46

Phosphatidyl inositides (PI3K)/AKT. Phosphatidylinositol are PL synthesized from cytidyl diphosphate diacylglycerol. The PI3Ki-
nases are a family of signaling enzymes that regulate a wide range of processes including cell growth and brain development47

AKT3, PIK3R2 
 and PIK3CA

Megalencephaly-
capillary malformation 
and megalencephaly-
polymicrogyria-
polydactyly-
hydrocephalus 
syndromes

Congenital macro-
cephaly

Sporadic overgrowth disor-
ders associated with mark-
edly enlarged brain size and 
other recognizable features. 
Mimicking ID and overgrowth 
syndromes

Stability. Behave as 
NDEV disorders

47

Sphingolipids (SPL): At least 7 SPL synthesis defects display preponderant late-onset neurodevelopment/neurodegeneration pre-
sentations including HSP

CERS I and II In general, antenatal 
brain abnormali-
ties have not been 
described in these 
diseases

Brain atrophy Progressive myoclonic  
epilepsy and cognitive  
decline (childhood/ 
adulthood)

All these diseases have a 
NDEG character. Initially 
they can mimic CP; GM3 
synthase may mimic 
Rett syndrome

45

FAHN Cerebellar atrophy, 
WM lesions, 
pallidum hypoin-
tensity

Complex HSP (SPG35) starting 
in childhood

45

GM3 synthase Initially normal but 
evolving towards 
diffuse brain atro-
phy

At 3 months: Amish epilepsy 
syndrome, profound devel-
opmental stagnation and 
regression. Salt and pepper 
syndrome 
Rett syndrome-like, mimick-
ing NDEV disorders

45
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GM2/GD2   
synthase

Brain atrophy Slowly progressive HSP with 
mild to moderate cognitive 
impairment (SPG26)

45

GBA2 Cerebellar atrophy Adolescence to adulthood: 
Autosomal recessive cerebel-
lar ataxia and complex HSP 
(SPG46) 

45

Serine  
palmitoyl

transferase

Dominant hereditary sensory 
neuropathy (HSAN12). Star-
ting in adulthood

45

Cholesterol and bile acids: Most cholesterol synthesis disorders may present with various multiple congenital and morphogenic 
anomalies including brain, and/or a marked delay in psychomotor development. These include Greenberg dysplasia, X-linked 
dominant chondrodysplasia punctata, lathosterolosis and desmosterolosis, Smith-Lemli-Opitz syndrome, CHILD syndrome, and 
CKS. Diagnosis is based on plasma oxysterol analysis by GC/MS48

MKD-MA
Cerebellar atrophy Autoinflammatory disorder 

with ID, ataxia, hypotonia, 
dysmorphic features

Stability versus mild 
improvement, they 
mimic NEURODEV 
disorders, although 
long-term outcomes 
have not been reported

48

7-dehydro- 
cholesterol 
reductase

Congenital micro-
cephaly may be pres-
ent

Microcephaly Smith Lemli Opitz syndrome: 
Facial dysmorphism, poly mal-
formations
Mild forms may mimic NDEV 
disorders: ID, NPSY signs in-
cluding ASD

48

Sterol Delta8
Delta7 isom-

erase
Hemizygous 

males

Dandy–Walker mal-
formations
CC agenesis

Microcephaly Facial dysmorphism. ID and 
NPSY signs mimicking a NEU-
RODEV disease

48

NSDHL
(X-linked)

Hemizygous 
males 

Cortical malforma-
tions, congenital 
microcephaly

The same abnormal-
ities as at prenatal 
stages

CK syndrome:  facial dysmor-
phism. Poly malformations, 
mild to severe ID, seizures 
beginning in infancy, NPSY 
signs including aggression, 
and ADHD

48

III 
PEROXISOME
DISORDERS

Many peroxisomal 
disorders interfere 
with fetal neurode-

velopment

Cerebellum and 
white matter are 

often affected

Severe early-onset encepha-
lopathies with multisystem 
involvement and late onset 

presentations

In general they have 
a neurodegenerative 

outcome
49

Plasmalogen synthesis defects: Of the 5 types known so far only the fatty acyl-CoA oxido reductase 1 that involves the fatty al-
cohol cycle presents with isolated severe neurological dysfunction

RCDP types1-4 Cerebellar atrophy The same abnormal-
ities as at prenatal 
stages

Mostly severe skeletal dys-
plasia, (RCDP), facial dysmor-
phism
Severe ID, cerebellar atrophy, 
seizures

May mimic NDEV dis-
orders as complex mal-
formative syndromes 
but may evolve towards 
NDEG

49

Fatty acyl-CoA 
oxido-reduc-

tase 

Dandy Walker variant The same abnormal-
ities as at prenatal 
stages

No RCDP. Severe ID, early-
onset epilepsy, microcephaly, 
congenital cataracts, growth 
retardation, and spasticity

49

Peroxisomal ß-oxidation: PZO plays an indispensable role in the oxidation of VLCFA, pristanic, bile acids, and eisosanoids the 
deficit of which causes severe neurological deficits
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GROUP OF 
DISEASES OR 
MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
SYMPTOMS

OUTCOME REF

Peroxisome 
biogenesis  

defects 
(>12 PEX  
defects) 

Cortical dysplasia, 
neuronal heteroto-
pias, polymicrogyria
pachygyria, periven-
tricular cysts

Dysmyelination,  
demyelination,  
cerebellar atrophy

ZW spectrum disorders: 
1) �Classic ZW: Severe psycho-

motor retardation, pro-
found hypotonia, seizures, 
deafness, RP 

2) �Many variants forms as 
NALD or IRD with overlap-
ping symptoms; 

3) �Very mild forms with un-
specific ID or cerebellar 
ataxia

Stability later on  
evolving towards NDEG

49

Isolated FA oxidation enzyme defects: Of these only the D-bifunctional protein (DBP) may interfere with antenatal development 
and mimics classic ZW

X-ALD (male)
 AMN (male 
and female)

Not reported Demyelination Childhood cerebral form lead-
ing to vegetative state and 
early death
Adult progressive spastic para-
paresis

X-ALD may mimic ini-
tially ADHD and other 
NPSY signs later on 
evolving towards NDEG

49

1. DBP 
2. �Acyl CoA 

oxidase
3. Racemase 
4. �Phytanyl-

CoA hy-
droxylase 

Not reported Demyelination,
Cerebellar atrophy

1- �ZW like ,Perrault syndrome 
or late onset neurodegen-
eration

2- �Neonatal adrenoleukodys-
trophy phenotype, mild  
ZW

3- �Mild forms mimic Refsum 
disease relapsing encepha-
lopathy

4- �Adult Refsum disease: pro-
gressive polyneuropathy 
with RP and deafness

These disorders evolve 
towards NDEG

49

IV 
CONGENITAL 
DISORDERS 

OF GLYCOSYL-
ATION

Many disorders inter-
fere with neurodevel-
opment in fetal life

Cerebellar involve-
ment is very com-
mon and may be 
progressive at the 
brain MRI with no 
clinical translation51

CDG should be considered in 
any unexplained clinical con-
dition particularly in multior-
gan disease with neurological 
involvement but also in non-
specific ID

Some forms (O-glycosyl-
ation and COG6) lead to 
early death. Most forms 
have stable/mild im-
provement outcome

50

Congenital disorders of protein O-Glycosylation: Major symptoms involve brain, eye, skin, skeleton, cartilage and skeletal mus-
cles in variable combination. Among the >10 defects involving the brain two are responsible for neuronal migration disorders. 
Screening methods: serum apolipoprotein C-III isoelectrofocusing

Cerebro-ocular 
-muscular dys-

trophy 
syndromes
(POMT1/2 

-CDG) 

Cobblestone lissen-
cephaly, cerebellar 
hypoplasia. Hydro-
cephaly, encephalo-
cele
CC agenesis

The same abnormal-
ities as at prenatal 
stages

Absent psychomotor  
development
Congenital muscular  
dystrophy
Brain, eye dysgenesis 

Early death (<1y) 50

Muscle –eye-
brain disease
POMGNT1 –

CDG

Same as above Same as above Same as above but less severe 
with longer survival

50
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Congenital disorders of protein N-glycosylation: Cerebellar involvement is an important feature of PMM2-CDG. It has also been 
reported in some patients with ALG1-CDG, ALG3-CDG, ALG9-CDG, ALG6-CDG, ALG8-CDG, SLC35A2-CDG (UDP-galactose trans-
porter), B4GALT1-CDG (GM2 synthase). Screening methods are limited to serum transferrin isoelectrofocusing and molecular 
analysis. 

PMM2-CDG Olivopontocerebellar 
hypoplasia

Cerebellar atrophy 
may progress

1) �Alternating internal strabis-
mus, axial hypotonia, devel-
opmental disability, ataxia 
RP. Dysmorphism, fat pads

2) �Mild forms: isolated slight 
ID

Stability versus mild im-
provement

50,
51

1. ALG6-CDG 
2. ALG1-CDG 
3. DPAGT1-CDG
4. �MAN1B1-

CDG 

Stroke, brain atrophy
Periventricular lesions 
CC agenesis (rare)

1- �Same as above with skeletal 
abnormalities. No RP. NPSY 
signs

2- �Severe neurological dys-
function: severe ID, hypo-
tonia, intractable seizures, 
tremor, ataxia, visual distur-
bances

3- �Moderate/severe ID, hypo-
tonia, epilepsy

4- �Mild to severe ID, 
hypotonia. Abnormal 
speech development. NPSY 
signs 

Stability versus mild im-
provement

50

Dolichol synthesis utilization/recycling: Cerebellar involvement is a frequent finding in SRD5A3-CDG, DPM1-CDG, DPM2-CDG, 
COG1-CDG, COG5-CDG, COG7-CDG, and COG8-CDG.

SRD5A3-CDG Vermis atrophy Vermis atrophy ID, hypotonia, spastic-
ity, cerebellar ataxia, with 
ophtalmological symptoms 
(coloboma,optic atrophy)
Diagnosis on serum transfer-
rin (IEF type 1 pattern)

Stability versus mild  
improvement

50

COG6-CDG
(CDG+)

Cerebellar atrophy Microcephaly Developmental/ID. Liver in-
volvement

Early death 50

Lipid glycosylation/GPI synthesis PIGA-CDG. Multiple brain antenatal abnormalities. Multiple congenital anomalies “hypotonia-
seizures syndrome” or “Ferro-cerebro-cutaneous syndrome.” Facial dysmorphism. Diagnosis on hyperphosphatasia. 

N-Glycanase deficiency: IUGR, developmental disability, microcephaly, movement disorder, hypotonia, seizures, alacrimia, liver 
involvement. 

V  
INTRACELLU-

LAR
TRAFFICKING/
PROCESSING
DISORDERS

Frequent abnormali-
ties, in particular if 
the defect is localized 
at the ER/Golgi/Cyto-
skeleton

Very diverse abnor-
malities

From severe encephalopathies 
with multisystem involve-
ment to the “synaptopathy” 
spectrum signs

Trafficking and autoph-
agy defects are often 
related to neurodegen-
eration

52,
53,
55

Synaptic vesicle (SV) disorders: Synaptic vesicle disorders have been recently defined as a group of diseases which involve de-
fects in the biogenesis, transport and synaptic vesicle cycle. Clinical signs of synaptic dysfunction include intellectual disability, 
neuropsychiatric symptoms, epilepsy and movement disorders. Many disorders are involved that overlap many IEM categories. 
The complexity of this group of diseases is beyond the scope of this article11,32,44

SNARE proteins: SNARE proteins compose a large group of proteins involved in membrane fusion between vesicles and target 
membranes. Most SNARE deficiencies disturb neurotransmission at the synaptic vesicle level
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MOLECULES

ANTENATAL BRAIN 
ABNORMALITIES

POSTNATAL BRAIN 
ABNORMALITIES

MAIN NEUROLOGICAL  
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OUTCOME REF

SNAP29
(CEDNIK 

syndrome)

Cortical dysplasia.
Pachygyria, polymi-
crogyria
CC hypoplasia

The same than  
antenatal

CEDNIK syndrome: 
neurocutaneous syndrome 
characterized by cerebral 
dysgenesis, early severe ID, 
microcephaly, ichthyosis, and 
keratoderma 

Stability 54

SNARES in-
volved in the 
SV cycle:
NAPB, PRRT, 
SNAP25, 
STXBP1, 
S GOSR2, 
TX1B…

In general, they do 
not present antenatal 
brain malformations

Microcephaly, 
hypomyelination, 
cerebellar/cortical 
atrophy, may be 
present

Most present with various 
types of early onset epileptic 
encephalopathy with ID, NPSY 
signs and movement disorders

These diseases are NDEV 
disorders. Long-term 
outcomes have not 
been reported

53

SV proteins involved in other SV cycle functions: trafficking, endocytosis. Some of the SNARE proteins participate also in these 
functions. Patients present with the clinical spectrum of the “synaptopathies” but multisystem diseases with complex neurologi-
cal disorders including antenatal brain malformations are more likely to appear in trafficking defects between the ER and Golgi. 
Cortical migration defects are more common if the SV trafficking defect is localized at the axonal and/or dendritic level (involv-
ing cytoskeleton)

Rabenosyn-5 Not reported Microcephaly Complex phenotype: early 
infantile spasms, epilepsy, ID, 
Vitamin B12 deficiency with 
MMA accumulation

Stability 32

VPS 15 Localized cortical 
dysplasia
(hippocampal)

The same as  
antenatal

Severe cortical and optic 
nerve atrophy, ID, spasticity, 
ataxia, psychomotor delay, 
muscle wasting, pseudobulbar 
palsy, mild hearing deficit and 
late-onset epilepsy

Stability 32

Autophagy disorders: Clinically, these disorders prominently affect the central nervous system at various stages of development, 
leading to brain malformations, developmental delay, intellectual disability, epilepsy, movement disorders, and neurodegenera-
tion, among others

AP-5
(SPG48)

Thin corpus callosum The same as  
antenatal

HSP (SPG 48): ID and white 
matter lesions.. Accumula-
tion of storage material in 
endoLSD

These disorders may 
present initially as NDEV 
diseases but evolve to-
wards NDEG

55

EPG5
(VICI syn-
drome)

Non lissencephalic 
cortical or cerebellar 
vermis, pons dyspla-
sia, hypoplasia, CC 
agenesis (constant) 
often with colpo-
cephaly

The same as  
antenatal

Vici syndrome: multisystem 
disease.
The neurological phenotype 
is broad and includes 
progressive postnatal 
microcephaly, profound 
developmental delay and 
ID, motor impairment, 
nystagmus, sensorineuronal 
deafness, and seizures

NDEG 55
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WDR45
(BPAN: SENDA 

syndrome)

Not reported May present NBIA 
features

BPAN: Childhood: ID, seizures, 
spastic paraplegia, Rett-like 
stereotypies, NPSY signs 
(ASD)
Adolescence: progressive 
dementia, parkinsonism, 
dystonia, optic atrophy, 
sensorineural hearing loss

These disorders may 
present initially as NDEV 
diseases but evolve 
towards NDEG

55

SNX14
(Childhood 

ARCA and ID 
syndrome)

Not reported Cerebellar atrophy Globally delayed develop-
ment, ID, ASD,
hypotonia, absent speech, 
progressive cerebellar atrophy 
and ataxia, seizures, and a 
storage disease phenotype

55

VI
t-RNA 

SYNTHETASES

Brain antenatal 
abnormalities may 
appear 

White matter, 
cerebellum and 
brain stem are 
particularly affected

Great variety of neurological 
manifestations often associ-
ated with high lactate levels

Severe diseases, mostly 
evolving towards 
neurodegeneration

Mitochondrial t-RNA: Pathogenic variants in ARS genes encoding a mitochondrial enzyme tend to cause phenotypes in tissues 
with a high metabolic demand. Leukoencephalopathies, myopathies, and liver disease are all common features of mitochondrial 
ARS disease phenotypes. Additionally, epilepsy, developmental delay, ID, ovarian failure, and sensorineural hearing loss are fre-
quently observed in patients with mitochondrial ARS mutations56-58

RARS2 (mt 
arginyl-tRNA 
synthetase)

Pontocerebellar hy-
poplasia, brain stem 
thinning

The same abnormal-
ities than antenatal 
findings

Perinatal. Encephalopathy 
with lethargy, hypotonia, 
epilepsy, and microcephaly

In general these 
diseases evolve towards 
NDEG

56,
58

DARS2 (mt 
aspartyl-tRNA 

synthetase)

Not reported Leukoencephalopa-
thy with brain stem 
and spinal cord 
involvement and 
lactate elevation 
(LBSL)

Childhood to adulthood. 
Cerebellar ataxia, spasticity, 
dorsal column dysfunction, 
cognitive impairment

56,
58

FARS2 (mt
phenylalanine-

tRNA
synthetase)

Cerebral and cerebel-
lar, brain stem and 
basal ganglia atrophy

The same abnormal-
ities than antenatal 
findings

Perinatal. Epileptic encepha-
lopathy, liver disease, and 
lactic acidosis

56,
58

MARS2 (mt 
methionyl

–tRNA synthe-
tase)

Not reported Cerebellar atrophy 
and white matter 
alterations, thin cor-
pus callosum

Childhood to adulthood: 
autosomal recessive spastic 
ataxia

56,
58

EARS2 (mt 
glutamyl-tRNA 

synthetase)

Not reported Leukoencephalopa-
thy with thalamus 
and brain stem
involvement and 
high lactate (LTBL)

Early childhood: Global de-
velopmental delay or arrest, 
epilepsy, dystonia, spasticity, 
and high lactate

56,
58

TARS2 (mt 
threonyl-tRNA 

synthetase)

Thin corpus callosum, 
bilateral lesion of the 
pallidum

The same abnormal-
ities than antenatal 
findings

Perinatal to early childhood: 
psychomotor delay, hypotonia

56,
58

VARS2 (mt 
valyl-tRNA 
synthetase)

Not reported Hyperintense le-
sions in the insula 
and frontotemporal 
right cortex

Childhood. Psychomotor 
delay, seizures, facial dysmor-
phism, lactic acidosis

56,
58
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KARS, mitochondrial and cytoplasmic aaRSs are en-
coded by distinct nuclear genes.56,57 Aminoacyl-tRNA 
synthetases deficiencies present with a broad clinical 
spectrum. Interestingly, the neurological phenotypes 
range from later onset peripheral neuropathy (the so-
called Charcot Marie Tooth type II) to severe, multisys-
tem developmental syndromes. Mitochondrial aaRSs 
deficiencies may mimic an OXPHOS disorder with hy-
perlactatemia.58 Diagnosis relies on molecular technics. 
Only those with preponderant neurological signs are 
presented in Table II.

Nucleic acid disorders

Purine and pyrimidine synthesis and metabolism play 
major roles in controlling embryonic and fetal devel-
opment and organogenesis. Any defect altering the 
tight regulation of purinergic transmission and purine 
and pyrimidine metabolism during pre- and post-natal 
brain development may translate into functional defi-
cits, which could be at the basis of severe pathologies 
characterized by mental retardation or other distur-
bances.15 This can occur either at the level of the re-
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Cytoplasmic
t-RNA

The recessive neurological phenotypes associated with cytoplasmic ARSs include hypomyelination, microceph-
aly, seizures, sensorineural hearing loss, and developmental delay. Some multisystem, cytoplasmic ARS-linked 
disorders also include liver dysfunction and lung disease.
Dominant ARS-mediated disorders have, to date, a limited phenotypic range. Mutations in five ARS loci 
have been implicated in dominant Charcot-Marie-Tooth (CMT) disease and related neuropathic pheno-
types: glycyl-(GARS), tyrosyl-(YARS), alanyl-(AARS), histidyl-(HARS), and tryptophanyl-tRNA synthetase 
(WARS). ARS-mediated CMT disease is predominantly caused by a defect in peripheral nerve axons (CMT 
Type 2).57

VII Purines and 
Pyrimidines 

Diagnosis is based on P, U biomarkers (GCMS and HPLC), enzyme assays. Many enzymatic defects affecting 
the de novo synthesis, catabolic and salvage metabolic pathways of purines and pyrimidine involve brain de-
velopment.59 A few disorders are potentially treatable like CAD deficiency that presents with an early severe 
epileptic encephalopathy responsive to uridine.60

ABH12: α/β hydrolase domain-containing protein 12APBD that releases arachidonic acid; ADHD; attention deficient hyperactiv-
ity disorder; APBD: adult polyglucosan body disease; ASMD: acid-sphingomyelinase deficiency; AA: amino acids; AP-5: adaptor 
proteins (AP 1–5) are ubiquitously expressed protein complexes that facilitate vesicle-mediated intracellular sorting and traf-
ficking of selected transmembrane cargo proteins; AP-5 is part of a stable complex with two other proteins, spatacsin (SPG11) 
and spastizin (SPG15); ARCA: autosomal recessive cerebellar ataxia; ASD: autism spectrum disorder; BPAN: β-propeller protein-
associated neurodegeneration; B4GALT1-CDG: GM2 synthetase; CAD: enzymatic complex responsible for the first three steps of 
the de novo pyrimidine synthesis; CER I/II: ceramide synthetase I/II; COG: conserved oligomeric Golgi complex (plays a major role 
in Golgi trafficking and positioning of glycosylation enzymes; CP: cerebral palsy; DDHD1/DDHD2: encode an A1 phospholipase; 
EPG-5 protein is critically involved in the late stages of the autophagy cascade such as autophagosome- lysosome fusion or 
proteolysis within autolysosomes; FAHN: fatty acid hydroxylase associated neurodegeneration; GBA2: Non lysosomal glucosyl-
cerebrosidase; GCMS: gas chromatography mass spectrometry; GD2: disialoganglioside;  GM1/2 monosialoganglioside; GOSR2: 
Golgi SNAP that indirectly regulates exocytosis; receptor GPI: Glycosylphosphatidylinositol; HSP: Hereditary spastic paraplegia; 
ID: intellectual disability; FA: Fatty acids; HM: hypomyelination; MKD-MA: mevalonate kinase-mevalonic aciduria; MMA Meth-
ylmalonic acid; NABP: N-ethylmaleimide-sensitive factor attachment protein beta implicated in synaptic vesicle docking; NALD: 
Neonatal adrenoleukodystrophy; NBIA: Neurodegeneration with brain iron accumulation; NDEG: neurodegeneration; NR: not 
reported; NDEV: neurodevelopmental; NPSY: neuropsychiatric; NSDHL: NAD(P) dependent steroid dehydrogenase-like; PEX: 
peroxin integral proteins of PZO membrane; PIGA: phosphatidylinositol glucosaminyltransferase (one of the 7 proteins require 
for the 1st step of the GPI synthesis); PMM2: phosphomannomutase 2; PNPLA6: phospholipase B; PLA2G6: phospholipase A2; 
PPRT: proline rich transmembrane protein 2 that regulates exocytosis; PZO: Peroxysome; Rabenosyn-5: multidomain protein 
implicated in receptor-mediated endocytosis and recycling; RCDP: rhizomelic chondrodysplasia punctata; RP: retinitis pigmen-
tosa; SENDA: static encephalopathy of childhood with neurodegeneration in adulthood; SERAC1: protein with a lipase domain 
involved in the remodeling of phosphatidylglycerol, bis monoacyl glycerol phosphate and cardiolipin; SNAP 25: synaptosomal 
associated protein that regulates the neurotransmitter release; SNAP29: encodes for a SNARE protein involved in vesicle fu-
sion; SRD5A3-CDG: steroid 5-alpha reductase; STXBP1:syntaxin binding protein 1 that regulates exocytosis; STX1B: syntaxin 1B 
that regulates exocytosis; VLCFA: very long chain fatty acids; VPS15 mutations perturb endosomal-lysosomal trafficking and 
autophagy; WDR45 interacts with autophagy proteins Atg2 and Atg9 to regulate autophagosome formation and elongation; 
WM: white matter; ZW: Zellwegger 
(*) This variation of clinical manifestations may be common in many other disorders. Severe defects affect early developmental 
stages and behave as brain malformations whereas mild forms may present as “synaptopathies.”

Table II. �Neurodevelopmental phenotypes, brain MRI and clinical outcome in complex molecule defects.
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cruitment and/or signaling of specific nucleotide or nu-
cleoside receptors or through genetic alterations in key 
steps of the purine salvage pathway. The pathophysiol-
ogy of neurological signs remains badly known in many 
deficits such as in Lesch Nyhan syndrome.59 Some defi-
cits are potentially treatable, like the uridine-responsive 
epileptic encephalopathy linked to CAD deficit, a pro-
tein complex involved in the first three steps of pyrimi-
dine synthesis.60 Diagnosis relies on plasma/urines pu-
rines and pyrimidines profiles, specific enzymes assays 
and molecular studies.59

Disorders involving primarily 
energy metabolism

These consist of IEM with symptoms due, at least in part, 
to a deficiency in energy production or utilization within 
the brain, and other tissues. Inadequate ATP synthesis 
is an obvious issue for cells with constant or intermit-
tently high energy demands such as neurons, which need 
to propagate action potentials. Astrocytes must recycle 
neurotransmitters released by neurons, a process that 
likely accounts for a large proportion of the brain’s en-
ergy budget. Mitochondria are also key components of 
metabolic signaling pathways and a range of metabolites 
play key roles in influencing cellular function. 

Membrane carriers of small energetic molecules 

These molecules (glucose, fatty acids, ketone bod-
ies, monocarboxylic acids) display many tissue spe-
cific isozymes such as the glucose cerebral transporter 
(GLUT1) and the monocarboxlic acid transporter 
(MCT). Glucose is the obligatory fuel for adult brain, 
but lactate produced from glucose by astrocytes within 
brain during activation has been proposed to serve as 
neuronal fuel. This simple and seductive hypothesis 
has been recently severely questioned.61 Clinically, and 
disregarding whatever the source of ATP may be, only 
essential fatty acid carrier deficiency presents with an-
tenatal manifestations while GLUT162 and MCT163 
deficiencies present only with relatively mild postnatal 
and late onset manifestations.

Mitochondrial defects 

These are the most severe and difficult to treat. The 
289 genes categorized as causing mitochondrial disease 

can be divided into those that have a primary role spe-
cific to OXPHOS biogenesis, and those whose impact 
on OXPHOS is indirect or involve other cellular func-
tions.64 Based on their function, the encoded proteins 
can be roughly grouped into 
1)	� OXPHOS subunits, assembly factors and electron 

carriers 
2)	 mtDNA maintenance 
3)	 mtDNA expression 
4)	 enzyme cofactors 
5)	 mitochondrial homeostasis and quality control 
6)	 general metabolism. 

Brain manifestations of mitochondrial diseases are 
very frequent and cover a large variety of early post-
natal to late-onset adult clinical features including sei-
zures, encephalopathy, ataxia, spasticity, dystonia, move-
ment disorders, parkinsonism, stroke-like episodes, 
developmental delay and/or regression, and cognitive 
decline.65 Aerobic glucose oxidation defects presenting 
with congenital lactic acidemias may display antenatal 
manifestations such as cerebral dysgenesis, corpus cal-
losum atrophy, cerebral and cerebellar heterotopy, mi-
crocephaly, (pyruvate dehydrogenase system, pyruvate 
transporter, pyruvate carboxylase, fumarase and other 
Krebs cycle defects).66 Most of them have a progressive 
course. Some patients with severe forms of electron 
transfer (ETF) flavo protein and ETF ubiquinone oxi-
doreductase,67 and carnitine palmitoyl transferase II68 
may have congenital anomalies with polycystic kidneys 
and neuronal migration defects that can be detected 
prenatally by fetal MRI , and facial dysmorphism.

 
Cytoplasmic energy defects 

These are generally less severe. They include systemic 
glycolysis disorders, inborn errors of pentose phosphate 
pathways (untreatable), and creatine metabolism disor-
ders (partially treatable). 

Conclusions

Most, if not all, IEMs that involve the nervous system 
result in major neurodevelopmental disruptions. This is 
true not only for the “classic” historical group of “intox-
ication” disorders, with markers allowing a metabolic 
screening, but also for the vast new group of complex 
molecules disorders without easy-to-reach metabolic 
marker so far. This new, extended definition of IEM in-
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a neurodevelopmental disorder (antenatal or late on-
set), as well as an intermittent, a fixed chronic, or a pro-
gressive neurodegenerative disorder. This is observed 
also within the same disorder in which a continuum 
spectrum of severity is frequently seen. However, little 
is still known about the biological mechanisms that 
potentially connect both neurodevelopment disorders 
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deeper and detailed knowledge about how these dis-
orders evolve over time, which symptoms will have a 
trend to improve, and which others will appear or wors-
en, is badly needed in order to understand the impact of 

these IEM through the lifespan. Moreover, these stud-
ies will be useful to monitor the effect of upcoming new 
treatments.

Recent molecular techniques have considerably 
contributed to the description of many new diseases 
and many new unexpected phenotypes. However me-
tabolomics and lipidomics stand out among -omics due 
to the fact that they study the end products of cellular 
processes and therefore are more likely to be represen-
tative of clinical phenotypes than genetic variants or 
changes in gene expression.69 A greater understanding 
of phenotypic variability will be critical to personalize, 
or at least weigh, the initiation of long-term, sometimes 
burdensome, therapies in diseases detected by expand-
ed newborn screening but that can manifest only in 
adulthood and with milder phenotypes.70  o
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Neurología de las enfermedades hereditarias del 
metabolismo : enfermedades del neurodesarrollo 
y neurodegenerativas

Las enfermedades hereditarias del metabolismo (EHM) 
afectan con gran frecuencia al sistema nervioso. En sus 
formas neuropediátricas el neurodesarrollo se encuen-
tra siempre afectado. En realidad, cualquier enfermedad 
monogénica  cuya fisiopatología implique una altera-
ción bioquímica puede ser considerada como una EHM. 
Las presentaciones clínicas son muy diversas en forma 
de trastorno del desarrollo antenatal o tardío, o bien de 
una enfermedad neurodegenerativa a brotes intermi-
tentes, de carácter crónico o progresivo de debut tardío. 
En una misma enfermedad pueden darse diferentes es-
pectros de gravedad. En general, las EHM que afectan a 
las moléculas pequeñas tienen marcadores metabólicos 
diagnósticos y muchas de ellas son tratables. Por contra, 
las EHM de las moléculas complejas tienen raramente 
marcadores metabólicos conocidos y la mayoría no tie-
nen un tratamiento a día de hoy. Las técnicas de secuen-
ciación masiva han permitido la descripción de numero-
sas nuevas enfermedades y fenotipos inesperados. Este 
artículo ofrece una lista completa de EHM que afectan 
el neurodesarrollo y pueden presentarse también como 
enfermedades neurodegenerativas.        

Les maladies héréditaires du métabolisme à 
présentations neurologiques : des maladies 
du  neurodéveloppement aux maladies 
neurodégénératives

Les maladies héréditaires du métabolisme (MHM) af-
fectent très fréquemment le système nerveux. Dans leurs 
formes neuropédiatriques, le neurodéveloppement est 
toujours perturbé et dès l’instant qu’elle implique un 
mécanisme biochimique, toute maladie monogénique 
peut devenir une MHM. Les présentations cliniques sont 
très diverses et peuvent s’exprimer sous la forme d’un 
trouble du neurodéveloppement (anténatal ou à début 
tardif) ou d’une maladie neurodégénérative intermit-
tente, chronique stable ou progressive à début tardif. 
Ceci peut aussi s’observer au sein d’une même maladie, 
ou un continuum de sévérité est fréquemment constaté. 
En général, les MHM affectant les petites molécules bio-
chimiques ont des marqueurs métaboliques de dépistage 
et beaucoup sont traitables. Au contraire, les MHM affec-
tant les molécules biochimiques complexes ont rarement 
des marqueurs métaboliques et la plupart d’entre elles 
ne sont pas traitables jusqu’à présent. Les techniques 
moléculaires récentes ont permis la description de nom-
breuses nouvelles maladies et de phénotypes inattendus. 
Cet article donne une liste complète des MHM affectant 
le neurodéveloppement et pouvant aussi se présenter 
comme des maladies neurodégénératives. 




