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Disorders of muscle lipid metabolism may involve intramyocellular triglyceride degradation, carnitine
uptake, long-chain fatty acids mitochondrial transport, or fatty acid b-oxidation. Three main diseases
leading to permanent muscle weakness are associated with severe increased muscle lipid content (lipid
storage myopathies): primary carnitine deficiency, neutral lipid storage disease and multiple acyl-CoA
dehydrogenase deficiency. A moderate lipidosis may be observed in fatty acid oxidation disorders revealed
by rhabdomyolysis episodes such as carnitine palmitoyl transferase II, very-long-chain acyl-CoA dehydro-
genase, mitochondrial trifunctional protein deficiencies, and in recently described phosphatidic acid phos-
phatase deficiency. Respiratory chain disorders and congenital myasthenic syndromes may also be
misdiagnosed as fatty acid oxidation disorders due to the presence of secondary muscle lipidosis. The main
biochemical tests giving clues for the diagnosis of these various disorders are measurements of blood car-
nitine and acylcarnitines, urinary organic acid profile, and search for intracytoplasmic lipid on peripheral
blood smear (Jordan’s anomaly). Genetic analysis orientated by the results of biochemical investigation
allows establishing a firm diagnosis. Primary carnitine deficiency and multiple acyl-CoA dehydrogenase
deficiency may be treated after supplementation with carnitine, riboflavine and coenzyme Q10. New ther-
apeutic approaches for fatty acid oxidation disorders are currently developed, based on pharmacological
treatment with bezafibrate, and specific diets enriched in medium-chain triglycerides or triheptanoin.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction of lipid storage myopathies is often used when the accumulation
Disorders of lipid metabolism affecting muscle may involve
endocellular triglyceride degradation, carnitine uptake, long-chain
fatty acids mitochondrial transport, or b-oxidation. The pathologi-
cal hallmark of some of these diseases is an increased neutral lipid
content, which may be observed on muscle biopsies specimen with
the specific staining of Sudan black or oil red O techniques by optic
microscopy. In a normal muscle, lipid content takes the aspect of
small droplets which concentration and size are usually higher in
type 1 fibres than in type 2 fibres [1]. The average lipid fraction
of the fibre volume is estimated to less than 0.2% [2], but most
pathologists evaluate this lipid content subjectively, making there-
fore difficult to determine a clear-cut level of lipid accumulation
which could be considered accurately as ‘‘pathological”. The term
ll rights reserved.
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(P. Laforêt).
of lipid droplets in muscle fibres is uppermost, and associated with
a vacuolated appearance on routine histological stains such as
hematoxylin and eosin or Gomori trichrome. Conversely, lipid
metabolism disorders are inconstantly leading to a muscle lipidosis,
and therefore awareness of their clinical features and main biologi-
cal anomalies are essential for establishing accurate diagnosis. Mus-
cle lipid metabolism having been comprehensively described
previously [2–6], we provide here a scheme of the major enzymatic
pathways involved in currently known metabolic myopathies
involving lipid metabolism (Figs. 1 and 2). In this paper, we describe
the main muscle disorders to consider in this context, according to
the severity of pathological findings. Although some of these disor-
ders are extremely rare, their diagnostic approach may be consider-
ably improved considering the clinical features, the importance of
lipid accumulation, and results of routine biochemical analysis such
as plasma carnitine and acylcarnitine profile.
2. Diagnoses to consider in patients with massive lipidosis

2.1. Primary carnitine deficiency (PCD)

PCD (also called carnitine uptake defect or systemic carnitine
deficiency) is the most classical cause of lipid storage myopathy

http://dx.doi.org/10.1016/j.nmd.2010.06.018
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Fig. 1. Simplified scheme of lipid metabolism. ATGL: adipose triglyceride lipase; CGI-58: activator of ATGL; FAO: fatty acid oxidation; LIPIN: phosphatidic acid phosphatase.
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but remains exceptional [7]. This disease is caused by a defect in
the high-affinity plasma membrane sodium-dependent carnitine
transporter (OCTN2) in several tissues, including, muscle, heart,
and kidney, but not liver. This induces increased loss of carnitine
in urine and decreased concentration in plasma, heart and skeletal
muscle. The most common phenotype is characterized by general-
ized muscle weakness, and progressive hypertrophic or dilated
cardiomyopathy leading to cardiac failure, occurring before the
age of 10 years. Severe fasting hypoglycaemia leading to coma is
sometimes observed in infants. PCD has also been diagnosed in
asymptomatic adult women, whose unaffected infants were iden-
tified with low carnitine levels by newborn screening using tan-
dem mass spectrometry [8]. A massive lipid storage may be
observed in skeletal muscle, heart and liver. Lipid vacuoles in skel-
etal muscle are predominantly observed in type 1 fibres, with of-
ten type 2 fibre atrophy [9]. Biochemical investigations show a
generalized reduction of carnitine content in all tissues (heart,
muscle, liver) and in plasma. Plasma total and free carnitine are
less than 10% of controls, but carnitine esters are not increased
(no acylcarnitines), and total carnitine is reduced to less than 5%
of controls in muscle [10]. Diagnosis may be confirmed by demon-
strating reduced carnitine uptake in lymphocytes or skin fibro-
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blasts [11], and mutations have been found in SLC22A5, the gene
coding for OCTN2 [12].
2.2. Neutral lipid storage diseases (NLSD)

NLSD (initially named multisystem triglyceride storage disor-
der) are disorders of endogenous triglyceride catabolism due to
deficiencies of hormone-sensitive lipases which normally hydro-
lyze triglycerides, diglycerides and monoglycerides. One of these
enzymes, adipose triglyceride lipase (ATGL) specifically catalyzes
the first step in the hydrolysis of triacylglycerol, generating free
fatty acids and diacylglycerol. This enzyme requires the activator
protein CGI-58 (protein of the esterase/lipase/thioesterase subfam-
ily), located on the surface of cytoplasmic lipid droplets. Mutations
in the gene coding for CGI-58 (ABHD5) are responsible for neutral
lipid storage disease with ichthyosis (NLSDI) also called Chana-
rin–Dorfman syndrome [13,14]. NLSDI is a multisystem triglycer-
ide storage disease occurring in childhood, characterized by the
presence of non-bullous congenital ichthyosiform erythroderma,
mild proximal myopathy (around 60% of cases), and hepatomegaly.
Several additional clinical features may also be present, including
microcephaly, mental retardation, hearing loss, cataract, nystag-
mus, and intestinal involvement. The most salient laboratory
abnormality is the occurrence of intracytoplasmic lipid droplets
in leukocytes, visible on peripheral blood smear (Jordan’s anom-
aly). A massive accumulation of lipid droplets is also present in
type 1 and 2 muscle fibres, even in patients without clinical myop-
athy [15], and lipid vacuoles are also observed in keratinocytes of
epidermidis.

Neutral lipid storage disease with myopathy (NLSDM) is caused
by mutations of the gene coding for ATGL (PNPLA2) [16]. Patients
may present initially walking delay and sport activities impair-
ment during childhood, but clinical investigations are generally
undertaken because of a slowly progressive muscle weakness
occurring between the second or third decade. Proximal and distal
limb muscles may be involved, with a predominant distal weak-
ness in some patients [16,17]. Dilated cardiomyopathy, leading to
heart failure and severe arrhythmia, has also been reported [16–
18]. In peripheral blood smears, neutral lipid vacuoles are always
observed in leukocytes. Muscle biopsy shows a massive lipidosis,
and rimmed autophagic vacuoles have been recently reported as
a salient feature in a Japanese patient [17]. Biochemical analyses
do not detect any defect in cholesterol, triglycerides, blood carni-
tine, mitochondrial FAO or respiratory chain activity. Mutations
have been reported so far in less than 10 patients involving mainly
the hydrophobic lipid-binding domain which is essential for its
association with lipid droplets and for its interaction with CGI-58
leading to enzyme activation. However one mutation has also been
reported in the catalytic site (patatin domain) of the enzyme [19].
2.3. Multiple acyl-CoA dehydrogenase (MAD) deficiency

MAD deficiency, also known as glutaric aciduria type II (GAII),
results in abnormal fatty acid, amino acid, and choline metabolism.
The biochemical abnormalities are explained by deficiency of one
of the two electron transfer flavoproteins which transfer electrons
from acyl-CoA dehydrogenases to the respiratory chain: ETF (Elec-
tron Transfer Flavoprotein, coded by ETFA and ETFB genes) and ETF-
QO (ETF-ubiQuinone Oxidoreductase coded by ETFDH gene). MAD
deficiency has a wide range of clinical presentations, the most se-
verely affected patients dying in the newborn period of congenital
anomalies such as cystic renal dysplasia. Milder cases present later
in childhood with hypoglycaemia, encephalopathy, muscle weak-
ness or cardiomyopathy. Less severely affected patients might
present with progressive muscle weakness or rhabdomyolysis epi-
sodes at adult age, and some of these patients show a dramatic re-
sponse to riboflavin treatment.

It has been recently demonstrated that riboflavin-responsive
MAD deficiency is associated with mutations in ETFDH gene, at
least in a large proportion of cases [20]. Major symptoms ob-
served in these patients were cyclical vomiting during childhood,
episodes of acute encephalopathy generally precipitated by an
infection, and rapidly evolving muscle weakness with myoglobi-
nuria in one case. The pattern of muscle involvement was charac-
terized by a severe proximal and axial weakness (predilection for
neck involvement), dysphagia and respiratory insufficiency in
some patients. Muscle histology showed a muscle lipidosis, except
in one patient. Urine organic acids were abnormal in all patients
at the time of presentation, typically with C5–C10 dicarboxylic
aciduria and acylglycine derivatives. Blood acylcarnitine analysis
showed raised concentrations of all chain lengths acylcarnitines
(C4–C18:1) whether the patient was stable or acutely unwell. Plas-
ma free carnitine levels were lowered. In addition, probably sec-
ondary impairment of respiratory chain enzymes deficiencies
(RC) have been found in patients for whom such studies have
been possible, and the decrease was more pronounced for com-
plex I and ETF/ETF:QO-dependent activities.

ETFDH pathogenic mutations have also been identified in seven
patients who carried the diagnosis of myopathic form of coenzyme
Q10 deficiency [21]. All patients presented with fluctuating proxi-
mal myopathy, premature fatigue and high CK levels. Triggering
factors could be infections, fasting, pregnancy or surgery. The mus-
cle biopsies from these patients showed excessive lipid droplets
with small vacuoles, predominantly in type 1 fibres, a few cyto-
chrome oxidase (COX) negative fibres in all cases, and ragged red
fibres in two cases. A focal or diffuse decrease of succinate dehy-
drogenase (SDH) staining was noticed in two cases. The activity
of respiratory chain complexes I, II + III, and IV, and muscle
CoQ10 level were decreased in all patients. Tandem mass spec-
trometry detected a combined elevation of all chain length acylcar-
nitines (C4–C14:1). Free carnitine was constantly diminished. A
dramatic clinical improvement was noticed in all these patients
after CoQ10 and riboflavin supplementation.

These data, and recent reports of teen and adult patients with
ETFDH mutations [22–24] indicate that most of myopathic forms
of MAD deficiency are probably related to mutations in ETFDH
gene, and demonstrate also the difficulty to distinguish between
mitochondrial FAO and respiratory chain disorders either on mor-
phological or on biochemical basis when an enzyme deficiency has
potential repercussions on both pathways.

3. Diagnoses to consider in patients with mild or inconstant
muscle lipidosis

3.1. Carnitine palmitoyl transferase II (CPT II) deficiency

CPT II was the first inherited defect of FAO to be identified [25].
Three different clinical phenotypes are associated with a defect in
CPT II according to the age of onset, but muscular symptoms
(recurrent myoglobinuria, muscle aching and stiffness on long-
term exercise) occur mainly in the juvenile-adult onset form. This
myopathic form is probably the most frequent cause of recurrent
myoglobinuria in young adults. Episodes of myalgias and rhabdo-
myolysis are triggered by prolonged exercise, infections, fasting,
cold or emotional stress. Permanent muscle weakness is very
uncommon, and heart is not affected. CK levels are normal outside
episodes of muscle injury. A mildly increased lipid content in mus-
cle biopsy is observed in 20% of cases [26]. Acylcarnitine profile
may show increased long-chain acylcarnitines (C16, C18:1, C18),
and CPT II activity may be assessed in leukocytes, cultured fibro-
blasts or muscle biopsies. A prevalent mutation (c.338C > T,
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p.Ser113Leu) in the CPT2 gene has been identified in more than
60% of mutant alleles in the myopathic form [27,28].

3.2. Very-long-chain acyl-CoA dehydrogenase (VLCAD) deficiency

Very-long-chain acyl-CoA dehydrogenase (VLCAD) deficiency
most often occurs in childhood with cardiac or liver involvement,
but rhabdomyolysis attacks have been increasingly reported in
adults [29,30]. The juvenile or adult-onset myopathic form is very
similar to CPT II deficiency, characterized by recurrent episodes of
rhabdomyolysis triggered by prolonged exercise, fever, cold or fast-
ing. However, in contrast to adult CPT II deficiency in which the
clinical features are limited to skeletal muscle, early-onset extra-
muscular symptoms may be observed in some patients with
VLCAD deficiency. Pathologic findings in muscle biopsies are a
moderate lipid storage in approximately one third of cases, pre-
dominating in type 1 fibres. A mild mitochondrial proliferation,
associated with a decrease of respiratory chain activity and coen-
zyme Q levels has been observed in one patient [30]. The diagnosis
of VLCAD deficiency relies on the measurement of plasma or blood
spotted onto filter paper acylcarnitines by tandem mass spectrom-
etry (MS/MS), allowing the detection of abnormal long-chain acyl-
carnitines with tetradecenoylcarnitine (C14:1) as predominant
species. Immunohistochemical analysis using an antibody to
VLCAD on muscle seems to be another efficient diagnostic method,
but comparative studies with results of acylcarnitine screening are
needed [31]. Analysis of the ACADVL gene shows a wide mutational
spectrum, most of the mutations being private [32], with a clear
correlation of genotype with disease phenotype [33].

3.3. Mitochondrial trifunctional protein (MTP) deficiency

Patients with MTP deficiency can be classified into two groups:
long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) and MTP
(combined enzyme) deficiencies. The majority of MTP-deficient pa-
tients have an isolated deficiency of LCHAD activity due to muta-
tions in LCHAD domain of the a-subunit (HADHA gene). Clinical
manifestations are heterogeneous, but similar in LCHAD and MTP
deficiencies [34]. Severe encephalopathy and hepatopathy may
occur in infancy often leading to death. A late-onset form may occur
later in childhood, which predominant manifestations are rhabdo-
myolysis episodes, cardiomyopathy, pigmentary retinopathy and
progressive sensorimotor axonal peripheral neuropathy. Rhabdo-
myolysis episodes may be induced by exercise, illness or fasting,
and are accompanied by life-threatening respiratory failure in 45%
of patients [35]. The sensorimotor neuropathy is a distinguishing fea-
ture which has not been reported in patients with other FAO defects,
and Spiekerkoetter et al. [35] reported the combination of episodic
rhabdomyolysis and peripheral neuropathy in 10/11 patients with
first clinical symptom occurring in childhood. Muscle biopsy reveals
evidence of denervation with atrophic fibres and a predominance of
type 1 fibres, but lipidosis is rare, and was observed in only one pa-
tient in this series. Skeletal muscle from patients with LCHAD defi-
ciency sometimes show impaired respiratory chain function
(decreased activity of complex I and often of complex II, III) and, on tri-
chrome preparation some fibres resemble ragged red fibres [36,37].

During stable clinical conditions, a normal blood acylcarnitine
profile may be observed, mainly in adult patients, whereas during
episodes of rhabdomyolysis long-chain hydroxyacylcarnitines as
well as 3-hydroxydicarboxylic aciduria are significantly elevated.
A prevalent missense mutation in the LCHAD domain of the a-sub-
unit (c.1528G > C; p.Glu510Gln) has been identified in approxi-
mately 90% of mutant alleles in LCHAD deficiency [38]. Unlike
LCHAD deficiency, the molecular basis of MTP deficiency is heter-
ogeneous with mutations identified in both HADHA and HADHB,
the genes coding for the a- and b-subunits, respectively [39].
3.4. Phosphatidic acid phosphatase (LIPIN) deficiency

Mutations in LPIN1 gene is a newly identified cause of recurrent
episodes of acute myoglobinuria in childhood [40]. The LPIN1 gene
encodes the muscle-specific phosphatidic acid phosphatase (LIPIN),
a key enzyme in triglyceride and membrane phospholipids biosyn-
thesis, which catalyzes the conversion of phosphatidate to diacyl-
glycerol in the triacylglycerol pathway. Seven patients were
reported by Zeharia et al. [40], all suffering from recurrent episodes
of myoglobinuria precipitated by febrile illnesses. Age at first epi-
sode varied between 15 months and 7 years, with peak CK levels
varying from 20,000 to 450,000 U/l. All the following tests gave
normal results: total and free carnitine, blood acylcarnitine profile,
urinary organic acids, and FAO studies in fibroblasts or lymphocytes.
Muscle biopsy findings showed a moderate lipid accumulation in
two patients, but a normal lipid content in two other patients.
3.5. Medium-chain acyl-CoA dehydrogenase deficiency (MCAD)

MCAD deficiency is one of the most frequent diseases of mito-
chondrial FAO. Typical symptoms include hypoketotic hypoglycae-
mia, Reye-like syndrome, and coma beginning in the second year of
life [2]. Skeletal muscle disease is very rare, but it seems that some
patients may develop a mild myopathy with lipid excess in muscle,
or rhabdomyolysis episodes after strenuous exercise or alcohol
ingestion [41,42]. Increased octanoylcarnitine (C8) and decenoyl-
carnitine (C10:1) as well as their corresponding free acids (octanoic
and cis-4-decenoic acids) are the most useful diagnostic markers in
blood, and are also detectable in high amounts in urines. Patients
may have dicarboxylic aciduria, with abnormal acylglycine excre-
tion (hexanoyl-, suberyl- and phenylpropionylglycine). Plasma car-
nitine levels are usually lowered. Genetic studies showed that
most symptomatic MCAD-deficient patients carry a homozygous
c.985A > G (p.Lys304Glu) point mutation [43].
3.6. Short-chain acyl-CoA dehydrogenase deficiency (SCAD)

Patients in whom SCAD deficiency has been detected present a
wide range of clinical findings including acute acidosis, develop-
mental delay, hypotonia, seizures, and more subtle later onset pro-
gressive myopathy [44]. Hypoglycaemia is not usual in this
disorder. A variant phenotype characterized by progressive exter-
nal ophthalmoplegia with ptosis, cardiomyopathy, and scoliosis
has also been described. Muscle histology may reveal either lipid
storage myopathy or multiminicore features [45,46]. The major
biochemical hallmark is the presence of increased concentrations
of ethylmalonic acid (EMA) in urine. The spectrum of variations
in the ACADS gene is remarkable, compared to other FAO defects,
since no patients with null mutation on both alleles have been
identified: it must be considered that they are incompatible with
life [47]. There are difficulties to differentiate causative mutations,
benign variants and disease susceptibility alleles in this disease.
The majority of reported patients with apparent SCAD deficiency
carry only the common variant genotypes (c.625G > A/c.625G > A,
c.511C > T/c.511C > T and c.625G > A/c.511C > T) or a genotype de-
fined by common variant in one allele and rare mutation in the
other. However these variations are present in a high percentage
of the general population in homozygous or heterozygous form,
and it has been hypothesized that the c.625G > A (p.Gly209Ser)
and c.511C > T (p.Arg171Trp) variations, may in combination with
other genetic and/or environmental factors like fever, during foetal
development or early life, trigger disease in some individuals.
Therefore the relevance of ACADS gene mutations to clinical prob-
lems remains unclear in several cases.



P. Laforêt, C. Vianey-Saban / Neuromuscular Disorders 20 (2010) 693–700 697
3.7. Other diseases with lipid accumulation in muscle

Although the most important lipid accumulations are usually
due to deficiencies of lipid metabolism, various conditions may
be also associated to lipid accumulation, such as obesity, Cushing
disease, alcoholism, or drug-induced myopathies [48]. A relation-
ship between insulin resistance and fat content of the skeletal
muscle has been demonstrated in animal tissue [49]. Human stud-
ies assessing intramyocellular lipid content with dual energy X-ray
absorptiometry (DEXA), computed tomography, or 1H-magnetic
resonance spectroscopy showed that increased fat content was
an important marker of insulin resistance in obesity [50].

Congenital myasthenic syndromes (CMS) are a group of dis-
eases caused by genetic defects impairing neuromuscular trans-
mission. In our personal experience CMS has been misdiagnosed
in several patients who presented moderately fluctuating limb-
girdle weakness more suggestive of a congenital myopathy, and
an increased lipid content on muscle biopsy leading to a diagnosis
of metabolic myopathy. Ben Ammar et al. [51], recently described
the phenotype–genotype analysis of 15 patients with CMS due to
mutations in DOK7 gene, and found a high frequency of lipidosis
in muscle biopsy (approximately half of the patients). A reduced
palmitate oxidation rate was also detected in the cultured myo-
blasts from one of these patients, arguing in favour of a secondary
FAO defect.
4. Diagnostic strategy of muscle lipidosis

Although there is no clear-cut definition of a muscle lipidosis
due to the subjective analysis, pathologists are generally able to
determine if a biopsy shows a massive or a moderate lipidosis
Fig. 3. Muscle pathology showing the variability of lipid accumulation in patients with
multiple acyl-CoA dehydrogenase deficiency (B), very-long-chain acyl-CoA dehydrogena
(Fig. 3). When a massive lipidosis is present, three lipid storage
myopathies should be envisaged: primary carnitine deficiency,
multiple acyl-CoA dehydrogenase deficiency, and neutral lipid
storage disease (with or without ichthyosis). The main biochemical
exams allowing orientation towards a precise diagnosis are mea-
surements of plasma/blood carnitine and acylcarnitines, urinary
organic acid profile and search for Jordan’s anomaly in blood
smear. Genetic analysis will be performed in a second step, search-
ing for mutations in SLC22A5, ETFDH, ETFA, ETFB, ABHD5, or PNPLA2
genes, according to the results of these exams (Table 1).

If muscle biopsy shows a moderate lipidosis, in a context of
exercise intolerance or rhabdomyolysis episodes, a FAO disorder
should be systematically suspected and blood acylcarnitine profile
is now the key biochemical analysis. A diagnostic flowchart has
been recently proposed, in which it is proposed to directly perform
genetic analysis when results of acylcarnitine profile are character-
istic of CPT II, VLCAD, or MTP deficiencies [6]. However a biochem-
ical analysis of CPT II activity or a direct search for mutation(s) in
CPT2 gene should be performed systematically even if the acylcar-
nitine profile is non conclusive, in the initial investigations of pa-
tients with recurrent rhabdomyolysis episodes. Possibility of
mutations in LPIN1 gene should also be evoked in children with
recurrent rhabdomyolysis without acylcarnitine profile abnormal-
ity and normal CPT II activity.
5. Treatment

Proposed treatment strategies for lipid metabolism disorders
include: (1) avoidance of exacerbating factors, (2) carnitine supple-
mentation, (3) riboflavin treatment and (4) dietary modifications
(medium-chain triglycerides and triheptanoin).
lipid metabolism disorders (oil red O staining). Neutral lipid storage disease (A),
se deficiency (C), LIPIN deficiency (D).



Table 1
Main clinical neuromuscular and biological features of metabolic disorders with muscle lipidosis.

Disorder Main neuromuscular
symptoms a

Increase in
muscle
lipid droplets

Laboratory featuresb Gene

Primary carnitine deficiency Proximal muscle weakness,
cardiomyopathy

+++ Very low plasma and muscle carnitine
No acylcarnitines

SLC22A5

Neutral lipid storage
disease (NLSD)

Proximal or distal muscle
weakness, cardiomyopathy

+++ Normal plasma carnitine
Normal acylcarnitine profile
Lipid vacuoles in leukocytes

ABHD5
PNPLA2

Multiple acyl-CoA
dehydrogenase (MAD) deficiency

Proximal and axial weakness
Rhabdomyolysis (rarely)

++ to +++ Low plasma carnitine
Increased acylcarnitines of all chain lengths
2-Hydroxyglutaric aciduria ± acylglycines

ETFDH

Carnitine palmitoyl
transferase II (CPT II) deficiency

Rhabdomyolysis episodes 0 to + Normal or moderately reduced plasma carnitine
Increased long-chain acylcarnitines
(C16, C18:1, C18)

CPT2 (p.Ser113Leu
prevalent mutation)

Very-long-chain acyl-CoA
dehydrogenase (VLCAD) deficiency

Rhabdomyolysis episodes
Cardiomyopathy

0 to + Normal or moderately reduced plasma carnitine
Increased long-chain acylcarnitines
(C14:1 as main species)
Dicarboxylic aciduria

ACADVL

Mitochondrial trifunctional
protein (MTP) deficiency

Rhabdomyolysis episodes
Cardiomyopathy
Axonal peripheral neuropathy

0 to + Increased long-chain 3-hydroxyacylcarnitines
Dicarboxylic and 3-hydroxydicarboxylic aciduria

HADHA
HADHB

Phosphatidic acid
phosphatase deficiency

Rhabdomyolysis episodes 0 to + Normal plasma carnitine
Normal acylcarnitine profile
Normal urinary organic acids

LPIN1

Medium-chain acyl-CoA
dehydrogenase (MCAD) deficiency

Muscle weakness
Rhabdomyolysis episodes

0 to + Low plasma carnitine
Increased medium-chain acylcarnitines
(C6, C8, C10, C10:1)
Dicarboxylic aciduria + acylglycines

ACADM (p.Lys304Glu
prevalent mutation)

Short-chain acyl-CoA
dehydrogenase (SCAD) deficiency

Muscle weakness 0 to + Increased butyrylcarnitine (C4)
Ethylmalonic aciduria

ACADS (p.Gly209Ser or
p.Arg171Trp prevalent
variations)

Quantification of lipid accumulation: none = 0, mild = +, important = ++, massive = +++.
a Uncommon symptoms are in italics.
b Key biochemical analyses for diagnosis are in bold.
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Avoidance of exacerbation factors still plays a large part in the
management of these diseases. In children with FAO defects, fast-
ing and infections are the major causes of metabolic decompensa-
tion and rhabdomyolysis. Patients need to avoid fasting and
maintain a regular carbohydrate intake during infections to mini-
mise lipolysis. Similar strategies are necessary in adults, with
avoidance of intense or prolonged exercise, fast and alcohol
ingestion.

PCD is one of the rare treatable aetiologies of metabolic cardio-
myopathies. When PCD is suspected, there is a need to start treat-
ment very early, even before receiving the results of blood
sampling if suspicion is high, because rapid improvement of ven-
tricular function can be obtained. Literature data recommend
intravenous therapy of 100–400 mg/kg per day of carnitine during
life-threatening events, and 100–300 mg/kg per day of oral carni-
tine for chronic treatment. This treatment should be continued
during all life with high risk of sudden death in case of interrup-
tion. This supplementation restores plasma and liver carnitine lev-
els to normal, whereas muscle carnitine levels remain low [52].

Riboflavin treatment (100–400 mg/day) may induce within a few
days, a dramatic improvement of muscle symptoms and encepha-
lopathy in some patients with riboflavin-responsive MAD deficiency
[20]. A significant improvement of muscle weakness has also been
observed after a few months of CoQ10 supplementation in patients
with secondary coenzyme Q10 deficiency, but some of them im-
proved even more with combined CoQ10 and riboflavin therapy
[21]. These authors suggest that patients with ETF-QO deficiency
should be kept on both CoQ10 and riboflavin in the long term in or-
der to maintain a good muscle function. Because of the secondary
carnitine deficiency, carnitine supplementation was repeatedly
tried, but never resulted in clear improvement, with possible wors-
ening of symptoms in some patients.

Children with long-chain FAO defects are generally treated with
a low long-chain fat diet and supplements of MCT, because med-
ium-chain acyl-CoA esters bypass the carnitine shuttle and are
converted to ketone bodies which may be protective by suppress-
ing the production of long-chain esters. Benefit is less pronounced
in patients whose problems are recurrent rhabdomyolysis [53,54].
A remarkable improvement of cardiac and muscular symptoms
also occurred in three children with VLCAD deficiency and in seven
patients with CPT II deficiency after dietary supplementation with
triheptanoin, a seven-carbon medium-chain fatty acid triglyceride,
which supposed mechanisms are the production of C5 ketone
bodies and propionyl-CoA, allowing to replenish the pool of cata-
lytic intermediates of the citric acid cycle [55,56]. Further clinical
trials and prolonged clinical follow-up are needed to confirm the
benefit of these treatments.

A recently tested alternative way to treat FAO disorders are ago-
nists of peroxisome proliferators-activated receptors (PPARs), that
are potent pharmaceutical tools stimulating FAO enzymes in a
wide variety of cells. Recent data showed in vivo correction of
CPT II and VLCAD deficiency in cultured patients’ fibroblasts, with
bezafibrate a widely prescribed hypolipidemic drug [57,58]. The
potential for bezafibrate to correct inborn FAO disorders, has al-
ready conducted to the achievement of a pilot clinical trial in 6
adults with CPT II deficiency showing a clear improvement of
FAO in muscle [59].

6. Conclusion and perspectives

Many patients in whom muscle biopsy shows lipidosis remain
without diagnosis despite thorough investigations [9]. This low
rate of diagnosis of muscle lipidosis could be explained by the fol-
lowing possibilities: (1) the physiological and inter-individual var-
iability of lipid accumulation within muscle fibres limiting the
accuracy of the pathological diagnosis; (2) the possibility of still
unknown metabolic diseases; and (3) secondary increase of lipid
in muscle due to other diseases without primary enzymatic defect.
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Diagnosis of a metabolic myopathy can be difficult, particularly
in late-onset case, as there may be high residual enzyme activity
with few detectable biological abnormalities at rest or at distance
of acute manifestations. In addition, some of these biochemical de-
fects, such as NLSD, are only expressed in muscle without possibil-
ity to detect biochemical anomaly in blood analysis. Nevertheless,
many of patients with a metabolic disorder show abnormal blood
acylcarnitines when analysed by tandem mass spectrometry which
should be undertaken in all case of unexplained muscle lipidosis.
For many disorders it is also now possible to identify the causative
genes, thus improving the diagnosis and genetic counselling.

We finally emphasize on the tight connections between FAO
disorders and respiratory chain. In particular, secondary respira-
tory chain or coenzyme Q10 deficiencies may be observed, beside
SDH or COX staining abnormalities, in FAO disorders such as
MAD deficiency. Conversely secondary FAO defects may be also ob-
served in respiratory chain disorders, with abnormal organic acid
[60,61] or plasma acylcarnitine profiles (increase of C8 and C10).
Moreover in vitro FAO studies may not discriminate defects of
these two groups of disorders [62,63]. Therefore the diagnosis of
mitochondrial myopathy versus FAO disorder may be difficult to
establish in some cases, in the absence of a genetically confirmed
enzyme deficiency. A narrow collaboration between physicians,
pathologists, biochemists and geneticists is essential in order to
elucidate undiagnosed cases of muscle lipidosis or recurrent rhab-
domyolysis episodes, which are often revealing lipid metabolism
disorders.
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