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ABSTRACT - Primary lipid myopathies (PLMs) are a heterogeneous group of rare, inherited neuromus-
cular disorders caused by defects in fatty acid transport, mitochondrial B-oxidation, or lipid droplet
metabolism. These genetic abnormalities disrupt energy production in muscle cells, leading to clinical
manifestations that range from exercise intolerance and recurrent rhabdomyolysis to cardiomyopathy
and multisystem involvement.

This narrative review provides a comprehensive overview of the pathophysiological mechanisms, ge-
netic classifications, clinical features, diagnostic strategies, and current treatment approaches for PLMs.
Disorders are categorized by the metabolic pathway and subcellular compartment affected: (i) primary
carnitine deficiency, (ii) cytoplasmic enzyme or transporter defects [e.g., neutral lipid storage disease
(NLSD), Lipin 1 gene- (LPIN1), Carnitine-Acylcarnitine Translocase (CACT)-related], and (iii) mitochondrial
fatty acid oxidation disorders [e.g., Carnitine Palmitoyl Transferase Il (CPT Il), Very-Long-Chain Acyl-CoA
Dehydrogenase (VLCAD), Multiple Acyl-CoA Dehydrogenase deficiency (MADD)]. Clinical presentations
are highly variable and may be triggered by metabolic stress, fasting, or exertion.

Diagnosis requires the integration of biochemical assays, muscle imaging, histopathology, and ge-
netic testing, with tandem mass spectrometry and next-generation sequencing playing pivotal roles.
Timely recognition is essential, as early dietary and pharmacologic interventions, including carnitine or
riboflavin supplementation, can prevent irreversible complications.

While treatment remains largely supportive, emerging therapeutic avenues such as gene therapy
and enzyme replacement strategies hold promise. Increased clinician awareness, multidisciplinary man-
agement, and future advancements in molecular diagnostics and personalized medicine are essential to
improve outcomes for individuals affected by these rare disorders.
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ABBREVIATIONS: ACADL: Acyl-CoA Dehydrogenase Long Chain; ACADM: Acyl-CoA Dehydrogenase Medium
Chain; ACADS: Acyl-CoA Dehydrogenase Short Chain; ACADVL: Very-Long-Chain Acyl-CoA Dehydroge-
nase; ACAD9: Acyl-CoA Dehydrogenase 9; CACT: Carnitine-Acylcarnitine Translocase; CK: Creatine Ki-
nase; CPT I: Carnitine Palmitoyl Transferase I; CPT II: Carnitine Palmitoyl Transferase Il; ETF: Electron
Transfer Flavoprotein; ETFA/ETFB: Genes encoding ETF alpha and beta subunits; ETFDH: Electron
Transfer Flavoprotein Dehydrogenase gene; ETFQO: ETF-Ubiquinone Oxidoreductase; FA: Fatty Acids;
FAO: Fatty Acid Oxidation; HADHA: Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Com-
plex Subunit Alpha; HADHB: Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Complex
Subunit Beta; HADH/HADHSC: Gene coding for Short-Chain L-3-Hydroxyacyl-CoA Dehydrogenase; LD:
Lipid Droplets; LCAD: Long-Chain Acyl-CoA Dehydrogenase; LCHAD: Long-Chain 3-Hydroxyacyl-CoA
Dehydrogenase; LM: Lipid Myopathies; LPIN1: Lipin 1 Gene; MADD: Multiple Acyl-CoA Dehydroge-
nase Deficiency; MCAD: Medium-Chain Acyl-CoA Dehydrogenase; MRI: Magnetic Resonance Imaging;



OVERVIEW OF PRIMARY LIPID MYOPATHIES

MTP: Mitochondrial Trifunctional Protein; NLSD: Neutral Lipid Storage Disease; NLSD-I: Neutral Lipid
Storage Disease Type I; NLSD-M: Neutral Lipid Storage Disease Type M; OCTN2: Organic Cation/Car-
nitine Transporter 2; PCD: Primary Carnitine Deficiency; PPAR: Peroxisome Proliferator-Activated Re-
ceptor; RRF: Ragged Red Fibers; SLC22A5: Solute Carrier Family 22 Member 5 (gene encoding OCTN2);
SLC25A20: Solute Carrier Family 25 Member 20 (gene encoding CACT); SCAD: Short-Chain Acyl-CoA De-
hydrogenase; SCHAD: Short-Chain L-3-Hydroxyacyl-CoA Dehydrogenase; TMS/MS: Tandem Mass Spec-
trometry; TG: Triglycerides; VLCAD: Very-Long-Chain Acyl-CoA Dehydrogenase.

INTRODUCTION

Lipid myopathies (LMs) are rare, multisystem muscle disorders most commonly associated with enzyme
defects in lipid metabolism within muscle cells, leading to impaired muscle function. Primary lipid my-
opathies are caused by genetic mutations, whereas secondary lipid myopathies are acquired forms of
the disorder resulting from lifestyle factors, such as an unbalanced diet, or other medical conditions that
affect lipid levels®.

Although some primary lipid storage myopathies can now be effectively managed, successful out-
comes often rely on early and accurate diagnosis; without timely intervention, these conditions can be
fatal’. However, delayed diagnosis remains common, as many patients are asymptomatic except during
periods of fasting or prolonged exercise, and altered biochemical exams can be incidentally detected on
routine clinical investigations?.

Given the critical importance of early recognition for proper diagnosis and timely treatment, this narra-
tive review aims to provide a comprehensive overview of the genetics and pathophysiological mechanisms
underlying muscle dysfunction, diagnostic approaches, and current treatment strategies for primary lipid
myopathies, in order to prompt clinicians to consider these diseases in the differential diagnosis process.

The literature search was conducted on PubMed using the following keywords and combinations:
“Primary Lipid Myopathy, Genetics, Classification, Diagnosis, Therapy, Treatment, Pathophysiology, and
Mechanisms”. Primarily, studies on humans published in English within the last 20 years were consid-
ered. All types of study designs were included to broaden the scope of this narrative review. Articles
were screened, based on full text or abstract, according to their relevance to the topic, as judged by the
authors. For each selected study, specific information deemed relevant to the analysis was extracted,
with a focus on genetics, pathophysiology, clinical features, diagnostic approaches, and treatments in
the context of primary lipid myopathies.

PATHOPHYSIOLOGICAL MECHANISMS

Fatty acids, composed of long chains of carbon and hydrogen atoms, are the fundamental components
of lipids. In muscle fibers, they are metabolized through the fatty acid oxidation (FAQO) process to gener-
ate energy, particularly during prolonged exercise or fasting*. FAO primarily occurs in mitochondria and
is known as B-oxidation because it involves the stepwise removal of two carbon atoms from the fatty
acid chain at the B (second) carbon position.

The FAO cycle involves several sequential steps (Figure 1). It begins with lipolysis, the breakdown of
triglycerides stored in lipid droplets into glycerol and free fatty acids. The fatty acids are then activated in
the cytoplasm by binding to coenzyme A to form acyl-CoA. This compound is transported into the mito-
chondrial matrix via the carnitine shuttle, a transport system that facilitates the movement of long-chain
fatty acids across the plasma and mitochondrial membranes. Inside the mitochondria, acyl-CoA undergoes
B-oxidation to produce acetyl-CoA, which enters the citric acid cycle to contribute to ATP production.

Genetic mutations affecting any of the enzymes or structural proteins involved in these processes
can impair lipid breakdown and utilization, leading to muscle dysfunction. The pathogenesis of lipid
myopathies arises from both the accumulation of lipid droplets within muscle fibers and the resulting
energy deficit, especially in type | (slow-twitch) fibers, which depend primarily on oxidative, glycoly-
sis-independent metabolism. Since skeletal muscle is one of the most energy-demanding tissues, lipid
myopathies typically manifest as chronic hypotonia, muscle weakness, and exercise intolerance®.

Other high-energy-demand organs, such as the heart, liver, and brain, also rely heavily on mitochon-
drial oxidative phosphorylation and are therefore vulnerable to disruptions in this metabolic pathway’.
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Figure 1. Main stages in the carnitine and fatty acid B-oxidation cycle. Uptake and activation of FA, in gray: AS: acyl-CoA
synthetase; FAT/CD36, FATP: fatty acid transporters. Cycling of carnitine to pass the FA to the mitochondrial matrix, in
red: CACT: carnitine-acylcarnitine translocase; CPT I: carnitine palmitoyltransferase I; CPT Il: carnitine palmitoyltrans-
ferase Il; OCTN2: carnitine transporter. B-Oxidation spiral, in green: HAD (M/SCHAD): 3-hydroxyacyl-CoA dehydroge-
nase; LCHAD: long-chain 3-hydroxyacyl-CoA dehydrogenase; LCEH: long-chain enoyl-CoA hydratase; LCKAT: long-chain
3-ketoacyl-CoA thiolase; MAD: multiple acyl-CoA dehydrogenase; MCAD: medium-chain acyl-CoA dehydrogenase;
MTP: mitochondrial trifunctional protein; S/MCKAT: short/medium-chain 3-ketoacyl-CoA thiolase; SCAD: short-chain
acyl-CoA dehydrogenase; SCEH: short-chain enoyl-CoA hydratase; VLCAD: very long-chain acyl-CoA dehydrogenase.
Electron transfer and respiratory chain pathway, in blue: Cl, ClI, Clll, CIV, CV: mitochondrial respiratory complexes |, II,
1, IV and V; CoQ: coenzyme Q. Source: Ruiz-Sala and Pefia-Quintana® 2021. Reproduced from MDPI, Basel, Switzerland,
under a Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/) licence.

Beyond energy production, lipids are also critical for maintaining cell membrane structure and func-
tion, as well as for cell signaling. Because lipid metabolism is closely integrated with immune function,
disruptions in lipid pathways can affect immune regulation and cellular homeostasis, contributing to
endoplasmic reticulum stress response, inflammation, oxidative damage, and ultimately cell death®°.
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Based on the specific phase of lipid metabolism that is impaired, lipid myopathies can be classified
into three main groups:
e Disorders causing primary carnitine deficiency;
¢ Those involving enzymes and proteins active in the cytoplasm;
¢ Those involving enzymes and proteins functioning within the mitochondria.
Some disorders in the latter two groups may also lead to secondary carnitine deficiency®.

GENETIC CLASSIFICATION AND CLINICAL FEATURES

The spectrum of LM is expanding with the identification of new molecules involved in fatty acid (FA)
metabolism, and a definitive classification is still under development!. Primary LMs can be categorized
according to the main metabolic pathway affected and the intracellular location of the defect, as sum-
marized in Table 1.

The onset of LM can occur at any age, from infancy to late adulthood, and presents with a wide vari-
ety of clinical manifestations. Common features include fatigue, exercise intolerance, stable or progres-
sive muscle weakness, or episodic weakness with rhabdomyolysis crises, often triggered by metabolic
stressors, such as fever or physical exertion. Muscle atrophy is uncommon, while other organs, including
the liver, heart and central nervous system, may also be affected?.

Primary Carnitine Deficiency

Included in some countries as part of the newborn screening programs?®, primary carnitine defi-
ciency (PCD; OMIM #212140)" is caused by homozygous or compound heterozygous mutations
in the solute carrier family 22 member 5 (SLC22A5) gene, which encodes organic cation/carnitine
transporter 2 (OCTN2). OCTN2 is a physiologically important, sodium-dependent, high-affinity car-
nitine transporter. The estimated prevalence is 1/20,000 and 1/70,000 newborns in Europe and the
USA, respectively!?. The condition is characterized by markedly reduced plasma and tissue carnitine
concentrations®?,

PCD can present with a wide spectrum of clinical manifestations, depending on the age of onset and
the residual activity of the OCTN2 transporter. Symptoms range from metabolic crises in infancy, such
as hypoketotic hypoglycemia, hyperammonemia, lethargy, or even coma, and steatotic hepatomegaly
to progressive dilated cardiomyopathy during childhood, and proximal muscle weakness, severe fatigue,
and exercise intolerance in adulthood?.

LM Due to Impaired Enzymes/Proteins Acting Inside the Cytoplasm

This group includes three forms caused by mutations in genes involved in lipid droplet metabolism
(PNPLA2, CGI58, LPIN1) and one form associated with a defective transporter responsible for carnitine
transfer across the inner mitochondrial membrane (SLC25A20).

PNPLA2 encodes adipose triglyceride lipase (ATGL), while CGI58 (also known as ABHD5) encodes
its coactivator. Both enzymes are essential for the catabolism of triglycerides to diglycerides, and their
deficiency results in neutral lipid storage disease (NLSD), characterized by non-lysosomal accumulation
of neutral lipids in multiple tissues (OMIM #609059 and #604780, respectively)*1¢. These two genes are
associated with two phenotypes that share some overlapping features, and both follow an autosomal
recessive inheritance pattern:

¢ NLSD with myopathy (NLSD-M)
e NLSD with ichthyosis (NLSD-I), also known as Chanarin—Dorfman syndrome.

NLSD-M typically presents with proximal and axial muscle weakness, which may progress to severe
disability, along with exercise intolerance, myalgia and fatigue, with a variable age of onset (commonly
between the 20s and 40s). Upper limbs are more frequently involved than lower ones, usually asymmet-
rically. In an Italian cohort study?, it was reported that approximately one in four patients had lost their
ability to walk independently and required a device after an average follow-up period of 30 years. No
respiratory or bulbar muscle involvement was described at follow-up. Dilated or hypertrophic cardiomy-
opathy may develop in 40-50% of cases, potentially leading to severe heart failure®.
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Table 1. Genetics and classification of primary lipid myopathies.

Disease Gene Protein Main Features

I. Disorders causing primary carnitine deficiency

PCD SLC22A5 OCTN2 Low plasma and tissue carnitine levels
II. Disorders involving cytoplasmic enzymes or transporters
NLSD-M PNPLA2 ATGL Accumulation of neutral lipids in tissues.

Progressive muscle weakness, cardio-
myopathy, lipid accumulation in tissues

NLSD-I ABHD5 (CGI-58)  CGI-58 (ATGL Accumulation of neutral lipids in tissues.
coactivator) Ichthyosis, mild myopathy, systemic

involvement (e.g., liver, CNS, retina)

Lipin-1 deficiency  LPIN1 Lipin-1 Defective lipid metabolism; cytosolic phos-
phatase and nuclear transcriptional regulator

CACT deficiency ~ SLC25A20 CACT Impaired mitochondrial import of long-chain
fatty acids

lll. Disorders involving mitochondrial FAO

CPT Il deficiency ~ CPT2 CPTII Disrupted FA transport into mitochondria

VLCAD deficiency ~ACADVL VLCAD Impaired B-oxidation of long-chain FA

LCAD deficiency =~ ACADL LCAD Similar to VLCAD; long-chain FAO defect

MCAD deficiency ACADM MCAD Most frequent FAO disorder; defective
medium-chain FAO

SCAD deficiency =~ ACADS SCAD Deficient short-chain FAO

ACADS9 deficiency ACAD9 ACAD9 Involved in FAO and amino acid catabolism;
mitochondrial dysfunction

LCHAD deficiency HADHA LCHAD Subunit of MTP; impaired long-chain
hydroxyacyl-CoA oxidation

MTP deficiency HADHA, HADHB ~ MTP Combined enzyme defect; heterocomplex
of HADHA/HADHB subunits

SCHAD deficiency HADH (HADHSC)  SCHAD Impaired mitochondrial FAO of
hydroxyacyl-CoA

MADD (glutaric ETFA, ETFB, ETF, ETFDH Disrupted electron transfer to respiratory

aciduria type Il) ETFDH chain in FAO

ACAD9 — Acyl-CoA dehydrogenase 9; ATGL — Adipose triglyceride lipase; CACT — Carnitine-acylcarnitine tran-
slocase; CGI-58 — Comparative gene identification-58 (also known as ABHD5); CPT Il — Carnitine palmitoyl-
transferase |l; ETF — Electron transfer flavoprotein; ETFDH — Electron transfer flavoprotein dehydrogenase;
FA — Fatty acids; FAO — Fatty acid oxidation; LCAD — Long-chain acyl-CoA dehydrogenase; LCHAD — Long-chain
3-hydroxyacyl-CoA dehydrogenase; MADD - Multiple acyl-CoA dehydrogenase deficiency; MCAD — Medium-
chain acyl-CoA dehydrogenase; MTP — Mitochondrial trifunctional protein; NLSD-I — Neutral lipid storage
disease type I; NLSD-M — Neutral lipid storage disease type M: OCTN2 — Organic cation/carnitine transporter
2; PCD — Primary carnitine deficiency; SCAD — Short-chain acyl-CoA dehydrogenase; SCHAD — Short-chain L-
3-hydroxyacyl-CoA dehydrogenase; VLCAD — Very-long-chain acyl-CoA dehydrogenase.

NLSD-I usually involves only mild myopathy but is primarily characterized by generalized ichthyosis (dry, scaly
skin) beginning in early infancy. Other associated features may include global developmental delay, hepatomeg-
aly, sensorineural hearing loss, peripheral neuropathy, cataracts, nystagmus, and retinal abnormalities?.

LPIN1 encodes lipin-1, a phosphatidic acid phosphatase expressed in adipose tissue and skeletal mus-
cle. It plays a key role in triglyceride synthesis and lipid metabolism, as well as in nuclear gene expression
regulation?®, Biallelic mutations in LPIN1 cause a myopathic disorder typically beginning in early childhood,
characterized by acute recurrent episodes of rhabdomyolysis triggered by metabolic stress, with normal
function between attacks. Some patients may develop mild proximal muscle weakness over time.
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Lastly, biallelic mutations in the SLC25A20 gene (OMIM #212138) cause carnitine-acylcarnitine trans-
locase (CACT) deficiency®®. CACT is part of the SLC25 mitochondrial carrier family. It catalyzes the bidi-
rectional transport of carnitine back into the cytoplasm and of acylcarnitine esters (fatty acids bound to
carnitine) into the mitochondrial matrix*.

With just over 100 individuals reported worldwide?, CACT deficiency typically manifests in the neo-
natal period or early infancy with a severe clinical presentation, including hypotonia, metabolic crisis,
cardiomyopathy, life-threatening arrhythmias, and hepatomegaly. Newborn screening programs are
available in some countries to detect CACT disorder?!. Later-onset forms are milder and may present
with muscle weakness, fatigue, recurrent episodes of hypoketotic hypoglycemia, and less pronounced
or absent cardiac involvement?.

LM Due to Impaired Enzymes/Proteins Acting Inside the Mitochondrion

Another important gene involved in the transport of long-chain fatty acids across the inner mitochondri-
al membrane is CPT2, which encodes carnitine palmitoyltransferase Il, with an estimated prevalence of
1-9/100,000 people??. Biallelic (homozygous or compound heterozygous) mutations in this gene cause
carnitine palmitoyl transferase (CPT) Il deficiency®. Newborn screening programs have been imple-
mented to detect this disease?*. There are three main clinical presentations:
¢ A severe neonatal form, typically fatal due to respiratory distress and metabolic failure;
¢ An infantile form, characterized by a hepato-cardio-muscular phenotype, which is still associated
with high mortality if untreated;
¢ An adult-onset myopathic form?>, which usually presents in adolescence with episodes of recurrent
exercise-induced (as well as stress, infection, fasting, or cold-exposure related) muscle pain and
weakness, culminating sometimes in rhabdomyolysis and myoglobinuria. Usually, no specific signs of
myopathy are detectable between attacks. Age at diagnosis can range from 7 to 62 years??’.

The myopathic form of CPT Il deficiency is the most common hereditary cause of myoglobinuria,
with males more likely affected than females?. This gender predominance may be due to hormonal
factors?® or at least partially justified by women’s lower susceptibility to myoglobinuria, mean-
ing they may remain undiagnosed. From a genetic point-of-view, the most common variant in the
myopathic form of CPT Il deficiency is the p.Serl113Leu variation, accounting fo 60% of pathogenic
alleles?®; some heterozygous (carriers) individuals have been described?-3?, exhibiting an intermedi-
ate biochemical phenotype (with markedly reduced enzyme activity) though they generally do not
display overt symptoms.

Acyl-CoA dehydrogenases (ACADs) are flavoenzymes responsible for the first step of B-oxidation,
catalyzing the dehydrogenation of acyl-CoA esters to enoyl-CoA. ACAD-related diseases, which result
from the accumulation of specific acyl-CoA intermediates and impaired energy production, can be clas-
sified into five groups according to the chain length or structure of the affected acyl-CoA:

¢ Very long-chain acyl-CoA dehydrogenase (VLCAD)
¢ Long-chain acyl-CoA dehydrogenase (LCAD)

¢ Medium-chain acyl-CoA dehydrogenase (MCAD)
e Short-chain acyl-CoA dehydrogenase (SCAD)

¢ Acyl-CoA dehydrogenase 9 (ACAD9)

Identified also by implemented newborn screening®, VLCAD and LCAD deficiencies are caused by
biallelic mutations in the ACADVL and ACADL genes, respectively®*. While they often present with similar
clinical features, LCAD deficiency is extremely rare in humans and is frequently considered a misdiagno-
sis of VLCAD deficiency, based on multiple reports.

Detected by newborn screening programs®>, MCAD deficiency, caused by mutations in the ACADM gene,
is the most common autosomal recessive FAO disorder®, with a worldwide birth prevalence of 1 in 15,000%.

Mutations in ACADS result in SCAD deficiency, which generally presents with a milder phenotype32.

As with other disorders in this group, clinical manifestations may include:

¢ A severe neonatal form with metabolic decompensation (except SCAD, which usually has a more
benign prognosis);

¢ An infantile hepatic form;

e A later-onset, milder myopathic form*°.

In MCAD deficiency, recurrent episodes of rhabdomyolysis have also been reported®°, particularly
triggered by alcohol consumption.
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ACAD?9 is involved in the oxidation of long-chain fatty acids (similar to VLCAD) and also plays a key
role in the assembly of mitochondrial complex I. Deficiency of this enzyme leads to ACAD9-related dis-
ease, characterized by cardiomyopathy, muscle weakness, and exercise intolerance, often accompanied
by severe intellectual disability and developmental delay*.

The mitochondrial trifunctional protein (MTP) is a multienzyme complex composed of four a and
four B subunits located in the inner mitochondrial membrane, encoded by the nuclear genes HADHA
and HADHB. It catalyzes three sequential reactions in the B-oxidation of long-chain fatty acids:

¢ Long-chain enoyl-CoA hydratase
¢ Long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD)
¢ 3-ketoacyl-CoA thiolase
Deficiency in MTP can result from either:
¢ |solated LCHAD deficiency due to biallelic mutations in HADHA
¢ Generalized MTP deficiency due to mutations in both HADHA and HADHB*

Generalized MTP deficiency is typically associated with a more severe phenotype, with onset in
the first days of life. In contrast, LCHAD deficiency may present hepatic and cardiac manifestations in
infancy and may also include specific complications such as progressive retinopathy and peripheral ax-
onal neuropathy. Both forms can also present with later-onset myopathic phenotypes. The combined
prevalence of MTP and LCHAD deficiency is estimated to be 1.02 per 100,000 live births worldwide®,
detectable by newborn screening programs**.

Short-chain L-3-hydroxyacyl-CoA dehydrogenase (SCHAD) deficiency is a recessive disorder caused
by mutations in the HADH (also referred to as HADHSC) gene. This gene encodes the SCHAD enzyme,
which catalyzes the third step in B-oxidation, the conversion of short-chain 3-hydroxyacyl-CoA to 3-ke-
toacyl-CoA for fatty acids with 4-10 carbons®.

Unlike other B-oxidation disorders, SCHAD deficiency primarily presents with hyperinsulinism since
SCHAD also regulates insulin secretion in pancreatic B-cells, rather than the typical hypoketotic hypo-
glycemia.

Electron transfer flavoprotein (ETF) is a heterodimer composed of ETFA and ETFB subunits, which
functions together with ETF dehydrogenase (ETFDH), also known as ETF-ubiquinone oxidoreductase or
ETF-QO. These proteins link substrate oxidation to ATP production by transferring electrons from acyl-
CoA dehydrogenases to the mitochondrial respiratory chain.

Mutations in this system lead to multiple acyl-CoA dehydrogenase deficiency (MADD), also known
as glutaric aciduria type Il (GA-1)*. The phenotype is broad due to impaired metabolism of fatty acids,
branched-chain amino acids, and other substrates.

¢ The severe neonatal and milder infantile forms are usually associated with biallelic mutations in ETFA
and ETFB. They often present with characteristic features, such as a “sweaty feet” odor, caused by
the accumulation of organic acids and congenital dysmorphisms, in addition to metabolic crises.
The adult-onset form typically manifests as episodic metabolic crisis (vomiting, nonketotic hypo-
glycemia, metabolic acidosis, and liver dysfunction) or progressive muscle weakness, exercise in-
tolerance, and myalgia. Weakness typically affects the proximal and neck muscles, leading to bent
spine syndrome and dropped-head as possible onset manifestations*. Some cases may mimic Guil-
lain-Barré syndrome due to subacute metabolic decompensation and rapidly progressive respiratory
failure*®, while others may also develop a severe sensory neuropathy, causing numbness of the ex-
tremities and sensory ataxia, which do not usually respond to supplementary riboflavin treatment®.
Male patients with adult-onset MADD are more common than female patients, and ethnicity (East
Asian)>° was proven to be a factor influencing the male-to-female ratio in late-onset cases.
In the process of differential diagnosis, some hereditary disorders of riboflavin metabolism pre-
senting with a biochemical profile similar to MADD must be taken into account. These include MADD-
like illness due to FLAD1 gene mutations and Brown-Vialetto-Van Laere syndrome due to SLC52A2
and SLC52A3 gene mutations. In both cases, specific clinical features can help to distinguish between
these conditions, such as swallowing, speech and respiratory difficulties in the former and cranial
nerve involvement (deafness, bulbar palsy) in the latter. Recently, an acquired form of MADD caused
by taking sertraline has been reported® in some patients. In these cases, discontinuing sertraline and
undergoing riboflavin treatment both showed beneficial effects, improving the acylcarnitine profile,
alleviating clinical symptoms, normalising creatine kinase (CK) levels, and improving muscle biopsy
findings.

Key clinical signs and symptoms that may aid in diagnostic suspicion during adulthood are illustrated
in Figure 2.
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Figure 2. Key clinical signs and symptoms that may aid in diagnostic suspicion during adulthood.

DIAGNOSTIC APPROACHES

Blood carnitine and acylcarnitine levels, along with urinary organic acid profiles, are common biochem-
ical tests performed in suspected cases of LM; however, only genetic analysis can provide a definitive
diagnosis®2.

Depending on the specific disorder, characteristic biochemical alterations may be observed. For in-
stance, in MADD, total carnitine levels are typically low, while acylcarnitines of all chain lengths (C4—
C18) are elevated®. Elevated plasma levels of long-chain acylcarnitines (C14—C18) are commonly found
in CPT Il deficiency, VLCAD, and LCHADY*. These acylcarnitines can also be measured using tandem
mass spectrometry (TMS) on dried blood spots®2.

Dicarboxylic aciduria, indicating a compensatory activation of omega-oxidation in peroxisomes, is
typically present in several of these disorders (e.g., LPIN1-related myopathy, MADD).

In MCAD deficiency, increased levels of octanoyl- and decanoylcarnitine can be detected in both
blood and urine, while plasma carnitine levels are usually decreased. For SCAD deficiency, elevated
concentrations of ethylmalonic and methylsuccinic acids in urine, as well as a high plasma level of C4
acylcarnitine species, are key diagnostic markers®2.

PCD is typically characterized by a marked reduction in carnitine levels across all tissues (heart, mus-
cle, liver) and plasma, accompanied by increased urinary carnitine excretion due to impaired renal reab-
sorption. Plasma total and free carnitine levels are often less than 10% of normal values, while levels in
muscle tissue may be reduced to below 5%*2.

During metabolic crises, which are common in many of these myopathies, typical biochemical abnor-
malities include:

e Elevated creatine kinase (CK),

e Hyperammonemia (resulting from impaired ATP production affecting the urea cycle),

e Lactic acidosis (due to increased reliance on glycolysis in the absence of fatty acid oxidation), and
e Elevated transaminases, reflecting hepatic involvement.
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When NLSD is suspected, a simple and cost-effective screening method is light microscopic analysis
of a peripheral blood smear, which may reveal intracytoplasmic lipid droplets in leukocytes (especially
neutrophils, but also occasionally monocytes or eosinophils), a finding known as “Jordan’s anomaly”
(named after Dr. June K. Jordan, who first described it in 1953)>3. However, this finding lacks absolute
specificity, as similar changes may occur secondary to prolonged lipid infusions (e.g., during parenteral
nutrition).

Muscle biopsy remains a valuable tool for diagnosing LM, offering direct evidence of histopathologi-
cal and biochemical changes in skeletal muscle. Common findings include:

¢ Excessive lipid droplet accumulation in muscle fibers, highlighted by Oil Red O or Sudan Black stain-
ing (e.g., in PCD, NLSD, VLCAD, MADD);

e Fiber-type specificity, with lipid deposition predominantly affecting type | (slow-twitch, oxidative)
fibers, which depend heavily on fatty acid metabolism;

¢ Occasional muscle fiber necrosis, regeneration, and inflammatory changes (notably during rhabdo-
myolysis);

¢ Mitochondrial abnormalities, such as ragged red fibers or cytochrome-c-oxidase (COX)-negative fi-
bers, are observed in disorders like MADD, VLCAD, LCHAD, or MTP deficiencies!®>%5455,

Muscle MRI is also helpful in the diagnostic process, providing a comprehensive view of muscle in-
volvement and detecting patterns of fat infiltration, edema, and atrophy®*. Typical imaging patterns
involve the gluteus minimus, semimembranosus, soleus, and medial gastrocnemius muscles in the lower
limbs (with a predominance in the posterior leg and thigh) and the infraspinatus muscle in the upper
limbs. A characteristic “patchy” pattern of fatty replacement is often noted>®. MRl also reveals increased
T2-weighted or STIR signal intensity, reflecting acute or subacute muscle damage (as seen during rhab-
domyolysis)*’.

Moreover, MRI serves as a valuable tool for monitoring disease progression, quantifying fat infil-
tration, evaluating post-crisis recovery (e.g., resolution of edema), and even assessing therapeutic re-
sponse, such as reduced fat infiltration in riboflavin-responsive MADD.

TREATMENT AND MANAGEMENT

Treatment strategies for LM are primarily supportive and preventive, as evidence-based therapies re-
main limited. As summarized in Table 2, most recommendations are applicable across LM subtypes and
focus on avoiding precipitating factors, such as prolonged fasting, sustained aerobic exercise (>30 min-
utes), infections, cold exposure and certain medications (e.g., nonsteroidal anti-inflammatory drugs).
In cases of rhabdomyolysis, emergency management involves aggressive intravenous hydration with
isotonic saline and glucose-containing solutions, along with close monitoring of renal function, elec-
trolyte balance, and cardiac status. Long-term care may include dietary modifications, pharmacologic
supplementation, and, in selected cases, targeted therapies tailored to the specific metabolic defect?.

In PCD, oral L-carnitine supplementation is an effective treatment. When initiated early, before irre-
versible damage occurs, it leads to significant improvement in both skeletal myopathy and cardiomy-
opathy. Management also involves avoiding drugs that promote carnitine loss in urine, such as pivam-
picillin®,

In CPT Il deficiency, as in other disorders involving secondary carnitine deficiency and metabolic
crises, recommendations include carnitine supplementation to enhance fatty acid transport, high-car-
bohydrate intake before and during prolonged exercise, and frequent meals to avoid fasting-induced
stress®.

Management of CACT deficiency may also include supplementation with medium-chain triglycerides
(MCTs) and essential polyunsaturated fatty acids®.

Currently, no curative treatment exists for NLSD. The therapeutic approach is limited to a low-fat
diet, MCT supplementation, and carnitine administration®.

In MADD, riboflavin supplementation has shown clinical benefit, especially when combined with a
low-fat diet, carnitine, and coenzyme Q10 (CoQ10)™. Riboflavin has also demonstrated some benefit in
ACAD9 deficiency.

Patients with MTP deficiency or isolated LCHAD deficiency may benefit from docosahexaenoic acid
(DHA) supplementation, triheptanoin, and peroxisome proliferator-activated receptor (PPAR) agonists.
Treatment strategies are often personalized based on the presence and severity of systemic manifesta-
tions, such as peripheral neuropathy or retinopathy®.
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Table 2. Treatment and preventive strategies in primary lipid myopathies.

Disorder Treatment Strategies

I. Disorders causing primary carnitine deficiency

Preventive Measures

PCD Oral L-carnitine supplementation
(100-200 mg/kg/day divided 3x/day) for
skeletal myopathy and cardiomyopathy

Avoid drugs that promote carnitine
loss (e.g., pivampicillin), prevent
fasting, manage infections

II. Disorders involving cytoplasmic enzymes or transporters

NLSD-M, NLSD-I Low-fat diet, medium-chain triglyceride Avoid triggers of metabolic stress,
supplementation, carnitine administration prevent excessive fat intake
CACT deficiency Medium-chain triglycerides and essential poly- Avoid fasting, manage infections

unsaturated fatty acid supplementation

and stress

lIl. Disorders involving mitochondrial FAO

CPT Il deficiency ~ Carnitine supplementation, high-carbo-
hydrate (70%) and low-fat (<20%) intake
before exercise, frequent meals

Avoid fasting, intense exercise,
infections, and cold exposure

MADD Riboflavin supplementation (100-300 mg daily), ~ Prevent metabolic stress, maintain
low-fat diet, carnitine supplementation hydration during rhabdomyolysis
(50-100 mg/kg daily divided into three doses)
in those with carnitine deficiency, and coenzyme
Q10 supplements (60-240 mg daily into two
divided doses)
VLCAD deficiency  High-carbohydrate diet, frequent meals, Prevent metabolic stress,
avoid fasting infections, and cold exposure
LCHAD Deficiency Docosahexaenoic acid supplementation, Avoid fasting, infections,
triheptanoin, PPAR agonists and metabolic stress
MTP deficiency Docosahexaenoic acid supplementation, Avoid fasting, infections, and cold
triheptanoin, PPAR agonists exposure
SCHAD deficiency Manage hyperinsulinism, dietary modifications  Avoid fasting and metabolic triggers
CACT — Carnitine-acylcarnitine translocase; CPT Il — Carnitine palmitoyltransferase Il; LCHAD — Long-

chain 3-hydroxyacyl-CoA dehydrogenase; MADD — Multiple acyl-CoA dehydrogenase deficiency; MTP
— Mitochondrial trifunctional protein; NLSD-I — Neutral lipid storage disease type |; NLSD-M — Neutral
lipid storage disease type M; PCD — Primary carnitine deficiency; SCHAD — Short-chain L-3-hydroxyacyl-
CoA dehydrogenase; VLCAD — Very-long-chain acyl-CoA dehydrogenase.

Emerging therapeutic approaches include molecular strategies aimed at enzyme correction, such as
gene therapy and enzyme replacement therapy. For instance, in a murine model® of VLCAD deficiency,
the use of adeno-associated virus serotype 9 (AAV9) to deliver a functional copy of the gene resulted in
long-term correction of the metabolic defect, improved cardiac function and increased survival.

EXPERT OPINION

Given the clinical heterogeneity and the absence of specific features (with some phenotypes shared by mul-
tiple genetic causes), diagnostic delay remains a significant challenge in lipid myopathies, one that is only
partially addressed by newborn screening. Late diagnosis, often triggered by the onset of an acute metabolic
crisis, can result in irreversible deficits and, in rare cases, reduced survival. Future perspectives will focus on
advanced models to investigate the mechanisms of tissue-specific damage, along with the discovery of bio-
markers and the development of imaging techniques to improve early detection and monitoring. In the era of
gene therapy, preclinical studies have laid the groundwork for gene delivery in lipid myopathies.
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CONCLUSIONS

Primary lipid myopathies are rare, genetically heterogeneous disorders of fatty acid metabolism that
often present with nonspecific symptoms such as muscle weakness, exercise intolerance, or metabolic
crises. Due to their clinical variability, diagnosis is frequently delayed. Early recognition is critical, as
timely interventions, such as dietary modifications, cofactor supplementation, and avoidance of meta-
bolic stress, can significantly improve outcomes.

Although current treatments are largely supportive, advances in molecular diagnostics and emerging

therapies, including gene-based approaches, offer promising avenues for personalized care. Increased
clinical awareness and multidisciplinary collaboration are essential to improve diagnosis, management,
and long-term prognosis in affected individuals.

ARTIFICIAL INTELLIGENCE-ASSISTED TECHNOLOGIES:
No artificial intelligence-assisted technologies were used in the production of this article.

ACKNOWLEDGMENTS:
Authors are part of the European Reference Network for Rare and Low Prevalence Diseases ERN EURO-NMD.

AUTHORS’ CONTRIBUTIONS:

Study conception and design: BR, MF; collection and interpretation of data: BR, FC, LP; manuscript drafting: BR, FC; manuscript
editing: BR, MF, AP; approval to submit: MF, AP.

AVAILABILITY OF DATA AND MATERIAL:
All data generated or analyzed during this study are included in this published article.

CONFLICTS OF INTEREST:
The authors declare that they have no conflict of interest to disclose.

ETHICS APPROVAL AND INFORMED CONSENT:
Not applicable.

FUNDING:
No funding was received for this study.

ORCID ID:

Barbara Risi: 0009-0008-2303-1180

Loris Poli: 0000-0003-4912-818X
Alessandro Padovani: 0000-0002-0119-3639
Massimiliano Filosto: 0000-0002-2852-7512

REFERENCES

. Pennisi EM, Garibaldi M, Antonini G. Lipid myopathies. J Clin Med 2018; 7: 472.
. Vasiljevski ER, Summers MA, Little DG, Schindeler A. Lipid storage myopathies: Current treatments and future directions.

Prog Lipid Res 2018; 72: 1-17.

. Vengalil S, Polavarapu K, Preethish-Kumar V, Nashi S, Arunachal G, Chawla T, Bardhan M, Mohan D, Christopher R, Bevinahalli

N, Kulanthaivelu K, Nishino I, Farug M, Nalini A. Mutation Spectrum of Primary Lipid Storage Myopathies. Ann Indian Acad
Neurol 2022; 25: 106-113.

. Vitoria I, Martin-Hernandez E, Pefia-Quintana L, Bueno M, Quijada-Fraile P, Dalmau J, Molina-Marrero S, Pérez B, Merinero

B. Carnitine-acylcarnitine translocase deficiency: experience with four cases in Spain and review of the literature. JIMD Rep
2015; 20: 11-20.

. Ruiz-Sala P, Pefia-Quintana L. Biochemical markers for the diagnosis of mitochondrial fatty acid oxidation diseases. J Clin Med

2021; 10: 4855.

. Olpin SE. Pathophysiology of fatty acid oxidation disorders and resultant phenotypic variability. J Inherit Metab Dis 2013; 36:

645-658.

. Wajner M, Amaral AU. Mitochondrial dysfunction in fatty acid oxidation disorders: insights from human and animal studies.

Biosci Rep 2015; 36: e00281.

. Ertunc ME, Hotamisligil GS. Lipid signaling and lipotoxicity in metaflammation: indications for metabolic disease pathogenesis

and treatment. J Lipid Res 2016; 57: 2099-2114.

. Obaseki E, Adebayo D, Bandyopadhyay S, Hariri H. Lipid droplets and fatty acid-induced lipotoxicity: in a nutshell. FEBS Lett

2024; 598: 1207-1214.



12

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

OVERVIEW OF PRIMARY LIPID MYOPATHIES

Health Resources & Services Administration. Primary carnitine deficiency. Available at: https://newbornscreening.hrsa.gov/
conditions/primary-carnitine-deficiency

Carnitine deficiency, systemic primary; CDSP. Available at: https://www.omim.org/entry/212140

Magoulas PL, El-Hattab AW. Systemic primary carnitine deficiency: an overview of clinical manifestations, diagnosis, and
management. Orphanet J Rare Dis 2012; 7: 68.

Jolfayi AG, Naderi N, Ghasemi S, Salmanipour A, Adimi S, Maleki M, Kalayinia S. A novel pathogenic variant in the carnitine
transporter gene, SLC22A5, in association with metabolic carnitine deficiency and cardiomyopathy features. BMC Cardiovasc
Disord 2024; 24: 1.

Patatin-like phospholipase domain-containing protein 2; PNPLA2. Available at: https://omim.org/entry/609059
Abhydrolase domain-containing protein 5, lysophosphatidic acid acyltransferase; ABHD5. Available at: https://omim.org/
entry/604780

Pennisi EM, Arca M, Bertini E, Bruno C, Cassandrini D, D'amico A, Garibaldi M, Gragnani F, Maggi L, Massa R, Missaglia S,
Morandi L, Musumeci O, Pegoraro E, Rastelli E, Santorelli FM, Tasca E, Tavian D, Toscano A, Angelini C; Italian NLSD Group.
Neutral Lipid Storage Diseases: clinical/genetic features and natural history in a large cohort of Italian patients. Orphanet J
Rare Dis 2017; 12: 90.

Brilliant J, Krogh C, Chahal D, Drachenberg C, Hossain R, Ananthram M, Barr B, Gupta A, Porter N, Benitez RM. Neutral lipid
storage disease with myopathy and infiltrative cardiomyopathy initially presenting as right arm weakness. JACC Case Rep
2024; 29: 102809.

Zhang P, Takeuchi K, Csaki LS, Reue K. Lipin-1 phosphatidic phosphatase activity modulates phosphatidate levels to promote
peroxisome proliferator-activated receptor y (PPARy) gene expression during adipogenesis. J Biol Chem 2012; 287: 3485-3494.
Carnitine-acylcarnitine translocase deficiency; CACTD. Available at: https://omim.org/entry/212138

Morales Corado JA, Lee CU, Enns GM. Carnitine-Acylcarnitine Translocase Deficiency. 2022 Jul 21. In: Adam MP, Feldman J,
Mirzaa GM, et al., editors. GeneReviews® [Internet]. Seattle (WA): University of Washington, Seattle; 1993-2025. Available
at: https://www.ncbi.nlm.nih.gov/books/NBK582032/

Health Resources & Services Administration. Carnitine Acylcarnitine Translocase deficiency. Available at: https://newborn-
screening.hrsa.gov/conditions/carnitine-acylcarnitine-translocase-deficiency. Accessed 13 May 2025.

Seferi S, Saliaj K, Likaj E, Rroji M. Carnitine Palmitoyltransferase Il (CPT2) Deficiency: An Overlooked and Elusive Cause of
Acute Kidney Injury. Cureus 2024; 16: e70442.

DiMauro S, DiMauro PM. Muscle carnitine palmityltransferase deficiency and myoglobinuria. Science 1973; 182: 929-931.
Tajima G, Hara K, Tsumura M, Kagawa R, Okada S, Sakura N, Maruyama S, Noguchi A, Awaya T, Ishige M, Ishige N, Musha |,
Ajihara S, Ohtake A, Naito E, Hamada Y, Kono T, Asada T, Sasai H, Fukao T, Fujiki R, Ohara O, Bo R, Yamada K, Kobayashi H,
Hasegawa Y, Yamaguchi S, Takayanagi M, Hata I, Shigematsu Y, Kobayashi M. Newborn screening for carnitine palmitoyltrans-
ferase Il deficiency using (C16+C18:1)/C2: Evaluation of additional indices for adequate sensitivity and lower false-positivity.
Mol Genet Metab 2017; 122: 67-75.

Wieser T, Deschauer M, Olek K, Hermann T, Zierz S. Carnitine palmitoyltransferase Il deficiency: molecular and biochemical
analysis of 32 patients. Neurology 2003; 60: 1351-1353.

Wieser T. Carnitine Palmitoyltransferase Il Deficiency. 2004 Aug 27 [Updated 2019 Jan 3]. In: Adam MP, Feldman J, Mirzaa
GM, et al., editors. GeneReviews® [Internet]. Seattle (WA): University of Washington, Seattle; 1993-2025. Available at: https://
www.nchi.nlm.nih.gov/books/NBK1253/

Deschauer M, Wieser T, Zierz S. Muscle carnitine palmitoyltransferase Il deficiency: clinical and molecular genetic features
and diagnostic aspects. Arch Neurol 2005; 62: 37-41.

Vladutiu GD, Bennett MJ, Fisher NM, Smail D, Boriack R, Leddy J, Pendergast DR. Phenotypic variability among first-degree
relatives with carnitine palmitoyltransferase Il deficiency. Muscle Nerve 2002; 26: 492-498.

Taggart RT, Smail D, Apolito C, Vladutiu GD. Novel mutations associated with carnitine palmitoyltransferase Il deficiency.
Hum Mutat 1999; 13: 210-220.

Olpin SE, Afifi A, Clark S, Manning NJ, Bonham JR, Dalton A, Leonard JV, Land JM, Andresen BS, Morris AA, Muntoni F, Turnbull
D, Pourfarzam M, Rahman S, Pollitt RJ. Mutation and biochemical analysis in carnitine palmitoyltransferase type Il (CPT Il)
deficiency. J Inherit Metab Dis 2003; 26: 543-557.

Rafay MF, Murphy EG, McGarry JD, Kaufmann P, DiMauro S, Tein I. Clinical and biochemical heterogeneity in an Italian family
with CPT Il deficiency due to Ser 113 Leu mutation. Can J Neurol Sci 2005; 32: 316-20.

Fanin M, Anichini A, Cassandrini D, Fiorillo C, Scapolan S, Minetti C, Cassanello M, Donati MA, Siciliano G, D'Amico A, Lilliu
F, Bruno C, Angelini C. Allelic and phenotypic heterogeneity in 49 Italian patients with the muscle form of CPT-II deficiency.
Clin Genet 2012; 82: 232-239.

Merinero B, Alcaide P, Martin-Hernandez E, Morais A, Garcia-Silva MT, Quijada-Fraile P, Pedrén-Giner C, Dulin E, Yahyaoui
R, Egea JM, Belanger-Quintana A, Blasco-Alonso J, Fernandez Ruano ML, Besga B, Ferrer-Lopez |, Leal F, Ugarte M, Ruiz-Sala
P, Pérez B, Pérez-Cerda C. Four Years' Experience in the Diagnosis of Very Long-Chain Acyl-CoA Dehydrogenase Deficiency in
Infants Detected in Three Spanish Newborn Screening Centers. JIMD Rep 2018; 39: 63-74.

D’Annibale OM, Koppes EA, Sethuraman M, Bloom K, Mohsen AW, Vockley J. Characterization of exonic variants of uncertain
significance in very long-chain acyl-CoA dehydrogenase identified through newborn screening. J Inherit Metab Dis 2022; 45:
529-540.

Rhead WJ. Newborn screening for medium-chain Acyl-CoA dehydrogenase deficiency: Aglobal perspective. J Inherit Metab
Dis 2006; 29: 370-377.

Mason E, Hindmarch CCT, Dunham-Snary KJ. Medium-chain Acyl-COA dehydrogenase deficiency: Pathogenesis, diagnosis,
and treatment. Endocrinol Diabetes Metab 2023; 6: e385.

Medium-chain acyl-CoA dehydrogenase deficiency. https://www.genomicseducation.hee.nhs.uk/documents/medi-
um-chain-acyl-coa-dehydrogenase-deficiency/. Accessed 13 May 2025.

Kim SH, Park HD, Sohn YB, Park SW, Cho SY, Ji S, Kim SJ, Choi EW, Kim CH, Ko AR, Yeau S, Paik KH, Jin DK. Mutations of ACADS
gene associated with short-chain acyl-coenzyme A dehydrogenase deficiency. Ann Clin Lab Sci 2011; 41: 84-88.


https://newbornscreening.hrsa.gov/conditions/primary-carnitine-deficiency
https://newbornscreening.hrsa.gov/conditions/primary-carnitine-deficiency
https://www.omim.org/entry/212140
https://omim.org/entry/609059
https://omim.org/entry/604780
https://omim.org/entry/604780
https://omim.org/entry/212138
https://www.ncbi.nlm.nih.gov/books/NBK582032/
https://newbornscreening.hrsa.gov/conditions/carnitine-acylcarnitine-translocase-deficiency
https://newbornscreening.hrsa.gov/conditions/carnitine-acylcarnitine-translocase-deficiency
https://www.ncbi.nlm.nih.gov/books/NBK1253/
https://www.ncbi.nlm.nih.gov/books/NBK1253/
https://www.genomicseducation.hee.nhs.uk/documents/medium-chain-acyl-coa-dehydrogenase-deficiency/
https://www.genomicseducation.hee.nhs.uk/documents/medium-chain-acyl-coa-dehydrogenase-deficiency/

13

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

OVERVIEW OF PRIMARY LIPID MYOPATHIES

Laforét P, Acquaviva-Bourdain C, Rigal O, Brivet M, Penisson-Besnier |, Chabrol B, Chaigne D, Boespflug-Tanguy O, Laroche
C, Bedat-Millet AL, Behin A, Delevaux |, Lombeés A, Andresen BS, Eymard B, Vianey-Saban C. Diagnostic assessment and
long-term follow-up of 13 patients with Very Long-Chain Acyl-Coenzyme A dehydrogenase (VLCAD) deficiency. Neuromuscul
Disord 2009; 19: 324-329.
Mayell SJ, Edwards L, Reynolds FE, Chakrapani AB. Late presentation of medium-chain acyl-CoA dehydrogenase deficiency.
J Inherit Metab Dis 2007; 30: 104.
Repp BM, Mastantuono E, Alston CL, Schiff M, Haack TB, Rotig A, Ardissone A, Lombeés A, Catarino CB, Diodato D, Schott-
mann G, Poulton J, Burlina A, Jonckheere A, Munnich A, Rolinski B, Ghezzi D, Rokicki D, Wellesley D, Martinelli D, Wenhong
D, Lamantea E, Ostergaard E, Pronicka E, Pierre G, Smeets HIM, Wittig I, Scurr |, de Coo IFM, Moroni I, Smet J, Mayr JA, Dai
L, de Meirleir L, Schuelke M, Zeviani M, Morscher RJ, McFarland R, Seneca S, Klopstock T, Meitinger T, Wieland T, Strom
TM, Herberg U, Ahting U, Sperl W, Nassogne MC, Ling H, Fang F, Freisinger P, Van Coster R, Strecker V, Taylor RW, Haberle
J, Vockley J, Prokisch H, Wortmann S. Clinical, biochemical and genetic spectrum of 70 patients with ACAD9 deficiency: is
riboflavin supplementation effective? Orphanet J Rare Dis 2018; 13: 120.
Brivet M, Tubiana S, Boutron A, Acquaviva C, Lonlay P, Ogier de, Guffon N, Feillet F, Cano A, Faivre L, Burglen L, Labarre-Vila
A, Zabot M, Vianey-Saban C, Legrand A. Transcriptional analysis of HADHA and HADHB genes encoding the mitochondrial
trifunctional protein. J Inher Metab Dis 2008; 31: 35.
@rstavik K, Arntzen KA, Mathisen P, Backe PH, Tangeraas T, Rasmussen M, Kristensen E, Van Ghelue M, Jonsrud C, Bliksrud
YT. Novel mutations in the HADHB gene causing a mild phenotype of mitochondrial trifunctional protein (MTP) deficiency.
JIMD Rep 2022; 63: 193-198.
Stinton C, Fraser H, GeppertJ, Johnson R, Connock M, Johnson S, Clarke A, Taylor-Phillips S. Newborn Screening for Long-Chain
3-Hydroxyacyl-CoA Dehydrogenase and Mitochondrial Trifunctional Protein Deficiencies Using Acylcarnitines Measurement
in Dried Blood Spots-A Systematic Review of Test Accuracy. Front Pediatr 2021; 9: 606194.
Martins E, Cardoso ML, Rodrigues E, Barbot C, Ramos A, Bennett MJ, Teles EL, Vilarinho L. Short-chain 3-hydroxyacyl-CoA
dehydrogenase deficiency: the clinical relevance of an early diagnosis and report of four new cases. J Inherit Metab Dis 2011;
34: 835-842.
Henriques BJ, Katrine Jentoft Olsen R, Gomes CM, Bross P. Electron transfer flavoprotein and its role in mitochondrial energy
metabolism in health and disease. Gene 2021; 776: 145407.
Peng Y, Zhu M, Zheng J, Zhu Y, Li X, Wei C, Hong D. Bent spine syndrome as an initial manifestation of late-onset multiple
acyl-CoA dehydrogenase deficiency: a case report and literature review. BMC Neurol 2015; 15: 114.

Hong D, Yu Y, Wang Y, Xu Y, Zhang J. Acute-onset multiple acyl-CoA dehydrogenase deficiency mimicking Guillain-Barré
syndrome: two cases report. BMC Neurol 2018; 18: 219.

Wang Z, Hong D, Zhang W, Li W, Shi X, Zhao D, Yang X, Lv H, Yuan Y. Severe sensory neuropathy in patients with adult-onset
multiple acyl-CoA dehydrogenase deficiency. Neuromuscul Disord 2016; 26: 170-175.

Ma J, Zhang H, Liang F, Li G, Pang X, Zhao R, Wang J, Chang X, Guo J, Zhang W. The male-to-female ratio in late-onset multiple
acyl-CoA dehydrogenase deficiency: a systematic review and meta-analysis. Orphanet J Rare Dis 2024; 19: 72.
Sunebo S, Appelqgvist H, Haggqvist B, Danielsson O. Multiple Acyl-Coenzyme A Dehydrogenase Deficiency Is Associated with
Sertraline Use - Is There an Acquired Form?. Ann Neurol 2024; 96: 802-811.

Laforét P, Vianey-Saban C. Disorders of muscle lipid metabolism: diagnostic and therapeutic challenges. Neuromuscul Disord
2010; 20: 693-700.
Zuccarino R, Anderson DM, Holman C, Feely S, Gutmann L, Gutmann L. Neutral lipid-storage disease with myopathy and
Jordan anomaly. Neurology 2020; 95: 599-600.
Gempel K, Topaloglu H, Talim B, Schneiderat P, Schoser BG, Hans VH, Palmafy B, Kale G, Tokatli A, Quinzii C, Hirano M, Naini
A, DiMauro S, Prokisch H, Lochmuller H, Horvath R. The myopathic form of coenzyme Q10 deficiency is caused by mutations
in the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene. Brain 2007; 130: 2037-2044.
Garibaldi M, Tasca G, Diaz-Manera J, Ottaviani P, Laschena F, Pantoli D, Gerevini S, Fiorillo C, Maggi L, Tasca E, D'Amico A,
Musumeci O, Toscano A, Bruno C, Massa R, Angelini C, Bertini E, Antonini G, Pennisi EM. Muscle MRI in neutral lipid storage
disease (NLSD). J Neurol 2017; 264: 1334-1342.

Diekman EF, van der Pol WL, Nievelstein RA, Houten SM, Wijburg FA, Visser G. Muscle MRI in patients with long-chain fatty
acid oxidation disorders. J Inherit Metab Dis 2014; 37: 405-413.
Crefcoeur LL, Melles MC, Bruning TA, Pereira RR, Langendonk JG. Primary carnitine deficiency is a life-long disease. JIMD Rep
2022; 63: 524-528.
@rngreen MC, Ejstrup R, Vissing J. Effect of diet on exercise tolerance in carnitine palmitoyltransferase Il deficiency. Neurology
2003; 61: 559-561.

Mosegaard S, Dipace G, Bross P, Carlsen J, Gregersen N, Olsen RKJ. Riboflavin Deficiency-Implications for General Human
Health and Inborn Errors of Metabolism. Int J Mol Sci 2020; 21: 3847.

Keeler AM, Conlon T, Walter G, Zeng H, Shaffer SA, Dungtao F, Erger K, Cossette T, Tang Q, Mueller C, Flotte TR. Long-term
correction of very long-chain acyl-coA dehydrogenase deficiency in mice using AAV9 gene therapy. Mol Ther 2012; 20: 1131-
1138.



