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ABSTRACT

Mitochondrial fatty acid (FA) oxidation deficiencies represent a genetically heterogeneous
group of diseases in humans caused by defects in mitochondrial FA beta-oxidation (mFAO).

A general characteristic of all mFAO disorders is hypoketotic hypoglycemia resulting from the
enhanced reliance on glucose oxidation and the inability to synthesize ketone bodies from
FAs. Patients with a defect in the oxidation of long-chain FAs are at risk to develop cardiac

and skeletal muscle abnormalities including cardiomyopathy and arrhythmias, which may
progress into early death, as well as rhabdomyolysis and exercise intolerance. The diagnosis of
mFAO-deficient patients has greatly been helped by revolutionary developments in the field
of tandem mass spectrometry (MS) for the analysis of acylcarnitines in blood and/or urine of
candidate patients. Indeed, acylcarnitines have turned out to be excellent biomarkers; not only
do they provide information whether a certain patient is affected by a mFAO deficiency, but
the acylcarnitine profile itself usually immediately points to which enzyme is likely deficient.
Another important aspect of acylcarnitine analysis by tandem MS is that this technique allows
high-throughput analysis, which explains why screening for mFAO deficiencies has now been
introduced in many newborn screening programs worldwide. In this review, we will describe
the current state of knowledge about mFAOQ deficiencies, with particular emphasis on recent
developments in the area of pathophysiology and treatment.

Keywords: Fatty acid oxidation disorders; Fatty acid oxidation; Mitochondria; Cardiomyocytes;
Acylcarnitines; Inborn errors of metabolism

INTRODUCTION

Sugars, fatty acids (FAs), and amino acids are released from carbohydrates, fat, and protein
after ingestion and are the 3 main substrates that an organism can use to maintain whole-
body energy homeostasis. All 3 substrates are not only required for energy purposes, but also
act as building blocks for the synthesis of other molecules, including lipids. Mitochondrial
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FA beta-oxidation (mFAO) is the major pathway for the degradation of FAs to acetyl units,"?
whereas the peroxisomal beta-oxidation pathway (pFAO) contributes little to the oxidation of
dietary FAs in terms of energy production. However, peroxisomes do play an important role
in the oxidation of a subgroup of FAs that cannot be beta-oxidized in mitochondria, which
includes very-long-chain FAs.*® The mFAO system generates energy in the postabsorptive
state, as well as in fasted states when glucose supply is limited. FAs are not only a direct
source of energy in tissues, but especially under conditions of more advanced fasting,

the liver can convert the end product of mFAO (i.e., acetyl-CoA) into the ketone bodies
acetoacetate and 3-hydroxybutyrate, which can then be used in virtually all other organs
(except erythrocytes) as a source of energy. Importantly, even when glucose is readily
available, mFAO is the main source of energy for the heart, skeletal muscle, and kidneys.

The importance of the mFAO system is exemplified by the existence of a large number of different
genetic diseases in humans characterized by an impairment in the mitochondrial oxidation

of FAs.® In fact, for most of the genes coding for enzymes and transporters involved in mFAO,
recessively inherited disorders are known now (Table 1). A characteristic feature of all mFAO
disorders is hypoglycemia, which is the direct result of the inability to oxidize FAs and concurrent
increased consumption of glucose by tissues to match energy demands. Other abnormalities
frequently observed in mFAO-deficient patients, especially in those with a defect in the

oxidation of long-chain FAs, include cardiac features such as arrhythmias and cardiomyopathy,
rhabdomyolysis, as well as retinopathy and neuropathy in particular mFAO disorders.™°

In this review, we will present the current state of knowledge about mFAO and the various
mFAO deficiencies with a particular emphasis on the laboratory diagnosis of patients, as well
as the underlying mechanisms of pathogenesis and, finally, therapeutic options.

Table 1. Primary and secondary disorders of mitochondrial fatty acid beta-oxidation

Disorder Abbreviation Deficient protein/ Gene Chromosome OMIM
enzyme entry No.
Primary disorders of mitochondrial fatty acid beta-oxidation
Primary carnitine deficiency OCTN2 deficiency OCTN2 SLC22A5 5g31.1 212140
Carnitine palmitoyltransferase-1A deficiency CPT1A deficiency CPT1A CPT-1 1q13.3 255120
Carnitine acylcarnitine translocase deficiency CACT deficiency CACT SLC25A20 3p21.31 212138
Carnitine palmitoyltransferase-2 deficiency CPT2 deficiency CPT2 CPT-1I 1p32.3 255110,
608836,
600649
Very long-chain acyl-CoA dehydrogenase deficiency VLCAD deficiency VLCAD ACADVL 17p13.1 201475
Medium-chain acyl-CoA dehydrogenase deficiency MCAD deficiency MCAD ACADM 1p31.1 201450
Short-chain acyl-CoA dehydrogenase deficiency SCAD deficiency SCAD ACADS 12924.31 201470
Long-chain 3-hydroxyacyl-CoA dehydrogenase/mitochondrial LCHAD/MTP deficiency MTP HADHA 2p23.3 609015
trifunctional protein deficiency HADHB 9p23.3 609015
Short-chain 3-hydroxyacyl-CoA dehydrogenase deficiency SCHAD deficiency SCHAD HADHSC 4q25 231530
Secondary disorders of mitochondrial fatty acid beta-oxidation
Multiple acyl-CoA dehydrogenase deficiency/glutaric aciduria type 2 MADD/GA2 ETF-alpha, ETFA 15024.2-q24.3 231680
ETF-beta, ETFB 19q13.41
ETFDH ETFDH 4q32.1
Riboflavin transporter deficiency = SLC52A2 SLC52A2 8q24.3 614707
SLC52A3 SLC52A3 20p13 211500
211530
FAD synthase deficiency ° FLAD1 FLAD1 1921.3 255100
Mitochondrial FAD-transporter deficiency - SLC25A32 SLC25A32 8022.3 616839

CACT, carnitine acylcarnitine translocase; CPT, carnitine palmitoyltransferase; FAD, flavin adenine dinucleotide; ETF, electron transfer flavoprotein; ETFDH,

electron transfer flavoprotein dehydrogenases; LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase; MADD, multiple acyl-CoA dehydrogenase deficiency;
MCAD, medium-chain acyl-CoA dehydrogenase; MTP, mitochondrial trifunctional protein; SCAD, short-chain acyl-CoA dehydrogenase; SCHAD, short-chain

3-hydroxyacyl-CoA dehydrogenase; VLCAD, very-long-chain acyl-CoA dehydrogenase.
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UPTAKE OF FAs AND CARNITINE

Under well-fed conditions when carbohydrates are abundant, some FAs are oxidized

right away in organs such as the heart, skeletal muscle, and kidneys, while other FAs may
simultaneously undergo esterification into triglycerides followed by intracellular storage,
especially in adipose tissue. Hormone-induced hydrolysis of triglycerides under conditions
of fasting releases FAs into the plasma compartment, followed by their transport through
the body bound to albumin. Once alongside the plasma membrane of cells, FAs are released
from albumin and subsequently carried across the plasma membrane via one of several FA
transport proteins, of which CD36 is probably the most important.™ The FAs released in the
cell immediately undergo activation to the corresponding coenzyme A (CoA) esters, thereby
trapping the FAs inside the cell. The acyl-CoA esters are substrates for multiple enzymatic
reactions in each cell, thus allowing their incorporation into different lipid species including
glycerophospholipids, sphingolipids, and cholesterol esters. Furthermore, the acyl-CoA
esters are also the substrate for beta-oxidation in mitochondria.

Oxidation of FAs in mitochondria involves the obligatory participation of carnitine, a low-
molecular-weight compound that is primarily derived from dietary sources, notably meat.*
Humans can also synthesize carnitine endogenously from the amino acid lysine in the form
of protein-derived trimethyllysine generated in lysosomes upon proteolytic breakdown of
certain proteins. It is generally agreed that endogenous carnitine biosynthesis only accounts
for some 25% of total carnitine requirements in humans consuming a regular diet, which
implies that most carnitine has to come from exogenous sources. Since the de novo carnitine
biosynthesis pathway is a constitutive pathway, not induced by factors such as low carnitine
levels, humans on a low-carnitine diet, including vegetarians and vegans, are at risk to
develop hypocarnitinemia.

De novo synthesis of carnitine occurs in 3 different organs: the liver, kidneys, and brain. The
carnitine produced in these organs plays multiple key roles in metabolism, including: 1)
functioning as a central player in the mitochondrial carnitine cycle, which allows the transfer
of acyl-CoA molecules across the mitochondrial membrane in the form of acylcarnitine esters;
2) playing an indispensable role in pFAO by allowing the transfer of the end products of pFAO,
including acetyl-CoA, propionyl-CoA, and a range of different medium-chain acyl-CoAs,

to mitochondria as carnitine esters; and finally 3) playing a major role in CoA homeostasis
and thereby ensuring that free, non-acylated CoA is available at all times. The latter is of

key importance since free, non-acylated CoA is required in the pyruvate dehydrogenase
reaction, which controls flux through the citric acid (Krebs) cycle by providing acetyl-CoA

to the cycle. The central role of carnitine in CoA homeostasis is mediated by different
carnitine acyltransferases, of which carnitine acetyltransferase, localized in mitochondria

and peroxisomes, is the most important. Importantly, carnitine can be exported out of liver
and kidney cells to the circulation and taken up by other cells that cannot synthesize carnitine
themselves. The import of carnitine into cells is mediated by OCTN2, which is an integral
plasma membrane protein catalyzing the one-to-one symport of carnitine and sodium (Fig.
1). The huge sodium gradient across the plasma membrane generated by Na/K-ATPase drives
the uptake of carnitine into cells and explains the millimolar concentrations of carnitine found
inside cells, whereas carnitine levels in plasma are much lower (20-40 umol/L) (Fig. 2). The
importance of OCTN2 for human physiology is emphasized by the fact that patients with a
genetic deficiency of OCTN2 have very low levels of carnitine and are at risk of developing
cardiomyopathy if left untreated,” as discussed below.
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Fig. 1. Cellular long-chain fatty acid oxidation. Long chain fatty acids are taken up from the circulation through the fatty acid transporter CD36 or as lipoprotein
particles that subsequently undergo lipolysis. Following activation to CoA esters as catalyzed by different acyl-CoA synthetases (ACS), acyl-CoAs are converted
to the corresponding carnitine esters by CPT1, which will then be transported into mitochondria. In mitochondria, the carnitines are converted back to acyl-CoAs
through CPT2. These long-chain acyl-CoAs undergo repeated cycles of fatty acid beta oxidation consisting of four sequential enzymatic steps. In every cycle, this
yields a molecule of acetyl-CoA while the fatty acid substrate gets shortened by two carbons.

ACS, acyl-CoA synthetase; CACT, carnitine acylcarnitine translocase; CPT, carnitine palmitoyltransferase; FA, fatty acid; LDL, low-density lipoprotein.

Uptake into tissues

Circulation

Carnitine
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- Omnivorous humans: 2-12 pmol/kg body weight per day
- Vegetarians: < 0.1 pmol/kg body weight per day

Fig. 2. Systemic carnitine metabolism. Carnitine is readily taken up from the diet, especially from meat. Carnitine is also synthesized in the liver from the amino
acid lysine, and is distributed to other tissues through the circulation where it is taken up by the carnitine transporter OCTN2.
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MFAO AND THE CARNITINE CYCLE

The mitochondrial FA oxidation system can be subdivided into 2 parts: the mitochondrial
carnitine cycle required to transfer acyl-CoA esters from the cytosol into the mitochondrial
interior and the actual beta-oxidation machinery itself (Fig. 1).

1. Mitochondrial carnitine cycle

This system consists of 2 acyltransferases, named carnitine palmitoyltransferase 1 and 2
(CPT1 and 2), located at opposing sides of the mitochondrial inner membrane (MIM), as
well as carnitine acylcarnitine translocase (CACT), which is a member of the mitochondrial
carrier family.’* The cycle starts with CPT1, which is an integral mitochondrial outer
membrane protein catalyzing the synthesis of acylcarnitines from the corresponding acyl-
CoAs. Subsequently, the acylcarnitine is carried across the MIM by CACT in exchange for
free, unesterified carnitine. Once inside the mitochondrial matrix space, the acylcarnitine

is reconverted back by CPT2 into the acyl-CoA ester, which is now ready for oxidation.
Importantly, the enzyme CPT1 is under strict allosteric control by malonyl-CoA, which is a
powerful inhibitor of CPT1.”® Malonyl-CoA is synthesized from acetyl-CoA by 1 of 2 different
acetyl-CoA carboxylases, which each play a different role in FA metabolism. Malonyl-CoA
homeostasis is further maintained by the enzyme malonyl-CoA decarboxylase. Under well-
fed conditions, when glucose is abundant, acetyl-CoA levels are high and the same is true for
malonyl-CoA, which explains why mFAO is switched off under these conditions, whereas the
reverse is true under fasting conditions when malonyl-CoA levels are low. Importantly, CPT1
occurs in 2 different forms produced from 2 distinct genes, and each enzyme shows different
kinetic parameters and tissue distributions, with one form predominantly expressed in the
liver (CPT1A) and the other showing predominant expression in the heart (CPT1B).!*" So far
only patients with a genetic deficiency of the liver form of CPT1 (CPT1A) have been identified,
as discussed later.

2. mFAO

Inside mitochondria, acyl-CoAs are degraded via a process called beta-oxidation, which is

a cyclic process consisting of 4 enzymatic steps. Each cycle of beta-oxidation shortens the
acyl-CoA by 2 carbon atoms, which are released in the form of acetyl-CoA. The shortened
acyl-CoA then undergoes a new cycle of beta-oxidation until the acyl-CoA is fully cleaved
into acetyl-CoA units which are then degraded to carbon dioxide and water in the citric acid
(Krebs) cycle. The reducing equivalents produced in the citric acid (Krebs) cycle in the form
of NADH and FADH, are then fed into the respiratory chain to ultimately produce ATP from
ADP and phosphate (Fig. 1).

The actual beta-oxidation of acyl-CoAs is initiated by one of several acyl-CoA
dehydrogenases (ACAD) which introduce a trans-double bond in the acyl-CoA, resulting in a
trans-2-enoyl-CoA.

This step is then followed by hydration of the double-bond by enoyl-CoA hydratases to
generate (S)-3-hydroxyacyl-CoA. Subsequently, a second dehydrogenation step kicks in,
in which the (S)3-hydroxyacyl-CoA is converted into the 3-ketoacyl-CoA ester in a reaction
performed by one of multiple (S)-3-hydroxyacyl-CoA dehydrogenases. Finally, various
3-ketothiolases cleave the 3-ketoacyl-CoA into an acetyl-CoA unit and an acyl-CoA that is
now shortened by 2 carbon atoms and can then undergo a new cycle of beta-oxidation.

https://doi.org/10.12997/jla.2020.9.3.313 317
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ENZYMOLOGY OF THE mFAO SYSTEM

In principle, each of the 4 steps of beta-oxidation is catalyzed by one of a variety of different
enzymes, which each have their own specific substrate specificity."? Rather than giving a full
account of all enzymes able to catalyze these 4 enzymatic steps, we will limit discussion to
those enzymes for which a genetic deficiency has been described. With respect to the first
step, 3 different ACADs belonging to the ACAD family, which has at least 11 members in
humans, have been identified, each with a well-established role in mFAO. These are: 1) very-
long-chain acyl-CoA dehydrogenase (VLCAD); 2) medium-chain acyl-CoA dehydrogenase
(MCAD); and 3) short-chain acyl-CoA dehydrogenase (SCAD). Importantly, VLCAD is a
dimer bound to the MIM, whereas MCAD and SCAD are soluble, matrix-localized tetramers.
Together, these 3 enzymes cover the dehydrogenation of the full range of acyl-CoAs. At least
2 other ACADs (LCAD and ACAD9) have been claimed to play a role in mFAO, although this
remains incompletely understood at present. ACADs are flavoproteins that make use of
enzyme-bound FAD as an electron acceptor. Continued enzyme catalysis requires reoxidation
of enzyme-bound FADH,, which is mediated by the electron transfer flavoprotein (ETF)
system, which is composed of a soluble matrix protein named ETF that picks up electrons
from ACAD-bound-FADH, and then donates these electrons to ETF dehydrogenase (ETFDH),
which is the other component of the ETF system. Both ETF and ETFDH are flavoproteins

and it is ETFDH that ultimately feeds the electrons into the respiratory chain at the level of
coenzyme Q, thereby completing the cycle of events (Fig. 3).

CPT1 MOM

4

CACT MIM

CPT2

LC-acyl-carnitine

Medium-chain
fatty acids

LC-acyl-CoA
MC-acyl-CoA
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Fig. 3. Enzymology of mFAO. Detailed overview of the enzymes involved in the sequential reactions that compose mFAO.

CACT, carnitine acylcarnitine translocase; CPT, carnitine palmitoyltransferase; ETF, electron transfer flavoprotein; ETFDH, electron transfer flavoprotein
dehydrogenases; FA, fatty acid; MIM, mitochondrial inner membrane; MCAD, medium-chain acyl-CoA dehydrogenase; MIM, mitochondrial inner membrane;
MTP, mitochondrial trifunctional protein; SCAD, short-chain acyl-CoA dehydrogenase; SCHAD, short-chain 3-hydroxyacyl-CoA dehydrogenase; VLCAD, very-long-

chain acyl-CoA dehydrogenase.
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The subsequent steps of beta-oxidation are again catalyzed by multiple enzymes, and involve
at least 2 different enzymes for each step. Mitochondrial trifunctional protein (MTP) plays

a dominant role in the oxidation of long-chain FAs since this enzyme harbors 3 different
activities, including enoyl-CoA hydratase, (S)-3-hydroxyacyl-CoA dehydrogenase, and
3-ketothiolase activities, which are all specific for long-chain intermediate substrates.

The enzyme is a hetero-octamer of 4 alpha- and 4 beta-subunits and is strongly bound to

the MIM, just like VLCAD, which has led to the suggestion that VLCAD and MTP actually
function as a single motor unit that pulls a long-chain acyl-CoA into the VLCAD-MTP
complex and spits out a medium-chain acyl-CoA after repeated cycles of beta-oxidation
within the VLCAD-MTP-complex (Fig. 3). The medium-chain acyl-CoA then moves to the
soluble, matrix space of mitochondria for final oxidation to acetyl-CoA by matrix-localized
enzymes including MCAD and SCAD, a short-chain enoyl-CoA hydratase also named
crotonase, a short-chain 3-hydroxyacyl-CoA dehydrogenase, and a short/medium-chain-
specific thiolase named MCKAT encoded by ECHS1, HADH, and ACAA2, respectively (Table 1).
Apart from the enzymes listed above, several additional enzymes play a role in FA catabolism,
including the enzymes required for the removal of double bonds in FAs.

DISORDERS OF mFAO

Table 1lists the mFAO deficiencies known to date as subdivided into 2 groups including: 1)
primary mFAO deficiencies, caused by mutations in genes coding for the various enzymes
and transporters involved in mFAO, including the mitochondrial carnitine cycle as well as the
cellular uptake of carnitine as discussed above; and 2) secondary disorders of mFAO, in which
mFAO is impaired because of other factors affecting mFAO.

1. Primary disorders of mitochondrial FA oxidation

A general feature of all mFAO disorders is hypoketotic hypoglycemia, simply because the
block in mFAO eliminates FAs as an important substrate for energy provision and thereby
causes an enhanced reliance on glucose oxidation instead. Hypoketotic hypoglycemia can be
life-threatening, especially when glycogen reserves are scarce, and may give rise to early death
if not recognized in time. This is true for all mFAO disorders including medium-chain acyl-
CoA dehydrogenase deficiency (MCADD). Prevention of hypoglycemia and timely treatment
leads to an improved prognosis. This is one of the reasons why mFAO disorders have been
included in newborn screening programs around the world, as discussed later.

In line with the important role of mFAO in the heart and skeletal muscle, patients with a
defect in long-chain mFAO may suffer from cardiac and skeletal abnormalities, especially
severely affected patients with low residual enzyme activity. Indeed, hypertrophic or
dilated cardiomyopathy has been documented in patients with deficiencies at the level of
VLCAD, MTP, long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD), CACT, CPT2, and
OCTN2, but not CPT1A, which follows logically from the fact that CPT1B (not CPT14) is the
predominant CPT expressed in heart tissue. Arrhythmias and conduction defects are also
frequently observed in these patients. Indeed, in a study of 107 mFAO-deficient patients,
cardiac involvement occurred in >50% of patients: 67% of these patients presented with
cardiomyopathy (mostly hypertrophic), and 47% had heartbeat disorders with various
conduction abnormalities and arrhythmias responsible for collapse, near-miss, and sudden
unexpected deaths.” All enzymatic deficiencies, except CPT1 and MCAD deficiency, were
found to be associated with cardiac signs. Muscular signs were observed in 51% of patients,

https://doi.org/10.12997/jla.2020.9.3.313 319



Fatty Acid Oxidation Deficiencies

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

of whom 64% had myalgias or paroxysmal myoglobinuria and 29% had progressive proximal
myopathy. These findings are supported by other studies in large cohorts of patients.”°
Chronic neurological presentations are rare, except in patients with LCHAD/MTP deficiency,
in whom peripheral neuropathy and retinitis pigmentosa are frequent findings.* Other
studies have confirmed that rhabdomyolysis, myalgia, and muscle weakness are frequent
features, especially in patients presenting at later stages. Hepatomegaly and hepatic
abnormalities are also observed in mFAO-deficient patients, albeit less frequently.

2. Secondary disorders of mitochondrial FA oxidation

mFAO can also be deficient because of other factors affecting mFAO, which may be either
genetic in origin or not, for instance because of mutations in genes coding for different
enzymes or transporters than those directly involved in mFAO. The prototype of this group
of secondary mFAO disorders is glutaric aciduria type II, better known as multiple acyl-CoA
dehydrogenase deficiency (MADD) (MIM231680), first described in 1976 by Przyrembel and
colleagues.” Below, we briefly describe the different secondary mFAO deficiencies.

MADD

Following its first description in 1976, hundreds of patients with MADD have been described
in the literature.”?* Historically, patients with MADD have been classified into 3 groups
including a neonatal-onset form with or without congenital anomalies (type I/II) and a
later-onset, relatively mild form (type III). Patients with the neonatal-onset form suffer from
life-threatening complications, which include metabolic derangements, cardiomyopathy,
leukodystrophy, and hypotonia. The clinical course of type III patients is much milder, with
symptoms including recurrent hypoglycemia, exercise intolerance, and chronic fatigue.?
Patients have traditionally been identified on the basis of clinical signs and symptoms, but
also via neonatal screening, at least in some countries.

In patients affected by MADD, mFAO is impaired because of a defect in the ETF system,
which is made up of 2 different proteins (ETF and ETFDH). ETF is a heterodimer of 2 non-
identical subunits (ETF-alpha and ETF-beta, encoded by ETFA and ETFB, respectively),
whereas ETFDH is a homodimer encoded by the gene ETFDH. ETF acts as a mobile electron
carrier that picks up electrons from various ACADs and delivers these electrons to ETFDH,
which is a membrane-bound enzyme, whereas ETF is localized in the soluble, matrix space
of mitochondria. The electrons handed over by ETF to ETFDH are subsequently fed into the
respiratory chain by ETFDH at the level of ubiquinone. The end result of this cycle of events
is that the different ACADs, as well as ETF and ETFDH, are all turned into their oxidized form
again so that they can engage in another round of substrate oxidation.

The genetic basis of MADD is heterogeneous, and mutations in ETFA, ETFB, and ETFDH have
been described in the literature as the underlying cause of MADD. Since ETF and ETFDH are
both flavoproteins with FAD as an obligatory cofactor, riboflavin should be tried in every patient,
thereby enabling the dysfunctional ETF system to operate to the maximal possible extent. In the
literature, many patients with a riboflavin-responsive form of MADD have been described.?

Recently, van Rijt and colleagues® devised a MADD disease severity scoring system (MADD-DS3)
based on an extensive literature search encompassing 413 MADD patients. The results obtained
allowed these authors to define 6 disease domains (cardiac, central nervous system, peripheral
nervous system, respiratory, liver, and muscle) and this information was used to compile the
scoring system. The newly devised scoring system was applied to 18 patients belonging to the
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Dutch MADD cohort, and a good correlation was demonstrated between the MADD-DS3 score
and flux though the mFAO system, as assessed in fibroblasts from these patients.”

Riboflavin transporter deficiencies

Brown-Vialetto-Van Laere syndrome (BVVL) (MIM211530) is a rare neurological disorder first
described by Brown in 1894 and later by Vialetto and Van Laere. Patients mostly present with
sensorineural deafness, bulbar palsy, and respiratory complications, with the age of onset
varying between infancy and adulthood.? The clinical signs and symptoms of BVVL overlap
with those of other conditions including Fazio-Londe disease (MIM211500), which was
originally thought to be distinct from BVVL, but is now known to be a phenotypic variant of
BVVL.” In 2010, Green and colleagues® were the first to report the molecular basis of BVVL,
when they identified mutations in the gene SLC52A3in a cohort of BVVL patients. SLC52A3
codes for a plasma membrane-bound riboflavin transporter (RFVT3), which if deficient causes
a severe deficiency of intracellular riboflavin and thereby of flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD). The identification of SLC52A3 as a causative gene involved
in BVVL was soon followed by the identification of mutations in another gene (SLC52A2) in
patients negative for mutations in SLC5243.%*° This newly identified gene also codes for a
plasma membrane riboflavin transporter (RFVT2) with the same characteristics as RFVT3,
albeit differentially expressed among tissues. Despite these differences, the clinical signs and
symptoms of RFVT2- and RFVT3-deficient patients are virtually indistinguishable, as concluded
from a study of 37 REVT2-deficient patients in comparison with 33 RFVT3-deficient patients.>!

In many patients with either deficiency, plasma acylcarnitines have been measured and found
to be abnormal. Indeed, 17 of 28 RFVT2-deficient patients showed abnormal acylcarnitines,
indicative of a defect in mFAO, whereas 4 of 8 RFVT3-deficient patients showed abnormal
acylcarnitines.® The identification of defects in the transport of riboflavin in BVVL-patients
has inspired supplementation with riboflavin with very rewarding results, both clinically and
biochemically, with normalization of plasma acylcarnitine levels.?"*

FAD synthase (FADS) deficiency

FADS deficiency was first described in 2016 in a cohort of 9 individuals from 7 unrelated
families, all affected by a MADD-like disorder with respiratory chain dysfunction and a
biochemical profile suggestive of MADD.* FADS is the product of the FLADI gene and
produces different transcripts, which generate several isoforms. Two of these isoforms
have been characterized in detail* and include a mitochondrial (FADS1) and a cytosolic
(FADS2) isoform, both with FADS activity. In recent years a few additional patients have
been identified.* Riboflavin has been found to be highly beneficial in FADS-deficient
patients, especially in those who are more mildly affected.® Although not studied in detail
yet, riboflavin could exert its effect by at least 1 of 2 different mechanisms. First, high levels
of intracellular riboflavin lead to increased FMN levels, followed by enhanced flux through
FADS, at least when FADS is not fully deficient. Secondly, riboflavin supplementation could
affect the folding of mutant FADS proteins, either by itself or via FMN and/or FAD.*>*

Mitochondrial FAD transporter deficiency

In 2016, Schiff et al.”” reported the first identification of mitochondrial FAD transporter
deficiency in a 14-year old girl with recurrent exercise intolerance. Laboratory investigations
revealed a MADD-like profile that could not be traced back to any of the known causes of
MADD. Subsequently, bi-allelic mutations were identified in the SLC25A32 gene, which
codes for a member of the mitochondrial carrier family that was earlier described as carrying
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FAD across the mitochondrial membrane.*” A second patient presented with a severe
neuromuscular phenotype with early-onset ataxia, myoclonus, dysarthria, muscle weakness,
and exercise intolerance.*® Exome sequencing revealed a novel homozygous variant in the
mitochondrial FAD transporter gene, in which the methionine (AUG) translation initiation
start codon is deleted, resulting in the absence of full-length SLC25432. Metabolite analysis
in urine and plasma revealed the typical abnormalities described for MADD. Clinically, the
patient improved upon riboflavin supplementation.?®

Apart from the secondary defects in mFAO described above, there are many more
pathophysiological conditions in which mFAO is impaired, including diabetes, which we will
not discuss here.

LABORATORY DIAGNOSIS OF PRIMARY mFAO
DEFICIENCIES

For many years, correctly diagnosing patients affected by a particular mFAO deficiency has
been difficult due the lack of appropriate biomarkers in blood and the lack of sensitive and
specific enzyme assays. This explains why candidate patients have long been subjected

to (controlled) fasting and/or loading tests such as the sunflower oil loading test. The
introduction of tandem mass spectrometry at the end of the 1990s in laboratories
specializing in the laboratory diagnosis of inborn errors of metabolism has revolutionized
the diagnostic process in many ways, especially in patients with mFAO deficiencies, since
this technology finally allowed the analysis of acylcarnitines in plasma, which had long been
difficult to analyze. Since these early days, many advances have taken place, and it is now
fully clear that analysis of acylcarnitines is the method of choice to identify patients affected
by a particular mFAO deficiency. Importantly, each mFAO deficiency gives rise to its own
characteristic acylcarnitine profile (Fig. 4), which implies that it is usually immediately clear
whether a certain patient is affected by a mFAO disorder and also which enzyme is likely

to be deficient. This is extremely important for the regular postnatal diagnosis of patients
who present with clinical signs and symptoms, as well as for patients who are picked up by
newborn screening. In Amsterdam, we have set up enzymatic assays for all mFAO enzymes
in fibroblasts, tissues, and more importantly in lymphocytes.* This technology allows us

to establish the exact enzyme defect in mFAO within 1-2 days in any patient presenting with
an abnormal acylcarnitine profile, regardless of whether the patient is detected by newborn
screening or identified on the basis of clinical signs and symptoms. Once the enzyme defect
has been established, mutational analysis is done to identify the underlying molecular
defect in the gene involved. Although acylcarnitine analysis followed by enzyme activity
measurements and molecular analysis often leads to a clear-cut identification of patients, we
do come across patients in whom diagnosis is less straightforward. In such cases it is advised
to do more detailed studies, either in vivo (via the sunflower oil loading test, although this is
rarely done any longer at our center) and/or whole cell FA flux analysis in fibroblasts using
radiolabeled FAs such as [*H]-oleic acid (C18:1)***! and palmitate loading tests.*

In recent years we have witnessed a change in the laboratory diagnosis of mFAO-deficient
patients, and in fact any patient suspected to suffer from an inborn error of metabolism.
Indeed, revolutionary developments in the field of DNA sequencing technology now allow
exome and/or whole genome sequence analysis at an amazing speed, high fidelity, and
relatively low cost, thereby turning the original laboratory approach from metabolite to
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Fig. 4. Overview of acylcarnitine abnormalities in mFAO defects. Each of the enzymatic defects in mFAO leads to a distinct set of abnormalities of acylcarnitines,
which can be used for its reliable diagnosis.

CACT, carnitine acylcarnitine translocase; CPT, carnitine palmitoyltransferase; LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase; MCAD, medium-chain
acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase; SCHAD, short-chain 3-hydroxyacyl-CoA dehydrogenase; VLCAD, very-long-chain acyl-CoA
dehydrogenase.

enzyme to DNA upside down. As a result, in many cases molecular analysis—either in the
form of targeted sequencing of particular genes or gene panels, or in the form of whole
exome/genome sequencing—comes first after acylcarnitine profiling has been done.

It is important to emphasize, however, that functional analyses remain of the utmost
importance to verify the functional consequences of new mutations that are found. Indeed,
it regularly happens that new variants of unknown significance are found that require
functional studies, for instance in fibroblasts from patients, to establish whether or not
they are causal for the disease. This is all the more important since the consequences of
certain mutations, especially those causing amino acid substitutions, are very difficult to
predict using prediction programs like Polyphen and SIFT. An additional complication

that needs to be mentioned here is that many of the enzymes involved in mFAO operate as
multimeric proteins made up of identical subunits (VLCAD, MCAD, SCAD, etc.) or non-
identical subunits, as in MTP. Since the molecular basis of many mFAO deficiencies is often
heterogeneous, with different mutations from each parent, the consequences for the folding
and catalytic efficiency of the resulting enzyme proteins is even more difficult to predict.
For all these reasons we prefer to do detailed functional studies in fibroblasts of all mFAO-
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deficient patients, especially since whole-cell FA oxidation measurements in fibroblasts using
oleate as a substrate is a powerful prognostic marker that we use to predict outcomes and to
define personalized treatment/dietary strategies, as described for VLCADD for instance.*#

NEONATAL SCREENING OF mFAO DEFICIENCIES

Early diagnosis has long been known to reduce the risk of mortality among mFAO-deficient
patients. This is even true for “mild” deficiencies like MCADD. Indeed, a study by Iafolla
etal.® in 1994 in 120 MCADD patients revealed that 23 of the 120 patients had died before
the diagnosis was established and many of the 97 surviving patients had developmental

and behavioral disabilities, failure to thrive, chronic muscle weakness, and cerebral palsy

in different combinations. This explains why MCADD and other mFAOQ deficiencies have
been included in newborn screening programs around the world. This is also true for the
US, where these disorders are part of the newborn Recommended Uniform Screening
Panel. Newborn screening occurs by means of acylcarnitine analysis in dried blood spots,
which needs to be followed up by confirmatory testing to define the ultimate diagnosis. The
latter is especially important because of the occurrence of so-called false-positives. In our
center, we perform enzyme testing along with repeated acylcarnitine analysis as second-tier
tests in blood samples from newborn children, which usually resolves whether a patient

is truly enzyme-deficient or not. In addition to genetic confirmation, subsequent oleate
flux analysis in fibroblasts is then performed to estimate the extent of the FA oxidation
deficiency, especially since this has therapeutic consequences.* The importance of follow-
up confirmatory testing is also clear from other studies, including that conducted by Pena
et al.,* who performed studies in 52 VLCADD patients. The majority of diagnoses in these
52 patients was established using a combination of 2 different assays (37 of 52) with the
most common combination being plasma acylcarnitine analysis and genotyping (26 of 52)
whereas several individuals (7 of 52) had 4 or more different assays completed to confirm the
diagnosis. It should be noted that enzyme testing and/or functional studies in fibroblasts
were only performed in a minority of these patients (17 of 52).

PATHOPHYSIOLOGY AND TREATMENT

Regarding the pathophysiology of mFAO, 2 non-mutually exclusive mechanisms have been
proposed: 1) energy deprivation as a consequence of the block in mFAO; and 2) toxicity
caused by the accumulation of mFAO intermediates. The general notion is that energy
deprivation is involved in all mFAO disorders, whereas toxicity caused by intermediates

of mFAO only plays a role in patients affected by a defect in the oxidation of long-chain
FAs. Indeed, it has been argued that the intermediates that accumulate as a consequence
of a deficiency of an enzyme involved in long-chain FA oxidation (IcFAO) are at the basis

of the cardiac and skeletal muscle abnormalities observed in all IcFAO-deficient patients
and are also involved in retinopathy and neuropathy in LCHAD/MTP-deficient patients.

The intermediates implicated in this toxicity include long-chain acyl-CoAs and long-chain
acylcarnitines, which accumulate in cells and are known to interfere with many physiological
processes. This is especially true for long-chain acyl-CoAs, which are known to inhibit a
large variety of enzymatic reactions and are also powerful inhibitors of many mitochondrial
metabolite transporters.” This includes the mitochondrial ATP/ADP carrier, which

plays a key role in cellular metabolism by virtue of the fact that this carrier provides the
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extramitochondrial space with ATP synthesized by the oxidative phosphorylation system.
It should be noted that much of this work has been done with isolated enzymes and at best
with isolated mitochondria, but not in intact cells; therefore, there has always been some
skepticism regarding whether these in vitro findings would also hold true for intact cell
systems, especially since cells are equipped with a variety of different acyl-CoA binding
proteins with high affinity towards acyl-CoAs.”

The concept that the pathophysiology of mFAO disorders involves 2 different mechanisms
(energy deprivation and toxicity due to accumulating intermediates) has formed the basis for
the current treatment of patients, which is still very much dietary in nature. The treatment
is aimed at preventing catabolism by avoidance of fasting. In addition, in patients with a
defect in IcFAO, a long-chain triglyceride (LCT)-restricted diet, supplemented with medium-
chain triglycerides (MCT), can be advised to bypass IcFAO for energy production. Intake

of LCT and MCT is dependent on the specific type of IcFAO defect, the residual capacity to
oxidize long-chain FAs, and the age of the patient. Treatment guideline meetings have been
instrumental in defining the best treatment strategies.**° Institution of the best treatment
strategy remains difficult and should be based on each patient's residual capacity to oxidize
long-chain FAs. To this end, we recently developed a treatment strategy for VLCAD-deficient
patients based on a functional assay in fibroblasts that quantifies the extent to which mFAO
is defective in each individual patient using tritiated oleate as substrate.*

Apart from the dietary interventions described above, there are other therapeutic options
worth mentioning here.

1. Anaplerotic therapy of l[cFAO-deficient patients

The initial concept behind anaplerotic therapy came from Roe and colleagues,” and was based
on the notion that a defect in IcFAO not only leads to a block in mFAO, but also may inhibit
oxidation of glucose. This was supposed to be due to a deficit in citric acid cycle intermediates
including oxaloacetate, thereby hampering the oxidation of pyruvate as derived from glucose
to carbon dioxide and water. To circumvent this potential block in citric acid cycle activity,

Roe and colleagues® proposed anaplerotic therapy as a new dietary approach for IcFAO-
deficient patients and devised a brilliantly ingenious compound named triheptanoin, which

is a triglyceride consisting of 3 heptanoic (C7) acid molecules attached to a glycerol backbone.
Heptanoic acid can readily be oxidized just like any other medium-chain FA and thereby
generates 2 acetyl-CoA units and 1 propionyl-CoA unit. The advantage of propionyl-CoA is
that it feeds into the citric acid cycle at the level of succinyl-CoA via the concerted action of
propionyl-CoA carboxylase and methylmalonyl-CoA mutase. Propionyl-CoA thereby fills up
the citric acid cycle with 4-carbon intermediates including succinyl-CoA, succinate, fumarate,
malate, and oxaloacetate, so that the oxidation of acetyl-CoA as generated from pyruvate via
pyruvate dehydrogenase is no longer limited by oxaloacetate in the citrate synthase reaction.
Following the initial work of Roe et al.>*** showing improvement of cardiac and skeletal muscle
symptoms in a group of IcFAO-deficient patients, the potential of triheptanoin therapy has
been investigated, notably by Vockley and colleagues.>**’ Gillingham and colleagues® reported
the results of a double-blind randomized controlled trial in 32 IcFAO-deficient patients, which
revealed some improvement in cardiac parameters, including a decrease in the left ventricular
wall mass and a small increase in the ejection fraction. Unfortunately, triheptanoin did not
have any effect on rhabdomyolysis in these patients, which is especially disappointing since
rhabdomyolytic crises are so disabling in IcFAO-deficient patients. Recently, Vockley and
colleagues™ reported the results of a single-arm, open-label phase 2 study in which the safety
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and efficacy of triheptanoin was studied as administered for 78 weeks to 29 pediatric and adult
patients affected by a severe IcFAQO deficiency. The results revealed a reduction in the rate of
major clinical events compared to the pretreatment period, with improvements in walking
exercise tolerance and increased health-related quality of life, suggesting that triheptanoin
“may offer an improvement over existing disease management”. The results of an open-label,
long-term extension study were published very recently.”

2. Bezafibrate

Bezafibrate is a peroxisome proliferator-activated receptor (PPAR) agonist. Upon binding a
ligand, PPAR forms a heterodimer with the retinoic acid receptor RXR, followed by binding
to specific response elements (PPRE) in the promoter regions of a large variety of different
genes. Many of these PPAR-responsive genes code for proteins involved in lipid metabolism,
including the genes coding for both mFAO and pFAO enzymes. This explains why feeding
rats or mice with PPAR ligands like bezafibrate, clofibrate, and other fibrates stimulates

FA oxidation through the induced expression of many of the genes coding for these beta-
oxidation proteins. Djouadi and colleagues adopted this notion and discovered that the
residual activity of VLCAD could be stimulated by simply adding bezafibrate to the culture
medium of patients with VLCAD deficiency, at least when there was some residual activity
to be induced. Indeed, in patients with the severe form of VLCADD and no residual activity,
bezafibrate had no effect.”®* Similar results were obtained in fibroblasts from patients with
CPT2 deficiency and LCHAD/MTP deficiency.®

These promising results formed the basis for a clinical trial in CPT2-deficient patients,
which revealed improved exercise tolerance and a reduction in rhabdomyolytic crises in
patients.®*2 Furthermore, palmitate oxidation was increased when analyzed in vitro in muscle
biopsies from these patients. Later work has questioned the potential of bezafibrate as a
therapeutic agent for mFAO-deficient patients.® Indeed, a randomized clinical trial in CPT2-
deficient patients revealed no beneficial effect of bezafibrate in terms of exercise tolerance.
Furthermore, whole-body palmitate oxidation was not stimulated by bezafibrate. This work
has reduced the initial enthusiasm about bezafibrate as therapeutic agent.®® Nevertheless, the
idea of pharmacological upregulation of the residual activity of mFAO enzymes, making use
of the fact that many of the genes involved contain a PPRE in their promoter region, remains
highly attractive and should be followed up in future studies aiming to identify more selective
PPAR agonists than bezafibrate.

3. Ketone bodies

The ketone bodies 3-hydroxybutyrate and acetoacetate are normally produced in the liver
from FAs, followed by their transport to virtually all extrahepatic tissues, including the
brain, where they serve as a readily oxidizable substrate, especially under fasting conditions
(Fig. 5). The heart muscle can also oxidize ketone bodies and ketone body supplementation
has earlier been considered as a powerful means to provide enough energy equivalents to
patients. In fact, 3-hydroxybutyrate has been tried successfully in patients suffering from
MADD,* in whom mFAQ is defective because enzyme-bound FADH, cannot be reoxidized
due to a defect in the ETF-ETFDH system, which ultimately donates the electrons coming
from ACAD-bound FADH, to the respiratory chain at the level of ubiquinone (Fig. 5). A
drawback of 3-hydroxybutyrate as a therapeutic option is the fact that 3-hydroxybutyrate is
an anion at neutral pH; therefore, it cannot be administered in its acid form, but is instead
usually given to patients as a potassium or sodium salt, which may be contraindicated

in some patients, especially those with cardiac disease. To circumvent this potential
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Fig. 5. Ketogenesis and ketone oxidation. Acetyl-CoA coming from mFAO in the liver can be used for ketogenesis. Under specific nutritional and physiological
conditions such as prolonged fasting, these ketones can be used as energy substrates in other tissues, notably the brain but also heart, muscle and kidney.
Synthetic ketone esters (KE) can be orally consumed and provide additional and alternative energy substrate, for instance in patients with a defect in mFAO.
FA, fatty acid; BDH1, 3-hydroxybutyrate dehydrogenase type 1; SCOT/OXCT1, succinyl-CoA:acetoacetate transferase; ACAT1,mitochondrial acetoacetyl-CoA
thiolase; HMG-CoA,3-hydroxy-3-methylglutaryl-CoA.

salt problem, Clarke and colleagues devised a cleverly conceived alternative in which
3-hydroxybutyrate is chemically coupled to a second molecule (1,3-butanediol) via an ester
linkage, giving rise to the compound (R)-3-hydroxybutyl-(R)-3-hydroxybutyrate (in short, a
keto-ester).® Nutritional ketosis through the administration of this keto-ester has revealed
metabolic and performance benefit in athletes during exercise.®® We have recently tested the
efficacy of this keto-ester in 5 VLCAD-deficient patients and found an improved muscular
energy balance during exercise after ingestion of a single dose of the keto-ester.®” These
encouraging results obviously require further testing in a larger group of patients.

FUTURE DIRECTIONS

It is clear that much has been learned in recent years about the mFAO disorders, and the
inclusion of mFAO disorders in newborn screening programs around the world now allows
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the timely identification of patients before the occurrence of irreversible damage that in some
cases even culminates in early death. Nevertheless, much remains to be learned, especially

with respect to the therapeutic options for patients and the question of which patient qualifies
for what therapy. Studies aimed at inducing the residual activity of the deficient mFAO enzyme
should be pursued following different strategies, including the search for much more potent
PPAR activators than bezafibrate. In addition, the work on keto-esters as a source of readily
oxidizable substrate should be expanded, especially because this therapy, in contrast to PPAR
agonists, would also benefit patients with a severe phenotype due to non-inducible mutations.
One other aspect that definitely requires additional work has to do with the cardiomyopathy
and rhythm disturbances, which are serious complications in IcFAO-deficient patients and may
cause early death, especially in patients with a severe deficiency due to a low level of residual
activity. So far neither early detection by newborn screening nor rigorous dietary treatment

has been able to rescue these patients. In order to try and find a solution to this problem, we
have recently performed electrophysiological studies in cardiomyocytes derived from induced
pluripotent stem cells generated from skin fibroblasts from 2 different VLCADD patients.* The
mitochondrial booster resveratrol was found to mitigate the biochemical, electrophysiological,
and intracellular calcium changes in cardiomyocytes from the mildly affected patients, but

not in those from the severe patient. Importantly, the electrophysiological abnormalities in
cardiomyocytes from both the severely and mildly affected patient were markedly corrected by
etomoxir, which is a powerful inhibitor of CPT1. This finding suggests that the accumulation

of long-chain acylcarnitines, rather than that of long-chain acyl-CoAs, is at the basis of

the observed electrophysiological abnormalities, at least in the cardiomyocytes we studied
(compare Fig. 6A and B). This conclusion would be in line with the notion that patients affected
by CACT deficiency also show severe cardiac abnormalities which include arrhythmias and
cardiomyopathy. CACT deficiency leads to the accumulation of acylcarnitines in the cytosol, but
not inside mitochondria, so that the conclusion must be that long-chain acylcarnitines in the
cytosol are the true toxic agents causing heart disease in IcFAO-deficient patients. This is in line
with results from the 1990s in rodent cardiomyocytes that were exposed to high concentrations
of acylcarnitines and displayed marked rhythm disturbances.®” Future work will have to resolve
whether a therapy based on (partial) inhibition of mFAO in IcFAO-deficient patients, thereby
reducing intracellular acylcarnitine levels, would be a realistic therapeutic option for patients
using etomoxir or some other inhibitor of CPT1. Such studies are underway.

Etomoxir

FFA

CO,+H,0 COy+H,0

Fig. 6. Rationale for substrate reduction therapy with etomoxir in mFAO defects. (A) A defect in beta-oxidation involves the impaired oxidation of fatty acids
which leads to limited energy from these substrates but also to accumulation of acylcarnitines and acyl-CoAs. (B) Treatment with the CPT1 inhibitor etomoxir
does not repair the primary block in energy production from fatty acids, but it prevents the accumulation of acylcarnitines.

CPT, carnitine palmitoyltransferase; FFA, free fatty acid.
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