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Summary
Fatty acids (FAs) are components of cell membrane, enzymes, and hormones and are one of the
most important energy sources for many organisms. There are several types of fatty-acid oxidative degradation processes in the cell, namely alpha-, beta-, and omega-oxidation, which take place in specialized cellular structures: mitochondria and peroxisomes. The best-known pathway is
b-oxidation taking place in the matrix of mitochondria. It is responsible for the degradation of straight-chain FAs. The pathway of b-oxidation of fatty acids is comprised of at least 25 enzymes and
speciﬁc transport proteins. Deﬁciencies in 18 of them have been demonstrated to cause disease
in humans. These diseases show a wide variety of symptoms, which can be expressed at random,
one at a time, or in sets, characteristic of the individual rather than the metabolic character of the
disease. Disorders of b-oxidation are believed to cause about 1–3% of unexplained sudden infant
deaths (SIDS). Acute fatty liver of pregnancy (AFLP) and the syndrome of hemolysis, elevated liver enzymes, and low platelets (HELLP syndrome), which have signiﬁcant neonatal and maternal
morbidity and mortality, have also been associated with b-oxidation deﬁciency in fetuses. This review summarizes recent observations on disorders associated with fatty-acid oxidation: deﬁciencies of b-oxidation enzymes, namely VLCAD, TFP and LCHAD, MCAD, MCKAT, M/SCHAD,
and SCAD, and deﬁciencies of the enzymes TCP I, CT, and CPT II of the carnitine cycle.
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Streszczenie
Kwasy tłuszczowe (FA) są składnikiem błon komórkowych, enzymów, hormonów oraz jednym
z najważniejszych źródeł energii dla wielu organizmów. W komórce odbywa się wiele procesów
oksydacyjnej degradacji kwasów tłuszczowych: alfa-, beta- oraz omega-oksydacja, które zachodzą
w wyspecjalizowanych organellach komórkowych – mitochondriach i peroksysomach. Najlepiej
poznanym szlakiem jest b-oksydacja zachodząca w matriks mitochondrium. Odpowiada ona za
degradację prostych łańcuchów kwasów tłuszczowych. Szlak b-oksydacji kwasów tłuszczowych
składa się z co najmniej 25 enzymów i wyspecjalizowanych białek transportowych. Stwierdzono,
że deﬁcyty 18 z nich powodują choroby u ludzi. Zaburzenia te przedstawiają dużą różnorodność
symptomów, które mogą się objawiać pojedynczo lub w zestawach objawów, charakterystycznie
raczej dla indywidualnych przypadków niż metabolicznego charakteru zaburzenia. Uważa się, że
zaburzenia b-oksydacji powodują 1–3% przypadków zespołu nagłej śmierci niemowląt (SIDS).
Ostre stłuszczenie wątroby ciężarnych oraz zespół niedokrwistości hemolitycznej, podwyższonych enzymów wątrobowych i małopłytkowości, przedstawiające znaczącą zapadalność i śmiertelność wśród noworodków oraz matek również są łączone z zaburzeniem b-oksydacji u płodu.
Poniższy przegląd podsumowuje aktualne obserwacje na temat zaburzeń związanych z oksydacją kwasów tłuszczowych: niedoborów aktywności enzymów b-oksydacji, tj. VLCAD, TFP oraz
LCHAD, MCAD, MCKAT, M/SCHAD, SCAD, a także niedoborów aktywności enzymów cyklu karnitynowego: CPT I, CT i CPT II.

Słowa kluczowe:
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AFLP – acute fatty liver of pregnancy; CACT – carnitine/acylcarnitine translocase;
CAT – carnitine transporter; CPT I – carnitine palmitoyltransferase I (liver); CPT II – carnitine
palmitoyltransferase II; ETF/ETFDH – electron-transport ﬂavoprotein/electron-transport
ﬂavoprotein dehydrogenase; FATP – fatty acid transport protein; HELLP – hypertension, elevated
liver enzymes, and low platelets; MCAD – medium-chain acyl-CoA dehydrogenase;
MCKAT – medium-chain 3-oxoacyl-CoA thiolase; MCT – medium-chain triglyceride;
MTP – mitochondrial trifunctional protein (including long-chain enoyl-CoA hydratase, long-chain
3-hydroxyacyl-CoA dehydrogenase, and long-chain 3-oxoacyl-CoA thiolase); SCAD – short-chain
acyl-CoA dehydrogenase; SCHAD – short-chain 3-hydroxyacyl-CoA dehydrogenase; SCKAT – shortchain 3-oxoacyl-CoA thiolase; SIDS – sudden infant death syndrome; VLCAD – very-long-chain
acyl-CoA dehydrogenase.

FATTY ACIDS AND THE PATHWAYS OF THEIR DEGRADATION
Fatty acids (FAs) are components of cell membrane, enzymes, and hormones and are one of the most important
energy sources for many organisms. The primary sources of fatty acids are triglycerides, esters of glycerol, and
three identical or different fatty acids which are the main
components of animal fats and plant oils. Chemically, fatty acids are a group of compounds containing a long aliphatic chain and a carboxylic group; in other words, they
are carboxylic acids containing at least eight carbon atoms.
The carbon chain can be either saturated or mono- or polyunsaturated as well as straight or branched. The majority of natural fatty acids contains an even number of carbons because they are synthesized from acetyl-CoA. The
digested triglycerides are hydrolyzed into monoglycerides
and free fatty acids by lipases in order to pass through the
intestinal wall. After this they are re-formed and released
into the lymph and blood stream in chylomicrons or liposomes, lipoproteins in which proteins have charged groups
directed outwards, which makes them soluble in salt solutions such as blood, or as free fatty acids. Furthermore,
they can be stored in adipose tissue or hydrolyzed and oxidized by tissues that require energy. The transport of free
fatty acids through the cell membrane and cytoplasm is accomplished by speciﬁc transporter molecules with the aid
of fatty acid-binding proteins [29,33,71,72].
There are several types of fatty-acid oxidative degradation
processes in the cell, namely alpha-, beta-, and omega-oxidation, which take place in specialized cellular structures:
the mitochondria and peroxisomes. The best-known pathway is b-oxidation taking place in the matrix of mitochondria. It is responsible for the degradation of straight-chain FAs. Long-chain fatty acids require activation before
they enter the matrix, which is achieved by the formation
of a thioester bond between the acid and CoA. The reaction is catalyzed by acyl-CoA synthase on the outer mitochondrial membrane with consumption of energy from

ATP. The released pyrophosphate is immediately hydrolyzed by pyrophosphatase, which drives the reaction forward.
Furthermore, very-long-chain and long-chain FAs are actively transported into the mitochondrium by a set of enzymes, i.e. carnitine palmitoyl transferase I located on the
inner side of the outer mitochondrial membrane and acylcarnitine translocase and carnitine palmitoyl transferase II
present on the inner side of the inner membrane. The ﬁrst
of these converts acyl-CoA into acylcarnitine, which requires a molecule of carnitine. Acylcarnitine translocase
transports the acylcarnitine through the inner mitochondrial membrane and, ﬁnally, restores acyl-CoA in the matrix. The liberated carnitine is exchanged for another incoming molecule of acylcarnitine. Medium- and short-chain
fatty acids are thought to enter the mitochondrial matrix
directly [41].
b-oxidation represents a spiral pathway that can be divided into four repetitive enzymatic reactions resulting in
the cleavage of two-carbon-unit acetyl-CoA. In the ﬁrst
step, acyl-CoA is dehydrogenated by a member of the
FAD-dependent acyl-CoA dehydrogenases family, which
shows high speciﬁcity to substrate chain length. Secondly,
the obtained 2-enoyl-CoA is hydrated to 3-hydroxyacylCoA, which undergoes NAD-dependent 2,3-dehydrogenation to produce 2-ketoacyl-CoA. Finally, a speciﬁc thiolase
cleaves the thioester bond, releasing acetyl-CoA and acylCoA, which is two carbons shorter and can enter another
turn of the spiral. The process is repeated until the whole
molecule has been reduced to acetyl-CoA molecules. One
turn of the b-oxidation spiral yields 14 ATP molecules [6].
Fatty acids with an odd number of carbons are degraded in
the same way, but the product of the last turn is propionylCoA, which is converted into succinyl-CoA and enters the
tricarboxylic acid cycle. The long-chain acyl-CoA dehydrogenase (VLCAD) and the trifunctional protein complex (TFP),
expressing the enzymatic activities of long-chain enoyl-CoA
hydratase, L-3-hydroxyacyl-CoA dehydrogenase (LCHAD),
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Figure 1. Mitochondrial b-oxidation spiral [28,72]
and thiolase, are located on the inner mitochondrial membrane, while medium-chain acyl-CoA dehydrogenase (MCAD),
short-chain acyl-CoA dehydrogenase (SCAD), short-chain
enoyl-CoA hydratase, short-chain L-3-hydroxyacyl-CoA dehydrogenase (SCHAD), and short-chain thiolase are present
in the mitochondrial matrix [17,18,43,58,71,72].
Unsaturated fatty acids undergo the same reactions until
the cis- conﬁguration double-bond, usually present in these compounds, prevents the formation of a trans-conﬁguration molecule which is a substrate for acyl-CoA dehydrogenase and enoyl-CoA hydratase. Odd-numbered
double-bonds are handled by cis-d3-enoyl-CoA isomerase and even-numbered bonds by 2,4-dienoyl-CoA reductase, which creates an odd-numbered double-bond subsequently adjusted by the isomerase [59].
The variation of b-oxidation taking place in peroxisomes
is speciﬁc only to very-long-chain and long-chain fatty
acids. Although the mitochondrial and peroxisomal enzymes have different genetic origins, the mechanisms of reaction in mitochondria and peroxisomes are similar except
for the second step after activation in which peroxisomes
utilize acyl-CoA oxidase, which transfers the electrons to
oxygen, yielding hydrogen peroxide instead of ATP, further converted to water and oxygen by catalase. Another
attempt is required for methyl-branched fatty-acid degradation, which is achieved by peroxisomal a-oxidation in
which they are shortened by one carbon. Phytanic acid is
the only established physiological substrate of a-oxidation
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in humans. First its CoA derivative is synthesized by a speciﬁc synthetase with the use of one ATP molecule and then
it undergoes hydroxylation on á-carbon. Further steps are
thiamine pyrophosphate-dependent cleavage and aldehyde dehydrogenation, which lead to the formation of CO2
and formyl-CoA. The last known type of FA oxidation is
w-oxidation. It is a three-step process resulting in the formation of dicarboxylic acids. First, monocarboxylic fatty
acid undergoes w-hydroxylation catalyzed by mono-oxygenase associated with the endoplasmic reticulum. The
resulting w-hydroxymonocarboxylic acid is oxidized by
cytosolic long-chain alcohol and aldehyde dehydrogenases to w-ketomonocarboxylic acid and, ﬁnally, dicarboxylic acid. Dicarboxylic acids can be activated by a microsomal dicarboxylyl-CoA synthetase and undergo peroxisomal
b-oxidation from both ends [25,77].

GENERAL CHARACTERISTICS OF B-OXIDATION DISORDERS
The pathway of b-oxidation of fatty acids is comprised
of at least 25 enzymes and speciﬁc transport proteins.
Deﬁciencies in 18 of them have been demonstrated to cause disease in humans. All the defects identiﬁed so far seem
to be inherited in an autosomal recessive fashion, although
obligate heterozygotes have been found to have intermediate levels of enzyme activity [72]. These diseases show a
wide variety of symptoms, which can be expressed at random, one at a time, or in sets, characteristic of the individual rather than the metabolic character of the disease. What
is more, the signs of the disorders, including biochemical
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Table 1. Enzymes involved in mitochondrial β-oxidation [72]
Enzyme

Proven clinical
disorder

Fatty-acid transport and activation
Fatty-acid transporter(s) (plasma membrane)

Yes

Acyl-CoA synthetase(s)

No

Carnitine cycle
Plasma membrane carnitine transporter

Yes

CPT I (liver)

Yes

CPT I (muscle)

No

Carnitine/acylcarnitine translocase

Yes

CPT II

Yes

Mitochondrial β-oxidation spiral
VLCAD (membrane)

Yes

LCAD (matrix)

No

MCAD

Yes

SCAD

Yes

Electron-transferring flavoprotein
ETF: ubiqiunone oxidoreductase
Trifunctional protein

Yes (all activities)

Long-chain 2-enoyl-CoA hydratase
Long-chain 3-hydroxyacyl-CoA
dehydrogenase

Yes (isolated)

Crotonase (short-chain 2-enoyl-CoA hydratase

No

M/SCHAD

Yes

Short-chain 3-ketoacyl-CoA thiolase

Yes

Medium-chain 3-ketoacyl-CoA thiolase

Yes

Enzymes of β-oxidation of unsaturated fats
Long-chain Δ3, Δ2-enoyl-CoA isomerase

No

Short-chain Δ3, Δ2-enoyl-CoA isomerase

No

2,4-dienoyl-CoA reductase

Possible

abnormalities, are not persistent and may not be evident
when the patient is between episodes of metabolic crisis.
Generally, the symptoms can be associated with energetic deﬁciency in fatty-acid-oxidation-dependent (FAOdependent) tissues, such as the heart, liver, and muscle,
and also with the secretive and toxic properties of the accumulating intermediates. They may be triggered by prolonged fasting, exercise, infection, exposure to cold, or fat
-rich diet [6,17,18,19,42].
Energetic deﬁciency of the heart may cause cardiomyopathy
and cardiac arrhythmia. The accumulation of fatty acids in

the liver and muscles will result in fatty liver and hepatomegaly, muscle weakness, or hypotonia. b-oxidation disorders
are often misdiagnosed as Reye’s syndrome. Patients may
also show recurrent episodes of rhabdomyolysis and myoglobinuria as well as peripheral neuropathy. Progressive
retinopathy can be observed mostly in long-chain FA oxidation disorders [46].
w-oxidation disorders present a paroxysmal character. Usually
the ﬁrst observed sign of the incoming metabolic crisis is a
change in behavior, unusual irritability or lethargy, sometimes accompanied by vomiting or poor appetite. It is often
associated with hypoketotic or mildly ketotic hypoglycemia,
probably caused by hepatic glycogen deﬁciency and impaired gluconeogenesis, which can lead to coma or sudden death. However, low blood sugar levels may not appear until
the metabolic crisis is well developed and are therefore not
a deﬁnite indicator of the state [51,58]. The second symptom is a quick build-up of metabolic acidosis with or without hyperammonemia. Hyperammonemia is a result of secondary urea cycle dysfunction due to decreased availability of
N-acetylglutamate and acetyl-CoA. Because of the blockage
of b-oxidation, the accumulating fatty acids are processed by
b-oxidation, which yields the characteristic dicarboxylic acids
detectable in these disorders. As recurrent myoglobinuria can
damage the kidneys, increased levels of serum creatine kinase
and hyperuricemia may be observed. Fatty-acid oxidation disorders, except for CPT II deﬁciency, cause a secondary carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate) deﬁciency because excess fatty acids are removed in the form of
acylcarnitines by the elimination of carnitine-fatty acid esters from the blood through the kidneys [62].
b-oxidation disorders are believed to cause about 1–3% of
unexplained sudden infant deaths (SIDS). A postmortem
diagnosis is difﬁcult because some disorders of b-oxidation
cause minimal or no tissue changes. Diagnosis may be accomplished by the study of organic and fatty acids in urine and blood, histological and biochemical analysis of the
liver, acylcarnitine proﬁling in bile and dried blood spots,
and a study of fatty-acid oxidation in cultured ﬁbroblasts.
Proper diagnosis can help protect present and future siblings of SIDS victims [5,6,65,73].
Acute fatty liver of pregnancy (AFLP) and the syndrome
of hemolysis, elevated liver enzymes, and low platelets
(HELLP syndrome), which carry signiﬁcant neonatal and
maternal morbidity and mortality, have also been associated with b-oxidation deﬁciency in fetuses, mainly LCHAD,
although cases affected with CPT I, MCAD, and SCAD
have also been reported [45,65]. The exact mechanism of
development of these severe diseases of the third trimester
of pregnancy is unclear. Pregnant women who are obligate heterozygotes have reduced activity of enzymes of fatty-acid b-oxidation. Conditions of increased energy requirement, as in pregnancy, result in increased triglyceride
breakdown, which cannot be further processed efﬁciently.
The accumulating FAs from disabled maternal and fetal boxidation may act as maternal hepatic toxin [6,36,60,68].

CARNITINE CYCLE
The carnitine palmitoyltransferase system is made up of two
separate proteins, carnitine palmitoyltransferase 1 (CPT1),
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which is tightly bound to the outer mitochondrial membrane, and carnitine palmitoyltransferase 2 (CPT2), which is
loosely associated with the inner membrane, and it is aided
by carnitine acylcarnitine translocase (CACT). It is responsible for the transport of long-chain fatty acids through the
mitochondrial membrane. CPT1 catalyzes the formation of
long-chain acylcarnitine from acyl-CoA and L-carnitine.
CPT2 restores the acyl-CoA and releases free carnitine into
the matrix. Carnitine acylcarnitine translocase exchanges
acylcarnitine from the cytosol for free carnitine from the
mitochondrial matrix. Although the carnitine cycle is not literally a step in mitochondrial b-oxidation, these cycles are
strictly bound and it is generally agreed that the total ﬂux
of FAs in b-oxidation is regulated mainly by CPT1 [65].
Deﬁciency of CPT in a human was ﬁrst described in 1973,
when the CPTs were believed to be a single protein [22].
CPT I deficiency
Carnitine palmitoyltransferase I exists in three tissuespeciﬁc isoforms. The liver isoform (L-CPT1 or CPT1A)
is present in the liver, lymphocytes, and ﬁbroblasts, the
muscle isoform (M-CPT1 or CPT1B) mainly in skeletal
muscle, and the recently described brain isoform (CPT1C)
has been found exclusively in the brain [10].
L-CPT1 is a single polypeptide, 773 amino acids long and
from a 4.7 kb transcript, containing both inhibitor-binding
and catalytic sites. Its gene is located on chromosome 11q13.
1-q13.5 [9]. The mutations causing L-CPT1 deﬁciency are
mainly private mutations distributed throughout the entire
sequence of the gene. Twenty-one of them are point mutations, ﬁve of which are nonsense mutations, one splice
mutation on intron 15, and missense mutations, among
which can be distinguished mutations affecting the active
site functional determinant directly and indirectly by affecting the structural determinant [10]. The onset of L-CPT1
deﬁciency usually becomes apparent between a few days
and 18 months of life in the form of a paroxysmal Reyelike attack with hypoketotic hypoglycemia or hepatomegaly with or without acute liver failure and subsequent hypoglycemic attacks and elevated creatine kinase level, liver
enzymes, and ammonia in plasma. Organic aciduria may
not be prominent in this disorder, but distal renal tubular
acidosis is usually found during acute metabolic episodes
[71,72]. Mild dicarboxylic aciduria without the presence
of ketone bodies may be occasionally found in urine. Most
often there is no heart involvement, but in several cases slight cardiomegaly, heart-beat disorders, or myocardial steatosis were reported. Neurologic deﬁcit is common, but it
is probably rather a result of the initial insult than inborn.
The most characteristic feature of this disorder, present
exclusively in CPT1 deﬁciency among all the b-oxidation
disorders, is elevated plasma carnitine level [9].
M-CPT1 exhibits 63% amino-acid identity with L-CPT1
and has a smaller transcript size (3 kb). Its gene is located on chromosome 22q13.31-q13.32. To date there have
been no cases of either M-CPT1 or CPT1C deﬁciency reported. There might be several explanations:
1) deﬁciency of these enzymes is lethal in early embryonic
life,
2) the disease has not been identiﬁed in the pool of undeﬁned inherited disorders,
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3) it is scarcely possible that such a deﬁciency would not
lead to noticeable health problems because of the important role these enzymes play in the heart and brain.
CPT II deficiency
The CPT2 gene is located on chromosome 1p32. The predicted product of its 3-kb transcript is 658 amino acids
long. In CPT2 deﬁciency, the long-chain acylcarnitines are
translocated across the inner mitochondrial membrane, but
they are not efﬁciently recovered to acyl-CoA. Although
CPT2 is present in one isoform in all tissues, its deﬁciency presents in three phenotypes of different severity: an
adult-onset, an infantile, and a neonatal form. This may
be explained by the level of residual activity of CPT2 sufﬁcient to maintain b-oxidation ﬂux varies among tissues.
The phenotypic presentation can be highly variable, even
in one family [9]. Of the over 40 characterized mutations
distributed throughout the entire coding sequence, three
genotypic subsets have been distinguished:
1) 17 “mild” mutations associated with the adult-onset phenotype, including a mutation exchanging serine for leucine at position 113 (S113L) on exon 3 and several mutations located on exons 4 and 5;
2) 8 mutations associated with the infantile form of disease located on exons 4 and 5;
3) 6 mutations determined in compound heterozygotes,
whose phenotype severity depends on the presence of
the mutation from subset one (“mild”) or subset two
(“severe”).
Mutations of the ﬁrst subset cause adult-onset disease or
the “mild” phenotype in homozygous or compound heterozygous persons, while mutations of the second subset
cause the “severe” disease phenotype. In compound heterozygotes with mutations of both sets, the mild form is
prevalent. In the third subset the severity depends on the
presence of the mutation of subset one, which will cause
the “mild” phenotype, or subset two, resulting in “severe”
phenotype. One mutation exchanging arginine for cysteine at position 631 (R631C) has been found to cause both
the mild and severe phenotypes in homozygous persons,
which suggests the existence of additional factors determining the severity of the disease [10, 82].
The adult form of CPT2 deﬁciency is generally restricted
to a muscular symptomatology. First symptoms usually appear between 6 and 20 years of age, with recurrent attacks
of myalgia, muscle stiffness or weakness, and myoglobinuria, most often induced by exercise but sometimes also by
emotional stress, viral infections, fever, exposure to cold,
fasting, or a fatty diet [42]. These attacks can last from a
couple of hours to several weeks and are severe enough to
lead to acute renal failure and respiratory insufﬁciency if
respiratory muscles are involved. Patients are well between attacks. Serum creatine kinase and transaminases levels
can be elevated 20- to 400-fold during the metabolic crisis. Fasting ketogenesis is delayed or decreased, but there is usually no hypoglycemia. Total serum carnitine level
is low or normal, with a signiﬁcantly elevated fraction of
acylcarnitines. About 20% of patients had elevated triglyceride levels in serum and a comparable proportion of patients had lipid secretion in muscle accompanied by other
structural anomalies, i.e. atrophy and necrosis of type I
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muscle ﬁbers. Dicarboxylic aciduria is usually undetectable [9,21,54,55,71,72].
The onset of the infantile form is usually between 6 and
24 months with recurrent liver failure, transient hepatomegaly, or hypoketotic hypoglycemia leading to coma
or seizures, caused by fasting or febrile illness, although
in several cases the precipitating factors are unknown.
About half of the cases show heart involvement, i.e. dilated or hypertrophic cardiomyopathy or arrhythmia and
conduction disorders, which may recede spontaneously.
Laboratory ﬁndings reveal metabolic acidosis and hyperammonemia during attacks and almost constant low total and free carnitine, high long-chain acylcarnitines in
plasma, which may point to the possible existence of a
system which transports acylcarnitines out of mitochondria, and hepatic steatosis. The infantile form is a frequent cause of sudden death due to paroxysmal heart beat
and Reye’s syndrome [26].
The last and most severe form probably has a prenatal onset because fetal dysmorphic features can be detected ultrasonographically or soon after birth. Patients suffer from
cystic renal dysplasia and neuronal migration defects, seizures, hepatomegaly, cardiomegaly, and rhythm and conduction disorders, often accompanied by metabolic acidosis and hyperammonemia. All affected children die shortly
after birth, from a few hours to four days, due to respiratory distress and hypoglycemia [10,54,55,58].
Carnitine/acylcarnitine translocase deficiency
Carnitine-acylcarnitine transferase is a transporter protein located in the mitochondrial membrane which catalyses the exchange between carnitine from the mitochondrial matrix and different acylcarnitine species. The gene
encoding CATC, 16.5 kb long, is located on chromosome
3p21.31. It comprises 9 exons and 8 introns. The mRNA
transcript is 1250 bp long with an open reading frame of
903 bp. The translation product’s amino-acid sequence reveals three homologous structural domains, each of about
100 amino acids, containing two membrane-spanning alpha-helices joined by hydrophobic regions, characteristic
of the mitochondrial carrier-protein family. Nine mutations
causing CATC deﬁciency have been identiﬁed, among them
three point deletions (one resulting in incorrect splicing),
two missense and two nonsense mutations, one point insertion, and one splice-site mutation. Two other incorrect
splices resulting in exon 3 and 7 deletion were noted, but
the mutations remain unidentiﬁed. Although CATC deﬁciency presents a broad spectrum of phenotypes, no strict
division of phenotypes has been established so far [61,62].
CATC deﬁciency presents with severe hypoketotic hypoglycemia, severe secondary carnitine deﬁciency, mild hyperammonemia, ventricular arrhythmia, progressive muscle
weakness, and episodes of coma triggered by intercurrent illness or fasting [53]. Patients are profoundly weak
for 2–3 weeks after the metabolic crisis. Organic aciduria
is usually not prominent. The acylcarnitine proﬁle of patients affected with CATC deﬁciency is identical to that
of a CPT2-deﬁcient person; therefore the enzymatic defect has to be conﬁrmed by direct determination of CATC
activity in mitochondria [62,72].

b-OXIDATION DISORDERS
During the last 25 years at least 22 different inborn defects
in mitochondrial fatty-acid oxidation enzymes and transport proteins involved in the oxidation of fatty acids have
been described. Due to the extensiveness of this group of
disorders, this review will consider only defects of enzymes
of the main pathway of saturated fatty-acid mitochondrial
b-oxidation, namely very-long-chain acyl-CoA dehydrogenase, mitochondrial trifunctional protein, medium-chain
acyl-CoA dehydrogenase, medium-chain 3-ketoacyl-CoA
thiolase (also referred to as short-chain 3-oxoacyl-CoA thiolase), 3-hydroxyacyl-CoA dehydrogenase, and short-chain acyl-CoA dehydrogenase. Short-chain 3-ketoacyl-CoA
thiolase (or mitochondrial acetoacetyl-CoA thiolase, T2) is
an enzyme of isoleucine and ketone body metabolism and
is therefore not recognized as a part of the b-oxidation pathway. Of the many clinical problems encountered in these disorders, hypotonia, myopathy (often with lipid storage), peripheral neuropathy, recurrent rhabdomyolysis, and
hypoglycemia are frequent.
VLCAD deficiency
Very-long-chain acyl-CoA dehydrogenase (VLCAD) is a
homodimeric enzyme located on the inner mitochondrial
membrane with substrate speciﬁcity for long-chain FAs
(>16 carbons) using electron-transfer ﬂavoprotein (ETF)
as an electron acceptor [27]. It is a rate-limiting enzyme
of b-oxidation ﬂux. The human VLCAD gene was located on chromosome 17 between bands p11.2 and p11.13105.
It is about 5.4 kb long and contains 20 exons. The activity of VLCAD overlaps with that of LCAD. The existence of LCAD deﬁciency remains questionable because of
the very low activity of this enzyme in ﬁbroblasts and heart and its insigniﬁcant role in energy production. All patients suspected of LCAD deﬁciency were re-diagnosed
as VLCAD deﬁcient [12].
The ﬁrst VLCAD-deﬁcient patient was characterized in
1993 by C. Vianey et al. [70]. Further ﬁndings proved the
existence of three phenotypes: severe or cardiomyopathic
(VLCAD-C), mild or hypoglycemic (VLCAD-H). and lateonset or myopatic (VLCAD-M). The ﬁrst is characterized
by an early onset of symptoms, mainly hypertrophic cardiomyopathy, hepatomegaly, and a high incidence of death
in the course of the ﬁrst metabolic crisis, while the second
presents mainly with hypoketotic hypoglycemia and hepatic symptoms. The third phenotype comprises adults who
do not show cardiac and hepatic symptoms but who suffer
from muscle weakness. The mutations causing VLCAD deﬁciency consist of different missense, nonsense, and splice mutations. The most severe phenotype is often caused
by null mutations. However, no pattern or most frequent
mutation allowing for direct genetic diagnosis has been found. What is more, the residual enzyme activity does not
correlate with phenotype. Nevertheless, the incubation
of VLCAD-deﬁcient ﬁbroblasts with palmitate revealed
two patterns of accumulating long-chain acylcarnitines,
suggesting different chain-length speciﬁcities for the two
phenotypes in VLCAD deﬁciency [31]. Similar patterns
were obtained in tests with unsaturated fatty acids, which
led to the conclusion that VLCAD also contributes to the
2,3-dehydrogenation of cis-5- and trans-5-acyl-CoA [59].
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Table 2. The discovery of certain mitochondrial β-oxidation disorders and recent updates [31]
Year disease discovered

Typical organ involvement

Recent updates

Transporters
FATP (plasma membrane)

1998, Odaib [49]

Liver

Rinaldo 2002 [57]

CAT (plasma membrane)

1975, Karpati [40]

Liver, heart, muscle

Wang 2001 [76]

CACT (mitochondrial membrane)

1992, Stanley [67]

Heart, liver, muscle

Hsu 2001 [35]

CPT I (liver)

1981, Bougneres [11]

Liver

Bonnefont 1999 [9]

CPT II

1973, DiMauro [22]

Heart, liver, muscle

Bonnefont 1999 [9]

ETF/ETFDH

1976, Przyrembel [56]

Heart, liver, muscle

Frerman 2001 [27]
Olsen 2003 [52]

VLCAD

1993, Bertrand [8]

Heart, liver, muscle

Andresen 1999 [4]

LCHAD

1989, Wanders [73]

Liver, heart, muscle

Hintz 2002 [34]

LCKAT

1992, Hintz [34]

Liver, heart, muscle

Hintz 2002 [34]

MCAD

1976, Gregersen [32]

Liver

Andresen 2001 [3]

SCHAD

1991, Tein [69]

Liver

Clayton 2001 [15]

SCKAT

1997, Kamijo [38]

Liver, muscle

–

SCAD

1987, Amendt [1]

Muscle, brain

Corydon 2001 [16]

Enzymes (mitochondrial membrane)

MTP

Enzymes (mitochondrial matrix)

CACT – carnitine/acylcarnitine translocase; CAT – carnitine transporter; CPT I – carnitine palmitoyltransferase I (liver); CPT II – carnitine palmitoyltransferase
II; ETF/ETFDH – electron-transport flavoprotein/electron-transport flavoprotein dehydrogenase; FATP – fatty-acid transport protein; MCAD – mediumchain acyl-CoA dehydrogenase; MTP – mitochondrial trifunctional protein (including long-chain enoyl-CoA hydratase, long-chain 3-hydroxyacylCoA dehydrogenase, and long-chain 3-oxoacyl-CoA thiolase); SCAD – short-chain acyl-CoA dehydrogenase; SCHAD – short-chain 3-hydroxyacyl-CoA
dehydrogenase; SCKAT – short-chain 3-oxoacyl-CoA thiolase; VLCAD – very-long-chain acyl-CoA dehydrogenase.
TFP and LCHAD deficiency
Mitochondrial trifunctional protein (TFP) is an enzymatic
complex that catalyzes the last three steps of long-chain fatty-acid oxidation. It comprises four a-subunits catalyzing
the hydration of long-chain enoyl-CoA and the dehydrogenation of long-chain L-3-hydroxyacyl-CoA (LCHAD)
and four b-subunits harboring long-chain 3-ketoacyl-CoA
thiolase (LKAT) activity. Their genes are located separately in the same region of chromosome 2p23 [39].
Mutations can affect either the a- or b-subunits. Null mutations are more frequent in the a-subunit, while missense mutations predominate in the b-subunit. The most common disability of TFP is an isolated LCHAD deﬁciency.
It is often caused by a mutation exchanging glutamic acid
to glutamine at position 474 (E474Q) in the catalytic site
of the a-subunit, with occurrence in 60% of abnormal alleles. Mutation in each of the subunits can destabilize the
whole complex and speed up degradation, which results
in general TFP deﬁciency. Mutations in both subunits, regardless of the type of deﬁciency, yield three heterogeneous phenotypes: a lethal cardiomyopathic form, an infantonset hepatic form, and a late-onset neuromyopathic form.
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The lethal phenotype is characterized by severe dilated cardiomyopathy, lactic acidosis and Reye-like syndrome, hypoketotic hypoglycemia, and neonatal death. The hepatic
phenotype’s onset is in the ﬁrst months of life, presenting
with episodes of hypoketotic hypoglycemia, lactic acidemia, and lethargy. The late-onset neuromyopathic form is
characterized by progressive peripheral neuropathy and
episodic myoglobinuria. Most patients suffer from chronic
nonspeciﬁc symptoms before the metabolic crises, such as
failure to thrive, cholestatic liver, hypotonia, and recurrent
muscle cramps, which may be caused by the accumulation
of long-chain acyl-CoA esters. Progressive retinis pigmentosa is a long-term consequence of both isolated LCHAD
and TFP deﬁciencies [20,34,37,39,44,66,73].
MCAD deficiency
Medium-chain acyl-CoA dehydrogenase is the ﬁrst enzyme
in the chronological sequence of b-oxidation enzymes that
is not bound to the mitochondrial membrane, but suspended in the matrix. The human MCAD gene is 44 kb long
and encodes a 421-amino-acid precursor protein which is
imported into the mitochondria, where it undergoes folding
assisted by the chaperones Hsp70 and Hsp60 and assem-
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bly to the mature MCAD homotetramer [2]. Medium-chain
acyl-CoA dehydrogenase deﬁciency was ﬁrst described in
1976 [32]. It is the most common defect of b-oxidation in
humans, with a frequency in the population estimated at
1/15,000 [3]. The most common mutation causing MCAD
deﬁciency is the transition of adenine to guanine at position
985 (985A–>G), resulting in a missense mutation which
subsequently exchanges lysine for glutamic acid at position
304 (K304E) in the protein. It is present in 80% of affected homozygous people and on one of the alleles in a further 18%, leaving 2% for rare sequence variations on both
alleles. The exchanged amino acid is located at the site responsible both for folding the monomer and assembling
the tetramer; thus it disrupts the process of folding and alters the stability of the protein [30,31]. Another reported
mutation substitutes Y for H at position 42 (Y42H) [48].
In spite of the genetic uniformity, the phenotypic presentation of MCAD deﬁciency is quite heterogeneous and may
be modulated to a variable extent by the available number
of chaperonins [50]. It usually includes hypoketotic hypoglycemia with lethargy, which may eventually develop into
coma. Disease presentation may occur at any time of life.
During episodes of acute metabolic decompensation, patients show urinary excretion of C6-C10 dicarboxylic acids.
Cardiac symptoms characteristic of longer-chain oxidation
disorders caused by energetic deﬁciency give in for the consequences of the hepatotoxic properties of acylcarnitines.
Although MCAD deﬁciency is regarded as one of the mildest b-oxidation disorders, 20-25% of patients die suddenly at the ﬁrst presentation of the disease [2].

tions of its gene at chromosome 4q22-26. The 45-kb-long
gene contains nine exons. The two known disease-causing
mutations result in the exchange of proline for leucine at
position 258 (P258L) or aspartic acid for glutamic acid at
position 45 (D45E) in the protein [83]. Short-chain 3-hydroxyacyl-CoA dehydrogenase deﬁciency patients presented with fasting-induced vomiting, ketosis, and low blood
glucose, with possible optional hepatoencephalopathy, myopathy, and cardiomyopathy. The condition was characterized by elevated blood concentration of intermediate corresponding to the substrate chain length – butyrylcarnitine.
A rare but distinctive feature of SCHAD deﬁciency is hyperinsulinism of unexplained mechanism, possibly due to
the information-transducive role of short-chain acylcarnitines or acyl-CoAs. In such patients the plasma acylcarnitine proﬁle ﬁts in the lower normal range with an elevated,
but still within the normal range, fraction of 3-hydroxybutyrylcarnitine, because insulin suppresses lipolysis and
ketogenesis [23,24,47].
SCAD deficiency

Mitochondrial 3-hydroxyacyl-CoA dehydrogenase (HAD)
catalyzes the oxidation of straight-chain 3-hydroxyacylCoA, preferably of medium chain length but also of short
chain substrates. This enzyme has a broad chain-length speciﬁcity and is sometimes referred to as M/SCHAD. It is a
homodimeric protein with a subunit molecular mass of 33
kDa. Its activity is partially overlapped by that of short-chain hydroxyacyl-CoA dehydrogenase (SCHAD), also known
as type 10 17b-hydroxysteroid dehydrogenase (HSD10),
which belongs to the short-chain hydrogenase/reductase
superfamily and primarily acts on steroids, cholic acids,
and short-chain methyl-branched acyl-CoAs. Both enzymes reside in the mitochondrial matrix. The dehydrogenation of 3-hydroxyacyl-CoAs is catalyzed mainly by HAD.

Short-chain acyl-CoA dehydrogenase deﬁciency in nearly all cases is caused by missense sequence variations in
the SCAD gene, with the exception of one in-frame deletion of three nucleotides, resulting in production of protein with some residual activity. About half of the missense variations are cytidine to thymine substitutions at CpG
dinucleotides. Inactivating missense variations are rare in
homozygous or compound heterozygous form, but frequent in compound heterozygous form together with one of
two common susceptibility missense variations, namely the
transition of guanine to adenine at position 625 (625G–>A)
and cytosine to thymine at position 511 (511C–>T). The
scarcity of mutations abolishing all enzyme activity could be explained by the negative selection of cells bearing
such mutations. Moreover, a signiﬁcant number of SCADdeﬁcient patients harbor susceptibility genes in homozygous or compound heterozygous form, although their phenotype is indistinguishable from patients carrying the rare
inactivating sequence variations. The susceptibility gene
variant in the homozygous state is not likely to result in
SCAD deﬁciency. Although such susceptibility variations
are present in 14% of the general population, it is assumed
that only a minority of individuals is at risk of developing
disease, which reveals the complexity of the conditions required for the development of clinically relevant disease.
However, in the compound heterozygous state with a more
severe mutation it is almost certain to produce a SCAD deﬁciency. It was demonstrated that the folding of the SCAD
protein is highly dependent on the Hsp60/10 chaperonin
system and this dependency is increased in the case of the
susceptibility protein variant. As long as folding efﬁciency is sustained at a high level, the wild-type and variant
proteins express the same activity at physiological temperatures. Nevertheless, the biogenesis of the two variant
proteins is delayed and compromised and the protein stability is decreased at higher temperatures, which leads to
the conclusion that high temperature, as in fever, and high
fatty-acid oxidation activity may result in manifestation
of SCAD deﬁciency.

The human disease referred to as SCHAD deﬁciency is
actually due to HAD activity impaired by missense muta-

Since SCAD deﬁciency blocks only the last cycle of
b-oxidation, it results in the production of nearly normal

MCKAT deficiency
To date, a single patient with medium-chain 3-ketoacyl-CoA
thiolase (also referred to as short-chain 3-oxoacyl-CoA thiolase) activity reduced by 60% compared with controls has
been reported by Kamijo et al. [38]. A male neonate presented with vomiting, dehydration, metabolic acidosis, liver
dysfunction, terminal rhabdomyolysis, and myoglobinuria
at two days of age. Analysis of organic acids in urine revealed increased concentrations of lactic acid, 3-hydroxybutyric acid, and saturated and unsaturated C6-C16 dicarboxylic
acids. The patient died at thirteen days of age [30,31,38].
M/SCHAD deficiency
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Table 3. Characteristic clinical findings in β-oxidation disorders [72]

Table 4. Characteristic laboratory testing and treatment in β-oxidation
disorders [72]

Clinical findings in defects of mitochondrial β-oxidation
Suggestive symptoms

Reye’s syndrome (especially recurrent)

Initial laboratory
evaluation

Hypotonia and/or myopathy

Glucose

Peripheral neuropathy

Free fatty acids

Altered levels of consciousness

pH

Sudden unexplained death
Suggestive findings

Ammonia

Hypoketotic or ketotic hypoglycemia

Carnitine

Cardiomyopathy

Creatnie kinase

Cardiac arrhythmia

Liver function tests

Unexplained metabolic acidosis with

Lactate/pyruvate

or without hyperammonemia

Electrolytes

AFLP/HELLP*
Recurrent rhabdomyolysis

Blood

Specialized metabolic
testing

Dicarboxylic aciduria

Urine organic acids/acylglycines
Plasma acylcarnitine profile

Carnitine deficiency

Free fatty acids profile

Recurrent/fulminant liver failure

Fibroblast oxidation studies

* AFLP – acute fatty liver of pregnancy; HELLP –hypertension, elevated
liver enzymes, and low platelets.

Fibroblast enzyme analysis
Specific enzyme analysis

amounts of acetylo-CoAs and the accumulation of butyric acid. Thus only a few patients presented with cardiac
symptoms or hypoglycemia, which are associated with
energy deﬁciency. What is more, butyric acid and its derivatives are not toxic to heart or liver, but they promote cell differentiation and inhibit the cell cycle, inducing
apoptosis, which explains the predominance of neuromuscular symptoms.

DIAGNOSTICS AND TREATMENT OF DEFECTS OF FATTY-ACID
b-OXIDATION
Patients presenting with Reye’s syndrome, hypotonia, myopathy, peripheral neuropathy, cardiomyopathy, cardiac
arrhytmia, altered levels of consciousness, or even sudden unexplained death (Table 3) should be suspected of
b-oxidation disorders. Initial examination could reveal hypoglycemia, mild lactic acidosis with or without hyperammonemia, rhabdomyolysis, myoglobin in blood and urine,
dicarboxylic or 3-hydroxydicarboxylic aciduria, recurrent
liver failure, elevated plasma creatine kinase levels, and alteration of carnitine levels. The diagnosis of defects of mitochondrial fatty-acid metabolism is difﬁcult since most
of the biochemical ﬁndings may disappear when the patient is not in an acute crisis. A fasting test with or without a subsequent challenge test with medium- or long-chain
triglycerides may induce the excretion of a diagnostic metabolite, but this is dissuaded due to its high risk, even in a
hospital setting when performed by someone experienced.
Such tests are abandoned to the advantage of speciﬁc and
highly sensitive techniques, including mass spectrometry,
which has been developed for the detection of minute quantities of intermediates which are often undetectable by

274

Challenge testing
Possible therapies

Low fat diet (25% calories from fat)
MCT oil supplement (not for MCAD
deficiency)
High calorific intake (from
carbohydrates) with illness or stress
Night time nasogastric drip feedings
Corn starch at bedtime
Carnitine only for transporter defect

MCT – medium chain triglyceride; MCAD – medium chain acyl-CoA
dehydrogenase.
routine organic acid analysis, as well as blood carnitine level, blood acylcarnitine proﬁle, and urine organic acid analysis. Elevated carnitine levels clearly indicate CPT I deﬁciency, while decreased levels point to other b-oxidation
disorders. The blood acylcarnitine proﬁle is the most speciﬁc and direct diagnostic approach [50,64]. Speciﬁc enzyme analysis can be performed in vitro for many of these defects on cultured ﬁbroblasts, liver, or skeletal muscle,
and since it is performed on cells under standard conditions, the diagnosis is always apparent. Dicarboxylic acids
and moderate amounts of 3-hydroxydicarboxylic acids are
products of omega-oxidation in peroxisomes. Their presence does not identify the speciﬁc enzyme defect, but clearly
indicates a disabled mitochondrial oxidation. Direct DNA
mutational analysis is available for MCAD and LCHAD
deﬁciencies [13,14,58,72].
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Medical treatment comes down to conservative therapy,
which should limit endogenous lipolysis, enhance gluconeogenesis, ensure the availability of CoA in the mitochondrion, and provide an appropriate energy source alternative to fat. The efforts are concentrated on arresting
lipolysis. To prevent patients from becoming dependent on
b-oxidation, the basis of therapy is avoidance of fasting.
Fasting and even minor infections switch the metabolism
to increased endogenous lipolysis, which causes an excessive accumulation of toxic intermediates. Therefore, FAOdeﬁcient patients require fast recognition of infections, intense treatment, and intravenous glucose support (10 mg/
kg/min). It is advised to introduce this support as fast as
possible, without waiting for laboratory results, since the
accumulation of toxic metabolites can be extremely rapid.
It must also be stated that the glucose blood level is not an
indicator of state and intravenous glucose is administered
even when its levels are normal in order to restrict lipolysis. What is more, dietary fat intake is restricted to less
than 25% of total calories at all times and caloriﬁc intake
from carbohydrates is increased. In case of feeding problems, which are frequent in this group of disorders, nasogastric or intravenous feeding is introduced. In some patients, orally administered corn starch (1–2 g/kg/dose) has
been used as an alternative glucose source.
In case of defects affecting the metabolism of long-chain fatty acids, signiﬁcant effects were achieved by supplementation of MCT oil (containing medium-chain fatty
acids), which pass around a metabolic block. The same oil
is extremely toxic to MCAD-deﬁcient patients [58,71,72].
Although supplementation of L-carnitine in carnitine-transporter defect (primary carnitine deﬁciency) is undoubtedly
beneﬁcial, carnitine supplementation in other disorders of
b-oxidation causing a secondary carnitine deﬁciency is at
least controversial. Carnitine may help to dispose of toxic
metabolites and improve exercise tolerance, but long-chain acylcarnitines are toxic and arrhythmogenic and other
acylcarnitines species are suspected of playing a regulatory role in the cell [14,60].

CONCLUSIONS
Inborn errors of mitochondrial b-oxidation form a large and
diverse group of diseases. It is generally thought that these
disorders may account for as much as 3–5% of sudden unexpected death in infants and children. The sudden onset of
acute illness in an apparently normal child is life-threatening

in the absence of proper diagnosis. What is more, an affected fetus signiﬁcantly increases the risk of potentially life-threatening AFLP (acute fatty liver of pregnancy) or HELLP
syndrome in the mother. Therefore, fast and accurate diagnosis is crucial. The diagnostics of these disorders requires
a high level of suspicion because of the considerable variation in severity and the impermanence and nonspeciﬁcity of
symptoms, involving muscles, heart, liver, and the nervous
system, which can overlap with those of other diseases and
make them extremely difﬁcult to diagnose. A presymptomatic identiﬁcation of patients with b-oxidation disorders can,
in many instances, prevent catastrophic events. This points
to the importance of newborn screening for these disorders,
which has been implemented in several countries and is being evaluated in a number of others. Such screening remains controversial, as it has raised concerns about cost-beneﬁt
ratios. Savings in medical expenses related to the evaluation
and treatment of children in much more severe condition who
would have been identiﬁed by newborn screening must be
considered as a beneﬁt of such screening [85].
Newborn screening would be a great opportunity for a
vast statistical evaluation of the incidence of the different
mutations in the human population and it could open the
way for speciﬁc genetic tests for b-oxidation disorders besides LCHAD and MCAD deﬁciencies. Moreover, the variability of these disorders, often ascribed to the effects of
various mutations in the same gene affecting the genotype/phenotype correlation, still needs to be assessed since
such data are available only for several errors in the metabolism of very-long-, long-, and medium-chain-length fatty acids. The role of additional genetic and environmental
factors in this variability also remains under investigation.
Subsequently, the belief that all defects of mitochondrial
fatty-acid metabolism identiﬁed thus far are inherited in
an autosomal recessive fashion is being undermined by recent research evaluating enzymatic activity in heterozygous animal models and patients. A suitable investigation to
settle the question has just been started at the Mayo Clinic
College of Medicine in Rochester, USA.
Lastly, the long-term consequences of b-oxidation disorders in the perspective of tens of years and their inﬂuence on health, quality of life, and life expectancy are completely unknown because of the very few diagnosed adult
patients. Therefore, increased detectability of b-oxidation
disorders by newborn screening would perhaps provide a
possibility for long-term research.
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