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Abstract Short-chain acyl-CoA dehydrogenase deficiency
(SCADD) is an inherited disorder of mitochondrial fatty acid
oxidation that is characterized by the presence of increased
butyrylcarnitine and ethylmalonic acid (EMA) concentrations
in plasma and urine. Individuals with symptomatic SCADD
may show relatively severe phenotype, while the majority of
those who are diagnosed through newborn screening by tan-
dem mass spectrometry may remain asymptomatic. As such,
the associated clinical symptoms are very diverse, ranging
from severe metabolic or neuromuscular disabilities to asymp-
tomatic. Molecular analysis of affected individuals has identi-
fied rare gene variants along with two common gene variants,
c.511C > Tand c.625G > A. In vitro studies have demonstrat-
ed that the common variants as well as the great majority of
rare variants, which are missense variants, impair folding, that
may lead to toxic accumulation of the encoded protein, and/or
metabolites, and initiate excessive production of ROS and
chronic oxidative stress. It has been suggested that this cell
toxicity in combination with yet unknown factors can trigger
disease development. This association and the full implica-
t ions of SCADD are not commonly appreciated.
Accordingly, there is a worldwide discussion of the relation-
ship of clinical manifestation to SCADD, and whether SCAD
gene variants are disease associated at all. Therefore, SCADD
is not part of the newborn screening programs in most

countries, and consequently many patients with SCAD gene
variants do not get a diagnosis and the possibilities to be
followed up during development.

Introduction

Short-chain acyl-CoA dehydrogenase (SCAD, EC 1.3.8.1)
deficiency (SCADD, OMIM 201470) is an autosomal reces-
sive inborn error of mitochondrial fatty acid oxidation (FAO),
associated with variants in the gene ACADS (OMIM 606885).
SCAD belongs to the flavin adenine dinucleotide (FAD)-de-
pendent acyl-CoA dehydrogenases and catalyzes the dehydro-
genation of saturated short-chain acyl-CoA, leading to acetyl-
CoA for the tricarboxylic acid cycle (Jethva et al 2008). The
electrons from reduced FAD (FADH2) in SCAD are trans-
ferred to the electron transport chain (ETC) via electron trans-
fer flavoprotein (ETF), which is localized in the mitochondrial
matrix and transfers the electrons to the electron transfer fla-
voprotein ubiquinone oxidoreductase (ETF-QO) and further
into the ETC complex III via coenzyme Q10 (CoQ10). The
transferred electrons to O2 through the ETC release energy in
the form of ATP (Berg et al 2002, Nelson et al 2005).

SCADD results in accumulation of butyryl-CoA, as well as
derived intermediates, such as butyrylcarnitine, butyrylglycine,
ethylmalonic acid (EMA), and methylsuccinic acid in blood,
urine, and cells (Corydon et al 1996). The biochemical findings
in natural SCAD-deficient mice parallel those of the human
disease with excretion of ethylmalonic andmethylsuccinic acids
as well as butyrylglycine and elevation of butyrylcarnitine in
urine and plasma (Wood et al 1989). The hallmark of SCADD
is EMA, which is likely formed by the carboxylation of excess
butyryl-CoA, in a reaction catalyzed by propionyl-CoA carbox-
ylase (Lane et al 1960). EMA is further metabolized to
methylsuccinic acid by methylmalonyl-CoA mutase. Butyryl-
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CoA in conjugation with carnitine or glycine is mainly accumu-
lated in the blood as butyrylcarnitine or excreted mainly as
butyrylglycine in the urine (Fig. 1). These metabolites constitute
the major biochemical features of SCADD, and primary diag-
nosis is indicated by analysis of organic acids by gas
chromatography/mass spectrometry (GC/MS) and by elevated
blood concentration of butyrylcarnitine via tandem mass spec-
trometry (MS/MS), and subsequently confirmed by DNA anal-
yses (Bok et al 2003, Pedersen et al 2008, Waisbren et al 2008).

The analyses of the ACADS gene that codes for the SCAD
enzyme protein early revealed that most patients with elevated
urinary EMAharborACADS gene variants (Corydon et al 1996,
Pedersen et al 2003, van Maldegem et al 2006, Pedersen et al
2008, Gallant et al 2012). It became clear that the variant spec-
trum was dominated by two common variants, c.511C > T
(p.Arg171Trp) located in exon 5, and c.625G > A
(p.Gly209Ser) located in exon 6, (Gregersen et al 1998,
Corydon et al 2001, Nagan et al 2003, van Maldegem et al
2005, van Maldegem et al 2006, Pedersen et al 2008, Tein
et al 2008, Waisbren et al 2008, van Maldegem et al 2010c).
In addition, these papers also describe a large number of rare—
particularly missense—variations that have also been identified
associated with elevated EMA. This will be discussed in more
detail below. However, many individuals harboring ACADS
variations do not show clinical symptoms, so a main issue when
discussing SCADD is the lack of association between genotype
and clinical phenotype, which raises the question whether
SCADD actually exist as a disease. Jethva et al earlier discussed
whether SCADD is a benign biochemical phenotype, a clinical

disorder with incomplete penetrance, or a clinically relevant part
of a multi-factorial or a multi-genic disorder (Jethva et al 2008).
Here we review the controversies in SCADD inmore detail. We
also focus more on potential pathophysiological mechanisms in
SCADD, and discuss how accumulation of toxic intermediate
metabolites and misfolding SCAD variant protein may initiate
excessive production of reactive oxygen species (ROS) and
develop chronic oxidative stress, which afterward lead to cell
toxicity and energy deficiency.We suggest that additional genes
and/or environmental factors, controlling the amount or effect of
toxic metabolites/misfolding SCAD protein, may play an im-
portant role in clinical manifestation of SCADD.

Clinical aspects

Deficiency of SCAD enzyme activity was first reported and
enzymatically confirmed in skin fibroblasts from two neo-
nates with increased urinary EMA excretion associated with
metabolic acidosis, lethargy, and hypertonia (Amendt et al
1987). The diagnosis was subsequently confirmed geneti-
cally in one of the patients, who was shown to be com-
pound heterozygous for two variant alleles c.[136C > T] +
[319C > T] (Naito et al 1990). Subsequently, a large num-
ber of other cases harboring ACADS gene variants and
elevated urinary EMA have since been reported with a
diversity of clinical characteristics, which include dysmor-
phic facial features, failure to thrive/feeding difficulties,
metabolic acidosis, epilepsy, ketotic hypoglycemia,
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Fig. 1 SCADD – Biochemical pathways for alternative metabolism of
butyryl-CoA. SCAD deficient patients may present with elevations of
metabolic markers, including organic acid excretion of ethylmalonic

acid, methylsuccinic acid, and butyryl-glycine in the urine (yellow), and
butyryl-carnitine accumulation in the blood (red)
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developmental delay, lethargy, seizures, dystonia, myopathy,
and hypotonia (Coates et al 1988, Sewell et al 1993, Bhala
et al 1995, Dawson et al 1995, Kmoch et al 1995,
Baerlocher et al 1997, Ribes et al 1998, Corydon et al
2001, Birkebaek et al 2002, Bok et al 2003, Koeberl
et al 2003, Kurian et al 2004, Turpin and Tobias 2005,
Pedersen et al 2008, Lampret et al 2015). The genotypes
in these symptomatic patients may be homozygous for two
rare ACADS variations, of which the great majority are of
missense type; it may be compound heterozygous for a rare
and one of the two common variants, 511C > T or
625G > A; it may be homozygous for one of the common
variants or compound heterozygous with 511C > T in one
allele and 625G > A in the other.

In addition to the mentioned clinical symptoms, hepatic
dysfunction, bilateral optic atrophy and vomiting have been
reported in solitary cases (Tein et al 1999, Seidel et al 2003).
The association between SCADD and acute fatty liver of preg-
nancy with pre-eclampsia and HELLP (hemolysis-elevated
liver enzymes-low platelets) syndrome in the mother has also
been suggested (Matern et al 2001, Bok et al 2003). In a study
of 31 Dutch SCAD deficient patients carrying common-
common (11), rare-common (17), and rare-rare (3) ACADS
variants, 16 had developmental delay, which was the most
frequently reported symptom in this study, 11 showed epilep-
sy, eight exhibited a behavioral disorder, a previously non-
reported symptom in SCAD deficient patients, and only six
had hypoglycemia. The genotype of the SCADD patients was
not related to the nature or the severity of symptoms. No
patients died during follow up, which ranged from 1 to
18 years after the first presentation. Progressive clinical dete-
rioration was reported in two patients, eight patients amelio-
rated, nine had complete recovery, and 12 remained stable in
their clinical symptoms. Nine of 37 asymptomatic tested rel-
atives (three parents and six siblings) were found to have
ACADS genotypes identical to the proband. Eight of nine were
reported to have increased levels of butyrylcarnitine and/or
EMA, and one showed transient food refusal in her first years
of life (vanMaldegem et al 2006). In another report (Tein et al
2008), 10 affected children of Ashkenazi Jewish ancestry
(three homozygous for the c.319C > T variant and seven het-
erozygous for c.319C > T in one allele and the common
c.625G > A in the other) exhibited clinical features commonly
included developmental delay (8/10), again as the most
common symptom. In addition, hypotonia (8/10), lethargy
(5/10), speech delay (5/10), feeding difficulties (4/10), and
myopathy with muscle biopsy proven mini-multicore disease
(4/10) were identified in these children. Family members with
the same genotype as the patient were found asymptomatic.
Due to small sample size, correlation of SCAD genotype to
the nature and the severity of symptoms cannot be evaluated.
In the most extensive report to date, 69% of 114 affected
individuals with SCADD (common-common, rare-common,

and rare-rare variants) ranging in age from 0 to 50 years from
Europe, Canada, and New Zealand (Pedersen et al 2008), had
developmental delay, which was again the most frequently
reported clinical symptom. Pedersen et al identified three main
sub-groups of the patients: (1) 20% with failure to thrive,
feeding difficulties, and hypotonia (23 patients), (2) 22% with
seizures (25 patients), and (3) 30% with hypotonia without
seizures (34 patients). Four individuals were reported to have
no symptoms, identified either through newborn screening or
family studies. No significant difference in the distribution of
genotypes among the symptoms was demonstrated. The birth
prevalence of symptomatic SCAD deficient patients based on
biochemical and molecular criteria has been calculated to ap-
proximately one in 35,000 in the USA (Gallant et al 2012) and
one in 50,000 in the Netherlands (van Maldegem et al 2006).

SCAD deficient patients identified through newborn
screening programs have been asymptomatic, with normal
stages of growth and development (Wilcken et al 2003,
Jethva et al 2008, Waisbren et al 2008). Waisbren et al, in an
examination of the medical and neurodevelopmental charac-
teristics of 14 patients housing common-common, rare-com-
mon, and rare-rare ACADS variants, demonstrated the differ-
ence between children identified by newborn screening (8)
compared to those identified by clinical symptoms (6). None
of the eight newborn screened children showed significant
health issues beyond the immediate pre- and neonatal period,
where one showed intrauterine growth retardation, one was
preterm born and one had ABO incompatibility, and there
were three cases of minor distress or breech signs after deliv-
ery via cesarean section, and three cases of maternal compli-
cations (Waisbren et al 2008). After the immediate neonatal
period, 3/8 had no clinical symptoms, 3/8 showed mild non-
specific clinical symptoms including recurrent vomiting, re-
current diarrhea, hypoglycemia, and hypotonia; 2/8 were not-
ed to have jaundice and vomiting. None experienced develop-
mental delay beyond infancy, except for one child with lan-
guage delay. In contrast, all 6 of the children in the clinically
identified group showed clinical symptoms including devel-
opmental delay (3/6), hypotonia (2/6), failure to thrive and
feeding difficulties (2/6), lethargy (3/6), and seizures (1/6);
4/6 exhibited mental retardation, delays in language andmotor
skills, and learning disabilities beyond infancy (Waisbren et al
2008). These associations between the presence of ACADS
variants and birth complications in mother and/or child, to-
gether with cell biological data (see below) indicate a contri-
bution of ACADS variants and SCADD to clinical abnormal-
ities, the nature of which depend on the timing. However,
normal metabolic responses and absence of a direct relation-
ship between accumulation of metabolites and clinical symp-
toms have been observed in 15 studied Dutch patients with
SCADD harboring common-common, rare-common, and
rare-rare ACADS variants (van Maldegem et al 2010a).
Therefore, the relationship between ACADS genotype, the
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biochemical phenotype and clinical manifestations of
SCADD has come into question, whether SCADD causes
the symptoms or that the phenotype attributed to SCADD
bears no relationship to it.

The molecular genetics and functional implications
of ACADS gene variants

The ACADS gene, which has been known since 1989, is
localized on the long arm of the human chromosome 12
(12q24.31) (Naito et al 1989, Naito et al 1990). Corydon
et al have determined the sequence of the complete coding
portion of the human ACADS gene and all of the intron-
exon boundaries (Corydon et al 1997). ACADS is approx-
imately 13 kb in length and consists of 10 exons with
1238 nucleotides of coding sequence (Corydon et al
1997). The mouse SCAD gene is a compact, single-copy
gene approximately 5 kb in size consisting of 10 exons,
which maps to chromosome 5 at the Bcd-1 locus (Kelly
et al 1993, Kelly and Wood 1996). A murine model with
deficient SCAD was identified and characterized by
screening urinary organic acids by gas chromatography
mass spectrometry (Wood et al 1989, Armstrong et al
1993). Hinsdale et al described in 1993 this SCAD defi-
cient BALB/cByJ mouse with a 278 bp deletion at the 3′
end of the structural gene of SCAD leading to reduced
steady-state levels of SCAD mRNA (Hinsdale et al
1993). SCAD is a flavoprotein and encoded by the nuclear
genome, synthesized in the cytosol as a precursor protein
with an N-terminal leader peptide of 24 amino acids used
for mitochondrial translocation. Inside the mitochondria,
after cleaving of the N-terminal mitochondrial targeting
sequence, the SCAD protein is folded and assembled into
a biologically active form. The SCAD protein is a
168 kDa homotetramer arranged as a dimer of dimers with
each monomer containing a non-covalently bound FAD
molecule as a prosthetic group (Naito et al 1990,
Corydon et al 1997, Battaile et al 2002). FAD binding
modulates the folding of the protein, as well as its confor-
mational stability and biological activity (Nagao and
Tanaka 1992, Henriques et al 2009). Examination of the
crystal structure of recombinant rat SCAD protein, which
has shown to be highly similar to the structures of other
acyl-CoA dehydrogenases (ACADs), has a glutamic acid
residue located at amino acid position 368 of the mature
protein, which acts as the catalytic base to initiate the
catalytic reaction (Battaile et al 2002). Mutation of this
residue in the SCAD protein to a glutamine or alanine
inactivates the enzyme. In vitro studies of the SCAD en-
zyme show that amino acid residues Gln254 and Thr364
have evolved to shorten the substrate binding pocket and
contribute to its substrate specificity (Kim et al 1994).

Nearly 70 rare gene variants and two common variants,
c.511C > T (p.Arg171Trp) and c.625G > A (p.Gly209Ser),
have been reported in ACADS so far (Naito et al 1990,
Kristensen et al 1994, Gregersen et al 1998, Corydon et al
2001, Koeberl et al 2003, Seidel et al 2003, van Maldegem
et al 2006, Gregersen et al 2008, Jethva et al 2008, Pedersen
et al 2008, Waisbren et al 2008, Shirao et al 2010, Tonin et al
2016). The majority of SCAD deficient patients are homozy-
gous or compound heterozygous for one of the two common
ACADS variants, or they harbor one of these two common
missense ACADS variants in combination with a rare
ACADS variant (Gregersen et al 1998, Corydon et al 2001,
Nagan et al 2003, van Maldegem et al 2005, van Maldegem
et al 2006, Pedersen et al 2008, Tein et al 2008, Waisbren et al
2008, van Maldegem et al 2010c). In a study by Tein and
coworkers, the c.319C > T (p.Arg107Cys) was found to be
the most frequent identified rare ACADS variant in the
Ashkenazi Jewish population with a carrier frequency of 1:8.
The authors found two major groups in 10 studied SCAD
deficient patients; 3/10 were homozygous for the
c.319C > T variant and 7/10 were compound heterozygous
for the c.319C > T variant and the c.625G > A disease sus-
ceptibility variant (Tein et al 2008). In the United States, in an
extensive study of 694 healthy newborns, Nagan and co-
workers categorized three different groups: (1) 6%
c.625G > A homozygous, (2) 0.3% c.511C > T homozygous
and (3) 0.9% compound heterozygous for the two variants.
This provides allele frequencies of 3% and 22% for the
c.511C > T and c.625G > A, respectively, in the healthy pop-
ulation comprising Caucasians, African-Americans,
Hispanics, and Asians, as well as newborns of non-specified
or mixed ethnic background (Nagan et al 2003). Sequence
analysis of ACADS in 100 alleles from Danish controls re-
vealed allele frequencies of 8% and 21% for the c.511C > T
and c.625G > A (Pedersen et al 2008), which is in line with
another European published allele frequency study of the two
common susceptibility ACADS variants (Gregersen et al
1998). In comparison, the latest update from the Exome
Aggregation Consortium (ExAC) shows that the allele fre-
quencies for the c.511C > T and c.625G > A variants are
respectively 3% and 26% in healthy general populations in-
cluding European (Finnish and non-Finnish), Latino, African,
south and east Asian countries (http://exac.broadinstitute.org/
gene/ENSG00000122971). It has been suggested that the two
common ACADS variants are mild susceptibility variants,
which means that other genetic, cellular, and/or environmental
factors are essential to trigger disease development (Gregersen
et al 2001a, van Maldegem et al 2010c).

As mentioned, the great majority of rare gene variants in
ACADS are missense variants. Only a few loss-of-function
variants, due to premature stop codons, that target the mutated
transcripts to nonsense mediated decay, have been reported. In
fact, among 357 SCAD deficient patients studied at the
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Research Unit for Molecular Medicine, Aarhus University
and Aarhus University Hospital, only three patients were het-
erozygous for a loss-of-function variant and had the common
variation c.625G > A in the other allele (unpublished data).
Additionally, in the same patient material, no bi-allelic loss-of-
function variants were found and have to our knowledge never
been reported in SCADD patients. In comparison, in medium-
chain acyl-CoA dehydrogenase deficiency (MCADD), among
405 genotyped patients, there were six homozygous loss-of-
function and 31 compound heterozygous for a loss-of-
function variant and a missense variation, often the common
c.985A > G (unpublished data). This may indicate that loss-
of-SCAD function variants are incompatible with life as has
been discussed in (Gregersen et al 2008) and (Pedersen et al
2008), and may raise the question whether human cells can
survive with total lack of SCAD protein. New ideas may be
required to answer this question. The mutant BLAB/cByJ
mouse, which was identified by screening mice for organic
acidemias, has many similar biochemical and pathological
features to those of human SCADD patients (Wood et al
1989, Wood et al 1990). The phenotype in SCAD-deficient
BALB/cByJ mice does, however, not seem to be as deleteri-
ous as in human patients (Qureshi et al 1993). This might be
due to the well characterized differences between rodents and
humans in glycine conjugation of various CoA derivatives,
particularly butyryl-CoA (Kolvraa and Gregersen 1986).
Rodents more readily produce butyrylglycine than humans,
which can reduce the chances of developing an acid-base im-
balance due to an accumulation of endogenous organic acids.
Therefore, further investigation on how ACADS knockout in
human cells, which normally express SCAD abundantly, would
affect FAO and mitochondrial function might answer whether
human cells can survive with the lack of SCAD protein.
Recently, Tonin et al detected the first synonymous ACADS var-
iant. The variant, c.765G > T (p.Gly255Gly), which was identi-
fied in a compound heterozygous state with a c.531G > A
(p.Trp171*) variant in the other allele, creates a new cryptic
donor splice site in exon 6, resulting in a premature stop codon
in exon 6 (Tonin et al 2016). According to five different splice
site prediction algorithms,1 the original donor splice site of intron
7 has a stronger splicing efficiency than the cryptic donor splice
site created by the synonymous variant in exon 6, suggesting that
the c.765G>T variant is not a total inactivating variant and again
supporting no complete loss of SCAD activity.

The gene variant spectrum in SCADD is dominated by
missense variants (Gregersen et al 2001a, Gregersen et al
2008, Olsen et al 2013). As mentioned, these variants most
probably disturb folding and/or stability of the native protein

structure, which may lead to premature degradation and/or
aggregation of misfolded protein, and decreased amounts of
active variant enzyme (Gregersen et al 1998, Bross et al 1999,
Pedersen et al 2003, Gregersen et al 2006, Pedersen et al 2008,
Gregersen and Olsen 2010, Schmidt et al 2010). Abnormally
folded SCAD proteins, as discussed in more detail below, may
aggregate in patient cells and lead to cellular toxicity. At the
same time, abnormal organic acids may accumulate due to the
loss of SCAD enzymatic activity, with a risk of acute meta-
bolic acidosis and physiologic stress (Schuck et al 2010).
Stable proteins from expression of the p.Arg171Trp
(c.511C > T) and p.Gly209Ser (c.625G > A) variant proteins
in a prokaryotic system have been purified and showed simi-
lar, but not identical catalytic properties to the wild type en-
zyme. However, both variant proteins, especially at increased
temperatures, showed disturbed folding and increased aggre-
gation (Pedersen et al 2003). In an in vitro study, Pedersen et al
investigated the molecular effect of 29 ACADS gene variants
(26 missense, one start codon and two stop codon variants) on
their protein products. Variant or wild-type SCAD cDNAs
were cloned into an in vitro expression vector, transcribed
and translated in a rabbit reticulocyte lysate system and
imported into freshly isolated mitochondria from SCAD defi-
cient (−/−) mice. The experiments were performed at two
different temperatures, 26 and 37 °C, to obtain the best dis-
crimination between the properties of different variant pro-
teins. Twenty one rare variant proteins showed a severely
higher amount of protein misfolding and aggregation com-
pared to the wild type protein, while seven including the two
common p.Arg171Trp (c.511C > T) and p.Gly209Ser
(c.625G > A) variant proteins showed a temperature depen-
dent production of SCAD tetramers with reduced amounts
compared to the wild type protein (Pedersen et al 2008). The
amount of dysfunctional SCAD protein, which is found to
correlate well with the biochemical phenotype of
butyrylglycine and EMA excretion, but not with the clinical
phenotype and ACADS genotype, is affected by other external
factors such as temperature and pH (Gregersen et al 2001a,
Pedersen et al 2003, Pedersen et al 2008).

Pathophysiology of SCADD

As SCAD is needed at the end of the β-oxidation spiral, there
may be gluconeogenesis and ketogenic capacity from the pre-
ceding steps of FAO, which are probably sufficient to meet
cellular energy demands under non-stressed conditions (van
Maldegem et al 2010b). Medium-chain acyl-CoA dehydroge-
nase may also partly compensate for insufficient SCAD en-
zyme activity, since they have an overlap of substrate speci-
ficity (Bennett 2010). These two mechanisms as discussed in
(Jethva et al 2008), most likely together with the tricarboxylic
acid cycle activity from acetyl-CoA from the preceding steps

1 Donor splice site strength was investigated using the Alamut software.
(http://www.interactive-biosoftware.com/doc/alamut-visual/2.6/splicing.

html) with access to:
1. Splicesitefinder-like (SSF), 2. MaxEntScan, 3. NNSPLICE, 4.

GeneSplicer, 5. Human Splicing Finder (HSF)
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of FAO, may explain the lack of the classical biochemical
findings seen in FAO disorders, like hypoglycemia, in most
individuals with SCADD (Furuta et al 1981, Izai et al 1992,
Bennett et al 2000, Turpin and Tobias 2005).

Substrate accumulation

Neurologic manifestations, especially developmental delay and
seizures in SCADD have led to speculations of neurotoxic
effects in SCADD, directly related to metabolite accumulation
(Gregersen et al 2001a, Jethva et al 2008, van Maldegem et al
2010c). Butyric acid, one of the metabolites accumulated in
SCADD, in high concentrations can alter gene expression due
to its action as a histone deacetylase (HDAC) inhibitor (Davie
2003). The function of many proteins especially in the mito-
chondria are regulated by acetylation and deacetylation
(Fukushima and Lopaschuk 2016). Therefore, butyric acid as
a HDAC inhibitor may have a toxic cell effect in SCAD defi-
cient patients. Furthermore, SCADDs neurotoxic qualities were
attributed to the butyric acid’s volatile nature, whichmay give it
a greater potential to cross the blood brain barrier (BBB)
(Bennett 2010). On the other hand, histone hyperacetylation,
promoted by butyric acid in small to moderate amounts, may
have beneficial effects on energy homeostasis in related dis-
eases such as obesity and diabetes (Tilg and Moschen 2014,
Kasubuchi et al 2015), inflammation, and immune function
(Greer and O’Keefe 2011). Butyrate, via its HDAC inhibitory
role, has also revealed antimicrobial properties in humans
(McGee et al 2011, Yonezawa et al 2012, Wang 2014).
Butyrate may inhibit cell proliferation and induce cell differen-
tiation (Toscani et al 1988). Dependent in part on the amount,
time of exposure with respect to the tumorigenic process, and
type of fat in the diet, butyrate may show chemopreventive
benefits in colorectal cancer (Emenaker et al 2001,
Hinnebusch et al 2002, Lupton 2004, Wong et al 2006,
Scharlau et al 2009, Vanhoutvin et al 2009).

EMA, the hallmark of SCADD, has been postulated to play
a role in the pathogenesis of SCADD, resulting in neurologic
symptoms, as it does not cross the BBB and therefore seques-
ter in the central nervous system (Corydon et al 1996, Schuck
et al 2010). In a comprehensive review of the role of fatty
acids in the energy metabolism of the central nervous system
(Panov et al 2014), it was discussed that up to 20% of the total
brain’s energy is generated by mitochondrial FAO, which oc-
curs almost exclusively in astrocytes (Ebert et al 2003). BBB
also has the ability to transport carnitine and fatty acids from
the blood to astrocytes (Kasser et al 1986, Nalecz et al 2004).
Therefore, butyric acid as the main accumulated substrate in
SCADD is available in patient’s astrocytes and in the presence
of the enzyme propionyl-CoA carboxylase, EMA could be
accumulated in astrocytes. EMA has also been shown to in-
hibit creatine kinase activity in the cerebral cortex of Wistar
rats, where it increased lipid peroxidation and protein

oxidation, and reduced glutathione levels (Chen et al 2003,
Schuck et al 2010). EMA can also inhibit mitochondrial elec-
tron transport chain activity in vitro (Barschak et al 2006). In a
recent study, Schuck et al showed that EMA administration
significantly increases the level of lipid peroxidation in cere-
bral cortex and skeletal muscle of rats (Schuck et al 2015).
Increased superoxide production and decreased glutathione
peroxidase activity was shown in cerebral cortex, while glu-
tathione level decreased only in skeletal muscle. Also, EMA
administration increased the content of carbonyl groups in
proteins in skeletal muscles of rats. Thus, short-chain deriva-
tives develop oxidative stress, which are toxic to the cells
(Sauer et al 2008, Pedersen et al 2010, Schuck et al 2010).

Misfolding variant proteins

The fate of a number of variant proteins resulting from mis-
sense gene variants, which are the dominant variants identified
in individuals diagnosed with SCADD, has been investigated.
In all cases the variant proteins, including both rare and the
common ACADS variants, were found to be prone to various
levels of misfolding that may lead to different levels of intra-
mitochondrial aggregation, suggesting that this abnormal pro-
tein aggregation itself could be cytotoxic. This would catego-
rize the disorder as a protein misfolding disease, well recog-
nized with neurologic phenotypes (Saijo et al 1994, Bross et al
1995, Saijo and Tanaka 1995, Andresen et al 1997, Gregersen
et al 1998, Gregersen et al 2001b, Pedersen et al 2003,
Gregersen et al 2006, Gregersen et al 2008, Pedersen et al
2008, Bennett 2010, Gregersen and Olsen 2010). These
misfolded SCAD proteins may thus play an important role in
its pathology; exhibiting mitochondrial dysmorphology, mito-
chondrial dysfunction and increase of oxidative stress in cells
(Gregersen et al 2001a, Gregersen et al 2004, Schmidt et al
2010, Schmidt et al 2011, Zolkipli et al 2011). In one in vitro
study, Schmidt and colleagues transfected astrocytes with
cDNA containing the ACADS c.319C > T (p.Arg107Cys) var-
iant and observed that these cells, as compared to cells
transfected with a wild type ACADS construct, accumulated
mitochondrial reactive oxygen species (ROS) and showed in-
creased mitochondrial fission that could have significant impli-
cation in cellular apoptosis (Schmidt et al 2010). Indeed, by our
other experiments in model cells and studies in SCAD deficient
patient fibroblasts, carrying both rare and the common ACADS
variants, we have shown that misfolding mitochondrial pro-
teins, as well as excessive production of ROS, which develop
oxidative stress, may play an important role in the pathology of
SCADD (Pedersen et al 2010, Schmidt et al 2010, Schmidt et al
2011, Zolkipli et al 2011). The creation of oxidative stress,
which can be measured by several biomarkers in patient and
model cells, as discussed in more detail below, is considered as
a common pathophysiological mechanism in SCADD as well
as other FAO disorders (Gregersen et al 2008, Seppet et al
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2009, Olsen et al 2013, Olsen et al 2015). In a very recent study,
it is also hypothesized that a new identified SCAD missense
variant, c.814C > T (p.Arg272Cys), causes the gain of
palmitoylation at the changed amino acid (Tonin et al 2016).
The potential loss or gain of palmitoylation is closely associat-
ed with human inherited disease, since S-palmitoylation is a key
regulatory mechanism regulating protein activity, targeting, sta-
bility, and localization (Li et al 2015).

Riboflavin, CoQ10, and other antioxidants; keys
to elucidate the pathophysiology of SCADD

Antioxidants, antioxidant precursors, or ROS scavengers—
such as riboflavin, CoQ10, or N-acetyl-L-cysteine—can help
further to elucidate the complexity and pathophysiology of
SCADD as a disease of ROS and oxidative stress. FAD is
synthesized from riboflavin and is an essential cofactor for
SCAD and other acyl-CoA dehydrogenases. Compared to
the other acyl-CoA dehydrogenases, SCAD protein stability
is very dependent on FAD (Nagao and Tanaka 1992,
Henriques et al 2009, Lucas et al 2011). In a Dutch prospec-
tive cohort study, 16 affected individuals with clinical symp-
toms and variant ACADS genotypes, including bi-allelic rare
missense variants, compound heterozygotes for a rare variant
and a common variant, and bi-allelic susceptibility variants,
were treated with riboflavin (10 mg/kg/day for a maximum
dose of 150 mg divided to three times daily for five weeks)
(vanMaldegem et al 2010b). FADwas within control range in
all 16 individuals. However, the authors observed that the two
subgroups with bi-allelic common variants or compound het-
erozygotes for a rare variant and a common variant had the
lowest levels of FAD, suggesting that borderline cellular FAD
levels may contribute to disease development in patients car-
rying ACADS common variants. Butyrylcarnitine levels
remained constant in the study through all subgroups, though
urine levels of EMA declined only in the subgroup of com-
pound heterozygotes for rare variants and common variants.
Four of 16 patients, who had the lowest baseline levels of
FAD, maintained biochemical and clinical improvements
even after discontinuing FAD supplementation. No clinically
relevant effect of riboflavin could be demonstrated (van
Maldegem et al 2010b). Case reports of carnitine and ribofla-
vin supplementation have shown contradictory efficacy of
their therapeutic effect in SCADD (van Maldegem et al
2006). Carnitine and riboflavin did not show any effect on
the clinical or biochemical profile of a 2-year-old patient with
SCADD diagnosed by urinary organic acid analysis and ac-
tivity of SCAD (no information on SCAD gene variants was
given). She died from muscular atrophy and recurrent bron-
chopneumonia at 3 years of age (Sewell et al 1993). One 5-
year-old girl with metabolic findings, consistent with SCADD
(c.[625G > A] + [625G > A]), and refractory seizure disorder
supplemented with riboflavin, showed clinical improvement,

but the relationship of the change to therapy was not clear
(Kmoch et al 1995). One report described a neonate with
SCADD diagnosed by urinary organic acid analysis (no infor-
mation on SCAD gene variants was given), hypertonicity,
staring spells, and jitteriness, who was treated with frequent
low fat diet, riboflavin, and carnitine and subsequently did
well (Dawson et al 1995).

In a recent study, it has been shown that riboflavin supple-
mentation (530 nmol/l) together with CoQ10 (10 μmol/l) for
7 days could compensate for an increased oxidative stress in
fibroblasts from riboflavin responsive multiple acyl-CoA de-
hydrogenation deficient (RR-MADD) patients (Cornelius et al
2013). CoQ10 connects mitochondrial FAO to the electron
transport chain by accepting electrons from ETF-QO and
passing them on to complex III. CoQ10 is essential for the
energy production and antioxidant properties of the cell
(Turunen et al 2004, Bentinger et al 2010, Quinzii and
Hirano 2010, Quinzii and Hirano 2011), and it has been
shown that increased oxidative stress sometimes correlates
with decreased CoQ10 (Lee et al 2012). Accordingly,
Schmidt and coworkers showed in an in vitro experiment that
MitoQ, a mitochondrial targeting derivative of CoQ10 (Kelso
et al 2001) can alleviate the increased mitochondrial fission,
which is induced by misfolding variant SCAD protein
(p.Arg83Cys, c.319C > T) and ROS (Schmidt et al 2010).

Similar, survival of SCAD deficient (c.[1138C > T] +
[1138C > T], c.[319C > T] + [319C > T], c.[625G > A] +
[319C > T], c.[625G > A] + [625G > A]) patient fibroblasts
exposed to menadione, which is a ROS inducing drug and
decreases mitochondrial membrane potential (Duthie and
Grant 1989, Hockenbery et al 1993, Loor et al 2010), is en-
hanced by treatment with antioxidants (vitamin C and vitamin
E) or antioxidant precursors (N-acetyl-L-cysteine (NAC))
(Zolkipli et al 2011). Zolkipli and colleagues in the same study
evaluated the effect of bezafibrate on survival of the SCADD
fibroblasts. Bezafibrate is a peroxisome proliferator activated
receptor (PPAR) agonist and can restore deficient FAO rates in
cells with carnitine palmitoyltransferase 2 deficiency, very
long-chain acyl-CoA dehydrogenase deficiency, mitochondrial
trifunctional protein deficiency and multiple acyl-CoA dehy-
drogenation deficiency (Djouadi et al 2005, Gobin-Limballe
et al 2007, Bonnefont et al 2009, Bonnefont et al 2010,
Yamaguchi et al 2012, Djouadi et al 2016). Interestingly,
bezafibrate, which like riboflavin, boost the expression/
function of ACADs, did not show increased cell survival to
the same extent as the antioxidant group treatment (Zolkipli
et al 2011). Again, supporting that SCADD (rare and common
variants) is a disease of oxidative stress more than a disease of
energy deficiency. We have also observed decreased antioxi-
dant MnSOD and other signs of oxidative stress susceptibility
in cells from patients with ethylmalonic encephalopathy
(Palmfeldt et al 2011), a disease that recently has been treated
successfully with the antioxidant NAC (Viscomi et al 2010).
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Stress response and chronic cell stress

FAO gene variants may give rise to substrate accumulation
and misfolding enzyme protein, which may initiate excessive
production of ROS and develop chronic oxidative stress and
subsequently lead to cell toxicity and energy deficiency
(Olsen et al 2013). The suspected situation in relation to
SCADD is illustrated in Fig. 2. ROS, the natural byproducts
of normal metabolism, have at low levels an essential role in
cellular signaling to preserve homeostatic biological process-
es. Increased levels of ROS may activate mitochondrial and
cellular quality control and survival pathways for adaptation
to oxidative stress. Much higher levels of ROS may damage
macromolecules, and trigger cellular death (Gregersen et al
2006, Echtay 2007, Gregersen and Bross 2010, Brieger et al
2012, Fischer et al 2012, Chandel 2014).

Indeed, upon accumulation of toxic metabolites, misfolded
variant proteins and/or increased ROS, a series of cellular
quality control and survival pathways may be activated to
protect cells from the damaging effects on proteins, lipids,
and DNA (Miao and St Clair 2009, Circu and Aw 2010,
Gregersen and Bross 2010, Olsen et al 2013, Olsen et al
2015). There seems to be a continuum from cellular adapta-
tion to chronic oxidative stress condition, where cellular sur-
vival pathways are activated and range from the removal of
the overproduced ROS and damaged proteins, over mitochon-
drial fission and fusion to apoptotic removal of the entire cell,
which in relation to SCADD is illustrated in a modified

version of the ROS/damage-cell-adaptation triangle model
(Fig. 3) that Olsen and colleagues presented in their recent
reviews (Olsen et al 2013, Olsen et al 2015).

The mitochondrial antioxidant response

Manganese superoxide dismutase (MnSOD), as an essential
mitochondrial antioxidant enzyme, is capable of destroying
superoxide radicals (Miao and St Clair 2009). MnSOD is in
the first line of defense, when mitochondria experiencing in-
creases in superoxide radicals. The master antioxidant
MnSOD helps to counteract the toxic effects of superoxide
and avoids cell damages by immediately converting superox-
ide to the less toxic hydrogen peroxide, which is an important
signaling molecule, involved in redox activation of cellular
stress protective pathways (Kowaltowski et al 2009, Holley
et al 2011). The ROS regulatory effect of MnSOD in SCADD
is supported in recent investigations; decreased MnSOD ex-
pression has been found in a proteomics study of fibroblasts
from patients with the common p.Gly209Ser (c.[625G > A] +
[625G > A]) SCAD variant enzyme (Pedersen et al 2010),
while in another study, upregulation of MnSOD has been
found in cells overexpressing a rare p.Arg107Cys
(c.319C > T) variant of SCAD enzyme (Schmidt et al 2011).
In the first study, despite the downregulation of the antioxidant
system, the protein quality control (PQC) system is upregulat-
ed, which may show that patient cells, carrying common
SCAD proteins, prioritize PQC defense mechanisms rather

Fig. 2 Cellular
pathophysiological consequences
of SCADD. The main effects of
SCADD; accumulated substrates
and misfolding proteins may
cause oxidative damage, which is
in a manner of a vicious circle
with mitochondrial dysfunction
and may subsequently lead to
chronic cell stress. Shown are
acyl-CoA substrates and the acyl-
CoA dehydrogenases (ACADs).
Abbreviations are: VLCAD:
very-long-chain acyl-CoA
dehydrogenase; MCAD:
medium-chain acyl-CoA
dehydrogenase; SCAD: short-
chain acyl-CoA dehydrogenase
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than the antioxidant response to cope with the chronic oxida-
tive stress (Pedersen et al 2010). In contrast, cells overexpress-
ing the rare p.Arg107Cys (c.319C > T) variant SCAD protein
with pathogenic level of ROS do not show significant changes
in the expression of the PQC system, but seem to prefer cel-
lular adaptation to chronic oxidative stress by upregulating the
antioxidant system (Schmidt et al 2011).

In a recent large scale proteomics study, we showed in-
creased levels of other antioxidant markers peroxiredoxin 1
(PRDX1), peroxiredoxin 2 (PRDX2), and methionine-R-
sulfoxide reductase B2 (MSRB2) in fibroblasts of patients ho-
mozygous for c.319C > T (p.Arg107Cys) (Edhager et al 2014).
Previously, we also showed increased amounts of the antioxi-
dant peroxiredoxin 6 (PRDX6) in the p.Arg107Cys expressing
cells (Schmidt et al 2011). PRDX6 is proposed to be involved
in the repair of the oxidatively damaged membranes, since it is
induced under oxidative stress, and is capable of reducing
phospholipid hydroperoxides (Chowdhury et al 2009).

Dynamics of mitochondrial morphology; fission, fusion,
and mitophagy

In situations, where the mitochondrial antioxidant system can-
not eliminate the overproduced ROS, other possible defense
mechanisms to protect cells against oxidative stress mediated
damage are activated (Olsen et al 2015). Damaged mitochon-
dria under stress conditions are isolated throughmitochondrial
fission and removed by autophagic elimination of mitochon-
dria or mitophagy, which can also remove excessive

mitochondria (Ding and Yin 2012, Ashrafi and Schwarz
2013). Inhibition of fusion or stimulation of fission events,
resulting in fractionation of the damaged mitochondria and
initiation of mitophagy, is a suggested mechanism in FAO
deficient patient fibroblasts, such as riboflavin responsive
multiple acyl-CoA dehydrogenation deficiency (RR-
MADD), to cope with the increased oxidative stress
(Cornelius et al 2014). In this connection it is interesting that
Waterham et al reported on a newborn girl with microcephaly,
abnormal brain development, optic atrophy and hypoplasia,
persistent lactic acidemia, and a mildly elevated plasma con-
centration of very-long-chain fatty acids. They found a defect
of the fission of both mitochondria and peroxisomes, as well
as a heterozygous, dominant-negative mutation in the
dynamin-like protein 1 gene (DLP1) (Waterham et al 2007).
Schmidt et al showed increased fission of the mitochondrial
network in human astrocytes transfected with a rare variant of
SCAD protein p.Arg107Cys (c.319C > T) (Schmidt et al
2010). Surprisingly, they found mitochondrial fusion protein,
mitofusin 1 (MFN1) to be upregulated in the p.Arg107Cys
expressing cells. They explained this finding as a compensa-
tory response to a presumed increased fission of the mitochon-
drial network in these cells (Schmidt et al 2011).

The protein quality control system; molecular chaperones

Mitochondrial homeostasis in SCADD is constantly chal-
lenged by protein misfolding in a manner of a vicious circle
of increased production of misfolded SCAD variant protein

Fig. 3 The ROS/damage-and-cell-adaptation triangle model in SCADD,
modified from (Olsen et al 2013, Olsen et al 2015). Shown are markers of
antioxidants, protein quality control, mitochondrial dynamics, metabolic
fuel regulation, and apoptosis that have been reported to be dysregulated
in chronically stressed SCAD deficient cells. Abbreviations are: MnSOD:
manganese superoxide dismutase; PARK7: protein deglycase DJ-1;

PRDX: peroxiredoxin; HSP60: 60 KDa heat shock protein; HSP70:
Stress-70 protein; LON: lon protease; MFN-1: mitofusin 1; MFN2:
mitofusin 2; P62: nuclear pore glycoprotein P62; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; BAX: apoptosis regulator
BAX; NME1: nucleoside diphosphate kinase A; TSPO: translocator
protein

J Inherit Metab Dis



and ROS (Schmidt et al 2010). Molecular chaperones, which
are very important components in the PQC system may facil-
itate the correct folding of proteins, prevent misfolding, and
promote the refolding of unfolded polypeptides generated un-
der stress conditions. Therefore, HSP60 and mHSP70, as ma-
jor components in the PQC system within the mitochondria
(Bross et al 1999, Wickner et al 1999, Hartl and Hayer-Hartl
2002, Gregersen et al 2006), have been studied to observe
whether the regulation of the PQC system helps cell adapta-
tion to stress, mediated by accumulation of misfolded SCAD
variant proteins. Previously, Pedersen and colleagues showed
that misfolded SCAD proteins (p.Gly92Cys (c.274G > T),
p.Arg171Trp (c.511C > T), p.Trp153Arg (c.529C > T),
p.Gly209Ser (c.625G > A), p.Gln365His (c.1095G > T),
p.Arg46Trp (c.136C > T), p.Arg383Cys (c.1147C > T)) inter-
act with the HSP60 chaperone for a longer time than wild type
SCAD proteins (Pedersen et al 2003). Later, Schmidt et al,
measured misfolding stress response in the p.Arg107Cys ex-
pressing cells, analyzed mRNA expression levels of the in-
ducible chaperone HSP70 (HSPA1A), and of the chaperone
HSP60 (HSPD1), and showed no significant changes between
the wild type and the p.Arg107Cys expressing cells. This
finding indicates sufficient basal level of these chaperones
for p.Arg107Cys protein processing and delivery to the deg-
radation system (Schmidt et al 2011). We recently showed
increased level of one of the mitochondrial matrix PQC pro-
teases, LON, in fibroblasts from patients with c.1138C > T
(p.Arg380Trp) rare variant in ACADS (Edhager et al 2014).

Metabolic fuel regulation

Metabolic reprogramming, which is a BWarburg-like^ pheno-
type, and means the observation of a metabolic switch from
oxidative phosphorylation toward non-oxidative glycolysis in
the presence of oxygen, is observed in symptomatic patients
with the ACADS c.625G > A variant (Pedersen et al 2010).
Metabolic reprogramming is found in various diseases asso-
ciated with oxidative stress, and is apparently triggered by
various forms of mitochondrial dysfunction, such as excessive
production of ROS (Fogg et al 2011, Wu et al 2014).

Apoptosis

In cases where mitochondrial and cellular function can no
longer be maintained, apoptosis is initiated (Er et al 2006).
We have reported increased levels of apoptosis marker, pro-
apototic factor BAX, in patient cells and in model cells over-
expressing the rare SCAD variant (p.Arg107Cys, c.319C > T)
(Schmidt et al 2010, Edhager et al 2014). Up-regulation of
apoptotic signaling proteins, nucleoside diphosphate kinase
A (NME1) and translocator protein (TSPO) was also observed
in patient fibroblasts, homozygous for the rare ACADS variant
c.1138C > T (p.Arg380Trp) (Edhager et al 2014).

In conclusion, these findings indicate that SCAD deficient
cells have chronic oxidative stress, which subsequently en-
counter cell toxicity and energy deficiency. The ROS/dam-
age-cell-adaptation triangle model presented in (Olsen et al
2013, Olsen et al 2015), which describes cellular adaptation
to chronic oxidative stress conditions in FAOdisorders includ-
ing SCADD, may create new ideas for the development of
biomarkers to be used in future approaches of pre-
symptomatic diagnosis and management of SCADD.

Diagnosis of SCADD

In the US, most infants with SCAD deficiency are identified
through newborn screening (NBS) programs by detecting el-
evation of butyrylcarnitine in newborn blood spots (Jethva
et al 2008). In most countries, where SCAD deficiency is
not part of NBS programs, children and adults may be identi-
fied with SCADD after showing clinical symptoms and un-
dergoing a biochemical evaluation, including urinary EMA
and butyrylglycine, plasma butyrylcarnitine, and SCAD activ-
ity in skin fibroblasts or muscle (Gregersen et al 1998,
Pedersen et al 2003, Pedersen et al 2008).

Initially, biochemical evaluation for SCADD should include
plasma acylcarnitine profile, plasma carnitine levels, urine
acylglycine levels, and urine organic acid profiling. Plasma
acylcarnitine analysis by tandem mass spectrometry (MS/MS)
is used to detect elevated blood butyrylcarnitine. Isobutyryl-
CoA dehydrogenase deficiency (IBDD) must be considered in
the differential diagnosis of SCADD. IBDD leads to elevation of
isobutyrylcarnitine, which is a C4 species and detectable by
NBS, and can be distinguished from SCADD by additional
confirmatory testing. Carnitine levels are usually within control
range in SCAD deficient patients. Urine acylglycine and organic
acid profiling by gas chromatography mass spectrometry (GC/
MS) can be used to detect butyrylglycine as well as EMA and
dicarboxylic acids, which are helpful in confirmation of an ab-
normal butyrylcarnitine detected in a NBS sample or in children
and adults with a suspected diagnosis of SCAD deficiency.
Increased EMA level in urine is characteristic of SCADD but
not diagnostic. Other disorders with elevated urinary EMA in-
clude multiple acyl-CoA dehydrogenation deficiency (MADD),
ethylmalonic encephalopathy, and mitochondrial respiratory
chain defects. Characteristic biochemical findings of SCADD
may be within control range in affected individuals, when they
are well, but not during times of physiologic stress conditions
such as fever and fasting (Ribes et al 1998, Bok et al 2003).

The most appropriate next diagnostic test is to perform
molecular genetic testing, starting with sequence analysis of
ACADS. Whole exome or genome sequencing may provide
further information concerning pathogenesis and would help
to ascertain whether other gene(s) can contribute to the EMA
disease. While no clear relationship between genotype and
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clinical outcome have been seen in affected individuals, iden-
tified either through NBS programs or clinical diagnosis,
SCAD gene variants seem to correlate with the levels of uri-
nary EMA (Bok et al 2003). Also, Gallant et al showed a
correlation between SCAD gene variants and the levels of
urinary EMA and methylsuccinic acid (Gallant et al 2012).
They noted a statistically significant increase in EMA and
methylsuccinic acid in patients with two or more rare variants
versus rare/common heterozygotes or common homozygous
variants (Gallant et al 2012).

Decreased SCAD activity levels in lymphocytes, skin fi-
broblasts, or muscle is not a good predictor of clinical symp-
toms (Wang et al 2014), while in vitro fatty acid oxidation
studies that can assess function of the entire β-oxidation path-
way and reflect residual enzyme levels may be useful clinical-
ly to confirm SCAD deficiency (Young et al 2003).

Management of SCADD

Individuals with SCADDcan be asymptomatic, and the need for
treatment when they are well is unclear. Because of insufficient
research and lack of long-term follow up studies there are no
comprehensively accepted recommendations for appropriate
therapy for patients with SCAD deficiency and symptoms.

Preventive measures, if necessary, include avoidance of
fasting longer than 12 h, which may predispose an affected
individual to dehydration, metabolic acidosis, and/or hypogly-
cemia. Normal age-appropriate shorter fasting periods would
be recommended in infants and toddlers. The need for low fat
diet has not been recommended in SCADD (Bennett 2010, van
Maldegem et al 2010a). In a Dutch study, 15 individuals with
SCADD were challenged with fasting and fat-loading tests
over a period of seven years. All affected individuals divided
into three different genotypic groups of bi-allelic for rare gene
variants, heterozygous for a rare variant and a common variant,
and bi-allelic for common variants showed free carnitine within
control levels. Fasting in three patients increased ketotic hypo-
glycemia, increased levels of growth hormone and cortisol, and
decreased insulin levels. Concentrations of lactate, pyruvate,
and plasma ammonia were within control levels, and plasma
amino acid concentrations were consistent with normal proxi-
mal urea cycle function and gluconeogenesis (van Maldegem
et al 2010a). Fat loading showed a normal ketogenic response
with a consistent level of EMA in urine, which confirms pre-
vious speculations of normal ketogenesis in SCADD (Bennett
2010, van Maldegem et al 2010a).

Primary management of SCADD should be similar to
medium-chain acyl-CoA dehydrogenase deficiency
(MCADD) by decreasing catabolism along with providing
alternative sources of energy. During acute metabolic acidosis,
intravenous fluids with high dextrose concentrations (usually
10% to provide 8–10 mg/kg/min of glucose) with or without

insulin can be used to control the crisis (Jethva et al 2008).
This is especially important if nausea and vomiting are pres-
ent, which can prevent the affected individuals from tolerating
the oral fluids. Hypoglycemia can be manipulated with a sim-
ilar procedure, although hypoglycemia is uncommon in
SCADD (Jethva et al 2008).

Antioxidant treatments in clinical trials and by in vitro stud-
ies would help to clarify the role that oxidative stress may play
in SCADD. Besides, monitoring markers of cellular survival
and death mechanisms in patients would be beneficial and
help to better understand the pathophysiology mechanisms
and appropriate treatment in SCADD.

Concluding remarks

The clinical correlation and necessity for treatment in SCADD
is controversial. A broad range of clinical symptoms that are
not correlated with specific ACADS genotypes have been
found in patients (Bhala et al 1995, Corydon et al 2001, van
Maldegem et al 2006, Gregersen et al 2008, Pedersen et al
2008, Waisbren et al 2008, Dietzen et al 2009, Lindner et al
2010, vanMaldegem et al 2010c, Gallant et al 2012). SCADD
associated with both rare and common variant proteins, seems
more to be a disease of oxidative stress rather than energy
deficiency, which could add to it being a misunderstood
FAO disorder. The exact molecular triggers/mechanisms that
link ACADS variants and elevated levels of butyrate/EMA
with significant clinical symptoms are not known. This is
probably one of the main reasons that SCADD is not included
as a newborn screening target in most countries at the present
time. Pursuing efforts to follow outcomes in SCADD and
elucidating possible underlying genetic and cellular mecha-
nisms of SCADDwill be necessary in order to administer both
NBS protocols and clinical management for physicians and
families. In addition, such studies are essential to fully puzzle
out the implications of SCADD in order to clarify whether
SCADD represents a disease or a non-disease.
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