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Abstract

Genetic deficiency of short-chain acyl-coenzyme A (CoA) de-
hydrogenase activity was demonstrated in cultured fibroblasts
from a 2-yr-old female whose early postnatal life was compli-
cated by poor feeding, emesis, and failure to thrive. She dem-
onstrated progressive skeletal muscle weakness and develop-
mental delay. Her plasma total carnitine level (35 nmol/ml)
was low-normal, but was esterified to an abnormal degree
(55% vs. controls of < 10%). Her skeletal muscle total carni-
tine level was low (7.6 nmol/mg protein vs. controls of 14±2
nmol/mg protein) and was 75% esterified. Mild lipid deposi-
tion was noted in type I muscle fibers. Fibroblasts from this
patient had 50% of control levels of acyl-CoA dehydrogenase
activity towards butyryl-CoA as substrate at a concentration of
50 ,M in a fluorometric assay based on the reduction of elec-
tron transfer flavoprotein. All of this residual activity was in-
hibited by an antibody against medium-chain acyl-CoA dehy-
drogenase. These data demonstrated that medium-chain acyl-
CoA dehydrogenase accounted for 50%of the activity towards
the short-chain substrate, butyryl-CoA, under these condi-
tions, but that antibody against that enzyme could be used to
unmask the specific and virtually complete deficiency of short-
chain acyl-CoA dehydrogenase in this patient. Fibroblasts
from her parents had intermediate levels of activity towards
butyryl-CoA, consistent with the autosomal recessive inheri-
tance of this metabolic defect.

Introduction

Within the last few years, inherited disorders of enzymes in-
volved in the (3-oxidation of fatty acids have been described by
a number of investigators. These enzymatic defects: carnitine
palmityltransferase deficiency (1), long-chain acyl-coenzyme
A (CoA)' dehydrogenase (LCAD) deficiency (2), medium-
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1. Abbreviations used in this paper: CoA, coenzyme A; ETF, electron
transfer flavoprotein; LCAD, long-chain acyl-CoA dehydrogenase;
MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain
acyl-CoA dehydrogenase.

chain acyl-CoA dehydrogenase (MCAD) deficiency (3-13),
electron transfer flavoprotein (ETF) deficiency (14-16), and
ETF dehydrogenase deficiency (14) all have been demon-
strated in cultured skin fibroblasts, although extracts of other
tissues have been used to diagnose specific enzyme defects in
this metabolic pathway, including skeletal muscle (1), liver (4,
9), and peripheral mononuclear leukocytes (2, 6).

Under physiological conditions, fatty acids are imported
into mitochondria through the action of carnitine palmityl-
transferase, and then they are oxidized and shortened by a
sequence of enzymes in the ,3-oxidation spiral. The first reac-
tion of each (-oxidation spiral is catalyzed by an acyl-CoA
dehydrogenase. Three acyl-CoA dehydrogenases are known to
act on acyl-CoA esters of different chain length: LCAD,
MCAD, and SCAD(17, 18). These acyl-CoA dehydrogenases
are all homotetrameric flavoproteins, and require ETF as an
obligatory electron acceptor. Their names indicate the ap-
proximate range of chain length of their preferred substrates,
but overlap in their substrate specificities has been observed
(17, 18).

The most common genetic disorder of this pathway,
MCADdeficiency, has now been confirmed by enzyme mea-
surements or strongly suspected by urinary metabolite excre-
tion patterns in at least 65 patients (3-13; Hale, D. E., and
P. M. Coates, unpublished observations).

Patients with LCADdeficiency have some clinical and lab-
oratory findings similar to those with MCADdeficiency, and
in addition, may have severe skeletal muscle weakness and
cardiomyopathy (2, 19). Both LCADdeficiency and MCAD
deficiency are inherited in an autosomal recessive manner;
fibroblasts and leukocytes from parents of affected children
have half-normal levels of the affected enzyme (2, 6).

Recently, short-chain acyl-CoA dehydrogenase (SCAD)
deficiency has been identified in four patients (20-22). In one
of these, Turnbull et al. (20) identified SCADdeficiency in
skeletal muscle of a middle-aged woman with progressive
muscle weakness, lipid storage myopathy, and muscle carni-
tine deficiency. A patient with similar findings has been re-
ported in abstract form by DiDonato et al. (21). The other two
patients (22) were recognized as infants with metabolic aci-
dosis and ethylmalonic aciduria; fibroblasts from these two
patients demonstrated a deficiency of SCAD, measured using
butyryl-CoA as substrate. Family studies were not performed
in any of the four cases, however, making it impossible to
determine if their enzyme deficiency was due to a structural
gene defect or a secondary phenomenon.

The present report describes the genetic deficiency of
SCAD, demonstrated in fibroblasts from a patient with severe
skeletal muscle weakness, developmental delay, and muscle
carnitine deficiency. Fibroblasts from her parents had inter-
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mediate levels of SCADactivity, consistent with autosomal
recessive inheritance of this disorder. The interpretation of the
results initially was complicated by the significant residual bu-
tyryl-CoA dehydrogenating activity in patient cells, but was
resolved by the use of polyclonal monospecific antibodies
against MCADand SCAD, which could differentiate between
the contributions of these two enzymes to the dehydrogena-
tion of butyryl-CoA.

Methods

Case report
The proband, G-1, a female infant, was the 3.6-kg appropriate for
gestational age product of an uncomplicated pregnancy, born to a
20-yr-old gravida 2, para 1, Caucasian female of French and Irish
ancestry and her 23-yr-old Hispanic husband. There was no known
consanguinity. Labor was induced at 43 wk and delivery was vaginal
vertex. She fed poorly in the newborn period and vomited most feeds.
She was admitted at 2 moof age for failure to thrive. A barium swallow
revealed gastroesophageal reflux. During the first year, she exhibited
poor weight gain, developmental delay, progressive skeletal muscle
weakness, hypotonia, and microcephaly. The mother reported that the
baby had frequent episodes of staring; however, both electroencephalo-
gram and computerized tomographic scan were normal.

At 6 mo of age, she had no head control, and was unable to sit or
bear weight on her legs. Head circumference was 39 cm (below the 3rd
percentile); height, 65 cm (50th percentile); and weight, 5.4 kg (below
the 3rd percentile). The liver edge was firm and palpable at 3 cm. Urine
organic acid screening showed a mild elevation of dicarboxylic acids, a
mild generalized amino aciduria and modest elevation of f3-hydroxy-
butyrate; it was otherwise unremarkable.

Because of the progressive muscle weakness and onset of ptosis, the
infant was hospitalized at 8 mo of age for evaluation. A right quadri-
ceps muscle biopsy was performed. Minor generalized accentuation of
intrafiber lipid deposits in type I fibers was noted; otherwise, the find-
ings were unremarkable. The plasma level of creatine phosphoki-
nase was normal (68 IU/liter), and there was a mild elevation of serum
glutamic-pyruvic transaminase (72 IU/liter). The total carnitine level
in muscle was 7.6 nmol/mg noncollagen protein (control, 14±2
nmol/mg noncollagen protein), and was 75% esterified (control,
< 40%). The child has never had any episodes of hypoglycemia.

At 11 mo of age, an echocardiogram was normal. Plasma total
carnitine was 35 ,umol/liter (control range, 40-60 ,gmol/liter), and was
55% esterified (control, < 10%). She was begun on a fat-restricted diet
(16% of total calories) supplemented with L-carnitine (Sigma-Tau
S.P.A., Pomezia, Rome, Italy) at 300 mg/kg per d. The patient's re-
sponse to therapy generally was poor; she failed to gain weight and
remained hypotonic. Persistent diarrhea required lowering her L-car-
nitine dosage to 100 mg/kg per d.

Developmental testing at 21 mo showed a gross motor level of 5
mo, a fine motor level of 8-9 mo, a cognitive development level of 5-9
mo, and a language-social level of 3-4 mo. Increasing difficulty with
oral intake necessitated insertion of a gastrostomy tube at 23 mo.
Despite intermittent gastrostomy tube blockage, she has shown signifi-
cant weight gain and overall improvemept in strength at 32 mo.

Chemicals. Butyryl-CoA, octanoyl-CoA, and palmityl-CoA were
obtained from Pharmacia Fine Chemicals (Piscataway, NJ). All other
reagents were obtained from Sigma Chemical Co. (St. Louis, MO).

Fibroblasts. Cultured skin fibroblasts were obtained from the pa-
tient, her parents, 90 controls ranging in age from 6 d to 13 yr, 35
patients with MCADdeficiency ranging in age from 3 moto 17 yr, and
14 obligate heterozygotes for MCADdeficiency ranging in age from 21
to 36 yr. 16 of the MCAD-deficient patients (6, 23, 24) have been
described previously. Fibroblasts were grown and prepared for enzyme
assay as previously described (2, 6).

Acyl-CoA dehydrogenase assays. Acyl-CoA dehydrogenase activi-
ties were measured using an ETF reduction assay (25). Details of this

assay are presented elsewhere (2, 6). Briefly, fibroblasts were sonicated
and centrifuged at 40,000 g for 30 min, and acyl-CoA dehydrogenase
activities were measured in the supernatant fraction. Butyryl-CoA,
octanoyl-CoA, and palmityl-CoA were used as substrates at a final
concentration of 50 ,M, for the SCAD, MCAD,and LCADactivities,
respectively. ETF, purified from pig liver as previously described (2,6),
was used as the electron acceptor at a final concentration of 2 ,uM
under anaerobic conditions. Protein content of fibroblast supernatants
was measured by the method of Lowry et al. (26). Results of enzyme
assay were expressed as nanomoles ETF reduced/minute per milligram
protein.

Antibodies to rat liver medium-chain and short-chain acyl-CoA
dehydrogenases. Antibodies were raised in rabbits against purified rat
liver MCADand SCAD, as previously described (17, 23). These anti-
bodies were monospecific; they did not cross-react with nor inhibit the
activity of any rat liver acyl-CoA dehydrogenase other than the one
used as antigen (17). They did, however, cross-react specifically with
the corresponding human fibroblast MCADand SCAD(18, 23, 27).
When used to inhibit acyl-CoA dehydrogenase activities, they were
preincubated with cell extracts for 1 h at room temperature before
assay. Because the acyl-CoA dehydrogenase enzymes lose - 25% of
their activity per hour under these conditions without the addition of
antibody (28), a control was included in which the same cell extract
was incubated at room temperature for 1 h with nonimmune serum.

Results

SCADactivity has been measured in this and in previous stud-
ies using butyryl-CoA as substrate. As shown in Table I, cells
from patient G- 1 had - 50% of the mean control enzyme
activity using this substrate (1.09 vs. 2.18±0.25 nmol ETF
reduced/min per mg protein, P < 0.05). This result has been
confirmed repeatedly. In patient G- 1 cells, MCADand LCAD
activities measured using octanoyl-CoA and palmityl-CoA, re-
spectively, were well within the control range (4.01 vs.
4.14±0.38 nmiol ETF reduced/min per mg protein, P > 0.1
and 2.35 vs. 2.20±0.21 nmol ETF reduced/min per mg pro-
tein, P > 0.1, respectively).

Three pieces of evidence suggest that this patient has a
specific genetic deficiency of SCAD. First, cells from patients
with MCADdeficiency have been shown previously (6) to
have - 50% of cdntrol activity towards butyryl-CoA
(0.95±0.16 vs. 2.1±0.25 nmol ETF reduced/min per mg
protein, P < 0.05), in addition to the virtually complete loss of

Table L Acyl-CoA Dehydrogenase Activities in Fibroblasts

Acyl-CoA dehydrogenase activity measured using

Subjects Palmityl-CoA Octanoyl-CoA Butyryl-CoA

nmol ETF reduced/min per mgprotein±SD

Patient G- I (1)* 2.35 4.01 1.09t
Parents (2) NT 4.09; 4.37 1.61; 1.57
Controls (90) 2.20±0.21 4.14±0.38 2.18±0.25
MCADdeficient (35) 2.12±0.25 0.25±0.11t 0.95±0.16*
MCADheterozygote 2.2 1±0.27 2.01±0.41$ 1.56±0.16*

(14)

* The number of individual patient cultures is given in parentheses.
For all cultures, results were obtained at least in triplicate. NT, not
tested.
* Significantly different from control cells assayed with the same sub-
strate, P < 0.05.
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activity towards octanoyl-CoA (0.25±0.1 1 vs. 4.14±0.38 nmol
ETF reduced/min per mg protein, P < 0.01), when assayed
using the same method. This suggests that a substantial por-
tion of the activity towards the short-chain substrate under the
assay conditions described, with ETF as the electron acceptor,
is due to MCAD. Thus, if 50% of the measured activity to-
wards bgiityryl-CoA can be accounted for by MCAD, then the
SCADenzyme will contribute, at most, 50% of the apparent
enzyme activity when assayed with this substrate.

Second, fibroblasts from both parents of this patient with
SCADdeficiency had - 75% of control enzyme activity using
butyryl-CoA as substrate (Table I), halfway between that
found for the patient and for controls and exactly what one
would predict for an enzyme activity in cells from heterozy-
gotes for an autosomal recessive disorder. Cells from the par-
ents had acyl-CoA dehydrogenase activities towards octanoyl-
CoA and palmityl-CoA that were within the control range.
The combination of 75% residual activity towards butyryl-
CoA and normal activity towards octanoyl-CoA distinguishes
heterozygotes for SCADdeficiency from heterozygotes for
MCADdeficiency, who also had - 75% of control activity
towards butyryl-CoA, but whose activity towards octanoyl-
CoA was only 50% of control levels (6).

Third, we have shown elsewhere (Hale, D. E., G. Finoc-
chiaro, P. M. Coates, and K. Tanaka, manuscript in prepara-
tion) that an antibody raised against MCAD(anti-MCAD)
inhibited virtually all of the enzyme activity towards octanoyl-
CoA and inhibited 50% of the enzyme activity towards bu-
tyryl-CoA in control cells; it was without effect on the residual
enzyme activity towards butyryl-CoA in MCAD-deficient
cells.

In the present study, an antibody raised against SCAD
(anti-SCAD) was found to inhibit 50% of the enzyme activity
towards butyryl-CoA in control cells and to completely inhibit
the residual activity towards butyryl-CoA in MCAD-deficient
cells (Table II). The residual activity towards butyryl-CoA as
substrate in cells from G- I was unaffected by anti-SCAD (92%
of activity present in cells treated with nonimmune IgG, P
> 0.1), but it was almost completely inhibited by anti-MCAD
(10% of activity present in cells treated with nonimmune IgG,
P< 0.05). These data support the conclusion that proband G- 1
has a specific SCADdeficiency and that the residual 51% of

Table II. Effect of Monospecific Antibodies against Medium-
Chain Acyl-CoA Dehydrogenase (Anti-MCAD) and Short-Chain
Acyl-CoA Dehydrogenase (Anti-SCAD) on Fibroblast Acyl-CoA
Dehydrogenase Activity with Butyryl-CoA as Substrate

Acyl-CoA dehydrogenase activity in the presence of

Subjects (n) Nonimmune serum Anti-MCAD serum Anti-SCAD serum

nmol ETF reduced/min per mgprotein±SD

Control (3) 1.52±0.17 (12)** 0.69±0.10 (11) 0.69±0.09 (12)
MCAD 0.73±0.04 (4)* 0.75±0.08 (8) 0.05±0.07 (8)*

deficient (2)
SCAD 0.78±0.07 (3)* 0.08; 0.08 (2)* 0.72±0.03 (3)

deficient (1)

* Significantly different from control cells assayed under the same
conditions, P < 0.05.
* The number of individual assays is shown in parentheses.

enzyme activity towards butyryl-CoA is due to MCAD, as
determined under the current assay conditions.

Finally, we have measured acyl-CoA dehydrogenase activi-
ties in fibroblasts from the patient described by Turnbull et al.
(20) with short-chain acyl-CoA dehydrogenase deficiency
demonstrated in skeletal muscle. Acyl-CoA dehydrogenase ac-
tivities towards butyryl-CoA, octanoyl-CoA, and palmityl-
CoAwere 2.12, 4.34, and 2.04 nmol ETF reduced/min per mg
protein, respectively. Wealso measured these enzymes in fi-
broblasts from the patient described by Bennett et al. (28) with
a defect in fibroblast short-chain fatty acid oxidation. Acyl-
CoA dehydrogenase activities towards butyryl-CoA, octanoyl-
CoA, and palmityl-CoA were 2.16, 4.37, and 1.93 nmol ETF
reduced min per mgprotein, respectively. Neither patient had
a SCADdeficiency that was evident in fibroblasts.

Discussion
Short-chain acyl-CoA dehydrogenase deficiency has been de-
scribed recently in association with distinctly different clinical
phenotypes. The patient described in the present report pre-
sented early in life with nonspecific vomiting, poor feeding,
and failure to thrive. Her chronic problems were largely those
of progressive skeletal muscle weakness and developmental
delay. Her findings are very different from those of the two
female infants with SCADdeficiency identified in cultured
fibroblasts by Amendt et al. (22). They both presented in early
infancy with poor feeding and lethargy, significant metabolic
acidosis, and excreted a number of metabolites in urine, sug-
gestive of a block in short-chain fatty acid oxidation. Their
metabolite excretion pattern resembled that of a patient de-
scribed by Bennett et al. (28), who had a defect in short-chain
fatty acid oxidation. This latter patient, however, was demon-
strated in the present report not to have SCADdeficiency; it is
possible that another enzyme in 3-oxidation is defective in her
cells.

The patients described with muscle SCADdeficiency (20,
21) had significant skeletal muscle weakness, myoglobinuria,
and muscle carnitine deficiency, with no findings referable to
an abnormality in hepatic fatty acid metabolism. In some re-
spects, these patients resembled others who had been reported
previously with "muscle carnitine deficiency" (29). These pa-
tients (20, 21) appeared to have SCADdeficiency expressed in
skeletal muscle; our results, confirmed by Amendt et al. (22),
demonstrated that fibroblasts from the patient described by
Turnbull et al. (20) had normal SCADactivity.

There are several possible explanations for the apparent
tissue difference in the expression of SCADdeficiency in the
patient reported by Turnbull et al. (20). One possible explana-
tion is a mutation of a muscle-specific SCADisozyme; this
assumes that there are tissue-specific SCADisozymes. Carroll
et al. (30) recently used an electrophoretic analysis coupled
with a histochemical staining method to demonstrated acyl-
CoAdehydrogenases in crude extracts of human skeletal mus-
cle mitochondria. MCADand LCADin skeletal muscle were
identical to their counterparts in liver and heart. By contrast,
SCADwas detected only in muscle, and not in heart or liver
under these conditions. More recently, Finocchiaro et al. (18)
purified SCAD, MCAD,and isovaleryl-CoA dehydrogenase to
homogeneity from human liver. In general, these human liver
acyl-CoA dehydrogenases were identical to their counterparts
in human fibroblasts (23, 27) and placenta (Finocchiaro, G.,
M. Ito, and K. Tanaka, unpublished observations), and were
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very similar to the corresponding rat enzymes in their molecu-
lar, catalytic, and immunologic properties (17, 18). Current
evidence, therefore, seems to suggest that a muscle-specific
SCADisozyme is unlikely, but at present, there are no direct
data that conclusively exclude this possibility. It is possible that
all tissues share the same SCADgene, but that the mechanisms
that regulate its expression may differ among them. Alterna-
tively, the apparent SCADdeficiency in this patient's cells may
be a secondary phenomenon, perhaps due to degeneration of
muscle mitochondria for other reasons. Another possibility
that may explain her enzyme abnormality is a riboflavin-re-
sponsive multiple acyl-CoA dehydrogenation defect (31).
SCADis relatively susceptible to riboflavin deficiency, at least
in the rat (32, 33). This patient might be sufficiently riboflavin
deficient to depress SCADactivity in muscle without affecting
the activities of other acyl-CoA dehydrogenases; her cultured
fibroblasts may have normal SCADactivity because the me-
dium in which they are grown contains riboflavin.

The clinical and laboratory findings in patient G-l, which
include chronic skeletal muscle weakness, developmental
delay, and reduced muscle carnitine levels with an increased
content of esterified carnitine, are different from those often
found in patients with MCADor LCADdeficiency. Many of
the latter patients present during the first 18 moof life with a
Reye Syndrome-like episode, in which fasting stress results in
lethargy and vomiting, sometimes leading to coma and often
associated with hypoglycemia, a failure of ketosis and second-
ary plasma and tissue carnitine deficiency (19). Only the rare
patient with MCADdeficiency has been reported to have
muscle weakness, whereas this has been a common finding
among patients with LCADdeficiency.

Over the last several years, there has developed a simple
strategy for defining patients with carnitine deficiency (29):
those with low levels of carnitine in plasma, liver, and muscle
have been identified as having "systemic carnitine deficiency,"
whereas those with low muscle carnitine levels, but normal
plasma and liver carnitine, were said to have "muscle carnitine
deficiency." In general, the latter disease is characterized by
low muscle carnitine levels, progressive muscle weakness (of
varying degree), and lipid accumulation in skeletal muscle
fibers (also of varying degree). These patients usually have
been identified at a much older age than G-1 (for example, the
patient described by Turnbull et al. [20]), although a few have
presented within the first several years of life. For some of
them, the clinical course has been unrelenting and fatal in spite
of carnitine therapy, whereas others have responded favorably
to oral carnitine therapy (29). It is unknown whether any of
these patients have SCADdeficiency, either expressed in mus-
cle, as in Turnbull's patient, or perhaps generalized and ex-
pressed in fibroblasts, as in patient G- 1. Together, however,
these findings suggest that patients who have until now carried
the diagnosis of muscle carnitine deficiency should be reevalu-
ated to determine whether they have specific defects in ,8-oxi-
dation, such as SCADdeficiency.

Wecan speculate that, by analogy with other known de-
fects in ,3-oxidation, the failure to completely oxidize fatty
acids in mitochondria would lead to the accumulation of acyl-
CoA compounds, in this case butyryl-CoA, which are poten-
tially cytotoxic. This may be particularly true for muscle, since
fatty acids are a major substrate for oxidative metabolism in
this tissue. Whereas the liver has adaptive mechanisms for
handling these toxic intermediates (e.g., a-carboxylation, gly-

cine conjugation, acylcarnitine formation, and omega oxida-
tion), it may be that skeletal muscle is less capable of removing
acyl-CoA moieties by these alternative routes.

In the present report, the ETF reduction assay was used to
measure the acyl-CoA dehydrogenase activities in fibroblasts
from patient G-1 and from her parents. In the only other
report of SCADdeficiency in fibroblasts, Amendt et al. (22)
used a tritium-release assay and an ETF-linked dichlorophe-
nolindophenol reduction assay to demonstrate reduced SCAD
activity in their patients. Because the observed activity of
MCADtowards butyryl-CoA as substrate is so high, both in
our hands and as described by Amendt et al. (22), it was neces-
sary to carefully distinguish the contributions of MCADand
SCAD towards butyryl-CoA by selective inhibition of each
enzyme using antibodies of known specificity. Coupled with
our previous data, it is evident that these monospecific anti-
bodies are powerful tools with which to discern the substrate
specificities of these enzymes.

Amendt et al. (22) found an interesting difference in the
enzyme activities of their two patients with SCADdeficiency.
One of them, Neonate I, had significantly reduced activity
towards both butyryl-CoA and octanoyl-CoA; all of the resid-
ual activity towards both substrates could be inhibited by an
anti-pig MCADantibody. The reason for the substantially
reduced activity towards octanoyl-CoA is unclear. The authors
noted the possibility that this child's cells may have constitu-
tively lowered activities of 13-oxidation enzymes (LCAD, iso-
valeryl-CoA dehydrogenase, and ETF activities were all some-
what depressed compared with control); another possibility,
which could not be pursued since cells from the parents were
unavailable for study, is that Neonate I is heterozygous for
MCADdeficiency, in addition to having SCADdeficiency.
Neonate II, on the other hand, appeared to have an isolated
SCADdeficiency, very similar to that found in cells from our
patient, G- 1. Because we had the opportunity to study fibro-
blasts from the parents of patient G- 1, we were able to demon-
strate that their cells had intermediate levels of SCADactivity,
consistent with heterozygosity for an autosomal disorder.
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