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Summary The oxidation of fatty acids for energy production not only 

Three children in two families presented in early childhood 
with episodes of illness associated with fasting which resembled 
Reye's syndrome: coma, hypoglycemia, hyperammonemia, and 
fatty liver. One child died with cerebral edema during an episode. 
Clinical studies revealed an absence of ketosis on fasting (plasma 
beta-hydroxybutyrate ~ 0 . 4  mmole/liter) despite elevated levels 
of free fatty acids (2.6-4.2 mmole/liter) which suggested that 
hepatic fatty acid oxidation was impaired. Urinary dicarboxylic 
acids were elevated during illness or fasting. Total carnitine levels 
were low in plasma (18-25 pmole/liter), liver (200-500 nmole/ 
g), and muscle (500-800 nmolelg); however, treatment with L- 
carnitine failed to correct the defect in ketogenesis. Studies on 
ketone production from fatty acid substrates by liver tissue in 
vitro showed normal rates from short-chain fatty acids, but very 
low rates from all medium and long-chain fatty acid substrates. 
These results suggested that the defect was in the mid-portion of 
the intramitochondrial beta-oxidation pathway a t  the medium- 
chain acyl-CoA dehydrogenase step. A new assay for the electron 
transfer flavoprotein-linked acyl-CoA dehydrogenases was used 
to test this hypothesis. This assay follows the decrease in electron 
transfer flavoprotein fluorescence a s  it is reduced by acyl-CoA-- 
acyl-CoA dehydrogenase complex. Results with octanoyl-CoA a s  
substrate indicated that patients had less than 2.5% normal 
activity of medium-chain acyl-CoA dehydrogenase. The activities 
of short-chain and isovaleryl acyl-CoA dehydrogenases were 
normal; the activity of long-chain acyl-CoA dehydrogenase was 
one-third normal. 

These results define a previously unrecognized inherited met- 
abolic disorder of fatty acid oxidation due to deficiency of me- 
dium-chain acyl-CoA dehydrogenase. The carnitine deficiency in 
these patients appears to be a secondary consequence of their 
defect in fatty acid oxidation. It  is possible that other patients 
with "systemic carnitine deficiency," who fail to respond to 
carnitine therapy, may also have defects in fatty acid oxidation 
similar to medium-chain acyl-CoA dehydrogenase deficiency. 

plays an important rolein working skeletal and cardiac muscle, 
but also is crucial for maintenance of fuel homeostasis during 
periods of fasting. During fasting, the utilization of fatty acids 
helps to conserve glucose for brain metabolism and the oxidation 
of fatty acids to ketones in the liver yields both energy for 
gluconeogenesis as well as fat-derived substrates that can be used 
by the brain to further spare glucose consumption. In the past 
several years, an increasing number of inherited defects in the 
pathway of fatty acid oxidation have been described. Depending 
on the degree of involvement of liver, heart, and skeletal muscle, 
the clinical features of these disorders range from recurrent 
episodes of fasting coma and hypoglycemia, which may mimic 
Reye's syndrome, to progressive muscle weakness resembling 
muscular dystrophy. In some of these disorders, such as carnitine 
palmityl-transferase (2,8) and hydroxymethyl-glutaryl-CoA lyase 
deficiencies (27), the site of the metabolic defect has been iden- 
tified. In others, such as type I1 glutaric aciduria (24) and the 
dicarboxylic acidurias ( I ,  4, 13, 23, 3l), the site of defect has not 
yet been established. One of the disorders where the site of defect 
remains uncertain is a heterogeneous group associated with 
deficiency of carnitine, a co-factor required for transport of long- 
chain fatty acids into mitochondria. At least two clinical syn- 
dromes appear to be associated with carnitine deficiency: a 
systemic form (16) and a myopathic form (9). Carnitine replace- 
ment therapy has sometime? been effective ( 5 ) ,  but frequently is 
not (3), suggesting that the primary abnormality in many of these 
cases is not in carnitine biosynthesis (10, 11). 

The present report describes two families with a defect in fatty 
acid oxidation associated with low plasma and tissue carnitine 
levels in which carnitine deficiency is not the cause, but instead 
may be the consequence of impaired fatty acid oxidation. The 
affected children in these two families presented in early child- 
hood with life-threatening episodes of fasting coma and hypogly- 
cemia that resembled Reye's syndrome. Clinical studies revealed 
an absence of ketosis during fasting, which suggested that hepatic 
fatty acid oxidation was impaired. Because there were no signs 

Abbreviations of muscle weakness, liver biopsies were obtained to analyze the 
pathway of fatty acid oxidation. These studies demonstrated a 

ACD, acyl-CoA dehydrogenase, defect in intramitochondrial beta-oxidation at the medium-chain 
BOB, beta-hydroxybutyrate acyl-CoA dehydrogenase step. A specific deficiency of this en- 
CPT, carnitine palmityl transferase zyme was confirmed using a new assay that was developed for 
CPT,, C P T  activity on outer surface of mitochondria use in small samples of unfractionated tissue. Subsequent studies 
ETF, electron transfer flavoprotein have shown that this defect can now also be demonstrated in 
FFA, free fatty acid cultured skin fibroblasts (6). 
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PATIENTS 

Patienr M-1. This female patient was first admitted to the 
Children's Hospital of Philadelphia at 13 months of age because 
of coma. She had been the 2660 g product of a normal pregnancy 
and, except for frequent ear infections, had been well. Her growth 
and development had also been normal. Four days before ad- 
mission she developed symptoms of a viral illness with low grade 
fever, irritability, mild diarrhea, and intermittent vomiting. On 
the morning of admission she was found unarousable in bed 
with labored breathing. She stopped breathing on the way to 
another hospital and was given mouth-to-mouth ventilation. In 
the emergency room she had a generalized seizure and received 
a large dose of diazepam. She was stabilized and transported to 
the Children's Hospital of Philadelphia. On arrival she was 
obtunded, responded only to painful stimuli, and required me- 
chanical ventilation. Physical examination was normal; the liver 
was not enlarged. Laboratory studies showed a spinal fluid glu- 
cose of 23 mg/dl (1.3 mmole/liter); normal serum sodium, 
potassium, and chloride; bicarbonate, 1 1  mmole/liter; urea ni- 
trogen, 14 mg/dl (5.0 mmole/liter); blood ammonia, 52 pgldl 
(30 pmole/liter); hemoglobin, 12.3 g/dl (7.7 mmole/liter); and 
white blood count, 21,700/mm3 (2 1.7 x 109/liter); and a small 
amount of ketones in the urine. She was treated with intravenous 
dextrose and fluids and began to improve slowly. On the third 
day, when the intravenous fluids were stopped and nasogastric 
feedings were begun she became obtunded again and had a 
cardiorespiratory arrest. At this time the liver was noted to be 
firm and enlarged to 4 cm below the costal margin. The plasma 
glucose was 34 mg/dl (I .9 mmole/liter); serum bicarbonate, 16 
mmole/liter; and blood ammonia, 138 &dl (8 1 pmole/liter). A 
urine specimen at the time of this episode showed very elevated 
concentrations of medium-chain dicarboxylic acids (see "Re- 
sults"). She was successfully resuscitated and again treated with 
dextrose and fluids. She gradually improved and was discharged 
12 days later, apparently fully recovered. A blood specimen 
obtained at the time of discharge showed a very low plasma total 
carnitine level (7 pmole/liter; normal 40-60). At age 21 months, 
she was readmitted for lethargy and vomiting after 3 days of 
moderate diarrhea. She responded well to intravenous fluids and 
dextrose and was discharged after 1 day in the hospital. Apart 
from these two episodes, she has remained well. At age 2V1r her 
physical examination, including muscle strength and intellectual 
development, is normal. 

The patient's mother, father, and 6-year-old sister have never 
had similar illnesses. The mother and father are unrelated and 
have total plasma carnitine levels that are normal (50 and 46 
pmole/liter, respectively). 

Patient B-I. This 22/~2-year-old female was admitted to another 
hospital for coma and hypoglycemia. She had been well the 
previous day and attended a family picnic. On the morning of 
admission she was found convulsing in bed and on arrival in the 
other hospital was pale, bradycardic, and unresponsive to painful 
stimuli. The liver was palpated at the costal margin. Laboratory 
studies included a plasma glucose of 2 mg/dl (0.1 mmole/liter); 
normal sodium, potassium, and chloride; bicarbonate 19 mmole/ 
liter; urea nitrogen, 32 mg/dl (1 1 mmole/liter); and small keton- 
uria. She improved slightly after intravenous dextrose, but de- 
veloped persistent seizures and was transferred to the Children's 
Hospital of Philadelphia after 16 h. She had no reflexes or 
movement and required mechanical ventilation. She died with 
an isoelectric electroencephalogram 2 days later. Additional lab- 
oratory studies at Children's Hospital of Philadelphia showed a 
slightly elevated blood ammonia of 82 &dl (48 pmole/liter); 
transaminase, 68 U/m1 (0.54 pmol . sec-I .liter-'); and a negative 
screening test for ethanol and aspirin. No abnormal increases in 
urine organic acids were found by gas chromatography (see 
"Results"). A frozen needle liver biopsy showed panlobular 
accumulation of fat droplets in hepatocytes, which was inter- 
preted to be consistent with Reye's syndrome. Postmortem ex- 
amination revealed brain swelling with uncal herniation as the 
cause of death. 

The past medical history was femarkable only for a prior 
unexplained episode of hypoglycemia at 6 months of age. 
Growth, development, and muscle strength had been normal. 
Specimens of liver and skeletal muscle were obtained soon after 
death. Total carnitine levels in these tissues were found to be low 
(see "Results") and suggested the possibility of an inherited 
metabolic defect in fatty acid oxidation. 

Patient B-2. Patient B-2 is the oldest brother of patient B-1. 
At age 2 3/~2, he had an episode of coma and hypoglycemia after 
sleeping late one morning. He cried out and was found unre- 
sponsive by his parents. He was taken to an emergency room 
where he was noted to be staring and unresponsive with arms 
and legs stiffly flexed. Laboratory studies showed plasma glucose, 
8 mg/dl (0.44 mmole/liter); normal serum sodium, potassium 
and chloride; serum bicarbonate, 19 mmole/liter; and moderate 
ketonuria. He was transferred to Children's Hospital of Phila- 
delphia where additional laboratory tests showed an elevated 
blood ammonia (185 pg/dl; 109 pmole/liter) compared to a 
control ( 1  50 &dl; 88 pmole/liter), slightly elevated transaminase 
(64 U/ml; 0.5 pmol .s-'/liter-'), and normal prothrombin time. 
The liver was not enlarged. He had several seizures after treat- 
ment was started with intravenous fluids. He improved slowly 
over 3 days. One week later, he tolerated a fast of 36 h without 
developing hypoglycemia (lowest plasma glucose, 58 mg/dl; 3.2 
mmole/liter) or symptoms. Because the episode of coma had 
occurred after a longer period of overnight fasting than was usual 
for him, the parents were advised to avoid letting him fast more 
than 12 h. He has had no further episodes of coma. At age 10 
years, he appears physically and developmentally normal and 
has no signs of muscle weakness. His total plasma carnitine level 
is low (25 pmole/liter). 

The two other siblings in the B family have never had episodes 
of coma: a boy 2-'/12 years old and a girl 1 years old. They 
have normal physical examinations and no evidence of weakness. 
Total plasma carnitine levels are low in the brother (25 pmole/ 
liter) and normal in the sister (40 pmole/liter). The parents are 
unrelated and have been healthy. 

MATERIALS A N D  METHODS 

Studies of fasting adaptation and response to oral L-carnitine 
therapy were carried out in the Clinical Research Center at the 
Children's Hospital of Philadelphia. Signed consent for these 
studies was obtained from the parents of the patients. These 
studies were approved by the Committee for Protection of Hu- 
man Subjects of the Children's Hospital of Philadelphia. Studies 
of fasting adaptation were begun after an 8 p.m. bedtime snack 
and plasma glucose levels were monitored frequently to avoid 
severe hypoglycemia. During these fasts, patients were encour- 
aged to drink water or noncaloric beverages. Blood samples were 
obtained from indwelling pediatric scalp vein needles kept patent 
by intermittent flushing with heparinized saline. Urine samples 
were collected on ice in containers with 5 ml of sodium hydroxide 
for measurement of dicarboxylic acids. 

Samples of liver tissue and rectus abdominis muscle weighing 
200-400 mg were obtained at the time of diagnostic surgical 
open liver biopsy. Liver and muscle biopsies were also obtained 
from the younger brother of patients B-1 and B-2 because of 
parental concern that he might be at risk for developing the same 
illness as his deceased sister. 

Plasma glucose was determined using a Beckman glucose 
analyzer. Blood lactate and plasma FFA and BOB levels were 
determined as previously described (28). Plasma and tissue car- 
nitine levels were measured with a radioenzymatic method (19). 
Urine organic acids were measured as the trimethylsilyl deriva- 
tives by gas liquid chromatography. Identity of derivatives was 
confirmed by gas chromatography-mass spectrometry. L-Carni- 
tine was generously provided by Dr. Monroe Klein, Sigma Tau, 
Inc., Holmdel, NJ. 

In vitro capacity for fatty acid oxidation to ketones was meas- 
ured using homogenates of freshly-obtained liver tissue in 0.1 ml 
final volume containing 4 mg tissue, 10 mM potassium phos- 
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phate buffer (pH 7.4), 137 mM KCI, I0 mM alpha-ketoglutarate, 
I mM MgCl,, 1 mM ATP, 0.5 mM EDTA, 0.05 mM coenzyme 
A, 1 % bovine serum albumin, and different fatty acid substrates 
at concentrations that gave maximal rates of ketogenesis in 
studies of guinea pig and rat liver (17, 29). Incubations were run 
in duplicate in room air at 37°C for 30 min. Where used, the 
concentration of L-carnitine was 0.5 mM. With alpha-ketoiso- 
caproate as substrate, the incubation was modified to contain 24 
mM KHC03 and run in a 95% 0 ~ 5 %  C 0 2  atmosphere. The 
BOB and acetoacetate produced were assayed by an enzymatic 
method (32) modified for a fluorometer. As reported by Krebs 
(17), the inclusion of alpha-ketoglutarate or other oxidizable 
substrate in this system maintains mitochondrial ATP levels and 
helps to maximize the flow of fatty acid carbon to ketones rather 
than C02: with [l-14C]palmitate, greater than 95% of the fatty 
acid oxidized appears in ketones and less than 5% as C02. 

Carnitine palmityl-transferase (E.C.2.3.1.2 1) activity in fresh 
whole homogenate of liver (CPT!) was determined using a mod- 
ification (28) of the "forward" isotopic reaction conditions de- 
scribed by McGarry er al. (20). The inhibition of the reaction by 
20 pM malonyl-CoA was determined to confirm that the assay 
reflected primarily CPTl activity. 

The activities of four different ACD enzymes in liver tissue 
(short-chain, medium-chain, long-chain, and isovaleryl ACD: 
E.C. 1.3.9.9.2;3.+10) were determined by directly measuring the 
extent of decrease in oxidized ETF fluorescence without a final 
electron acceptor in the presence of excess amounts of the specific 
acyl-CoA substrates for these enzymes. Samples of liver tissue 
stored at -40°C were homogenized and sonicated to release 
mitochondrial ACD activity into the 40,000 x g supernatant. 
Aliquots containing 0-1000 pg liver protein were added to cu- 
vettes containing 0.2 nmole purified porcine ETF in 1.0 ml 20 
mM potassium phosphate buffer (pH 7.6) in a fluorometer using 
excitation and emission wavelengths of 405 nm and 490 nm, 
respectively. The decrease in fluorescence after the addition of 
either butyryl-CoA, octanoyl-CoA, palmityl-CoA, or isovaleryl- 
CoA (25 pM) was recorded. The maximal decrease of ETF 
fluorescence was determined by subsequent addition of excess 
purified porcine liver medium-chain, short-chain, or isovaleryl- 
CoA dehvdronenase. This assay is based on the observation that 
when ACD activity in the sample is limiting, there is a rapid but 
incomplete reduction in oxidized ETF that remains stable for 
more than 30 min (14). The extent of ETF reduction, as a % of 
maximal, increases with increasing amounts of ACD, in a con- 
centration-dependent saturation curve. 

This assay avoids the problems of high backgrounds, which 
make the dye-reduction (14) or labeled-substrate (26) assays 
dificult to use with samples of frozen tissue where an initial 
purification of the ACD enzymes is unfeasible. The assay does 
not quantitate enzyme activity in traditional terms of velocity of 
substrate disappearance or product formation. Instead, a com- 
parison of the saturation curves for different samples permits an 
estimation of the relative content of ACD in a manner analogous 
to measurement of the relative potency of different hormone 
preparations in radioimmunoassays. Enzyme activity is well- 
preserved in frozen tissue and in autopsy samples taken several 
hours postmortem. The assay has been successfully used in 
cultured skin fibroblasts (6) and, recently, in white blood cells. 
A more complete description of the assay is in preparation by 
Dr. Hall who also kindly provided the ETF and porcine ACD 
preparations. 

RESULTS 

Because the illnesses in the three patients, M- 1, B- 1, and B-2, 
seemed to have occurred in situations of fasting stress, the 
changes in levels of circulating metabolic fuels during fasting 
were examined. Figure 1 shows the concentrations of plasma 
glucose, FFA, BOB, and blood lactate during fasts in patients 
M-l and B-2. The levels of urinary organic acids and plasma 
carnitine during these studies are shown in Tables 1 and 2. The 
data from both patients M- l and B-2 revealed a severe limitation 

Duration of fast (hr) 

Fig. 1. Responses to fasting in patients M-l and B-2. Shown are levels 
of glucose (glu), beta-hydroxybutyrate (BOB), free fatty acids (FFA), and 
lactate (lact). Normal values indicate means and ranges found in infants 
after 24-h fasts (Ref 28). 

m 0 

Table 1. Urinary beta-hydroxybutyric acid and medium-chain 
dicarboxylic acids in patients M-I, B-I, and B-2 

( m d a  creatinine) 

E 

Beta- 
hydroxy- Adipic Suberic Sebacic 

Patient Status butyric (C6) (C8) (CIO) 

,, 

- 

M- l 

B- 1 
B-2 

Controls 
1 
2 
3 

Isovaleric- 
acidemia 

- 
Normal values 

Sick 560 
Fed <I0 
Fasted 20 
Pre-demise < 10 
Fed 10 
Fasted 40 

Fasted 750 
Fasted 400 
Fasted 420 
Fasted 1420 

in hepatic ketogenesis. Patient M-l developed signs of lethargy 
and vomiting, which resembled those of her spontaneous epi- 
sodes of illness at 24 h of fasting. At this time, her plasma glucose 
level had only fallen to 64 mg/dl (3.6 mmole/liter). Her plasma 
FFA levels rose from 12 to 24 h to reach an unusually high value 
of 2.6 mmole/liter. Her plasma levels of BOB remained less than 
0.4 mmole/liter, indicating a limitation in hepatic fatty acid 
oxidation to ketones. A very similar pattern was observed in 
patient B-2, although he tolerated 36 h of fasting without devel- 
oping the severe symptoms seen in M-I. Coincident with a 
transient fall in plasma glucose level to 70 mg/dl (3.9 mmole/ 
liter) at 24 h, his plasma FFA concentration reached 4.2 mmole/ 
liter and remained very elevated at 2.95 mmole/liter at 36 h. He 
demonstrated a limitation in hepatic ketogenesis, similar to 
patient M-1, with plasma BOB levels remaining below 0.3 
mmole/liter throughout the 36 h. Blood lactate concentrations 
were slightly elevated in both of these patients, rising to 6.6 
mmole/liter at 24 h in M-1 and reaching 3.2 mmole/liter at 24 
h in B-2 before falling to 1.9 mmole/liter at 36 h. Of interest is 
the fact that plasma triglyceride levels remained normal in B-2 
during the fast (0.60, 0.78, and 0.52 g/liter at 12, 24, and 48 h) 
despite his impairment in hepatic fatty acid oxidation. The 
younger brother of patients B-1 and B-2 was able to increase 
hepatic ketone production with plasma levels of BOB after a 
24-h fast of 3.3 mmole/liter; glucose, 55 mgldl(3.1 mmole/liter); 
and FFA, 3.3 mmole/liter. 

Table 1 shows the urinary concentrations of BOB and me- 
dium-chain dicarboxylic acids in patients M-I, B-1, and B-2 
compared to three control children and one patient with isoval- 
eric-acidemia. No abnormalities were found in patients M- 1 and 
B-2 when they were well or in patient B-l 2 days after the onset 
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Table 2. Plasma carnitine concentrations during fasting in patients M-1 and B-2 compared to control children 
(pmole/liter mean + S.D.) 

Esterified carnitine 

Patient Hour 
Acid 

Free carnitine soluble 

M-l 12 
24 

B-2 0 
12 
24 
36 

Controls Fed 
(n = 10) 

Fasted 

Acid Total 
insoluble esterified 

0 14 
17 49 

0 
6 

I I 
12 
6 + 3  

Total carnitine 

25 
70 
18 
20 
33 
32 
49 +. 6 

(range, 40-60) 
49 +- 6 

(range, 39-60) 

of her illness, however, urinary dicarboxylic acids were markedly 
elevated in the patients when they were acutely ill (M-1) or fasted 
(M-l and B-2). An increase in the urinary excretion of these 
compounds is normally seen during the accelerated fatty acid 
oxidation of fasting; however, in normal subjects, the ratio of 
urinary BOB to any of the dicarboxylic acids greatly exceeds 
unity. This ratio was reversed in patients M- l and B-2, in accord 
with their impairment in ketogenesis demonstrated on fasting 
(Fig. 1). No other abnormal urinary organic acids, including 
ethylmalonic (22) and (omega-1)-hydroxy-fatty acids (18) were 
found in the patients. 

Table 2 shows the plasma concentrations of free and esterified 
carnitine during the fasting studies shown in Figure 1 in patients 
M-1 and B-2. In both patients, total plasma carnitine levels were 
low in the postabsorptive state, after a 12-h fast, compared with 
the controls. In both M-1 and B-2, the levels of total carnitine 
rose during the fast, with most of the change due to an increase 
in esterified carnitine. In patient M-1, fractionation of the ester- 
ified carnitine showed that both long-chain acyl (acid insoluble) 
and short- and medium-chain acyl carnitine (acid soluble) esters 
were markedly elevated at 24 hours. In normal children (Table 
2) and adults, total plasma carnitine levels change little with 
fasting, but the esterified fraction increases in association with 
accelerated fatty acid oxidation and ketone synthesis. In view of 
later findings of a defect in mitochondrial beta-oxidation in 
patients M- l and B-2, it is possible that their increase in plasma 
esterified carnitine reflects an accumulation of unoxidized fatty 
acid intermediates during fasting. 

Table 3 shows the concentration of total carnitine in liver and 
rectus abdominis biopsies obtained from patient M-1 and B-2, 
and in these tissues obtained from patient B-1 postmortem. In 
all three affected patients (M-1, B-1, and B-2), carnitine levels 
were only 20-40% of normal values in both liver and skeletal 
muscle. Tissue levels of carnitine in the unaffected brother of 
patients B-1 and B-2 were normal, although his plasma level of 
carnitine was reduced (25 pmole/liter). 

Patients M- 1 and B-2 were given carnitine for 2 months to see 
whether treatment would improve their capacity for hepatic fatty 
acid oxidation. Both received 75-100 mg. kg-' .day-' L-carnitine 
orally, divided into three doses. Although plasma carnitine levels 
were normal (B-2) or above normal (M-1) on treatment, fasting 
responses were essentially identical to those shown in Fig. 1; 
neither patient was able to increase plasma BOB levels despite 
elevated concentrations of FFA. 

Light microscopy of the liver biopsies from patient M-1 and 
B-2 revealed a small amount of neutral fat in hepatocytes. In M- 
1, there were a few round cells in the portal tracts and, rarely, 
within the liver lobules. Electron microscopy showed a consid- 
erable number of mitochondria containing lamellar structures 
[Type A crystals (30)], especially in patient M- 1. The implication 
of this finding is uncertain; these structures can be seen in normal 
liver, although to a lesser degree than found in these patients. 

Table 3. Total carnitine concentration in liver and skeletal 
muscle from patients M-I, B-I, B-2, compared to control 

children (nmole/g wet weight, mean & S.D.) 
Patient Liver Muscle 

M- l 500 800 
B- 1 275 510 
B-2 20 1 5 40 
Brother of B- l and B-2 1330 2800 
Controls 1200 + 300 3200 

(range, 730- 1 800) ( n =  I )  
( n =  1 1 )  

Carnitine palmityl-transferase activity in fresh liver tissue from 
patient M-l (17.3 pmole. h-' .g-I) and B-2 (21.4 pmol. h-' .g-l) 
was similar to that found in four controls (mean, 13.5 pmole. 
h-' .g-'; range, 9.7-19). In both patients and controls, 20 pM 
malonyl-CoA inhibited activity by 72-85%, indicating that the 
assay measured primarily the enzyme activity on the outer 
surface of the inner mitochondrial membrane (CPT'). 

Because carnitine therapy failed to correct the defect in hepatic 
ketogenesis in patients M-l and B-2, it appeared that the low 
levels of carnitine in these patients might not be the primary 
cause of their impaired fatty acid oxidation. In order to test 
directly the functional integrity of the hepatic oxidative pathway, 
rates of ketone synthesis from different fatty acid substrates were 
measured in fresh homogenates of liver tissue from patients M- 
1 and B-2. Table 4 compares the results in these two patients 
with three control children aged 2- 12. 

From the data shown in Table 4 it is clear that ketone synthesis 
was markedly limited from all of the medium and long-chain 
fatty acid substrates in the two affected patients, M-1 and B-2, 
but ketogenesis from the short-chain fatty acid, butyrate, and 
from the branched-chain ketoacid, alpha-ketoisocaproate was 
normal. This indicates that the defect in these patients lies 
proximal to the last cycle of beta-oxidation and the HMG-CoA 
pathway. The fact that ketone synthesis from palmityl-carnitine 
was low indicates that the defect is distal to the carnitine- 
requiring CPT, step and that the defect is not due to a deficiency 
of carnitine. A defect in acyl-carnitine transport or in CPTz 
activity is also excluded because oxidation of octanoate, which 
is thought to enter mitochondria as the free acid and then be 
activated with coenzyme A, was also limited in M-1 and B-2. 
These results, therefore, suggest that the defect in these patients 
resides within the mitochondrial beta-oxidation pathway at the 
level of medium-chain fatty acyl-CoA oxidation. The site of 
defect appears to be the same in both families, although patient 
M-1 had slightly lower values for ketogenesis from long and 
medium-chain substrates than did patient B-2. This suggestion 
that patient M- 1 may be more severely affected is consistent with 
the observation that she became symptomatic on fasting whereas 
patient B-2 did not. 
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Table 4. Ketone synthesis from fatty acid substrates in liver homogenates from patient M-1 and B-2 (pmole/h/g) 

Patients Controls 

Substrate M- l B-2 1 2 3 

I mM palmitate plus carnitine 
0.5 mM palmityl-CoA plus carnitine 
0.5 mM palmityl-carnitine 
2 mM octanoate 
2 mM octanoyl-CoA plus carnitine 
2 mM octanoyl-carnitine 
10 mM butyrate 
1 mM alpha-ketoisocaproate 
None 

l min 
H 

l min 
w 

Fig. 2. Fluorometer tracings of medium-chain acyl-CoA dehydroge- 
nase assay in liver from (a )  control and (b) patient B-2. Vertical scale is 
in arbitrary units of fluorescent emission. Arrow ( I )  is recording after 
addition of 100 pg protein; (2) addition of ETF; (3) addition of octanoyl- 
CoA; (4) addition of an excess of porcine medium-chain acyl-CoA 
dehydrogenase. Plateaus after ( 2 ) ,  (S), and (4) were used to calculate % 
of maximal ETF reduction due to enzyme activity in sample. For details, 
see "Materials and Methods." 

Three of the four steps in the beta-oxidation cycle involve 
enzymes which are specific for fatty acids of different chain 
lengths (see "Discussion"). We hypothesized that deficiency of 
the medium-chain ACD might be present in the three affected 
patients, because this enzyme has the appropriate chain-length 
specificity to account for the findings with liver homogenates. 
To test this hypothesis, the activities of four ACD enzymes were 
evaluated in frozen liver tissue obtained at biopsy from patients 
M-1 and B-2 and at postmortem in patient B- I .  

Figure 2 illustrates the assay of medium-chain ACD activity 
in patient B-2 and a control with tracings of the fluorometer 
records obtained using octanoyl-CoA as substrate. The % maxi- 
mal reduction of ETF was calculated by dividing the change in 
fluorescence after addition of substrate by the total change in 
fluorescence after subsequent addition of purified porcine me- 
dium-chain ACD. As shown, 100 pg of liver protein from patient 
B-2 gave only 5% of maximal ETF reduction compared to 55% 
with the same amount of liver protein from the control. 

Figure 3 shows the combined data on medium-chain ACD 
activity in the three patients, in the unaffected brother of patients 
B-1 and B-2, and in three other controls as the % maximal ETF 
reduction found with different amounts of liver protein. In the 
controls, the data fall along a saturation curve with 25-30% 
maximal reduction at approximately 75 pg protein. In contrast, 
in all three patients, no change in ETF fluorescence above 

pg liver protein 

Fig. 3. Medium-chain acyl-CoA dehydrogenase activity in liver tissue 
from patients M-l (A), B-l (M), and B-2 (0) compared to the brother of 
B-l and B-2 (+) and three other controls (x, e, 0). Shown are the effects 
of different amounts of liver protein on the reduction of ETF fluorescence 
with octanoyl-CoA as substrate expressed as the % of maximum achieved 
with excess porcine dehydrogenase. 

background was seen with up to 1000 pg of protein. Compared 
to the saturation curve in controls, this indicates that medium- 
chain ACD activity in liver from the three patients was less than 
2.5% of normal. Mixing experiments showed no evidence of an 
enzyme inhibitor in patient livers. 

Figure 4 shows the results of assays for the short-chain, isoval- 
eryl, and long-chain ACD enzymes in patient and control liver. 
In controls, 50% maximal ETF reduction required more protein 
with butyryl-CoA (1 50 pg), isovaleryl-CoA (1 75 pg), and palmi- 
tyl-CoA (300 pg) as substrate than with octanoyl-CoA (75 pg). 
This is consistent with the finding that the activity of medium- 
chain ACD is greater than that of the other ACD enzymes in 
porcine liver (14). The activity of long-chain ACD (panel c) in 
the patients' liver was only about one-third that of the controls. 
The higher activity in controls with palmityl-CoA as substrate 
probably reflects some contribution from the medium-chain 
ACD enzyme to total long-chain ACD activity. As indicated by 
the data in Figure 4 a and b, short-chain and isovaleryl ACD 
enzyme activities were the same in patients and controls. These 
results demonstrate that the deficiency in the three patients is 
specific for medium-chain ACD activity. 

DISCUSSION 

The results of these studies define a metabolic disorder of 
mitochondria1 fatty acid oxidation associated with deficient ac- 
tivity of medium-chain acyl-CoA dehydrogenase. This disorder 
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pg liver protein 

Fig. 4. Short-chain (a ) ,  isovaleryl (h), and long-chain ( c )  acyl-CoA dehydrogenase activity in liver tissue from the patients and controls shown in 
Figure 3. Symbols and expression of results are the same as noted in the legend to Figure 3. Substrates for the dehydrogenases were butyryl-CoA 
(pand a) ,  isovaleryl-CoA (panel h )  and palmityl-CoA (panel c). 

was demonstrated in three affected children (patients M-1, B- I, 
and B-2) in two unrelated families. The clinical features in these 
patients include episodes of coma and hypoglycemia in infancy, 
apparently provoked by fasting stress. The presence of the 
metabolic defect was most readily demonstrated by the inability 
of affected patients to develop ketosis during fasting. Additional 
abnormalities included an increase in urinary excretion of dicar- 
boxylic acids and decrease in beta-hydroxybutyrate under fasting 
stress: and reduced concentrations of carnitine in plasma, liver, 
and skeletal muscle. 

Studies in liver tissue from the two surviving patients (M-1 
and B-2) showed decreased oxidation of all long and medium- 
chain fatty acid substrates, but normal oxidation of short and 
branched-chain substrates. These results suggested that the site 
of defect was within the beta-oxidation cycle at the level of 
medium-chain acyl-CoA metabolism. All three affected patients 
(M- I, B- 1, and B-2) were deficient in medium-chain ACD activ- 
ity. 

Medium-chain ACD is one of five or more related intramito- 
chondrial flavin-containing enzymes that dehydrogenate fatty 
acyl-CoA esters at the alpha and beta carbons as the first step in 
the beta-oxidation cycle (14). The reaction reduces the dehy- 
drogenase-bound flavin, which is then reoxidized by electron 
transfer to a second flavin protein, electron transfer flavoprotein, 
and subsequently to the electron transport chain. The alpha, 
beta-unsaturated fatty acyl-CoA produced in this reaction con- 
tinues through the remaining three steps of the beta-oxidation 
cycle and, after the removal of an acetyl-CoA moiety, the fatty 
acyl-CoA re-enters the cycle shortened by two carbons. There 
are three ACD enzymes that are specific for different ranges of 
fatty acid chain length: long-chain ACD, medium-chain ACD, 
and short-chain ACD. Two other dehydrogenases act on inter- 
mediates of branched-chain amino acid oxidation, isovaleryl- 
CoA and isobutyryl-CoA (15). All of these enzymes require ETF 
as an electron acceptor. The medium-chain enzyme is most 
active with fatty acids 8-10 carbons in length, but also shows 
some activity with shorter and longer chain fatty acids and is, 
therefore, sometimes called general acyl-CoA dehydrogenase. 
Medium-chain ACD activity is not required for oxidation of 
short-chain fatty acids, such as butyrate, or branched-chain ke- 
toacids, such as alpha-ketoisocaproate. Absence of medium- 
chain ACD activity not only blocks the oxidation of medium- 
chain fatty acids, but also prevents the oxidation of long-chain 
fatty acids, such as palmitate, beyond the first few turns of the 
beta-oxidation cycle. 

It should be noted that two of the other three reactions in the 
beta-oxidation cycle also involve enzymes that are specific for 

different chain lengths of fatty acid substrate: enoyl-CoA hydra- 
tase and beta-keto thiolase. A deficiency of one of the longer- 
chain specific enzymes at either of these steps, rather than the 
ACD step, was considered unlikely for several reasons. The short- 
chain enoyl-CoA hydratase (crotonase) is relatively active with 
substrates up to 8- 10 carbons long (I 2) and, therefore, would be 
expected to allow more normal rates of ketogenesis from octa- 
noate than was found in the patients (Table 4). A deficiency of 
longer-chain thiolase activity is less readily excluded because the 
short-chain enzyme is highly specific for its four carbon substrate, 
acetoacetyl-CoA (21). A deficiency at either the thiolase or the 
enoyl-CoA hydratase step in beta-oxidation would be more likely 
to yield abnormal urinary organic acids with beta-keto or alpha, 
beta-unsaturated structure instead of the saturated dicarboxylic 
acids seen in our patients. 

The present studies demonstrate that medium-chain ACD 
activity is deficient in liver tissue from affected patients. Studies 
of skin fibroblasts from these patients indicate that both the 
impairment in fatty acid oxidation and the defect in medium- 
chain ACD activity are expressed in these cells as well (6). This 
suggests that the enzyme deficiency may also be present in 
skeletal and cardiac muscle. The occurrence of the disorder in a 
brother and sister (patients B- 1 and B-2), and the fact that parents 
are unaffected in both families are compatible with an autosomal 
recessive mode of inheritance. Preliminary studies in white blood 
cells support an autosomal recessive inheritance. 

The metabolic defect in the three children reported here seems 
to be silent except under circumstances of prolonged fasting. 
This is compatible with the concept that, in the early stages of 
fasting adaptation, glucose continues to be the major oxidative 
fuel, whereas the utilization of fatty acids becomes important in 
later stages of fasting, beginning at about 12- 16 h in infants and 
children. The development of episodic hypoglycemia in our three 
affected patients might be due to overutilization of glucose, 
underproduction of glucose, or a combination of the two during 
the stress of prolonged fasting. The modest elevations in blood 
lactate in one patient (M- 1) suggest some abnormality in glucose 
metabolism, but could represent either defective hepatic gluco- 
neogenesis or excessive glycolysis in peripheral tissues. A similar 
modest increase in fasting blood lactate has been noted in a 
patient with systemic carnitine deficiency (7). It should be noted, 
however, that the coma in these patients may not be entirely due 
to hypoglycemia: patient M- 1 developed rather severe symptoms 
of vomiting and depressed consciousness while still normogly- 
cemic. It is possible that these symptoms represent a toxic effect 
of the elevated levels of FFA or of fatty acid metabolites that 
accumulate as a result of the block of beta-oxidation. It is also 
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noteworthy that, unlike patient M- I, patient B-2 tolerated fasting 
for 36 h without dificulty. The reason for this difference between 
M-l and B-2 is unclear, but probably reflects differences in the 
degree of defect in fatty acid oxidation. It seems reasonable to 
expect that considerable heterogeneity will be seen in the clinical 
features of this disorder as other patients with medium-chain 
ACD deficiency are found. 

An unexplained feature of the metabolic defect in our three 
patients is their abnormality in plasma and tissue levels of 
carnitine. In the non-fasted state, carnitine levels were low in 
both liver and skeletal muscle as well as in plasma. During 
fasting, with increased availability of FFA, there was an increase 
in plasma concentrations of carnitine, particularly of fatty acyl- 
carnitine esters. It is clear that the impairment in hepatic fatty 
acid oxidation in these patients is not caused by carnitine defi- 
ciency. Instead, it seems likely that the abnormalities in carnitine 
are a consequence of the deficiency of medium-chain ACD 
activity, although the mechanism is not yet known. 

There are similarities among our patients with medium-chain 
ACD deficiency, patients with dicarboxylic aciduria (1, 4, 13, 
23, 3 l), and cases of carnitine-unresponsive systemic carnitine 
deficiency (I I ,  16), which indicate that these are closely related 
or, perhaps, identical disorders. In all three, urinary C6-CI0 
dicarboxylic acids become markedly elevated during acute epi- 
sodes of illness. In our patients with medium-chain ACD defi- 
ciency, these probably arise through cytosolic omega-oxidation 
of the medium-chain fatty acids that cannot be further oxidized 
in mitochondria. Similar reasoning has led other workers to 
postulate a deficiency of medium-chain ACD in some cases of 
dicarboxylic aciduria ( I ,  23). This raises the possibility that the 
dicarboxylic aciduria in patients thought to have systemic car- 
nitine deficiency may not arise from omega-oxidation of long- 
chain fatty acids, but might reflect a deficiency of medium-chain 
ACD activity. The major difference among these three disorders 
is the association of muscle weakness with systemic carnitine 
deficiency and the absence of apparent muscle weakness in our 
patients and those with dicarboxylic aciduria. But, as noted 
above, it is not unreasonable to suspect that muscle shares the 
defect in medium-chain ACD activity found in liver. If this is 
true, patients with muscle weakness may represent a more severe 
degree of enzyme deficiency whereas patients, such as ours and 
those with dicarboxylic aciduria, may have a less severe degree 
of deficiency that becomes manifest only under conditions of 
unusual stress. 

Other investigators have pointed out the similarities betwen 
defects in fatty acid oxidation that involve the liver and Reye's 
syndrome (4, 18,27). Many of the features associated with Reye's 
syndrome were also seen in our patients with medium-chain 
ACD deficiency, including a biphasic prodrome of the illness 
(M-1), coma and hypoglycemia (M-1, B- 1, B-2), vomiting (M- 
I), hepatomegaly (M-I), hyperammonemia (M-I), cerebral 
edema (B-1), and fatty liver (B-1). As defects in fatty acid 
oxidation become better defined, it is likely that an increasing 
number of patients considered to have Reye's syndrome will be 
recognized to have inborn errors of metabolism such as medium- 
chain ACD deficiency. The diagnosis of medium-chain ACD 
deficiency should now be much easier, because we (6) and, 
recently, Rhead and co-workers (25) have found that the defect 
is expressed in cultured skin fibroblasts. Our preliminary results 
indicate that white blood cells can also be used to detect affected 
individuals without the need for liver biopsy. 
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Summary 

We reexamined a previously reported, highly specific increase 
in the relative proportion of the mitochondrial isoenzyme of 
asparate aminotransferase (AST) in the serum of patients with 
Reye's Syndrome. Using ion exchange chromatography, we 
measured mitochondrial, cytosolic, and total AST in serum sam- 
ples from (1)  10 patients early in the course of Reye's Syndrome; 
(2) nine controls with normal serum AST; and (3) seven controls 
with other diseases causing an increase in serum AST. The 
mitochondrial percentage (2.8 +. 2.0%) in Reye's Syndrome was 
significantly lower (P < 0.05) than that of both the normal 
control group (6.1 2 7.1%) and the group with increased AST 
(5.6 2 4.0%). We thus failed to confirm the previous report of a 
specific increase in the % of mitochondrial isoenzyme in Reye's 
Syndrome, and conclude that the % of mitochondrial isoenzyme 
is not likely to be a useful marker of (or predictor for progression 
to) Reye's Syndrome. 

Abbreviations 

AST, aspartate aminotransferase 
LDH, lactate dehydrogenase 
MDH, malate dehydrogenase 
P-5-P, pyridoxal-5'-phosphate 

Aspartate aminotransferase (EC 2.6.1.1, formerly SGOT) con- 
sists of distinct cytoplasmic and mitochondrial isoenzymes in 
most mammalian species including man (2, 6, 11, 18, 19). In 
normal individuals, the % of total serum AST activity due to the 
mitochondrial isoenzyme has been reported to be less than 10% 
by investigators using the most precise techniques (19, 20). The 
% of mitochondrial serum AST generally remains relatively 
constant in liver diseases associated with hepatocellular damage, 
such as acute and chronic viral hepatitis, fulminant hepatitis, 
chronic active hepatitis, and cirrhosis (7, 9, 13, 27), but can be 
elevated acutely in response to hepatotoxins. 
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A rapid increase in the total serum concentration of AST 
occurs consistently in Reye's Syndrome (encephalopathy with 
fatty visceral degeneration), a grave complication of common 
childhood viral infections such as chicken pox and influenza A 
and B (5). Swelling and pleomorphism of liver cell mitochondria 
occur early in the course of Reye's Syndrome and recede within 
days after onset (1 ,  15). The temporal pattern of these mitochon- 
drial changes and the absence of other remarkable alterations in 
hepatocellular ultrastructure suggested the possibility that the 
early rise and rapid decline in serum AST in Reye's syndrome 
reflected release of isoenzyme from swollen mitochondria. In- 
deed, a previous report had detected such a rise in the mitochon- 
drial isoenzyme (32). Because the mortality and morbidity of 
Reye's Syndrome can be reduced by early institution of control 
of intracranial pressure (28), a marker predicting which patients 
with influenza or varicella will progress to Reye's Syndrome 
would be of considerable clinical utility and could yield impor- 
tant information about onset, evolution, and pathogenesis of the 
syndrome. We sought to confirm and extend the previous obser- 
vation in a group of well characterized patients with Reye's 
Syndrome. We applied highly accurate techniques for chromato- 
graphic separation and measurement of AST isoenzymes in 10 
children with Reye's Syndrome, in seven children with other 
disorders causing an increase in serum AST, and in nine control 
subjects with normal serum AST. The % of mitochondrial iso- 
enzyme was not elevated in any of the Reye's Syndrome patients. 

MATERIALS A N D  METHODS 

Assay of total AST  activity. We used an enzyme-coupled 
spectrophotometric method for measurement of total AST activ- 
ity in both serum samples and column eluates. 

AST catalyzes the transfer of an amino group from aspartate 
to 2-oxoglutarate: 

2-oxoglutarate + aspartate + glutamate + oxalacetate 

In this assay the production of oxalacetate was coupled to oxi- 
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