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Abstract

This study examines the relationship between impaired fatty
acid oxidation and the pathogenesis of Reye syndrome. We
present a hypothesis proposing that many clinical signs of this
childhood disease are caused by accumulation of unusual acyl
CoA esters, precursors to deacylated metabolites found in the
patients' blood and urine. A new method was developed to
measure acyl CoA compounds in small human liver biopsy
samples, offering several advantages over previous techniques.
A major finding was an accumulation in Reye syndrome pa-
tients of short- and medium-chain acyl CoA intermediates of
fatty acid and branched-chain amino acid oxidation. These me-
tabolites included octanoyl, isovaleryl, butyryl, isobutyryl,
propionyl, and methylmalonyl CoA esters. The findings were
explained in a model of hepatic fatty acid oxidation involving
three interrelated pathways: mitochondrial a-oxidation, per-
oxisomal ,-oxidation, and c-oxidation in the endoplasmic re-
ticulum. The results suggest that pathogenesis in Reye syn-
drome stems from generalized mitochondrial damage resulting
in accumulation of acyl CoA esters. High levels of these com-
pounds lead to inhibition of mitochondrial pathways for ureo-
genesis, gluconeogenesis, and fatty acid oxidation. The inhib-
ited pathways, in turn, could cause the hyperammonemia, hy-
poglycemia, and hypoketonemia observed in patients. The
model also explains underlying biochemical differences be-
tween patients with Reye syndrome and medium-chain acyl
CoA dehydrogenase deficiency, another disorder of fatty acid
metabolism. Acetyl CoA levels, in the latter disease, were dra-
matically decreased, compared with both human controls and
Reye syndrome patients.

Introduction

For nearly 25 years, researchers have sought the cause of Reye
syndrome, an often fatal disease that strikes children after a
viral illness (1-5). In recent years, many investigators have
focused their search on the liver, in which disturbances in lipid
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metabolism may play a role in either the cause or the pathol-
ogy of the disease.

One of the primary characteristics of Reye syndrome is an
abnormally high level of circulating FFA (1-5). Other distur-
bances point directly to impaired fatty acid oxidation in the
liver. For example, blood levels off-hydroxybutyrate and ace-
toacetate, end products of jB-oxidation by liver cells, are de-
pressed in these patients (2). The patients' urine also contains
unusual short- and medium-chain' fatty acids and their me-
tabolites (2, 6, 7); the former compounds normally are oxi-
dized in the liver. Finally, hepatocytes show an increase in
both lipid droplets and peroxisomes (1-5). Peroxisomes are
secondary sites of fatty acid oxidation (8, 9).

How might these perturbations in fatty acid oxidation be
involved in the pathology of Reye syndrome? A clear causal
relationship has not been established, but at least one intrigu-
ing hypothesis exists. The unusual fatty acids excreted by Reye
patients, such as propionate, butyrate, and octanoate, are de-
rived from acyl CoA precursors. As these precursors accumu-
late, they could compete for enzyme-binding sites with acetyl
CoA or other acyl CoA substrates, profoundly disrupting nor-
mal biochemical pathways for energy metabolism and ureo-
genesis (10-12).

To explore this hypothesis, we developed a sensitive
method to measure the short- and medium-chain acyl CoA
esters in liver biopsy specimens from patients with Reye syn-
drome. The method, never before applied to human tissue,
also was used on control subjects undergoing liver biopsy for
other reasons. A third group of patients with medium-chain
acyl CoA dehydrogenase (MCAD)2 deficiency was evaluated.
In this congenital disease, one of the essential enzymes of mi-
tochondrial p3-oxidation is missing, causing many of the same
signs as Reye syndrome (13, 14).

The goal of this research was to determine whether or not
acyl CoA esters, possible inhibitors of several metabolic path-
ways, accumulate in livers of patients with Reye syndrome.
The measurements may be correlated with the deacylated me-
tabolites previously found in the blood and urine of these pa-
tients and with clinical manifestations of the disease.

Another objective was to pinpoint the biochemical defects
responsible for altered fatty acid metabolism in Reye syn-
drome. Finally, the measurements may illuminate, on a bio-
chemical level, further differences between Reye syndrome
and MCAD deficiency, diseases that can be hard to differen-
tiate clinically (15).

1. Fatty acids and acyl CoA esters in this text are defined by their
carbon chain length as short, 2-6; medium; 6-14; or long, 14 or more
carbons.
2. Abbreviations used in this paper: MCAD, medium-chain acyl CoA
dehydrogenase; TNF, tumor necrosis factor.
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This report demonstrates abnormal acyl CoA profiles in
patients with Reye syndrome. It also presents a hypothesis to
explain how these unusual metabolites may be involved in the
pathogenesis of Reye syndrome. A general model also was
developed to show the cooperative interactions of the three
pathways of hepatic fatty acid oxidation: mitochondrial ,B-oxi-
dation, peroxisomal ,-oxidation, and microsomal w-oxida-
tion.

Methods

Patients. Patients with Reye syndrome were identified by criteria set
forth by the Communicable Disease Center (2). Informed consent for
participation in this study was obtained from the parents or guardians
of patients undergoing diagnostic liver biopsy. The additional portion
of liver used for this study entailed no additional risk for the patient.
The clinical characteristics of these patients are shown in Table I. The
two patients with MCAD deficiency and one control subject (C- 1) have
been described previously (13, 14). Four additional subjects (Table II)
were subjected to liver biopsy in the course ofestablishing diagnoses of
chronic hepatitis (C-2), hypopituitarism (C-3), Hodgkin's lymphoma
(C-4), and muscular dystrophy (C-5). The control, C-5, had been fasted
overnight before biopsy and was previously evaluated for acyl CoA
dehydrogenase deficiency and found to have normal enzyme levels.

Sample preparation. Because of the small samples available from
human subjects, a decision was made to measure short- and medium-
chain fatty acyl CoA esters, rather than long-chain compounds. This
choice was based on two main considerations. First, a previous study
by Kang et al. (16) showed no differences in levels of long-chain acyl
CoA compounds in necropsy liver samples, between control subjects
and Reye syndrome patients. Second, abnormal urinary metabolites in
these patients are derived from short- and medium-chain compounds,
not long-chain esters.

Samples were obtained by needle biopsy, frozen in liquid nitrogen
within 2 min after removal from the patient, and stored at -70'C.
Samples were prepared for analysis as follows: 10-20 mg frozen tissue
was rapidly weighed and then extracted with 0.4 ml of ice-cold 0.6 N
TCA. Each sample was briefly sonicated in an ice bath until a homoge-
neous mixture was obtained, using - 10 bursts of 1-3 s with a micro-
tip at a setting of 4 (model W185 F sonicator cell disrupter, Heat
Systems-Ultrasonics, Inc., Plainview, NY). The acid-insoluble residue
was removed by centrifugation at 12,000 g for 30 s. These pellets were
washed several times with ether, dried overnight, and weighed to de-
termine fat-free dry weight. Dry weight averaged 17.8±2.2% (SD) of
wet weight and was similar in all samples. The supernatant was neu-
tralized and the TCA was removed by vigorous vortexing with 0.6 ml

Table I. Clinical Description ofPatients with Reye Syndrome

Patient 1 2 3

Age (yr/mo) 10 yr/3 mo 11 yr/9 mo 7 yr/10 mo
Sex F F M
Prodromal illness URI URI Varicella
Aspirin used Yes Yes Yes
Ammonia (gg/dl) 262 294 243
SGOT (IU) 369 53 550
SGPT (IU) 783 110 695
Coma stage III II IV
Time of biopsy (hours

after admission) 7.5 7 4
Outcome Survived Died Survived

Abbreviations: SGOT, serum glutamic oxaloacetic transaminase;
SGPT, serum glutamic pyruvic transaminase.

Table II. Clinical Description ofControl Subjects

Patient Age Sex Fast Diagnosis

yr/mo h

1 11/3 M 0 Heterozygote for MCAD
2 12/1 F 0 Chronic hepatitis
3 18/7 M 0 Hypopituitarism
4 16/9 F 0 Hodgkin's lymphoma (normal liver)
5 6/6 M 15 Muscular dystrophy

of diethyl ether. After centrifugation at 12,000 g for 30 s, the upper
phase containing the ether and TCA was totally removed. This proce-
dure was repeated about five times until the pH ofthe extract reached
6.0. The sample was then evaporated to dryness and stored at -70°C
until assayed.

Acyl CoA analysis. Profiles of acid-soluble acyl CoA esters were
obtained using a modification of the HPLC method of Corkey et al.
(17) with a dual pump system (model 324; Beckman Instruments,
Fullerton, CA or Waters Associates, Milford, MA). Absorbance mea-
surements were made at 254 nm at a sensitivity of0.005 AUFS using a
5-Am C18 reverse-phase column (Novapak; Waters Associates). The
published method, using three separate isocratic separations and meth-
anol as organic solvent (17), was used to evaluate acyl CoA esters in
patients C-1, M-1, and M-2, and was found to be inadequate for
measuring small samples. The modified method permitted analysis of
all acid-soluble esters in as little as 10 mg (wet weight) of tissue. Com-
parable values were obtained from rat liver samples measured by both
techniques (data not shown). The mobile phases used in the modified
procedure were 0.1 M KH2PO4, pH 5.0 (buffer A) and 0.1 M KH2PO4
containing 40% acetonitrile, pH 5.0 (buffer B). Elution of acid-soluble
CoA esters from malonyl CoA to octanoyl CoA was achieved by vary-
ing both the gradient and the rate of flow. The initial composition of
the mobile phase was 7.5% buffer B. This was increased to 10% at 22
min (over 1 min) and to 80% at 50 min (over 40 min). The initial flow
rate was 0.4 ml/min. This was increased to 0.8 ml/min at 20 min (over
1 min) and to 1.2 ml/min at 55 min (over 5 min).

Identification of peaks was based on three criteria: (a) retention
times of standards injected separately; (b) demonstration that acyl CoA
compounds, in samples, increased by a predictable amount when the
sample was rechromatographed with added standard; and (c) demon-
stration that identified peaks disappeared after alkaline hydrolysis with
a compensatory increase in free CoASH plus glutathione CoA. The
second or third identification procedure was performed on 4 of the 10
human samples. The second procedure also verified that sample ex-
tracts did not alter elution times or peak areas. Quantitation of acyl
CoA esters was based on comparison of sample peak areas with those
obtained from standards (see reference 17 for detailed discussion of
peak identification and quantitation). Recovery of acyl CoA esters was
determined with each set of analyses. A standard mixture of esters was
added, before extraction, to triplicate samples ofpowdered lyophilized
rat liver. Recovery was calculated as the difference between these sam-
ples with and without the mixture of added acyl CoA standards. This
difference was then compared with the same CoA standard mixture
that had not been subjected to the extraction process. Recovery values
for CoA compounds averaged - 80%, but varied from - 60 to 95%
(data not shown). The appropriate value for each day and each com-
pound was used to correct the measured acyl CoA values.

Results

The assay used for analysis of acyl CoA compounds is illus-
trated in Fig. 1. Each peak represented - 200 pmol of stan-
dard. The earliest compound to elute was malonyl CoA (A) at
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Figure 1. Elution profile of a mixture of acyl
CoA standards. A 20-id aliquot containing

200 pmol of each standard was injected
onto the Novapak C18 column and eluted
using combination gradient and flow program-

ming as described in Methods. The numbers
accompanying each peak represent the time of
elution in minutes. The letter identifies the
compound as follows: A, malonyl CoA; B, glu-
tathione CoA; C, CoASH; D, methylmalonyl
CoA; E, succinyl CoA; F, f-hydroxy-t-meth-
ylglutaryl CoA; G, acetyl CoA; H, acetoacetyl
CoA; J, propionyl CoA; K, (iso)butyryl CoA;
L, 0-methylcrotonyl CoA; M, isovaleryl CoA;
and N, octanoyl CoA.

18 min and the last was octanoyl CoA (N) at 84 min. The
remaining compounds, in order of elution, were glutathione
CoA (B), '26 min; CoASH (C),' 29 min; methylmalonyl CoA
(D), 32 min; succinyl Co'A (E), 39 min; f-hydroxy-fl-methyl-
glutaryl CoA (F), 41 mini; acetyl CoA (G), 46 min; acetoacetyl
CoA (H), 50 min;propionylCoA (J), 60 mm; (isojbutyryl
CoA (K), 64 min; jB-methylcrotonyl'CoA (L), 61 min;'and
isovaleryl CoA (M), 68 min. Since butyryl CoA and isobutyryl
CoA were not completely separated in most analyses, the
combined peaks are referred to as (iso)butyryl CoA.

A more rapid separation of esters with earlier elution times
was not feasible, due to interference from abundant absorbing
material that eluted during the first 15 min. This is illustrated
in the chromato6ram of Fig. 2 for a typical biopsy sample
representing - 20 mg (wet weight) of liver. Note the elution of
numerous peaks during the early portion ofthe chromatogram

that were mainly adenine and pyridine nucleotides. Separation
and identification of the early eluting adenine and pyridine
nucleotide peaks requires a longer elution period in straight
buffer without acetonitrile (18), which was not done in these
studies. The large, unidentified peak at 58 min probably repre-
sented flavin nucleotides, since it coeluted with a flavin nu-
cleotide'standard (data not shown) and was retained after al-
kaline hydrolysis (19, 20).

The individual acyl CoA values from 10 human subjects
and the' Wean values for each of the three patient groups, are
shown in Table III. The data, recalculated to show the percent-
age distribution in each group, are shown in Table IV. Each
group had a characteristic patterns of acyl CoA distribution.
The control profile consisted of - 60% free CoASH, followed
by acetyl and succinyl CoA with - 15 and 14% of the total
pool, respectively. The absolute level of acetyl CoA, which is

Figure 2. Illustration of an elution profile of a liver

biopsy sample. A 20-,ul aliquot of sample extract, rep-
resenting 20 mg of liver wet weight was injected
onto the Novapak C18 column and eluted as de-
scribed in Methods. The numbers accompanying
each peak represent the time of elution in minutes.
The letter identifies the compound as described in
the legend to Fig. 1. Letters have been placed where
designated peaks are expected to elute in the case of
glutathione CoA (B) and acetoacetyl CoA (H). The

I sample was selected for illustration only.

784 Corkey et al.

o%

(D
06

1.4~~~~~~~~~

C,

A CD CY)
LO 0 %O~
CU 1.I -

A B CD E F G H JKL

JJ

pa o

tb X
up) t

J K L M N

9o
04



Table III. Acyl CoA Profiles in Human Liver Biopsy Samples

Control MCAD RS

CoA compound C-i C-2 C-3 C4 C-5 Mean±SD M-l M-2 Mean R-i R-2 R-3 Mean±SD

nmol/g wet weight

CoASH 152 200 104 144 169 154±35 145 116 131 13 11 8.4 11±1.8*
Acetyl 32 41 23 21 97 43±31 7.2 8.6 7.9 32 29 12 24±8.8
Methylmalonyl <2 <2 <2 <2 <2 <2 7.6 9.7 8.7 13 12 9.2 11±1.9
Succinyl 14 46 9.3 42 100 42±36 30 46 38 <1 1.9 8.5 3.7±3.5
HMG* 4.3 2.3 70 9.1 23 22±27 <2 <2 <2 <1 <1 <1 <1
Propionyl <2 <2 <2 <2 <2 <2 - - 0.4 11 8.0 6.4±5.4*
(Iso)butyryl <2 <2 <2 <2 <2 <2 - - 8.4 12 6.3 8.8±2.8*
Isovaleryl <2 <2 <2 <2 <2 <2 15 17 14 16±1.6*
Octanoyl <2 <2 <2 <2 <2 <2 - 8.9 8.7 8.6 8.7±0.2*
Total soluble 202 290 207 216 388 261±71 190 180 185 90 103 75 89±11*

Individual values and means±SD for five control (C) subjects; two patients with MCAD deficiency; and three patients with Reye syndrome
(RS). -, an assay was not performed for the indicated metabolite. 10-25 mg wet weight human liver biopsy samples were extracted and ana-
lyzed as described in Methods. * Value differed significantly from human control values according to the unpaired t test (P < 0.05). t HMG,
fl-hydroxy-fl-methylglutaryl.

proportional to the rate of fatty acid oxidation, varied as ex-
pected with respect to the nutritional state from 20 to 40
nmol/g, in the fed controls, to -100 nmol/g in the fasted
subject. The ratio of free CoASH to acetyl CoA, a measure
inversely proportional to the rate of fatty acid oxidation, was
- 4 in control subjects. In one control patient, a very high
level of fl-hydroxy-fl-methylglutaryl CoA (70 nmol/g) was
found; this was apparently a pathological finding. None of the
three human groups showed detectable levels of fl-methylcro-
tonyl, fl-methylglutaconyl, or tiglyl CoA.

In the two patients with MCAD deficiency, the levels of
both free CoASH and succinyl CoA were similar to control
subjects. However, acetyl CoA levels were markedly depressed,
representing only 4% of the total pool. As a result, the ratio of
CoASH to acetyl CoA rose fourfold from control levels to 16.
Compared with control subjects, MCAD patients showed an
increase in methylmalonyl CoA, representing 5% of the
total pool. Several acyl CoA compounds, including octanoyl
CoA, were not measured in these patients.3

The acyl CoA profiles of the three Reye syndrome patients
were distinct from the other two groups. Unlike control sub-
jects, these patients accumulated unusual CoA esters, includ-
ing methylmalonyl, propionyl, (iso)butyryl, isovaleryl, and oc-
tanoyl CoA. In these patients, the absolute levels of acetyl
CoA, averaging 24 nmol/g were about half the control value.
Still, acetyl CoA was the major metabolite, representing
- 25% of the total pool. Free CoASH levels were dramatically
reduced in these patients to - 11 nmol/g, or < 10% of the
control levels. Largely due to the drop in free CoASH, the ratio
of free CoASH to acetyl CoA fell to - 0.5, or 10% of the
control value.

3. MCAD liver biopsy samples were analyzed before identification of
the enzyme deficiency and before expansion of the assay to include
octanoyl CoA. Subsequent studies on fibroblasts obtained from these
patients, incubated in media containing FFA demonstrated accumu-
lation of octanoyl CoA.

The Reye syndrome patients also had a dramatic reduction
in the total soluble pool of short- and medium-chain acyl CoA
esters. The average size of the pool was 90 nmol/g, or one-
third of control values. The method did not distinguish be-
tween a decrease caused by a drop in the combined acid-solu-
ble and -insoluble pools, or by an increase of CoA in the un-
measured insoluble pool, which contained the long-chain acyl
CoA metabolites.

Table IV compares the percent distribution of CoA inter-
mediates between the rat and human groups. Throughout, the
data for rats and control humans were remarkably similar. The
total amount ofacyl CoA esters varied with nutritional state in
both human subjects and rats. The human subjects, who were
generally in a well-nourished state, showed CoA profiles re-
sembling fed rather than starved rats. This was the case in all
but one ofthe controls, C-5. Unlike the other human controls,
this 6-yr-old was fasted overnight and had an acyl CoA profile
resembling that ofthe fasted rats. A number ofminor metabo-
lites were measured in the rat that were not detected in the
human control groups. Most likely, this was due to the abun-
dance of rat tissue available for biochemical assay, not to in-
trinsic metabolic differences.

Discussion

This study demonstrated, for the first time, the measurement
of acyl CoA esters in human liver biopsy samples. Use of the
method to probe fatty acid oxidation in human subjects offers
several advantages over previous techniques. First, since the
biopsy samples were quickly frozen, the tissue underwent far
less cellular autolysis than in a previous postmortem study
(16). The method also permits identification of specific short-
and medium-chain acyl CoA compounds, whereas prior tech-
niques measured the entire pool (16, 20). The biopsy method
also can be used to study earlier stages ofthe disease, providing
insight into the progression of the pathology.

The study also showed a striking similarity between rat and
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Table IV. Percent Distribution ofAcyl CoA Compounds in Human and Rat Liver

Rat liver

CoA compound Human controls Reye syndrome MCAD Fed Starved

CoASH 60±13 12±1.9* 70 55±5* 48±4*
Acetyl 15±5.9 26±9.7 4.3 10±1 28±6

(CoASH/Acetyl)i (4.0) (0.5) (17) (5.5) (1.8)
Methylmalonyl < 1 13±1.4* 4.7 4.6±1.0* 1.5+2.0*
Succinyl 14±8.9 4.4±6.1 21 6.0±1.7 22±5
HMG 9.4±14 <1 <1 7.8±1.8 2.8±0.6
Propionyl <1 7.2±5.9* - 12±3* <0.5
(Iso)butyryl < 1 9.7±1.8* -1.3±0.4* <0.5*
Isovaleryl <1 18±1.2* 0.6±0.1* 0.5±0.6*
Octanoyl < 1 9.9±1.9* 1.4±0.4* <0.5*
Total soluble CoA 261 89 185 231 386

Values for human livers were calculated from the data in Table III. Values of the individual CoA metabolites±SD are expressed as mean per-
centages of the total acid-soluble acyl CoA pool. Rat liver data were obtained from 50-mg aliquots of freeze-clamped, powdered samples from
fed or 48-h-fasted Sprague-Dawley rats. Each value is an average from 3-5 rats. Total soluble CoA is the mean value expressed in nanomoles
per gram wet weight. * Value differs significantly from human controls (P < 0.05). * Value differs significantly from Reye syndrome patients
(P < 0.05). § Values in parentheses represent ratios of CoASH/Acetyl CoA.

human acyl CoA profiles, suggesting that the rat may be a
useful animal model for investigation of Reye syndrome. So
far, efforts to study the disease have been hampered by lack of
an animal model in which to test hypotheses of pathogenesis
(2). A rat model also would permit correlation of biochemical
and morphological events.

Measured levels of acyl CoA compounds supported the
hypothesis that fatty acid oxidation is compromised in Reye
syndrome patients (2, 7). The unusual short- and medium-
chain acyl CoA esters that accumulated in the livers are likely
precursors of the deacylated compounds previously reported
in the blood and urine of these patients (2-7).

At least three explanations are possible for the unusual acyl
CoA profiles in these patients. One possibility is a generalized
increase in proteolysis. Protein breakdown would lead to in-
creased production of branched-chain amino and ketoacids,
precursors to several of the compounds observed in this study,
including isovaleryl, isobutyryl, propionyl, and methylmalo-
nyl CoA (10, 17). Contradicting the occurrence of widespread
proteolysis was the failure to detect a generalized increase in
other metabolites of branched-chain ketoacid oxidation.

Alternatively, a multiple acyl CoA dehydrogenation defect
(glutaric acid-uria type II), caused by deficiency of electron
transfer flavoprotein or electron transfer flavoprotein dehydro-
genase, could account for the unusual organic aciduria (21).
This disorder is characterized by accumulation and excretion
of organic acids derived from acyl CoA substrates of mito-
chondrial acyl CoA dehydrogenases. However, additional
compounds that are not substrates of these enzymes also ap-
pear in the urine of patients with Reye syndrome.

The final, and most likely hypothesis is a multiple-site inhi-
bition ofthe mitochondrial enzymes involved in fatty acid and
branched-chain amino acid metabolism. Morphological and
biochemical evidence support this concept. The pleomorphic
mitochondria found in Reye syndrome patients show

disrupted cristae (22), sites of the membrane-associated acyl
CoA dehydrogenases of both branched-chain and fatty acid
oxidation (23, 24). A generalized mitochondrial defect also is
consistent with the diversity of accumulated metabolites, sug-
gesting that other enzymes besides acyl CoA dehydrogenases
may be impaired. For example, the accumulation ofpropionyl
and methylmalonyl CoA esters indicates defects in propionyl
CoA carboxylase or methylmalonyl CoA mutase (10-12). It is
not known if these mitochondrial enzymes are membrane as-
sociated.

Given the evidence for impaired fatty acid oxidation in
Reye syndrome, the near normal levels of acetyl CoA in these
patients were surprising. One explanation for this puzzle may
be increased production of cytosolic acetyl CoA. Acetyl CoA
concentration gradients between mitochondria and cytosol
vary from 6.6 to 25 in hepatocytes from fed rats, depending on
substrate (25). While mitochondrial fatty acid oxidation is in-
hibited, alternative pathways thus may have stepped up pro-
duction of acetyl CoA. If so, peroxisomes would be likely sites
for this extramitochondrial activity, since these organelles oxi-
dize fatty acids (8, 9) and proliferate in Reye syndrome (22).
Fatty acid oxidation by peroxisomes also is limited to sub-
strates ofchain length . 8 (8, 9), consistent with the absence of
long-chain acyl CoA ester accumulation in patients with Reye
syndrome (16). Other evidence for a peroxisomal pathway is
the abnormally high levels of acetyl carnitine, a presumed end
product of peroxisomal fatty acid oxidation, excreted by these
patients (26, 27).

Alternatively, acetyl CoA might accumulate to near nor-
mal levels due to blockade of its conversion to acetoacetate.
However, no intermediates of the ketogenic pathway were de-
tected, a finding consistent with the known low rate of keto-
genesis in Reye syndrome.

The results of this study are summarized in the model
shown in Fig. 3. We postulate that mitochondrial (i-oxidation
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Figure 3. Model illustrating interactions between mitochondrial /-
oxidation, peroxisomal ,8-oxidation, and w-oxidation in the endoplas-
mic reticulum. The model shows oxidation of activated long-chain
(LC) fatty acids by both mitochondria and peroxisomes. The end
product of mitochondrial ,8-oxidation is primarily ketone bodies,
whereas peroxisomal /3-oxidation yields acetyl carnitine (Ac Carn)
and medium chain (MC) acyl CoA esters. o-Oxidation converts these
MC intermediates to dicarboxylic acids. A putative block in mito-
chondrial /3-oxidation would increase fatty acid oxidation by peroxi-
somal and endoplasmic reticular pathways.

is blocked at multiple acyl CoA dehydrogenases, resulting in
accumulation of short-, medium-, and long-chain acyl CoA
compounds. Since short- and some medium-chain acyl CoA
esters are not substrates for peroxisomal /3-oxidation (8, 9),
they would either be degraded in the microsomes by w-oxida-
tion or deacylated and excreted. Long-chain fatty acyl CoA
esters would not accumulate in this scheme, but instead would
be oxidized in the peroxisomes. That would explain why acetyl
carnitine appears in the urine, but ketone bodies, the end prod-
ucts of mitochondrial fatty acid oxidation, do not accumulate
normally (2, 27).

The model also could explain findings in disorders of fatty
acid metabolism in patients with long-chain acyl CoA dehy-
drogenase or MCAD deficiency. In long-chain acyl CoA dehy-
drogenase deficiency the first enzyme of mitochondrial ,8-oxi-
dation is defective (28). Such patients excrete acetyl carnitine
in the urine, consistent with the idea that peroxisomal /3-oxi-
dation is involved. Medium-chain dicarboxylic acids are also
excreted by these patients. The model would predict that these
compounds are derived from accumulated medium-chain acyl
CoA esters, end products of peroxisomal /3-oxidation, which
are subsequently degraded by w-oxidation to dicarboxylic
acids. In patients with MCAD deficiency, a partial block of
mitochondrial /3-oxidation would result in diminished acetyl
CoA levels, as shown in this study, and decreased ketone body
levels, as reported previously (13). Because of the block, mito-
chondrial fatty acid oxidation can proceed only to medium-
chain fatty acyl CoA esters. Since these compounds cannot be
further degraded by the peroxisomes, they would be metabo-
lized and excreted as medium-chain acyl carnitines and dicar-
boxylic acids. This idea is consistent with the reported pres-
ence of octanoyl carnitine and dicarboxylic acids in the urine
of MCAD patients (29, 30).

The findings also provide potential mechanisms for several
major abnormalities observed in Reye syndrome. The hyper-

ammonemia found in these patients (1-5) could result from
the observed accumulation of methylmalonyl and propionyl
CoA esters, since these compounds inhibit two key enzymes in
ureogenesis, carbamyl phosphate synthetase I and N-acetylglu-
tamate synthetase (10-12). Likewise, the hypoglycemia ob-
served in Reye syndrome (1-5) could result from the accumu-
lation of methylmalonyl CoA, since it inhibits pyruvate car-
boxylase (10-12), the first and rate-limiting enzyme in
gluconeogenesis. Finally, the very low ratios of CoASH/acetyl
CoA observed in Reye syndrome patients could inhibit mito-
chondrial energy generation (10-12, 31, 32). Flux through py-
ruvate dehydrogenase and a-ketoglutarate dehydrogenase, two
enzymes involved in ATP production, are regulated by
CoASH levels. High levels ofpropionyl CoA and methylmalo-
nyl CoA also could inhibit citrate synthase, another Krebs
cycle enzyme (10-12). Since both ureogenesis and gluconeo-
genesis require mitochondrial ATP, secondary inhibition of
these pathways could also result from energy deficiency.

Still to be determined is the trigger that initiates this cas-
cade of events in Reye syndrome. A genetic defect, viral infec-
tion, salicylate toxicity, and endotoxin are among the factors
suggested as possible causes of the disease (33-39). One in-
triguing candidate is tumor necrosis factor (TNF). TNF pro-
duction follows viral infection or endotoxin stimulation (35,
38), conditions that also precede Reye syndrome. Moreover,
the ingestion of aspirin, which also stimulates TNF production
(35), usually precedes the onset of the disease. Whatever the
causative factor, the findings in this study put constraints on
future models, which must account for the unusual pattern of
acyl CoA esters found in Reye syndrome.
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