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ASTING is accompanied by a decrease in the
availability of glucose for energy use in periph-
eral tissues and, consequently, an increased re-
liance of these tissues on the availability of ketone
bodies and fatty acids for energy. The availability of
ketone bodies depends almost exclusively on hepatic
ketogenesis. Failure of ketogenesis may occur in pa-
tients with any defect of the enzymes associated with
the mitochondrial oxidation of fatty acids.! These de-
fects are typically manifested by hypoglycemia, which
results from the inadequate supply of alternative sub-
strate (ketones). Other clinical features are more var-
iable and may include myopathy, cardiomyopathy,
hepatocellular damage, and neuropathies. Studies
in rats have indicated a pivotal role for mitochondri-
al 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) synthase in the control of ketogenesis.2+
HMG-CoA synthase has cytosolic and mitochon-
drial forms that, although structurally similar, are
controlled by different genes.5 Both forms catalyze
the combination of acetoacetyl-CoA and acetyl-CoA
to form B-hydroxy-B-methylglutaryl-CoA, which in
the cytosol is a precursor of sterols and in the mito-
chondria is converted to acetoacetate (Fig. 1). Dur-
ing fasting, acetyl-CoA produced by mitochondrial
B-oxidation of fatty acids in the liver is largely direct-
ed toward the production of ketones, with minimal
use of the tricarboxylic acid cycle,® so that the vast
majority of the two-carbon units produced by fatty-
acid oxidation are directed through HMG-CoA syn-
thase to the production of ketone bodies.
In this report, we describe an 11-year-old boy with
deficiency of mitochondrial HMG-CoA synthase.
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This case report underlines the importance of the en-
zyme as a control point in ketogenesis and confirms
the functional difference between the cytosolic and
mitochondrial forms of HMG-CoA synthase.

CASE REPORT

A boy of Chinese descent first presented at six years of age after
mild gastroenteritis with poor oral intake for two to three days
that culminated in a brief generalized seizure, which left him
semicomatose. His blood glucose concentration was 9 mg per
deciliter (0.5 mmol per liter), and a urine dipstick test was nega-
tive for ketones. He had previously been well and tolerated minor
illnesses without difficulty. Physical examination was normal. The
child responded within five minutes to intravenous dextrose, with
further improvement over the next hour. Blood lactate and plas-
ma ammonia, aminotransferase, and carnitine concentrations were
normal, as was urinary excretion of organic acids when measured
two days later.

The patient was given a normal diet, and the parents were ad-
vised not to allow the boy to go without food for prolonged pe-
riods. Subsequently, he continued to tolerate minor illnesses with
no difficulty, and on one occasion strenuous exercise for one hour
did not provoke increases in serum creatine kinase or cholesterol
concentrations. His physical and mental development during the
next five years were normal, as were plasma carnitine, creatine ki-
nase, creatinine, cholesterol, and aminotransferase concentrations
on several occasions. Plasma alanine and lactate concentrations
were normal even during periods of stress, suggesting that gluco-
neogenesis was normal. There have been no further seizures; the
seizure on presentation was attributed to hypoglycemia. The boy’s
parents are not related, and he has one sister, who is healthy and
has never had any symptoms such as his.

METHODS

Provocative Tests

At the age of seven the patient fasted for 22 hours. Blood was
collected every two to four hours from hour 14 to hour 22 for
measurements of blood glucose and plasma free fatty acid and
B-hydroxybutyrate concentrations. Urine was collected for organ-
ic-acid analysis at the end of the fast. After a 15-hour fast, the boy
was given 1.5 g of medium-chain triglycerides per kilogram of
body weight orally, and then plasma B-hydroxybutyrate was
measured at hourly intervals for 3 hours, blood glucose was meas-
ured every 15 to 30 minutes for 3 hours, and urine and plasma
were collected for organic-acid analysis at 3 hours. A similar pro-
tocol was followed after the child had fasted for 12 hours and was
then given long-chain triglycerides in the form of safflower oil
(1.5 g per kilogram). The boy’s parents gave informed consent for
all the diagnostic investigations.

Analyses of Enzymes and Metabolites

HMG-CoA lyase activity in cultured transformed lymphoblasts,
plasma and tissue carnitine, plasma nonesterified fatty acids and
3-hydroxybutyrate, and plasma and urine acylcarnitines and or-
ganic acids were measured as previously described.”12 Assays of
long-chain, medium-chain, and short-chain acyl-CoA dehydro-
genases in skin fibroblasts were kindly performed by Dr. A. Adams
(Melbourne, Australia); assays of long-chain and short-chain hy-
droxyacyl-CoA dehydrogenases, enoyl-CoA hydratase, and thio-
lases were performed by Dr. R. Wanders (Amsterdam); assays of
carnitine palmitoyltransferases I and II were performed by Dr.
F. Demaugre (Paris); and a screening test for defective fatty-acid
oxidation based on palmitate and myristate oxidation was per-
formed by Drs. B. Wilcken and J. Hammond (Sydney, Australia).!3

Liver Biopsy

The boy underwent wedge biopsy of the liver at the age of nine
years, with the written informed consent of his parents, for histo-
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Figure 1. Role of 3-Hydroxy-3-Methylglutaryl-CoA (HMG-CoA) Synthase in Hepatic Mitochondrial Ketogenesis.

The three enzymes of the HMG-CoA cycle — thiolase, synthase, and lyase — convert acetyl-CoA, the end product of mitochondrial
fatty-acid B-oxidation, to acetoacetate and B-hydroxybutyrate, which are released from the liver for use as fuels by the brain and
other tissues. Small amounts of ketones can be made from the branched-chain amino acid leucine without the need for HMG-CoA

synthase.

logic examination and measurement of HMG-CoA synthase ac-
tivity. Control specimens of normal liver were obtained from two
persons who had died accidentally (the interval between death
and collection was less than two hours) and from one person who
underwent open liver biopsy during an investigation for suspected
metabolic disease, which was subsequently ruled out.

HMG-CoA Synthase Activity

HMG-CoA synthase activity was measured in whole homoge-
nates of liver tissue and in cultured skin fibroblasts by radioisotopic
modification! of a coupled enzyme assay.!s The assay measures
the conversion of acetyl-CoA to acetoacetate by means of HMG-
CoA and therefore depends on the activities of acetoacetyl-CoA
thiolase, HMG-CoA synthase, and HMG-CoA lyase. In the liver,
90 percent of acetoacetate is produced in mitochondria.'# Citrate
synthase activity was measured in the liver homogenates as a con-
trol mitochondrial enzyme to assess sample preservation.!6

RESULTS

After fasting for 22 hours, the patient had a blood
glucose concentration of 41 mg per deciliter (2.3
mmol per liter) and a plasma B-hydroxybutyrate
concentration of 0.2 mmol per liter (normal, >2.0).
He rapidly became comatose, waking about 30 min-
utes after receiving a bolus intravenous injection of
dextrose (500 mg per kilogram) followed by a con-
tinuous infusion at a rate of 10 mg per kilogram per
minute. This response is slower than that expected
in children with brief episodes of hypoglycemia, in
whom coma usually resolves within minutes.

After the ingestion of long-chain triglycerides, the
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patient’s plasma free fatty-acid concentrations in-
creased appropriately, but plasma B-hydroxybuty-
rate concentrations remained below 0.15 mmol per
liter (normal response, >0.5). The patient’s plasma
B-hydroxybutyrate concentrations (Table 1) also re-
mained low after the ingestion of medium-chain tri-
glycerides, indicating that enzyme function after the
oxidation of long-chain fatty acids, the first step in
ketone-body formation, was abnormal. Four hours
after the ingestion of medium-chain triglycerides
the boy became comatose, with a blood glucose
concentration of 50 mg per deciliter (2.8 mmol per
liter). He was then given intravenous dextrose (in
the same dose as before) and responded in about
one hour.

Urinary excretion of organic acids was normal on
several occasions during minor illnesses and after
fasting and the ingestion of long-chain triglycerides.
After the ingestion of medium-chain triglycerides
plasma concentrations of hydroxy fatty acids, includ-
ing 3-hydroxyhexanoate and 3-hydroxyoctanoate, in-
creased markedly (Table 1). Urinary excretion of ethyl
malonate was slightly elevated (38 wmol per milli-
mole of creatinine), and traces of 3-ketohexanoate
were also present. Hydroxy fatty acids were not de-
tected in plasma during fasting, and their presence
after the ingestion of medium-chain triglycerides
therefore most likely reflects defective metabolism of
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TABLE 1. PLASMA CONCENTRATIONS OF 3-HYDROXYCARBOXYLIC
ACIDS AFTER THE INGESTION OF MEDIUM-CHAIN
TRIGLYCERIDES. *

3-Hyproxy- 3-Hyproxy- 3-Hybroxy- B-Hyproxy-

VARIABLE HEXANOATE OCTANOATE DECANOATE ~ BUTYRATE
pmol/liter
Patient
At base line 6 3 ND —
After ingestion of 510 2400 25 ND
medium-chain
triglycerides
Normal subject}
After ingestion of 20 20 ND —
medium-chain
triglycerides
Normal range after in- — — — 500-3000

gestion of medium-
chain triglycerides}

*ND denotes not detected.
1The normal subject was a man who was given a similar dose of medi-
um-chain triglycerides on the basis of weight under similar conditions.

1The normal range was established by measuring levels in 16 age-
matched children who were undergoing tests for defects in fat oxidation,
all of whom were subsequently proved not to have such defects.

TABLE 2. ACTIVITIES OF HMG-COA SYNTHASE
AND CITRATE SYNTHASE IN LIVER SPECIMENS FROM A PATIENT
WITH HMG-COA SYNTHASE DEFICIENCY
AND THREE NORMAL SUBJECTS.*

HMG-CoA
SuBJECT SYNTHASE CITRATE SYNTHASE
pmol/min/g of wet weight of whole liver
Patient 0.02, 0.05 4.3
Normal subjectst
1 0.32, 0.30, 0.32 3.5
2 0.20, 0.23 2.6
3 0.31 3.9
Both patient and normal sub- 0.37, 0.30

jects (mixing experi-
ments)t

*Results from duplicate or triplicate assays performed on separate days
are shown.

tNormal liver was obtained from two persons who died accidentally and
at open liver biopsy from one subject who was being assessed for a meta-
bolic disease. Metabolic disease was subsequently ruled out.

$The results shown are those of two experiments in which 0.86 and 0.98
mg of the patient’s liver and 0.98 and 0.94 mg of liver from normal sub-
jects, respectively, were mixed. The two mixing experiments show that ac-
tivity in the combined samples approximates the sum of that in the samples
from the patient and normal subjects, indicating that an inhibitor could
not be responsible for the low level of activity in the samples from the pa-
tient.

medium-chain triglycerides, raising the possibility
that fatty-acid toxicity contributed to the patient’s
coma. After the ingestion of long-chain triglycerides,
plasma 3-hydroxyhexanoate and 3-hydroxyoctanoate
concentrations were 6 and 2 umol per liter, respec-
tively, as compared with respective base-line values of
4 and less than 2 umol per liter.

Histologic examination of the liver showed mild
fatty infiltration, mainly in the periportal regions,
but no other abnormalities. Electron microscopy re-
vealed moderate variation in the size of the mito-
chondria, and many contained nonspecific crystal-
line inclusions. The total carnitine content of the
liver was 1278 nmol per gram of wet weight (nor-
mal, 900 to 1800), and the free carnitine content
was 698 nmol per gram of wet weight (normal, ap-
proximately 70 percent of the total content). Analy-
sis of blood spots on filter paper by tandem mass
spectrometry revealed a normal acylcarnitine profile.

The HMG-CoA synthase activity in the patient’s
liver was 5 to 20 percent of that in samples of nor-
mal liver (Table 2). In mixing experiments, HMG-
CoA synthase activity in combined samples was
equal to the sum of the values in samples from the
patient and the normal subjects. This finding rules
out the possibility that an inhibitor was responsible
for the reduced activity in the patient’s liver and
confirms that the defect was in the rate-limiting step
(i.e., at the level of HMG-CoA synthase). Hepatic
citrate synthase activity was similar in the patient and
the normal subjects. The activities of other enzymes
involved in fatty-acid oxidation in fibroblasts were
normal.

DISCUSSION

The occurrence of episodes of hypoketotic, hypo-
glycemic coma during fasting in our patient is typical
of deficiencies of enzymes involved in mitochondrial
fatty-acid oxidation.! The studies performed while
the patient was fasting confirmed that ketogenesis
was defective, and the fat-loading studies indicated
that the defect was not in the metabolism of long-
chain fatty acids. Plasma carnitine concentrations are
low in many patients with defects of fatty-acid
B-oxidation, with normal values previously having
been associated with carnitine palmitoyltransferase I
deficiency and multiple mild defects in dehydrogena-
tion. The normal plasma and liver values in our pa-
tient, together with the results of the fat-loading tests
and the finding of normal urinary excretion of organ-
ic acids, raised the suspicion of a fault in the final
stages of ketogenesis. Our patient had no evidence of
HMG-CoA lyase deficiency, and acetoacetyl-CoA
thiolase deficiency typically presents with hyperketo-
sis. Thus, a deficiency of HMG-CoA synthase ap-
peared likely. The patient’s hepatic HMG-CoA syn-
thase activity was approximately 10 percent of that in
normal liver. This residual activity almost certainly re-
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flected cytosolic HMG-CoA synthase activity, which
contributes about 10 percent of the overall HMG-
CoA synthase activity in normal liver.!” The results in
our patient therefore support the diagnosis of a defi-
ciency of hepatic mitochondrial HMG-CoA synthase
activity.

Control of hepatic ketogenesis is exerted by two
major regulatory enzymes, carnitine palmitoyltrans-
ferase 1 and mitochondrial HMG-CoA synthase.!8
Carnitine palmitoyltransferase 1 has a clear role in
controlling the initiation of B-oxidation and, hence,
ketogenesis, but appears to have little influence on
later control (down-regulation) of the process.!?
HMG-CoA synthase is active in both the initiation
and the down-regulation of ketogenesis,>* as well
as having a specific role in the control of B-oxida-
tion of medium-chain triglycerides. This specific role
would explain the sensitivity of our patient to medi-
um-chain triglycerides and the appearance of abnor-
mal metabolites after the ingestion of medium-chain
triglycerides. Although the mitochondrial HMG-
CoA synthase gene has been sequenced in rats20 and
birds,2! the location of the gene in humans is not
known.

The diagnosis of mitochondrial HMG-CoA syn-
thase deficiency is not straightforward. Like other
defects of fatty-acid oxidation, this condition should
be considered in any patient with coma induced by
fasting or a life-threatening event from the newborn
period through infancy to middle childhood. In par-
ticular, this deficiency may possibly contribute to the
sudden infant death syndrome and Reye’s syndrome.
Low levels of HMG-CoA synthase have been iden-
tified in lymphocytes, intestine, kidney, testis, and
ovary,?223 but our patient had no symptoms to sug-
gest the involvement of these tissues. HMG-CoA
synthase therefore appears to cause symptoms only
in relation to its hepatic location, and these symp-
toms are similar to those that occur in patients with
most other defects in fatty-acid oxidation. However,
some of these defects involve multiple organs, and
the absence of such involvement in the presence of
normal plasma carnitine concentrations and normal
urinary excretion of organic acids should raise the
suspicion of HMG-CoA synthase deficiency. How-
ever, the results of diagnostic tests of value in other
disorders of fatty-acid oxidation were normal in our
patient, and specific diagnosis currently relies on liv-
er-enzyme assay.

The clinical course in our patient confirms the im-
portance of hepatic synthesis of ketones to the main-
tenance of the energy supply during fasting. The
absence of any demonstrable disturbance of choles-
terol metabolism underlines the functional distinc-
tion between the cytosolic and mitochondrial forms
of HMG-CoA synthase. Our patient was asympto-
matic except during prolonged fasting. In contrast,
patients with deficiency of HMG-CoA lyase, the fi-
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nal enzyme of the ketogenic pathway, typically have
more prominent symptoms. This difference could be
due to the fact that metabolic stress on pathways of
protein metabolism, as well as on those of fatty-acid
metabolism, can induce symptoms in the latter con-
dition?* or, possibly, to the variation in acyl-CoA
accumulation between the two disorders, the latter
being reflected in the relative derangements in car-
nitine metabolism. Although ketones are thought to
be important for the developing brain,?* the normal
neurologic development in both our patient and
many with HMG-CoA lyase deficiency indicates that
ketone synthesis is not essential to brain develop-
ment as long as prolonged fasting is avoided.
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