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Summary Mitochondrial HMG-CoA synthase deficiency is

an inherited metabolic disorder caused by a defect in the en-

zyme that regulates the formation of ketone bodies. Patients

present with hypoketotic hypoglycaemia, encephalopathy

and hepatomegaly, usually precipitated by an intercurrent

infection or prolonged fasting. The diagnosis may easily be

missed as previously reported results of routine metabolic in-

vestigations, urinary organic acids and plasma acylcarnitines

may be nonspecific or normal, and a high index of sus-

picion is required to proceed to further confirmatory tests.

We describe a further acute case in which the combination

of urinary organic acids, low free carnitine and changes in

the plasma acylcarnitine profile on carnitine supplementa-

tion were very suggestive of a defect in ketone synthesis.
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The diagnosis of mitochondrial HMG-CoA synthase defi-

ciency was confirmed on genotyping, revealing two novel

mutations: c.614G>A (R188H) and c.971T > C (M307T).

A further sibling, in whom the diagnosis had not been made

acutely, was also found to be affected. The possible effects

of these mutations on enzyme activity are discussed.

Introduction

Deficiency of mitochondrial HMG-CoA synthase (HMGCS)

(McKusick 600234) is a metabolic disease inherited as an au-

tosomal recessive trait. Mitochondrial HMG-CoA synthase

catalyses the first and rate-limiting step of ketogenesis, con-

densing acetyl-CoA and acetoacetyl-CoA to 3-hydroxy-3-

methylglutaryl-CoA (EC 2.3.3.10) (Hegardt 1999). Ketone

body production is the normal physiological response to fast-

ing, providing the body, and particularly the brain, with fuel

in a usable form for energy. The brain cannot utilize fatty

acids directly. In contrast, absent or defective mHMGCS ac-

tivity results in hypoketotic hypoglycaemia during fasting

that can lead to coma, which responds to glucose adminis-

tration (Thomson et al 1997). Therefore, patients are asymp-

tomatic until decompensation is precipitated by intercurrent

infection or prolonged fasting.

The diagnosis of HMGCS deficiency is hampered by non-

specific clinical signs and the lack of a specific diagnos-

tic test. Urinary organic acids reveal increased dicarboxylic

and 3-hydroxydicarboxylic acids in the absence of signifi-

cant ketonuria or diagnostic acylglycines. The combination

of normal acylcarnitines in dried blood spots and the absence

of urinary ketone bodies has been stated to indicate the di-

agnosis (Zschocke et al 2002). Use of molecular studies to

confirm the diagnosis avoids the need for an invasive liver

biopsy and the limitations of the enzyme assay (Mitchell
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and Fukao 2001). We describe a further case, and the subse-

quent diagnosis in an elder sibling, in which acute changes in

the acylcarnitine profile in conjunction with urinary organic

acids were very suggestive of a defect in ketone synthesis.

Case reports

Case 1

The third child of unrelated parents presented at 7 months of

age with encephalopathy following a 4-day choryzal illness

with oral intake limited to clear fluids only. He had previ-

ously been well with normal growth and development. On

examination he was comatose, poorly perfused with deep

sighing respirations, and a 4 cm hepatomegaly. Initial in-

vestigations revealed hypoketotic hypoglycaemia with a true

blood glucose of <1.0 mmol/L in the absence of ketones

on urinary dipstick, and an associated metabolic acidosis.

He was managed with intravenous 10% dextrose and fluid

resuscitation, and referred for further investigation and man-

agement with a presumed diagnosis of MCAD deficiency.

Subsequent investigations; however, revealed a normal lac-

tate 0.65 mmol/L and ALT 30 μ/L. The ratio of nonesterified

fatty acid to 3-hydroxybutyrate (NEFA:BOHB) ratio was el-

evated (7.3 mEq/mmol, 95th centile 6.6 mEq/mmol). Uri-

nary organic acids revealed a massive dicarboxylic aciduria

with only a trace of 3-hydroxybutyrate and acetoacetate. The

plasma free carnitine was low (3.8 μmol/L, normal range 25–

60) with a significantly elevated acetylcarnitine (C2). After

carnitine supplementation, acetylcarnitine increased dramat-

ically (see Table 1).The combination of low ketones, dicar-

boxylic aciduria and especially the high pool of acetylcar-

nitine suggested a block in fat metabolism subsequent to fat

oxidation. HMG CoA synthase deficiency was considered

the most likely candidate. As expected, fat oxidation stud-

ies on fibroblasts were normal, emphasizing a fat oxidation

disorder post acetyl-CoA.

Mutation analysis was performed by amplifying and se-

quencing all coding sequences and exon–intron boundaries

of the HMGCS2 gene, as described (Hegardt 1999), revealing

two novel mutations: c.614G >A (R188H) and c.971T >C

(M307T) verified by restriction analysis after PCR amplifi-

cation of the mutated exons (data not shown).

Clinically the patient responded to a dextrose bolus

(0.65 g/kg) and infusion (7 mg/kg per min), with the en-

cephalopathy resolving over several hours. Oral feeds recom-

menced 23 h after admission, and intravenous dextrose

stopped 19 h later. The elevated acetylcarnitine and dicar-

boxylic aciduria were unusually persistent over the next few

days, further suggesting a problem in the clearance of the

acetyl pool. Liver function showed no deterioration. A 2 cm

hepatomegaly remained at the time of discharge 5 days later,

but had resolved completely when next reviewed in the clinic.

He has remained well (4.5 years follow up) with no specific

dietary measures apart from avoidance of prolonged fasting,

and the occasional use of glucose polymer (10% Maxijul so-

lution, 0.5 g/kg per h at diagnosis, adjusted for age) during

intercurrent infections.

Case 2

At the time of presentation of the index case, questioning

highlighted that one of the older siblings had been admit-

ted previously at the age of 1 year with extreme lethargy

following a vomiting illness that improved with intravenous

fluids. The notes were not available from the local hospital

for review. Non-acute organic acid and acylcarnitine analy-

ses were normal. Genotyping confirmed the clinical suspi-

cion that he too was affected, being a compound heterozy-

gote c.614G >A (R188H) and c.971T >C (M307T) like his

brother. He is managed in the same way as his brother and has

had no further problems (4.5 years follow-up). The parents

and remaining brother were confirmed as carriers.

Discussion

HMG-CoA synthase deficiency is a life-threatening, treat-

able cause of hypoketotic hypoglycaemia. Table 2 summa-

rizes the phenotype and genotype of all reported patients.

Initial clinical presentation is indistinguishable from the

much commoner fat oxidation defect medium chain acyl-

CoA dehydrogenase (MCAD) deficiency, with encephalopa-

thy and hepatomegaly in a child who has previously been

well with normal growth and development. However, lactate

and liver transaminases are not elevated during severe de-

compensations. Urinary organic acids demonstrate increased

Table 1 Changes in free and
acetylcarnitine in response to
carnitine supplementation.
Carnitine (100 mg/kg/day)
commenced following the day 1
result

Day 1 Day 2 Day 3 Day 5 Day 6

Free carnitine (μmol/L) 3.8 33.9 188.6 95.6 85.0

Acetylcarnitine (μmol/L) 39.5 108.8 139.0 35.0 29.6

Non esterified free fatty acids (mEq/L) 2.3 1.9

3 Hydroxybutyrate (mmol/L) 0.316 0.015

Springer



J Inherit Metab Dis (2006) 29: 207–211 209

Ta
bl

e
2

C
li

n
ic

al
,
b

io
ch

em
ic

al
an

d
g

en
et

ic
p

ro
fi

le
o

f
re

p
o

rt
ed

ca
se

s
o

f
H

M
G

-C
o

A
sy

n
th

as
e

d
efi

ci
en

cy

A
g

e
at

fi
rs

t

P
at

ie
n

t
S

ex
p

re
se

n
ta

ti
o

n
G

en
o

ty
p

e
S

y
m

p
to

m
s

O
rg

an
ic

ac
id

s
A

cy
lc

ar
n

it
in

es

C
as

e
1

M
6

y
F

1
7
4
L

/F
1
7
4
L

G
as

tr
o
en

te
ri

ti
s,

h
y
p
o
k
et

o
ti

c
N

o
rm

al
(s

am
p
le

2
d
ay

s
C

ar
n
it

in
e

n
o
rm

al

B
o
u
ch

ar
d

et
al

(2
0
0
1
),

h
y
p
o
g
ly

ca
em

ic
se

iz
u
re

af
te

r
p
re

se
n
ta

ti
o
n
)

(T
h

o
m

p
so

n
et

al
1

9
9

7
)

C
as

e
2

M
1

6
m

o
R

4
2

4
X

/u
n

k
n

ow
n

D
ia

rr
h

o
ea

,
vo

m
it

in
g

,
D

ic
ar

b
o

x
y

li
c

ac
id

u
ri

a
N

o
rm

al

B
o
u
ch

ar
d

et
al

(2
0
0
1
)

h
ep

at
o
m

eg
al

y
h
y
p
o
k
et

o
ti

c
(s

am
p
le

2
d
ay

s
af

te
r

(M
o
rr

is
et

al
1
9
9
8
)

h
y
p
o
g
ly

ca
em

ic
co

m
a

p
re

se
n
ta

ti
o
n
)

C
as

e
3

M
1

1
m

o
G

2
1

2
R

/R
5

0
0

H
G

as
tr

o
en

te
ri

ti
s,

vo
m

it
in

g
,

D
ic

ar
b

o
x

y
li

c
ac

id
u

ri
a

N
o

rm
al

(b
lo

o
d

sp
o

t)

A
le

d
o

et
al

(2
0

0
1

)
h

ep
at

o
m

eg
al

y,
h
y

p
o

k
et

o
ti

c

h
y
p
o
g
ly

ca
em

ic
co

m
a

C
as

e
4

F
9

m
o

G
2

1
2

R
/I

V
S

5
+1

g
>

a
G

as
tr

o
en

te
ri

ti
s,

d
ia

rr
h

o
ea

,
D

ic
ar

b
o

x
y

li
c

ac
id

u
ri

a
N

o
rm

al

Z
sc

h
o

ck
e

et
al

(2
0

0
2

)
vo

m
it

in
g

,
h

ep
at

o
m

eg
al

y,

h
y
p
o
k
et

o
ti

c
h
y
p
o
g
ly

ca
em

ic

co
m

a

C
as

e
5

F
4

.5
y

V
5

4
M

/Y
1

6
7

C
G

as
tr

o
en

te
re

ri
ti

s,
d

ia
rr

h
o

ea
,

D
ic

ar
b

o
x

y
li

c
ac

id
u

ri
a

N
o

rm
al

W
o

lf
(2

0
0

3
)

vo
m

it
in

g
,
h

ep
at

o
m

eg
al

y,

h
y
p
o
g
ly

ca
em

ic
co

m
a

C
as

e
6

F
1

9
m

o
V

5
4

M
/Y

1
6

7
C

H
ep

at
o

m
eg

al
y,

ab
n

o
rm

al
D

ic
ar

b
o

x
y

li
c

ac
id

u
ri

a
N

o
rm

al
(c

o
n

tr
o

ll
ed

fa
st

)

(s
is

te
r

o
f

n
o

.
5

)
li

v
er

fu
n

ct
io

n
(c

o
n

tr
o

ll
ed

fa
st

)

C
as

e
7

M
7

m
o

M
3
0
7
T

/R
1
8
8
H

V
o
m

it
in

g
,
h
ep

at
o
m

eg
al

y,
D

ic
ar

b
o
x
y
li

c
ac

id
u
ri

a
L

ow
fr

ee
ca

rn
it

in
e.

R
ai

se
d

C
2

P
re

se
n
t

st
u
d
y

h
y
p
o
k
et

o
ti

c
h
y
p
o
g
ly

ca
em

ic
ca

rn
it

in
e

o
n

ca
rn

it
in

e

en
ce

p
h

al
o

p
at

h
y

su
p

p
le

m
en

ta
ti

o
n

C
as

e
8

N
1

y
M

3
0

7
T

/R
1

8
8

H
V

o
m

it
in

g
,
le

th
ar

g
y

N
o

rm
al

(n
o

n
-a

cu
te

)
N

o
rm

al
(n

o
n

-a
cu

te
)

(b
ro

th
er

o
f

n
o

.
7

)

a
M

,
m

al
e;

F,
fe

m
al

e
b
m

o
,
m

o
n

th
;

y,
y

ea
r

Springer



210 J Inherit Metab Dis (2006) 29: 207–211

Fig. 1 (a) Acylcarnitine profile
on presentation, showing low
free carnitine. (b) Acylcarnitine
profile following carnitine
supplementation (100 mg/kg per
day), revealing elevated
acetylcarnitine (C2)

dicarboxylic and 3-hydroxydicarboxylic acids in the ab-

sence of significant ketonuria and diagnostic acylglycines.

Acylcarnitines have always been reported as ‘normal’, al-

though no spectra have been published in the literature. Our

index case is unusual in that the free carnitine was low

on presentation. The C2, although significantly elevated at

39.5μmol/L (normal range < 10) was not remarkable. We

have observed C2 concentrations up to 65 μmol/L (99th cen-

tile 53 μmol/L) in children during intercurrent illnesses, di-

agnostic fasts, and carnitine supplementation. In view of the

carnitine depletion, carnitine was supplemented at 100mg/kg

per day between four divided doses and the acylcarnitine pro-

file was repeated the next day (see Fig. 1). The repeat profile

showed that restoration of the free carnitine to normal lev-

els was accompanied by a large and unexpected increase in

C2 (108.8 and 139.0 μmol/L after 24 and 48 h supplementa-

tion, respectively), indicating that there had been a build-up

of acetyl-CoA, the final product of fat oxidation. This sug-

gested that the metabolic block was perhaps subsequent to

fat oxidation, raising the possibility of a ketone synthesis

defect. HMG-CoA synthase deficiency was the most likely

candidate in the absence of acidosis, raised lactate, deranged

liver function and the organic acid profile of HMG-CoA lyase

deficiency.

Genotyping has been suggested as the confirmatory test

of choice, obviating the need for invasive liver biopsy and a

technically difficult enzyme assay complicated by interfer-

ence by several other enzymes within the liver homogenate

(Bouchard et al 2001). Sequence analysis of the whole cod-

ing region of the HMGCS2 gene revealed two novel muta-

tions. A heterozygous c.614G > A (R188H) was identified in

both probands and the mother, while c.971T > C (M307T)

was observed in both probands and the father. Restriction en-

zyme analysis confirmed the mutations found by sequencing.

Neither of the two mutations was found in 100 Spanish con-

trol chromosomes. The mutations affect conserved residues

in mitochondrial HMG-CoA synthases. Methionine 307 is

conserved in all mitochondrial HMG-CoA synthases except

for mouse. Change to threonine (M307T), a polar residue,

could affect the structure and ionic environment of the cat-

alytic site. R188H affects an arginine, which is conserved

in all mitochondrial and cytosolic HMG-CoA synthases and

probably plays a role as an anion ligand in the active centre.

The low plasma free carnitine seen on the initial acylcarni-

tine sample taken at presentation has not been reported previ-

ously. Although the plasma acetylcarnitine was elevated, the

true extent of the accumulated acetyl-CoA pool was not ap-

preciated until revealed by carnitine supplementation. Previ-

ous reports have stated that acylcarnitine profiles are normal;

however, the rise in acetylcarnitine is subtle, not uncommon

and easily overlooked. On its own, a raised acetylcarnitine is

a nonspecific finding, but in combination with hypoketotic

hypoglycaemia, hepatomegaly and dicarboxylic aciduria a

ketone synthesis defect must be considered.

HMG-CoA synthase deficiency is a rare cause of hypoke-

totic hypoglycaemia but may be commoner than reported

as investigations previously described are nonspecific and

therefore the diagnosis may be missed. The key to diagnosis
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in this case was the grossly elevated acetylcarnitine that only

became apparent after carnitine supplementation. Genotyp-

ing is the preferred method for confirmation of the diagnosis,

being an easier and safer alternative to hepatic enzymology.
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was recipient of a fellowship from the International University of Cat-
alonia and by the Grant to the Grupos Emergentes de Investigación de
Aragon Genomita III, from Diputacion General de Aragon, Spain.

References
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