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Clinical heterogeneity and novel mutations in the
glycerol kinase gene in three families with isolated
glycerol kinase deficiency

D R Sjarif, R J Sinke, M Duran, F A Beemer,W J Kleijer, J K Ploos van Amstel,
B T Poll-The

Abstract
Isolated glycerol kinase deficiency (GKD)
is an X linked recessive disorder. The
clinical and biochemical picture may vary
from a childhood metabolic crisis to
asymptomatic adult "pseudohypertriglyc-
eridaemia", the result ofhyperglycerolae-
mia. We performed glycerol kinase (GK)
gene analysis to study the molecular
heterogeneity and genotype-phenotype
correlation in eight males from three
families with isolated GKD. All patients
had hyperglycerolaemia and glyceroluria.
Four patients from two families were
essentially free of symptoms. Three pa-
tients had gastrointestinal symptoms with
ketoacidosis or hypoglycaemia or both.
One patient had recurrent convulsions as
the only acute sign, without evidence that
it was correlated with a catabolic state.
Fasting tests in two symptomatic patients
of family 1 showed hyperketotic states,
together with a tendency to hypoglycae-
mia. The diagnosis was confirmed by a
defective "4C-glycerol incorporation into
trichloroacetic acid precipitable macro-
molecules in intact skin fibroblasts. Muta-
tion screening of the GK gene was
performed by amplification and direct
sequencing of exons using PCR. Three
novel mutations were identified: (1) a
deletion starting downstream of exon 9,
extending to the 3' end of the gene; (2) a
nonsense mutation R413X caused by a
C1351T transition; and (3) a missense
mutation W503R caused by a T1651C
transition. In addition, we found differ-
ences from the reported sequence: (1)
exon 9 actually consists of two exons,
which consequently will change the
number of GK gene exons from 19 to 20
exons, and (2) nucleotide differences in
exon 19. So far, no genotype-phenotype
correlation can be established in these
GKD families.
(JMed Genet 1998;35:650-656)
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Glycerol kinase deficiency (GKD, MIM
307030) is an X linked recessive disorder char-
acterised biochemically by hyperglycerolaemia
and glyceroluria. Three distinct clinical pheno-
types of this enzymopathy exist, the complex
infantile, juvenile, and benign or adult forms.'

The complex infantile form is an Xp2 1
contiguous gene syndrome involving the glyc-
erol kinase (GK) locus together with the
congenital adrenal hypoplasia or Duchenne
muscular dystrophy loci or both.' The clinical
features of a patient with complex GKD
depend on the loci that are involved, and may
be associated with mental retardation and dys-
morphic features.2 The juvenile and adult
forms are the result of an isolated GK
deficiency. Affected boys with the juvenile form
may present in childhood with episodes of a
Reye-like syndrome, including vomiting, meta-
bolic acidosis, ketotic hypoglycaemia, and pro-
gressive lethargy or unconciousness during
intercurrent illness. The benign or adult form
of isolated GKD is not associated with clinical
symptoms. Males with this phenotype are
identified with an asymptomatic "pseudo-
hypertriglyceridaemia" as a result of a raised
plasma glycerol. The diagnosis ofGKD can be
confirmed by (1) the measurement of the
enzyme activity in a variety of tissues, including
leucocytes, cultured skin fibroblasts, and am-
niocytes, transformed lymphoblastoid cell
lines, liver, kidney, and small intestine, and (2)
the incorporation of "'C-glycerol into trichloro-
acetic acid precipitable macromolecules in
intact skin fibroblasts.4
The human GK gene has been mapped to

Xp21.3.5-7 The gene spans approximately 50
kb and comprises 19 exons.7 The major GK
mRNA has a reported length of 2581 bp and
encodes a protein with a length of 553 amino
acids.7 8 In addition to this functional gene,
several regions of sequence homology to the
Xp gene have been identified: the pseudogenes
at 1q41 and Xq23, the processed, expressed
genes at 4q13 and 4q32, and the anonymous
sequences of unknown status on chromosomes
4 and Xq.7
To date, only one missense mutation, one

splice site mutation, and one small deletion
have been reported for isolated GKD in four
patients.9 To elucidate further the molecular
heterogeneity and to study the genotype-
phenotype relationship in isolated GKD, clini-
cal, biochemical, and molecular analysis of
three unrelated families are presented.

Patients and methods
PATIENTS
Family 1
This white Dutch family has four males affected
with isolated GKD (fig 1A). The proband
(1III. 1), a 12 year old boy, was diagnosed at 20
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no clinical hypoglycaemic episodes. The third
DN 0 Notexamined patient (1.IIA.4), a 11/2 year old boy, had been
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Family 2
Patient 2 (2.II.3), a white Dutch boy, presented
at 3 years of age with ketoacidosis (pH 7.23,
base deficit -13.7 mmol/l, and ketonuria) pre-
ceded by vomiting. Mild psychomotor retarda-
tion and an attention deficit disorder were

noted at that time. At 8 years his growth was

normal. No other family members were known
to be affected (fig 1B).

Figure 1 Pedigrees offamilies 1, 2, and 3. The arrows indicate the probands.

months of age. In retrospect he had presented
initially with metabolic acidosis in the first week
of life. He was a small for gestational age infant,
with a birth weight of 2075 g. He was admitted
to hospital several times with lethargy preceded
by fever and vomiting/diarrhoea, interpreted as

a viral infection. One of these episodes was

associated with metabolic acidosis (pH 7.27,
base deficit -10.5 mmol/l) and ketonuria. At 7
months of age, he had a mild convergent
strabismus and right inguinal hernia. Growth
and mental development were normal. His half
brother (1.III.2) had normal values of serum

and urine glycerol. The second patient (1.III.3),
an 81/2 year old boy, experienced only a single
episode of hypoglycaemia (glucose 0.8 mmol/l)
in the first few hours of life. He was also a small
for gestational age infant, with a birth weight of
2450 g. There were facial dysmorphism (square
face, frontal bossing, and low set, mildly
dysmorphic ears), a hypoplastic right thumb,
and cryptorchidism. His height was on the 3rd
centile. Cytogenetic investigation showed a

normal male karyotype. GKD was diagnosed at
1 1/2 years of age, because his mother was at risk
of being a GKD carrier. A low fat and carbohy-
drate rich diet was prescribed after the diagno-
sis had been made. So far, he has experienced

Family 3
The proband (3.II.3), a 11/2 year old Indone-
sian boy (according to maternal ethnicity),
presented at 10 months of age with generalised
seizures, for which he was placed on antiepilep-
tic drug therapy. No laboratory data of the
period before the onset of seizures were

available. His psychomotor development was

delayed. His older (half) brothers, patients
3.II.1 and 3.II.2, aged 8 and 3 /2 years respec-
tively (fig 1C), were also affected by isolated
GKD. They have never experienced any
clinical episode of hypoglycaemia and they
developed normally.

BIOCHEMICAL ANALYSIS

The probands in each family were identified by
the finding of urinary glycerol in the course of
organic acid analysis as part of a selective
screening programme for inborn errors of
metabolism. Quantitative analysis of glycerol
was determined using a standard triglyceride
assay with omission of the hydrolysis step.
Incorporation of '4C-glycerol into trichloroace-
tic acid precipitable macromolecules was used
as an indirect measure of GK activity in situ in
intact cultured skin fibroblasts.4 The clinical
and biochemical data of the families are

presented in table 1. The levels of serum crea-

tine kinase and cortisol of all patients did not

Table 1 Clinical and biochemicalfindings of the three families with isolated GKD

Glycerol in '4C-glycerol
urinet incorporation

Glycerol in (mmol/ in skin
Age of plasma * mmol fibroblasts (%

Patient onset First symptoms Additional symptoms; age at last examination (mmolll) creatine) of normal)

Family 1
. 1 - None None; 62 y 5.5 32 0.1

III.1 20 mth Gastrointestinal symptoms and ketoacidosis SGA, mild convergent strabismus, inguinal hernia; 12 y 5.2 48 0.1
III.3 1 d Hypoglycaemia SGA, dysmorphic face, hypoplastic thumb, 6.4 38 0.1

cryptorchidism; 10 y
III.4 - None None; 1.5 y 4.8 60 0.4
Family 2
II.3 3 y Vomiting and ketoacidosis Psychomotor retardation, hydrocele; 8 y 1.3 47 0.2
Family 3
IL.1 - None None; 8.5 y 5.1 24 0.3
II.2 - None None; 4 y 5.4 41 0.3
11.3 10 mth Generalised seizures Axial hypotonia, psychomotor retardation; 2 y 3.6 66 0.3

*Control value: 0-0.28 mmol/l. tControl value: undetectable. SGA: small for gestational age.

A Family 1

11

1III 7-I

1

B Family 2

1 2
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Table 2 Primers usedfor genomic PCR of the GKgene

T anneal
Exon Fonvard primer Reverse primer (C) Product size

1 PK682 cgccgtcacccaggaaaccg PK683 acagccaccccctccgtcccccg* 61 222 bp
8, 9 PK635 acagtgttaaatacccaatcttc* PK685 tttggcttgtccaatctgg 58 >4 kb
8, 9, 10 PK635 acagtgttaaatacccaatcttc* PK686 atacacacttatggcctgta 55 >9 kb
8, 9, 10, 11 PK635 acagtgttaaatacccaatcttc* PK638 gtccttcaactcaatcaaatgcc* 58 >9 kb
17, 18, 19 PK647 agccctactgcagtttaatgtg* PK688 gaaccttctgaatataatgtgc 64 >5 kb
19 PK736 ttataagccacttgctgca PK737 gttaaaagcaaagagctgctg 55 350 bp

*These primers were described previously by Sargent et al.5

indicate either Duchenne muscular dystrophy
or congenital adrenal hypoplasia.

IN VIVO INVESTIGATIONS
In order to determine the fasting tolerance,
patients l.III.1 and 1.III.3 were subjected to a
fasting test without limitation of water intake.
The test was interrupted if the blood glucose
value decreased below 3.0 mmol/l or if clinical
hypoglycaemic symptoms developed. In addi-
tion, to determine the tolerance to fat intake,
patient 1.III.1 was also subjected to a loading
test with long chain triglycerides (LCT). LCT
loading was done with 1.5 g LCT/kg body
weight orally after an overnight fast. Blood glu-
cose, glycerol, free fatty acids, and ketone bod-
ies were measured up to the end of the fasting
test and up to four hours after the LCT
loading. Both tests were performed when the
patients were aged 1 '/2 years.

MUTATION ANALYSIS
Blood was collected from patients and their
family and high molecular weight DNA was
isolated from peripheral blood leucocytes using
established procedures. The genomic DNA of
one affected subject from each family and one
unrelated normal subject was used for muta-
tion analysis. Fifteen of the 19 exons of the GK
gene (GenBank accession No X7821 1) were
amplified using genomic primers as previously
described.7 The primers for exons 1, 9, 10, and
19 were designed based on the published
sequences (table 2). PCR was performed on a
DNA Thermal Cycler 480 (Perkin Elmer,
USA) in a 100 gl reaction mixture containing
500 ng genomic DNA, 400 ng of each primer,
1.5 mmol/l of each dNTP, 100 [tg/ml bovine
serum albumin, and 5 U/tl AmpliTaq DNA
polymerase (Perkin Elmer, USA), in a buffer
consisting of 67 mmol/l Tris-HCl (pH 8.8), 6.7
mmol/l MgCl2, 6.7 ,umol/l EDTA, 16.6 mmol/l
(NH4)2S04, 10 mmol/l f-mercaptoethanol,
with or without 10% dimethylsulphoxide. After
a four minute hot start at 94°C, the amplifica-
tion was performed for 40 cyles, each cycle
consisting of one minute denaturation at 94°C,
one minute annealing at 550C (except for
exons 1, 9, and 11), and two minutes extension
at 72°C. Exons 1, 9, and 11 were annealed at
61°C, 53°C, and 56°C, respectively.
The ExpandTm High Fidelity PCR system

(Boehringer Mannheim, Germany) was used
to amplify the long DNA fragments according
to the manufacturer's instructions. The condi-
tions used for amplification were denaturation
for 45 seconds at 94°C, annealing for 45
seconds at primers Tanneai (table 2), and
extension at 68°C for 4-10 minutes (depending

on fragment length). The PCRs were per-
formed for 30 cycles, after an initial denatura-
tion at 94°C for four minutes.
The amplified DNA was purified by ultra

low gelling agarose, type IX, Sigma A-5030 gel
electrophoresis (Sigma Chemical Company,
USA). The fragments were excised and directly
sequenced by the dideoxy chain termination
reaction with an AmpliCycleTM sequencing kit
(Perkin Elmer, USA) according to the manu-
facturer's instructions.
DNA sequence changes were confirmed by

restriction endonuclease analysis. TaqI and
NlaIII (New England BioLabs, USA) were
used according to the manufacturer's instruc-
tions. The digestion products were subjected to
gel electrophoresis on ethidium bromide
stained agarose.
The presence of the DMD gene was

confirmed using the DNA markers DXS1204,
STR49, and 5'dys2.'0

Results
Eight males from the three families had hyper-
glycerolaemia, glyceroluria, and defective 14C-
glycerol incorporation in skin fibroblasts (table
1). Four patients from two families were essen-
tially free of symptoms (1.I.1, 1.11I.4, 3.11.1,
and 3.II.2). Three patients (1 III. 1, 1 III.3, and
2.II.3) had gastrointestinal symptoms with
ketoacidosis or hypoglycaemia or both,
whereas one patient (3.II.3) had recurrent
convulsions as the only acute sign without evi-
dence that it was correlated with a catabolic
state.
The fasting test inpatients l.II. 1 and 1.111.3

was terminated after 19 and 20 hours, respec-
tively (fig 2). The blood glucose value in patient
l.III.1 was significantly reduced (2.2 mmol/l)
compared with control values (2.8-4.3 mmol/
1), whereas the glucose in patient 1.III.3
reached 3.3 mmol/l. At the same time, plasma
glycerol had reached peak levels of 6.3 and 7.5
mmol/l (control values <0.28 mmol/l), respec-
tively. Together with the tendency to hypogly-
caemia there was considerable hyperketonae-
mia and plasma 3-hydroxybutyrate values
amounted to 5.8 and 6.4 mmol/l (control
values 0.8-2.6 mmol/l), respectively. Free fatty
acids had increased only marginally to 0.9 and
1.8 mmol/l (control values 0.9-2.6 mmol/l). It
is justified to assign the term hyperketotic
states to these conditions."
The LCT loading test of patient 1.III. 1 gave

comparable results. The blood glucose de-
creased from 5.9 to 4.6 mmol/l. The
3-hydroxybutyrate increased remarkably from
0.2 to 2.0 mmol/l during the four hour test,
together with a concomitant increase of
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Figure 2 Profiles ofplasma glucose, glyc
acids, and 3-hydroxybutyrate during a fas
patients 1.III. 1 and 1.III.3. Analysis ofpl
hours'fasting showed relative hypoglycaer
by hyperketonaemia, hyperglycerolaemia, t

increase offatty acids. Control values are A
Results section.

glycerol (5.0 to 6.2 mmol/l).
excretion of glycerol during thi
change considerably (data not
gene analysis is hampered by tk
several pseudogenes in the hu.
Therefore, a strategy had to be c
unambiguously distinguishes t]
gene from the non-functional
sequences. Using the primers a
Sargent et al and as given in tal
able to amplify separately exons
to 18 of the functional gene at th
The flanking sequences that per]
fication of exons 9, 10, and 1 1 s
not been reported. Therefore, e
and 11 were amplified in a sir
Surprisingly, the sequence analys
the GK gene showed an intron E

corresponding to nt 880 of the r
sequence (nt 880 gtaagtttcatcacc
ccccacccttccccatgttatggctttcctcct(
tgcctctttttaaactagggaaaacaagtaaai
ctaattcttgttcttacatgtcatactgtgggcc
gaataaattaattttaactctcccttcccatac4
ttaacaaatggtattaacaaatggggaaaatg
aaatgcaaggaaatagacagttcattctttga
aaaaataaatcctatggctcttctaaaaagaaz
attagtcagtgttcttattgtcattatactttc;-
This means that the previously re
encompassing nucleotides 844
GK cDNA7 actually consists of t
intron itself has a length of 392 E

The analysis of exon 19 according to Sargent
et ar showed a sequence that was similar to the
one designated for the chromosome 1 locus.

.> Therefore, exons 17, 18, and 19 of the
' functional GK gene were amplified in a single

fragment using the intronic 17 forward primer
(PK647) and the exonic 19 reverse primer
(PK685). Sequencing this fragment showed
three nucleotides in exon 19 that differed from

,° the published cDNA.7 Firstly, there is a
transversion G to C at position 2224, secondly,

/ / a transition G to A at position 2429, and
,' / thirdly, a 1 bp insertion of a T at position 2532.

All X chromosomes tested were found to have
these nucleotide alterations.

Subsequently, the probands of the isolated
GKD families 1 (1.III.1), 2 (2.II.3), and 3
(3.II.3) were tested for GKD gene abnormali-
ties. Analysis of the GK exons by electrophore-
sis on ethidium bromide stained agarose gels
indicated no gross gene abnormalities in the
probands of families 2 and 3. However, the
proband of family 1 did not show amplification
products for the fragment encompassing exons
8, 9,10, and 11, and the downstream located

^ exons 12-19, whereas separate amplification of
exon 8 was positive. Thus, we concluded that

X ~| the deletion starts downstream of exon 8. To
18 19 20 localise the starting point of the deletion
ours) further, exons 8-9 and exons 8-10 were ampli-
erol,free faty fied in single fragments. The former region
;ting test in could be amplified, but the latter could not,
Plasma at 19-20 indicating that the deletion in family 1 starts
nia accompanied downstream of exon 9.
and slight
given in the To determine the end point of the deletion in

the proband of family 1 (1.III.3), we selected a
primer pair (PK736/PK737) to amplify specifi-

The urinary cally exon 19 of the functional GK gene. How-
s test did not ever, the analysis of this fragment in controls
shown). GK still indicated two sequences. At position 2134,

ie presence of both a T of the active gene and an A of the
man genome. pseudogene (Xq clone 817) were present.7 We
leveloped that analysed this part of the gene for the proband
he functional and his family members. The mother of the
homologous proband (1.II.2), his unaffected brother

Is reported by (1.III.2), and the normal control show both a T
ble 2, we were and an A at position 2134, whereas the
1tXp 1nd 12 proband shows only the A. The control
ieXp2 locus. sequence of exon 19 from an exon 17-19 PCRmit the ampli- fragment, which is specific for the active gene,
eparately hae9 shows only the T. The absence of the T in the
xgle fragment. proband indicates that the active GK gene has
is of exon 9 of been deleted (data not shown). Further exami-
it the position nations of the DNA using markers DXS 1214,
eported DNA STR49, and 5'dys2'° indicated the presence of
-aagtgtctccccat the DMD gene
cttagttcatcagtg The probands of families 2 and 3 did not
agttgcaaaattgg show any gross gene abnormalities. Therefore,
-attgagaatctttt the amplified GK exons were sequenced. Exon
ctattatcttacata 15 in patient 2.II.3 showed a C1351T
,gccaaatggaga transition (fig 3A). This single base change is a

itaaataaaaaatg nonsense mutation and is designated R413X.
agttaatactattgt The mutation abolishes a TaqI restriction site,
ag nt 881). resulting in 696 bp and 222 bp fragments,
ported exon 9 instead of the 517 bp, 222 bp, and 179 bp frag-
to 947 of the ments (fig 3B). This provides a rapid screening
wo exons. The method. TaqI restriction enzyme analysis of this
:p. family confirmed that the patient is

° Glucose
° Glycerol
A Free fatty acids
o 3-hydroxybutyrate
--- Patient 1 111.1
- Patient 1 111.3
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hemizygous for the R4 1 3X mutation, while his
mother is heterozygous (lanes 4 and 2, respec-
tively).

In patient 3.II.3, a T1651C transition has
occurred in codon 503, resulting in a W503R
amino acid substitution (fig 4A). This transi-
tion abolished an NlaIII restriction enzyme
site, resulting in a 184 bp fragment instead of
148 bp and 36 bp fragments (fig 4B). NlaIII
restriction enzyme analysis of this family
showed that the patient and his two brothers
(3.1.I1 and 3.II.2) are hemizygous for the
W503R mutation, while his mother (3.I.2) is
heterozygous (lanes 9, 11, and 10 respectively).
No further nucleotide differences were found.
The W503R mutation was not present in 50
normal unrelated females.

Figure 3 (A) Mutation analysis of exon 15 of the GKgene in familb
exon 15 is given on the right side of the figure; an asterisk indicates the
C1351 T mutation in patient 2.II.3. Lane 1-2, normal subjects, lane 3,
The C1351 T mutation abolishes a TaqI restriction site, resulting in 22,
fragments, instead of the 517 bp, 222 bp, and 179 bp fragments. TaqI r

members offamily 2 are shown. Lane 1, father (2.IL 1), lane 2, mother
(2.II. 2), lane 4, patient (2.II. 3), and lane 5, unrelated normalfemale

...

..

-=
a-w|s--

1 ,./

1 2- e-

Figure 4 (A) Mutation analysis of the non-coding strand of exon 17
family 3. The sequence of exon 17 is given on the right side of the figur
indicates the transition at position 1621 (A->G (non-coding strand)>
strand)) in patient 3.II.3. Lane 1, normal subjects, lane 2, patient 3.h
T1621C mutation abolishes an NlaIII restriction site, resulting in a 1:
instead of the 148 bp and 36 bp fragments. NlaIII restriction analysis
3 and eight unrelated normalfemales are shown. Lanes 1-8, unrelated
9, patient 3.1. 1, lane 10, mother (3.L.2), lane 11, patient 3.II.3. An c

females samples were also tested (not shown).

Discussion
The GK gene structure showed several dis-

crepancies in comparison to the previously
published sequences. Firstly, the cDNA se-

quence encompassing nucleotides 844 to 947,
which has been designated exon 9,7 actually
contains an intron between nt 880 and nt 881.
The intron has a length of 392 bp, starts with a

gtaagt sequence, and ends with a gtcatttatactt-
y 2. The sequence of tcag sequence. These sequences fit the consen-

? posation of the
sus sequences for the 5' (donor) and 3' (accep-

2 bp and 696 bp tor) splice sites, respectively.'2 '3 Consequently,
,estriction analysis of this new finding changes the number of GK
(2.L 2), lane 3, sister gene exons from 19 to 20 exons, and

accordingly the numbering of the downstream
exons should be adjusted (fig 5) (here, we still
use the published numbers). Secondly, the
sequence of exon 19 of the GK gene differs
from published cDNA libraries7 at three
positions, all located in the 3' untranslated
coding region. We have proven that these

J discrepancies were in the active gene and not in
the pseudogenes or in the processed, expressed
genes. This sequence was detected in all X
chromosomes tested and therefore probably
these nucleotide differences represent poly-
morphisms.
DNA analysis of the entire GK gene coding

region of the probands of the three isolated
GKD families showed three novel mutations: a

large deletion, a nonsense mutation, and a mis-
sense mutation. An deletion of at least 20 kb in
the GK gene was identified in the patients of
family 1 and extended from downstream of
exon 9 to at least the 3' end of the gene. The
nonsense mutation (R4 1 3X) in exon 15 of
family 2 is predicted to reduce the amount of
mutant allele transcript."' The association
between nonsense mutations that create stop
codons before the penultimate exon and

reduced cytoplasmic levels of mutant mRNA is
well documented.'5 In family 3, a T1621C was

found in exon 17, which leads to the replace-
ment of tryptophan by arginine at position 503.

7 of the GKgene in The W503R mutation was considered as the

TreC (codlng causative gene defect because: (1) no other

I.3. (B) The gene abnormalities were identified, (2) it would
84 bpfragment substitute the hydrophobic tryptophan for the
of members offamily positively charged arginine, (3) tryptophan 503

ndditional 42 normal may be essential for the functioning of the GK
protein since it is conserved in rat, mouse, E

A

1 2 1
G xi2. A A-i-
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Figure 5 Schematic representation of the GKgene. The positions of the different mutations are indicated by arrows. The
asterisk indicates the mutations found in this study. The remaining mutations were described by Walker et al.9 The boxes
indicate the exons. The numbers inside the boxes indicate the published exon numbering. The numbers outside the boxes
indicate the new exon numbering according to the new gene structure (the novel intronic sequence between nt 880 and nt
881, which has separated the previously reported exon 9 into two exons).

coli, and B subtilis,8 16 and (4) it was absent in
100 alleles from 50 unrelated normal females.
Although the affected members of families 1

and 3 showed the same genetic and biochemi-
cal defect within the family, the phenotypic
variability of the disease was remarkable. The
proband of family 1 (lIII.l1) has shown symp-
toms of vomiting, acidaemia, and progressive
lethargy, consistent with the phenotypic pres-
entation observed in previous patients with
symptomatic GKD.' One of his cousins
(1.III.3) only presented with hypoglycaemia in
the first few hours of life, perhaps related to his
dysmaturity.'7 In contrast, his other cousin
(1.III.4) and his maternal grandfather (l.I.1)
have always been in good health. In family 3,
the proband (3.II.3) experienced generalised
seizures, without evidence that this was associ-
ated with a catabolic state, and severe psycho-
motor retardation, whereas his two older
brothers were asymptomatic up to their present
ages of 81/2 and 4 years. Blomquist et al'8 have
also reported two brothers with and without
clinical manifestations. The clinical variability
within a family may be caused by the fact that
patients with a benign clinical course have not
been challenged metabolically.'

Poor oral intake, intercurrent illness, or exer-

cise are the potential challenging conditions.
Under these conditions, the exogenous caloric
intake is generally insufficient to meet the
energy demand, so that the first priority of
metabolism is to provide sufficient glucose to
the brain and other tissues that are absolutely
dependent on this fuel. Since hepatic glycogen
is depleted within several hours of fasting,
hepatic glucose output becomes dependent on

gluconeogenesis during prolonged fasting.
Glycerol is a gluconeogenic substrate that
under non-fasting conditions contributes only
to a small percentage of the total hepatic
glucose output, but during fasting it contrib-
utes about one-fifth of the total hepatic glucose
output, at least in adults.'9 Whether this 20%
reduction of the gluconeogenic capacity in
GKD is sufficient to cause hypoglycaemia
remains to be investigated. In fact, patients
1.III. 1 and 1.III.3, who were investigated with
fasting tests, suffered from hyperketosis with
and without hypoglycaemia, respectively. Leth-
argy that was shown by patients l.II. 1 and
2.II.3 and seizures by patient 3.II.3 could be
classified as neuroglycopenic symptoms, which
developed from the direct effect of glucose
deprivation on higher mental function.20 The
pathogenesis of psychomotor retardation in
GKD is not known, but might be the result of

subclinical episodes of hypoglycaemia. Distur-
bance of energy homeostasis was recently
shown in glycerol kinase deficient mice.2" This
observation adds to the evidence that GK has
an important role in the regulation of energy
generation.

Hyperglycerolaemia may also have some

effect on the gluconeogenesis from other
substrates because (1) in vivo tolerance tests in
rats have shown that glycerol was a weak
inhibitor of two key enzymes of gluconeogen-
esis, fructose- 1,6-diphosphatase and phos-
phoenolpyruvate carboxykinase," and (2) glyc-
erol may reduce glucose formation from
alanine, one of the major gluconeogenic
substrates.23 This may be an additional factor
in the regulation of gluconeogenesis in GKD,
which has not been investigated so far.
The hyperketonaemia in patients 1.III. 1 and

1.III.3 could be the consequence of decreased
gluconeogenesis; however, the possibility of
underuse of ketone bodies should not be
overlooked.'0 Both the in vivo rate of ketone
body production/removal and the true rate of
gluconeogenesis from various substrates other
than glucose should be investigated in these
patients. An approach using stable isotopes is
currently being developed in an attempt to gain
additional insights into the pathophysiology of
the disease. The loading test with LCT showed
a quite impressive increase of plasma ketone
body concentrations. This again may be
because the test was done after an overnight
fast, at which time gluconeogenesis was

possibly compromised.
In conclusion, our data suggest that the

clinical variability in these GKD families
cannot be explained by molecular heterogene-
ity. Environmental factors predisposing to
metabolic decompensation may largely con-

tribute to the phenotypic variability.
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