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Ketosis in hepatic glycogenosis.

The occurrence of ketosis in 41

patients with liver glycogenosis and a control group of 22 children was investigated.
Fasting ketosis was present in children with a deficiency of the debranching enzyme
system and in young children with a deficiency of the phosphorylase system, but
never in patients with a glucose-6-phosphatase deficiency.

Oral tolerance tests on a patient deficient in debranching enzyme showed that
the blood levels of glucose and ketone bodies changed in the opposite direction.
It is argued that, for biochemical reasons, the occurrence of ketosis in patients with a
glucose- 6-phosphatase deficiency is improbable.

Ketosis has generally been considered to be a
characteristic feature of glycogen storage disease
in childhood (van Creveld, 1928, 1932; Howell,
Ashton, and Wyngaarden, 1962; Hug and Schubert,
1967; Kelsch and Oliver, 1969; Lowe et al., 1962;
Rennert and Mukhopadhyay, 1968; Sidbury,
Gitzelmann, and Fisher, 1961; Sokal ez al., 1961).

While studying some aspects of the carbohydrate
and fat metabolism of children with glycogenosis
of the liver (Fernandes and van de Kamer, 1965;
Fernandes and Pikaar, 1969), we were puzzled by
the fact that, though we frequently encountered
fasting ketosis in our debranching enzyme- and
phosphorylase-deficient patients, we never saw
it in our patients with glucose-6-phosphatase
deficiency.

The normal fasting levels of ketone bodies in the
blood of the latter seemed the more unexpected as
they have the strongest tendency towards hypo-
glycaemia of all types of glycogenosis patients, and
it is known that hypoglycaemia causes a rise of the
free fatty acid concentration in the plasma. Thus,
under hypoglycaemic conditions one might expect
an enhanced rate of fatty acid oxidation and ketone
body synthesis in the liver to compensate for the
deficient glucose supply. Therefore, in glucose-6-
phosphatase deficiency even more than in other
types of glycogenosis, ketosis would be expected to
occur frequently. Indeed, many authors implicitly
assume, or even explicitly state, this to be the case
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(Howell et al., 1962; Hug and Schubert, 1967;
Kelsch and Oliver, 1969; Rennert and Mukhopad-
hyay, 1968). Because of the conflicting evidence
we decided to gather more data on ketosis in patients
with the three most common types of glycogenosis,
e.g. glucose-6-phosphatase deficiency, deficiency
of the debranching enzyme system, and deficiency
of the phosphorylase system.

Patients and Methods

The investigation comprised 41 patients and 22 normal
children. The relevant clinical and biochemical data
of the patients are presented in Tables I-III. The
patients with a glucose-6-phosphatase deficiency were
diagnosed by enzymic assay of a liver biopsy (Table I).
The patients with a deficiency of the debranching enzyme
system were diagnosed by enzymic assay of the leuco-
cytes: in three of them an enzymic assay of a liver

TABLE I

Enzyme Assays in 5 Children with Glucose-6-
phosphatase Deficiency

Case No. Glucose-6-phosphatase in Liver

0-07*
0-00*
0-08*
0-00%
0-00t

Vb W N -

*umoles Pj/min per g tissue (Hers, 1964), normal range 2-10.
Enzyme assays by Professor H. G. Hers (Louvain).

+wmoles Pi/min per mg protein measured on the total homogenate
(Harper, 1962), normal range 5-9-93 (N = 7). Enzyme assays by
Dr. J. F. Koster (Rotterdam).
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TABLE II

Enzyme Assays of 7 Children with Deficiency of
Debranching Enzyme System

TABLE III

Enzyme Assays of 29 Children with Deficiency of
Phosphorylase System

Debranching Enzyme
Case
No Leucocytes Liver
[¢) (2) (¢ (2)
1 0-00 —_ — —_
2 0-00 0-00 0:00 0-00
3 0-06 0-00 0-13 0-00
4 0-00 -_— _— —_
5 0-00 - — —_
6 0-00 — — —
7 0-00 0-25 0-20 0-25
Normal 0-33-1-59 0-31-0-51 | 0-51-2-30 0-13-0-61
range N=6 N=2 N=5 N=4

(1) nmoles glucose produced from phosphorylase limit dextrin/
min per mg protein (Huijing, 1964).

(2) nmoles glucose incorporated/min per mg protein (Hers, 1964).
The enzyme assays were performed by Dr. J. H. van de Kamer
(Utrecht), Dr. J. F. Koster (Rotterdam), or Professor H. G. Hers
(Louvain).

biopsy was performed as well (Table II). The patients
with a deficiency of the phosphorylase system were
diagnosed by enzymic assay of the leucocytes (Table
III). These patients, Cases 1 and 8 excepted, belong to
the phosphorylase kinase-deficient type (Huijing, 1967);
most belong to two large pedigrees (Huijing and Fer-
nandes, 1969).

The finding of a deficiency of phosphorylase kinase
in the leucocytes was confirmed by enzymic assay of a
liver biopsy in Cases 2, 15, and 27.

The ketone bodies, acetone, 3-ketobutyrate, and 3-
hydroxybutyrate were estimated separately in capillary
blood. The method of Peden (1964) was used in a
scaled-down version. The results were the same as with
the original method.

Glucose was estimated with glucose oxidase (reagent
set TC-M of Boehringer and Soehne, Mannheim, West
Germany), and nonesterified fatty acids (NEFA) were
estimated with a micromodification of Dole’s method
(Fernandes and van de Kamer, 1965; Trout, Estes, and
Friedberg, 1960).

As regards the procedure of the oral tolerance tests,
2 g glucose or casein per kg body weight was administered
as a 109, solution.

Results

General survey. Fig. 1 represents the fasting
blood levels of total ketone bodies in patients with
different types of liver glycogenosis and controls.
The preceding fasting period was 8 to 14 hours
except for one infant with a glucose-6-phosphatase
deficiency whose tendency towards hypoglycaemia
did not permit a fast longer than 4 to 6 hours.
A striking ketosis was present in most children with
a debranching enzyme deficiency and several
children with a phosphorylase deficiency, but not

Ca Phosphorylase b | Phosphorylase in | Phosphorylase
Nse Kinase in Leucocytes (2) b Kinase

©- Leucocytes (1) | -AMP +AMP | in Liver (1)

1 0-57 5 15 _

2 0-11 5 24 0-16

3 0-11 3 13 —_

4 0-09 2 21 _—

5 0-08 8 21 —_

6 0-10 —_ —_ _

7 0-08 4 15 —_

8 0-41;0-55 6 13 —_—

9 0-04 2 13 —_
10 0-07 4 11 _—
11 0-08 3 14 —_
12 0-08 3 16 —_
13 0-06 1 23 —_
14 0-00 3 20 _—
15 0-04 4 17 0-06
16 0-09 5 16 —_
17 0-07 6 15 _
18 0-12 7 15 —_
19 0-11 4 14 —_
20 0-16 2 17 —_
21 0-09 4 17 —_
22 0-02 5 21 —_
23 0-09 3 16 —_
24 0-02 o 3 —
25 0-07 3 16 —_
26 0-08 4 23 —_
27 0-12 3 22 0-09
28 0-10 4 18 —_
29 0-05 3 17 —_—

Normal 0:56 + 0-19 1946 24 + 6 0-27-0-98
(M + SD) (Mean + SD) (Range)
N = 58 N =39 N = 39 N:-5

(1) Units phosphorylase b activated/min per mg protein (Huijing,
1967)

(2) nmoles glucose-1-phosphate produced from soluble starch/min
per mg protein (Huijing, 1967). The enzyme assays in the leuco-
cytes were performed by Dr. F. Huijing (Miami), those in the liver
by Dr. J. F. Koster (Rotterdam).

Dr. F. Huijing kindly gave advice on the adaptation of his method
of phosphorylase kinase assay in leucocytes to liver biopsies.

in patients with a glucose-6-phosphatase deficiency.
The fasting ketone body level in the phosphorylase-
deficient patients is age-dependent (Fig. 2): the
tendency towards Kketosis declines with age to
disappear around the age of 7.

Additional experiments. After oral glucose
administration to a patient with a debranching
enzyme deficiency, the fasting ketosis disappeared
completely (Fig. 3A). The administration of
galactose or fructose to the same patient had an
equally favourable effect (data not shown). Oral
casein administration to this patient was followed
by only slight decrease in the ketosis (Fig. 3B).

In the same child with a debranching enzyme
deficiency, ketone body concentrations were esti-
mated during prolonged fasting. Before the test,
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Fi1G. 1.—Total fasting ketone bodies in patients with
different types of liver glycogenosis and controls.

this girl was fed every 3 hours during the night.
Then she was fasted for 12 hours, during which
period blood samples were taken at 2-hour intervals.
A pronounced ketosis was already present 6 hours
after the last meal (Fig. 4).
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Fic. 2.—Correlation with age of total fasting ketone
bodies in 27 patients with a phosphorylase kinase defi-
ciency, (@), and 2 patients with a phosphorylase deficiency
(x). Each patient 1is represented by one symbol.

Discussion

Our data indicate that ketosis is not characteristic
of all forms of hepatic glycogenosis as we never
encountered Kketosis in our patients with glucose-
6-phosphatase deficiency (Fig. 1). This is in
disagreement with the findings of several authors
(Howell et al., 1962; Hug and Schubert, 1967;
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F1G. 3.—Ketone body concentrations during an oral glucose tolerance test (A), and an oral casein tolerance test
(B) in a child with a debranching enzyme deficiency (Case 3, Table II).
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FiG. 4.—Ketone body concentrations during a 12-hour
fasting period in a child with a debranching enzyme
deficiency (Case 3, Table II).

Kelsch and Oliver, 1969; Rennert and Mukhopad-
hyay, 1968), though Field (1966) states that
‘acetonuria and acetonaemia are inconsistently
present’, and ‘several cases have been seen in which
life-threatening acidosis supervened without the
appearance of significant acetonaemia and
acetonuria’.

Only a few authors have reported ketone body
levels in the blood of their patients. Of these,
Howell er al. (1962) report that their patients with
glucose-6-phosphatase deficiency had raised levels
(determinations performed by Sidbury), but
Matschke er al. (1969) and Neubaur er al. (1969)
report normal levels in their patients. In one
publication (Brante, Kaijser, and Ockerman, 1964)
the alleged occurrence of ketonuria in patients with
glucose-6-phosphatase deficiency is not wholly
substantiated by the simultaneously published
laboratory data which agree with our data.

Thus, most of the factual evidence indicates that
fasting ketosis does not normally occur in patients
with glucose-6-phosphatase deficiency. Why, then,
do most authors assume that ketosis does occur
in these patients? We think there is an historical
reason. The first glycogenosis patient on record
(van Creveld, 1928, 1932, 1961) had a daily
renal acetone excretion far higher than the sum of
acetone and 3-ketobutyrate which we determined
in 27 portions of 24-hour urine, collected from 4
patients with a glucose-6-phosphatase deficiency,
that is 0-15—4-05 mg/100 ml.

This first patient was originally characterized as
‘un cas d’hypoglycémie avec acetonémie chez un
enfant’ (Snapper and van Creveld, 1928). Later,
this patient was tentatively identified as a case of
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glucose-6-phosphatase deficiency, but in 1964 van
Creveld and Huijing reported that enzyme assay
in the leucocytes had unequivocally established
the patient, then 44 years old, to have a debranching
enzyme deficiency. The striking ketosis of this
‘historical’ patient may explain why Kketosis is
widely supposed to be a characteristic feature of all
types of hepatic glycogenosis.

In retrospect it is not surprising that ketosis
occurs only in the patients with a debranching
enzyme or phosphorylase deficiency and not in
those with a glucose-6-phosphatase deficiency,
since there is a profound metabolic difference
between the two former types and the latter type, as
illustrated in Fig. 5.

In fasting patients deficient in debranching
enzyme or phosphorylase, the formation of glucose-
6-phosphate from glycogen is blocked, and conse-
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F1G. 5.—The effects of (A) debranching enzyme and
phosphorylase deficiency, and (B) glucose-6-phosphatase
deficiency on the major metabolic pathways involved in
ketogenesis and gluc genesis in the liver during fasting.
Dashed arrows: depressed pathways; thick arrows:
enhanced pathways; underlined: accumulating products.
G-6-P: glucose-6-phosphate OAA: oxaloacetate.
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quently there is neither release of glucose into the
circulation from this source, nor is there glycolysis
owing to the lack of glucose-6-phosphate in the
liver (Fig. 5A). These patients, like diabetics,
presumably compensate for the deficient glucose
supply by gluconeogenesis from protein in the liver.
This constitutes a heavy drain on glucogenic
amino acids and citric acid cycle intermediates,
such as oxaloacetate. Fatty acid oxidation is
increased at the same time, but the lack of oxalo-
acetate impedes the channelling of acetyl-CoA
originating from fatty acid oxidation into the citric
acid cycle (Shapiro, 1967).

The excess acetyl-CoA is converted into 3-
ketobutyryl-CoA, and thence into ketone bodies.
Thus, by virtue of increased gluconeogenesis and
fatty acid oxidation, ketosis ensues. By feeding
carbohydrate gluconeogenesis in the liver is replaced
by glycolysis, the oxaloacetate pool is rapidly
replenished, and the citric acid cycle is restored
to its full functional capacity, so that the ketosis
disappears (Fig. 3A).

This explains the opposite course of the blood
levels of glucose and ketone bodies in the debranch-
ing enzyme-deficient patient when glucose is
administered (Fig. 3A) or feeding is withheld
(Fig. 4). Protein naturally is not nearly as effective
in the suppression of ketosis (Fig. 3B).

In fasting patients deficient in glucose-6-
phosphatase, on the other hand, the production of
glucose-6-phosphate from glycogen is normal,
whereas glucose liberation is blocked (Fig. 5B).
These patients have an enhanced rate of glycolysis
and an increased production of pyruvate and
NADH. This favours the production of lactate,
which partially replaces glucose as a metabolic
substrate (Fernandes and Pikaar, 1969).

On account of the high pyruvate levels sufficient
oxaloacetate synthesis can be expected. Thus,
citric acid formation is not hampered by lack of
oxaloacetate, no acetyl-CoA can possibly accumu-
late, and no overproduction of ketone bodies occurs
(Havel et al., 1969). Moreover, the increased
glycolysis during fasting not only furnishes pyruvate,
but also the glycolytic intermediate dihydroxy-
acetone phosphate. Some of this compound is
reduced by NADH in the glycerolphosphate
dehydrogenase reaction to glycerol-1-phosphate.
Since glycerol-1-phosphate is an acceptor for acyl-
CoA in the Kennedy pathway of triglyceride
synthesis, less acyl-CoA may be available for 8-
oxidation. In summary, in glucose-6-phosphatase
deficiency fatty acid oxidation is limited and excess
ketone body production does not occur by virtue
of the existence of glycolysis during fasting. In

debranching enzyme or phosphorylase deficiency
however, no glycolysis occurs in the fasting state,
whereas fatty acid oxidation and ketone body pro-
duction prevail. When glucose is supplied gly-
colysis occurs again and fatty acid oxidation and
ketone body formation come to a stop.

We are indebted to Dr. R. N. Campagne, Biochemical
Department, the University, Groningen, for his help in
preparing the manuscript.
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