
STUDIES OF GLYCOGEN METABOLISM IN LIVER GLYCOGEN
DISEASE (VON GIERKE'S DISEASE): SIX CASES WITH SIMILAR
METABOLIC ABNORMALITIES AND RESPONSES TO
GLUCAGON

Joseph E. Sokal, … , Luis L. Mosovich, Bernard H. Doray

J Clin Invest. 1961;40(2):364-374. https://doi.org/10.1172/JCI104263.

Research Article

Find the latest version:

https://jci.me/104263/pdf

http://www.jci.org
http://www.jci.org/40/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI104263
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/104263/pdf
https://jci.me/104263/pdf?utm_content=qrcode


STUDIES OF GLYCOGENMETABOLISMIN LIVER GLYCOGENDISEASE
(VON GIERKE'S DISEASE): SIX CASESWITH SIMILAR METABOLIC

ABNORMALITIES ANDRESPONSESTO GLUCAGON*

BY JOSEPHE. SOKAL, CHARLESU. LOWE, EDWARDJ. SARCIONE, LUIS L.
MOSOVICHAND BERNARDH. DORAYWITH THE TECHNICAL
ASSISTANCEOF SYLVIA FLEISSNER ANDJOYCEGOLDSTEIN

(From the Division of Medicine, Roswell Park Memorial Institute and the Statler Research
Laboratories of the Children's Hospital and the Department of Pediatrics,

The University of Buffalo School of Medicine, Buffalo, N. Y.)

(Submitted for publication July 8, 1960; accepted October 20, 1960)

Glycogen disease of the liver (von Gierke's
disease) is a rare and incompletely understood
disorder of childhood. It is characterized by de-
fective breakdown of liver glycogen to glucose.
In most cases, excessive liver glycogen deposition
occurs, reaching levels as high as 14 to 17 per
cent of the wet liver weight (1, 2). Major clin-
ical manifestations include hepatomegaly; fasting
hypoglycemia, acidosis and ketosis; delayed
growth and development, and increased morbidity
with even minor infections. The most severely
affected children have usually died during infancy.
Histologic studies of autopsy or biopsy specimens
of liver reveal essentially normal architecture, but
hepatic cells contain excessive amounts of glyco-
gen and often, fat. The glycogen is usually normal
in structure (3) and can be broken down to glu-
cose by homogenates of normal animal or human
liver (2, 4, 5). Spontaneous breakdown of glyco-
gen during in vitro incubation of liver tissue from
affected children is deficient (2, 4, 6).

The currently accepted pathways of liver glyco-
gen metabolism are summarized in Figure 1. It
was formerly believed that glycogen was synthe-
sized through the action of phosphorylase, the
same enzyme that catalyzes its breakdown. How-
ever, it is now agreed that this reaction, which
occurs readily in vitro, is not an important one in
vivo (7), and that glycogen synthesis probably
proceeds through the uridine-diphosphoglucose
pathway described by Leloir and Cardini (8).
Glycogen breakdown is mediated by phosphorylase

* Supported in part by a research grant (A-1646) from
the National Institute of Arthritis and Metabolic Dis-
eases, Bethesda, Md., and by a grant from Eli Lilly and
Co. Presented (in part) at the Fifty-first Annual Meet-
ing of the American Society for Clinical Investigation,
May 4, 1959, Atlantic City, N. J.

and amylo-1,6-glucosidase ("debrancher en-
zyme"), with glucose-l-phosphate as the principal
product. This is converted to glucose-6-phosphate
in a reversible reaction catalyzed by phospho-
glucomutase. Glucose is liberated from this inter-
mediate by glucose-6-phosphatase. Small amounts
of glucose are also formed directly from glycogen
through the action of amylo-1,6-glucosidase at
branch points in the glycogen molecule. Other
metabolic pathways open to glucose-6-phosphate
are partial oxidative degradation through the
"hexose monophosphate shunt" and breakdown to
pyruvate and lactate via the glycolytic pathway.

Intensive biochemical studies by several inves-
tigators have led to the subclassification of hepatic
glycogen disease into several types, based on
determination of the activity of certain hepatic
enzymes. The clinical syndrome described above
has been seen in association with deficiencies of
glucose-6-phosphatase, amylo-1,6-glucosidase, or
phosphorylase (9, 10). More recently, Hers re-
ported a case which did not have a deficiency of
any of these enzymes (11). Thus the problems
of the fundamental pathophysiology and the sub-
classification of this syndrome are not yet com-
pletely resolved. However, all cases share a basic
functional abnormality-defective breakdown of
liver glycogen to glucose.

The clinical test most commonly employed in
the diagnosis of hepatic glycogen disease consists
of observation of the blood glucose response to
injection of epinephrine or glucagon. Normal
children or adults respond to these agents with a
prompt elevation of the blood glucose level. Pa-
tients with liver glycogen disease, on the other
hand, show no response or only small and delayed
increases in blood glucose concentration (1, 2, 5,
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12-14). This has been considered as evidence
that these hormones are ineffective or, at best, only
partially effective in inducing hepatic glycogenoly-
sis in this disease.

In the course of studies of glycogen deposition
diseases, we have encountered six cases of liver
glycogen disease with similar metabolic abnor-
malities and responses to glucagon. Observations
in one of these cases (J.B.) were reported
previously (15). The studies described below
suggest that hepatic glycogenolysis occurred spon-

taneously in these patients in response to hypo-

glycemia and that injections of glucagon induced
rapid breakdown of liver glycogen. However, the
principal end-product of hepatic glycogenolysis
appeared to be lactate rather than glucose.

METHODSAND CLINICAL MATERIAL

Glucose was determined by the Nelson method (16).
Lactate was determined by the Barker-Summerson
method (17) and by an enzymatic method using lactic
dehydrogenase (18). Both procedures gave similar re-

sults, but since the latter is more specific and proved to
be convenient and dependable, it was used for most of
the determinations. Glycogen was determined by the
method of Good, Kramer and Somogyi (19), using the
Nelson technique for the determination of glucose after
hydrolysis.

None of the cases under study showed evidence of
heart disease, skeletal myopathy or cirrhosis of the liver.
Their principal diagnostic features are presented in Table
I. Additional details will be reported elsewhere (20).
Brief clinical summaries follow.

Patient 1. J.B. was a 10 month old white male in-
fant admitted for investigation of an enlarged liver and
episodes of vomiting and irritability. TWO older sib-
lings had died in infancy with enlarged livers, and the
diagnosis of hepatic glycogen disease had been estab-
lished in one of them. Hepatic enlargement had been
noticed during the first few months of the patient's life
and had increased progressively until admission. The
infant developed hypoglycemia, acidosis and ketosis rap-

idly on fasting. Blood glucose values as low as 10 to 16
mg per 100 ml were repeatedly obtained after 4 to 5
hours of fasting. Injection of epinephrine or glucagon

TABLE I

Principal diagnostic features of patients under study

Liver* Liver*
Liver Muscle phos- glucose-6-phos- Fasting

Patient glycogen glycogen phorylase phatase hypoglycemia Remarks

% % ljmoles P/g/30 min
1 8.6 0.19 418 267 Severe Liver and muscle incubation

results presented in Table II
2 10.2 1.48 56 9 Moderate to Incubation of isolated glycogen

severe with purified phosphorylase
resulted in 30% degradation

3 Moderate to Liver biopsy not performed
severe

4 9.5t Mild Liver glycogen 8.9% after 24
hours at room temperaturet

5 7.8t Less than 10% Severe
of normalt

6 7.1 0.38 489 0 Severe See text for liver incubation
results

* Method of Cahill, G. F., Zottu, S. and Earle, A. S. Endocrinology 1957, 60, 265. Normal values in our laboratory
for human (adult) liver obtained at surgical biopsy are: phosphorylase, 200 to 500; glucose-6-phosphatase, 150 to 300.

t Personal communication, Dr. Harry W. Bain, Toronto.
I Reference 13.
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produced slight or no rise in the blood glucose level. He
had hyperlipemia. Laparotomy, and liver and muscle
biopsy were performed. Histologic diagnosis was liver
glycogen disease. Liver glycogen concentration was 8.6
per cent.

Patient 2. S. J. was a 2 year old white female infant ad-
mitted for investigation of a greatly enlarged liver. An
enlarged abdomen was noted soon after birth. There
was no familial history of glycogen disease. Moderate
to severe hypoglycemia was noted after overnight fasting;
on two occasions values below 20 mg per 100 ml were
recorded. Mild acidosis and ketosis developed during
fasting. Subcutaneous inj ection of epinephrine resulted
in little or no rise of blood glucose (maximal increase,
16 mg per 100 ml). Injection of glucagon resulted in
small and delayed rises in blood glucose. She had
moderate hyperlipemia. Laparotomy, and liver and mus-
cle biopsy were performed. Histologic diagnosis was
liver glycogen disease. Liver glycogen concentration
was 10.2 per cent.

Patient 3. Jay F. was a 6 year old white female ad-
mitted with the diagnosis of hepatic glycogen disease.
An older sibling (Patient 4) also had the disease. En-
largement of the abdomen had been noticed at the age of
4 months, and increasing hepatomegaly was recorded
from the age of 7 months. The patient's growth was re-
tarded but her mental development was normal. She had
been maintained in relatively good condition by very fre-
quent feedings. However, her course was marked by
episodes of infection, acidosis, and severe epistaxis. She
was an abnormally small child for her age, with a greatly
enlarged liver. She developed moderate to severe hypo-
glycemia on fasting, with blood glucose levels falling as
low as 17 mg per 100 ml. Injection of epinephrine pro-
duced an insignificant rise in the blood glucose concen-
tration. Injection of glucagon resulted in a small and
delayed rise in the blood glucose level. Liver and muscle
biopsies were not performed.

Patient 4. Jill F. was a 12 year old white female, the
older sister of Patient 3. The diagnosis of hepatic glycogen
disease had been established at the age of 17 months by
clinical studies and liver biopsy. Injection of epinephrine
resulted in a maximal rise of 12 mg per 100 ml in the
blood glucose concentration. Histologic diagnosis was
liver glycogen disease. Liver glycogen concentration was
9.5 per cent; there was only slight glycogenolysis in the
biopsy specimen during 24 hours at room temperature.
Her course since then has been characterized by frequent
infections, bouts of acidosis, severe epistaxes and greatly
retarded growth. Mental development was normal. She
had a huge abdomen with massive hepatomegaly.

Patient 5. J.K. was a 6 year old white male. The
diagnosis of liver glycogen disease had been established
in the immediate neonatal period, when he was found
to have hepatomegaly, severe hypoglycemia and acidosis.
Intensive studies at that time (13), including liver bi-
opsy, revealed the following. Moderate fasting induced
severe hypoglycemia and acidosis, with occasional con-
vulsions. There was little or no rise in blood glucose
after injection of epinephrine or glucagon. Liver gly-

cogen concentration was 7.8 per cent and hepatic glu-
cose-6-phosphatase was greatly reduced. Histologic diag-
nosis was liver glycogen disease. One sibling had died
in infancy of liver glycogen disease. The child's course
since infancy was characterized by occasional episodes
of severe hypoglycemia (despite a regimen of frequent
feedings), hyperlipemia and xanthomata, and delayed
growth. Mental development was normal. He was an
abnormally small child (bone age 3.25 years) with a pro-
tuberant abdomen and a greatly enlarged liver.

Patient 6. M.M. was a 1 year old white female in-
fant admitted with the diagnosis of liver glycogen dis-
ease. At 2 days of age she had been found to have
hepatomegaly and a blood glucose level of 2 mg per 100
ml. Liver biopsy at 5 days of age revealed a histologic
appearance typical of liver glycogen disease (no chemi-
cal determination of glycogen content). She was a small,
weak infant, with a greatly enlarged liver, who developed
severe hypoglycemia after 4 hours of fasting. Bone age
was 6 months. There was virtually no rise in blood
glucose concentration after glucagon injection. She had
hyperlipemia. Repeat liver biopsy revealed a glycogen
concentration of 7.1 per cent.

RESULTS

In vitro incubation studies. After the comple-
tion of preliminary clinical studies, laparotomy
was performed in Patient 1. This patient, who
tolerated fasting very poorly, received a slow
infusion of glucose during the night before sur-
gery. At laparotomy a piece of liver and a small
sample of rectus muscle were obtained for in vitro
study. The specimens were chilled rapidly and
transported to the laboratory under refrigeration.
Tissue slices were cut as rapidly as possible and
added to flasks containing Krebs-Ringer phos-
phate buffer, pH 7.4, chilled to 20 C. The order
of slices entering the duplicate incubation flasks
was such that no systematic effect attributable to
the time of slicing would occur; i.e., the pattern
used was ab . . . ba rather than aabb . . . . A
liver sample was withdrawn midway through the
slicing procedure for determination of the initial
glycogen concentration. Refrigeration of the in-
cubation flasks was continued until slicing was
completed. All flasks were then placed in a
Dubnoff shaker-incubator and incubated for 2
hours at 370 C under a continuous flow of oxygen.

Liver slices were incubated in buffer alone and
with several additives. At the end of 2 hours, an
aliquot was withdrawn from each flask for glucose
determination, 30 per cent potassium hydroxide
was added to the incubation flasks, and glycogen
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TABLE II

Results oj in vitro liver slice incubations,
(Patient 1)

Glyco- Glu-
gen cose

Wt of Glyco- de- re-
slices Type of incubation* gen crease covered

mg mg glucoseig tissue
153 Not incubated; 86

initial glycogen
176 After incubation; 79 7 0
137 without additives 79 7 0
165 After incubation with 64 22 4
90 50 gg glucagon/flask 48 38 10

162 After incubation with 58 28 27
190 rat liver homogenatet 60 26 29

* All incubations conducted in 3 ml Krebs-Ringer phosphate buffer
containing additives as described.

t Each flask contained 638 mg of rat liver homogenized in buffer.
The results shown are after correction for incubated rat liver blanks,
which were: glycogen 0, 0; glucose 4.9, 4.7 mg per g.

determination was performed. Muscle slices were
incubated in Krebs-Ringer phosphate buffer with-
out additives.

Table II presents the results of liver slice incu-
bations without additives, with glucagon, and with
a homiogenate of liver obtained from a fasted nor-
mal rat. The initial liver glycogen concentration
was 86 mg per g. Slices incubated without addi-
tives showed only a slight decline in glycogen
content during incubation and no glucose produc-
tioll. Unequivocal stimulation of glycogenolysis
was induced by glucagon. However, only small
amounts of glucose appeared in the incubation
medium. Incubation with rat liver homogenate,
on the other hand, resulted in the production of
glucose in amounts corresponding to the loss of
glycogen.

In contrast to the defective glycogenolysis ob-
served during incubation of liver slices, normal
glycogen breakdown was observed during incuba-
tion of muscle. The initial muscle glycogen con-
centration was 1.9 mgper g, a relatively low value.
After incubation it was 0.3 mg per g.

The failure to account for the products of glyco-
genolysis during incubation of liver slices was not
anticipated and did not become known in time to
permit analyses for other possible metabolites of
glycogen. However, material from another incu-
bation experiment, performed at the same time,
was available. Liver slices had been incubated
with C14-glucose, without hormonal additives.
The flask contents had been frozen and stored for
later study. This material was thawed and an-
alyzed for glycogen, glucose and lactate. The

amnotunt of glucose recovered was 0.59 ing per
flask, virtually the same as the amount added-
0.54 mg. Glycogen concentration was 68 mg per
g, indicating breakdown of 18 mg per g, more
than was observed in the control incubations
shown in Table II. The amount of lactate re-
covered was equivalent to 21 mg per g of liver.
Determination of radioactivity demonstrated that
very little of this lactate could have been derived
from the added glucose. Although the original
concentration of lactate in this liver specimen had
not been determined, it is most unlikely that it
could have been high enough to account for the
amount recovered (about 2,600 mg per 100 ml of
liver water). Thus, it must be concluded that the
lactate recovered was formed during incubation
from precursors in the liver slices, and it appears
likely that it arose from liver glycogen. No data
are available on lactate production during incuba-
tion with glucagon.

In vitro incubation of liver slices was also per-
formed in Patient 6. In this case, however, no ef-
fect of glucagon could be demonstrated. The initial
glycogen concentration was 71 mg per g (individ-
ual specimens, 72 and 69). After 1 hour of incu-
bation in Krebs-Ringer phosphate buffer, the
glycogen concentration was 65 mg per g (speci-
mens 68, 60, 70, 58, 68). After incubation with
glucagon, it was 63 mg per g (specimens 61, 64,
55, 72). Both in the control and the glucagon
incubations, lactate was the principal metabolite
recovered. Initial concentrations of glucose and
lactate in the liver slices were 0.7 and 0.9 mg per
g, respectively. An average of 1.5 mg per g of
glucose and 2.3 mg per g of lactate appeared dur-
ing incubation.

Blood lactate studies. Marked elevations of
fasting blood lactate levels were observed in all
six children. These are shown in Table III. The
lowest value recorded was 30 mg per 100 ml, ob-
served once in Patient 2. On numerous other
occasions, however, this child had higher levels,
and her average fasting blood lactate concentration
was 86 mg per 100 ml. In contrast, among 52
consecutive determinations in healthy controls and
patients with various other diseases, including
both infants and adults, the highest value observed
was 26 mgper 100 ml (average, 13).

Numerous determinations of blood lactate con-
centration were performed in five of the patients
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'TALE III

Levels of lactate in blood of fasting subjects

No. of Lactate
determin-

Patient ations Range Mean

mg/100 ml
1 18 40-128 93
2 27 30-130 86
3 8 55- 85 66
4 1 69
5 10 72-122 88
6 4 52-130 105

43 healthy and
sick adults and 52 3- 26 13
children without
glycogen disease

C,

at various time intervals after feedings, glucose
infusions and other test situations. Although there
were occasional anomalous findings, a consistent
pattern emerged from these studies. The blood
lactate level was high after periods of fasting and
sustained hypoglycemia. It usually began to de-
cline about an hour after hypoglycemia had been
corrected. Glucose infusions usually produced
greater and more rapid declines in lactate than did
feedings. This fall in circulating lactate concen-
tration often continued while the blood glucose
level declined to hypoglycemic values, and the
lowest blood lactate value was frequently obtained
during a period of distinct hypoglycemia. How-
ever, after hypoglycemia had persisted for about
an hour, a sharp rise in blood lactate concentration
uniformly occurred. Figures 2 and 3 show blood
glucose and lactate curves in association with
glucose infusion or feeding. Figure 2 demon-
strates reduction of lactate to normal levels after
3 hours of glucose infusion. The drop in lactate
shown in Figure 3 was more rapid than that ob-
served in most of these children after feedings;
lactate rebound after 1 to 2 hours of hypoglycemia
is well demonstrated.

The possibility was considered that endogenous
epinephrine release secondary to hypoglycemia,
and resultant glycogenolysis in muscle, might ac-
count for a major portion of the elevation in fast-
ing lactate. In order to assess the contribution of
this mechanism, epinephrine was administered to
two patients at a time when their blood lactate
levels were relatively low. It was reasoned that
if endogenous epinephrine release played a dom-
inant role in the production of the fasting hyper-

HOURS

FIG. 2. RESPONSEOF THE BLOOD LACTATE LEVEL TO
GLUCOSEINFUSION. Patient 2 (S.J.). Glucose infusion,
0.5 g per kg per hour, was administered after an over-
night fast.

lactacidemia, administration of exogenous epi-
nephrine should be able to reproduce this finding.
Accordingly, after a suitable overnight fast, these
children were given an infusion of 10 per cent
glucose. After 3 hours of glucose infusion, which
resulted in a substantial drop in lactate level, each
child received a subcutaneous injection of epineph-
rine, 0.03 mg per kg. In Patient 1, the glucose
infusion was continued; in Patient 2, the infusion
was terminated at the time of epinephrine injec-
tion. The blood lactate values before and after

BREAKFAST
100

90

70 LACTATE
60

O 0

~40

HOURS

FIG. 3. RESPONSEOF THE BLOOD LACTATE LEVEL TO A
FEEDING. Patient 3 (Jay F.). Overnight fast. Initial
values, just before breakfast (fruit juice, eggs, milk, and
bread; protein 20 g, fat 20 g, carbohydrate 60 g; calories
500).
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TABLE IV

Effect of epinephrine on blood lactate levels of two patients

Lactate

Patient Patient
Schedule 1 2

mngl100 ml
0 hr Fasting 94 108
0-3 hr Glucose infusion, 0.5 g/kg/hr
3 hr Just before ephiniephrinie

injection, 0.03 mig/kg 47 38
15 min after epinephrine 52
30 min after epinephrine 38 47
45 min after epinephrine 43
60 mil after epinephrine 47 43

epinephrine injection are shown in Table IV.
There was no rise in Patient 1 and a modest rise
in Patient 2. These results were consistent with
the muscle biopsy findings previously obtained
(Table I); Patient 1 had an unusually low level
of muscle glycogen, while Patient 2 had a normal
muscle glycogen concentration. Although the pos-

sibility that these children may be unusually re-

sistant to the metabolic effects of exogenous ep-

inephrine cannot be excluded, this experiment
indicates that epinephrine release plays, at best, a

relatively minor role in the productioii of the very

high blood lactate levels described above. Ill con-

trast, when these children weere given injections
of glucagon under similar circumstances (see be-
low), striking increases in lactate were always
observed.

In vivo effects of glucagon. After the demon-
stration of an in vitro glucagon effect in Patient 1,
clinical studies with this agent were performed in
all six children. Injections of glucagon produced
major rises of blood lactate concentration in all
experiments. Figure 4 shows the responses of
these patients to intramuscular injection of 1.0 to
2.0 mg of glucagon (0.1 mg per kg) during the
fasting state. For comparison, the responses of
four normal children of similar weights are shown.
A striking difference between the two groups was

observed. The normal children had sharp rises in
blood glucose levels, but little change in circulating
lactate. The patients with glycogen disease, on

the other hand, showed sharp increases in lactate
and abnormally small rises in glucose concentra-
tion. The blood lactate curves among these pa-

tients resembled the blood glucose curves of the
controls, though the absolute rises were smaller.

Table V lists the averag,-e changes in blood glucose
and lactate values during the first 30 and 60 min-
utes of glucagon action among the six patients and
the controls. Although there was variation among
the patients, the pattern for each patient was a
consistent one. For example, Patient 1 showed no
rise or only a slight rise in the blood glucose level
after glucagon injection. On the other hand,
Patients 2 and 3 always showed some increase in
the blood glucose level, although it was not nearly
so rapid nor so great as that seen among the
controls.

The effect of glucagon was also examined at
various intervals after feeding or glucose infusion
in five of the patients. Sharp rises in the blood
lactate level were obtained under all circum-
stances. The effect of glucagon was more dra-
matic if it was injected at a time when the blood
lactate level was relatively "low." For example,
Patient 6 had a rise in lactate of only 20 mg per
100 ml when the initial level was 122 mg per 100
ml (Figure 4, Table V). On another occasion,
glucagon wvas given when the blood lactate level
wvas 57 mg per 100 ml, after feeding. The lactate
rose to 113 mg per 100 ml in 30 minutes. On a
third occasion, when the initial lactate concentra-
tion was 19 mg per 100 ml, an increase to 119 mg
per 100 ml was observed 1 hour after glucagon
injection. Similar results were obtained in the
other children.

Since doses of epinephrine presumably sufficient
to induce glycogenolysis in muscle failed to repro-
duce the observed elevations in lactate (Table
IV), and since glucagon exerts little or no effect
on muscle, it appeared likely that the liver was

TABLE V

Mean changes in fasting blood glucose and lactate levels after
glucagon injection (patients and controls)

Increase in Increase in
glucose lactate

No. of 0-30 0-60 0-30 0-60
Patient studies min min min min

ing/100 anl sng/100 ?nl
1 2 1 9 42 87
2 3 15 30 36 52
3 3 18 36 54 55
4 1 13 35 64 45
5 1 6 6 35 31
6 1 4 5 20 13

Average, Patients 1-6 10 20 42 47
Average. 4 normal

children 86 91 3 2
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vidual curves identify the patients.

the source of the excess circulating lactate. We
attempted to confirm this by an experiment based
on the report of Mason and Andersen (21), who
found that arterial lactate was higher than venous
lactate in a child with glycogen disease. In nor-
mal individuals, in whom muscle is a principal
source of circulating lactate, the concentration of
this metabolite is higher in venous than in arterial
blood. Venous (medial cubital vein) and capil-
lary blood samples were obtained in Patient 3
before and after glucagon administration. The
lactate concentration rose sharply after glucagon
injection, as in Figure 4. However, we did not
observe a significant capillary-venous lactate dif-
ference either prior to or 30 minutes after glucagon
injection. This indicates that muscle was not
contributing lactate to the circulation, but does
not constitute as striking evidence for the hepatic
origin of the lactate as does the observation of
Mason and Andersen.

The acute effect on liver size of relatively large
doses of glucagon was studied in Patients 1, 2, 3,
5, and 6. These children received 1 to 2 mg of
glucagon per hour for 4 hours, by intravenous
infusion. A decrease in liver size was observed
in all. This became apparent after the first hour
and was maximal after 2 to 3 hours, at which time
liver margins were 2 to 4 cm above the initial
levels in Patients 1, 2 and 3, and 1 to 2 cm above

0 I
HOURS

CTION ON THE BLOODGLUCOSEAND LAC-
)LS. The numbers to the right of indi-

in Patients 5 and 6. Moderate to severe side
effects were seen at this dose range, however. All
five children developed restlessness and tachypnea
and one vomited during the infusion. The clinical
impression of acidosis was confirmed by determi-
nation of pH and bicarbonate content of blood in
one patient. Distinct but relatively small changes
in liver size were sometimes also observed after
single subcutaneous injections of 1.0 to 1.5 mg of
glucagon. These doses produced few or no side
effects.

DISCUSSION

The patients discussed herein were heteroge-
neous with respect to hepatic enzyme assay. They
include two "classic" cases of glucose-6-phosphate
deficiency, one case without a demonstrated enzy-
matic defect, perhaps similar to that reported by
Hers (11), and one case with a previously un-
described enzymatic pattern-a deficiency in both
phosphorylase and glucose-6-phosphatase. A de-
tailed discussion of the significance of these en-
zyme patterns and of the subclassification of "von
Gierke's disease" is beyond the scope of this paper.
It must be emphasized, however, that these chil-
dren form a homogeneous group in other respects.
They had greatly enlarged livers containing excess
glycogen; fasting hypoglycemia, acidosis, and
ketosis; hyperlipemia, and delayed growth.

370



GLYCOGENMETABOLISMIN LIVER GLYCOGENDISEASE: EFFECT OF GLUCAGON

Neither glucagon nor epinephrine evoked a hyper-
glycemic response. Spontaneous it vitro break-
down of glycogen to glucose was defective in the
patients in whom this was studied. They had
similar metabolic abnormalities and similar re-
sponses to glucagon. Thus, it seems appropriate
to consider them together despite the differences
in hepatic enzyme patterns.

Unequivocal stimulation of glycogenolysis by
glucagon was demonstrated during in vitro incuba-
tion of liver slices in Patient 1. The principal
end-product of this glycogenolysis was not glu-
cose; indirect evidence suggests that it was lactate.
In all six patients of this group, glucagon adminis-
tration was followed by marked rises in blood
lactate concentration. These increases in lactate
resembled the increases in blood glucose concen-
tration following the administration of glucagon to
normal children. Comparison of capillary and
venous lactate levels in one case indicated that the
increment in lactate did not come from muscle.
In all five children given glucagon infusions, an
acute decrease in liver size was observed. Taken
together, these findings suggest strongly that
glucagon exerted its usual glycogeniolytic effect on
the liver in these cases, but that the principal end-
product of glycogen breakdown was lactate rather
than glucose. The failure to demonstrate a gluca-
gon response in vitro in Patient 6 is disturbing
and, so far, unexplained. However, this child's
clinical behavior and in vivo response to glucagon
was similar to that of Patient 1, where an effect
on liver slices was demonstrated.

Normally, the blood lactate level is low in the
fasting state and rises after a carbohydrate load
(22). The fasting venous lactate concentration is
higher than the arterial concentration, as muscle
is a principal source of this metabolite, while the
liver withdraws it from the circulation. In our
patients, however, the blood lactate level was
highest during fasting and decreased after feeding
or glucose infusion. Muscle was not a major
source of lactate. This "paradoxical" behavior is
readily explained by the hypothesis that hepatic
glycogenolysis was the principal source of circulat-
ing lactate in these cases. In the fasting state,
hypoglycemia developed, hepatic glycogenolysis
was stimulated, and the blood lactate level rose.
After feeding or glucose infusion, hepatic glyco-
genolysis ceased, glycogen deposition supervened,

and the blood lactate level fell. Glucagon pro-
duced sharp increases in blood lactate concentra-
tion under all circumstances by inducing rapid
hepatic glycogenolysis.

Our conclusion that glucagon may induce he-
patic glycogenolysis in some children with liver
glycogen disease, just as it does in normal chil-
dren, is not really in conflict with the findings of
other investigators. A glucagon effect was looked
for as early as 1932 by van Creveld (23), who
administered an intravenous injection of insulin
containing the "hyperglycemic factor" to a child
with the disease. However, van Creveld exam-
ined only the response of the blood glucose level
to such injection. L ater investigators similarly
failed to consider the possibility that some other
metabolite might be the end-product of glycogen-
olysis. However, our observation of a decrease in
liver size during glucagon administration may not
be unique. Gitzelmnann (24) observed a reduction
in liver size, comparable wvith that reported here,
in a child thought to have a mild form of liver
glycogen disease. He administered smaller doses
over a longer period of time, and avoided the side
effects we observed with intravenous infusions.

Most reports on liver glycogen disease do not
include data on blood lactate levels. However,
some authors have recorded strikingly increased
fasting blood lactate values in this disorder (21,
25, 26). Mason and Sly (25) observed, as we
have, that the blood lactate level was markedly
elevated during periods of prolonged hypoglycemia
and that it fell toward normal values when the
blood glucose level was maintained by frequent
administration of glucose. Mason and Andersen
(21) presented evidence that the liver, rather than
muscle, was the source of the excess lactate during
fasting. Excessive production of lactic acid may
be largely responsible for the fasting acidosis in
some cases of this disease (21, 26).

Confirmation of the points made above has re-
cently appeared in an abstract by Howell, Ashton
and Wyngaarden (27). These authors studied
three siblings with liver glycogen disease, one of
whom was subjected to liver biopsy and found to
have a deficiency of hepatic glucose-6-phosphatase.
All had high fasting blood lactate levels, compara-
ble with those reported here. Glucagon infusions
resulted in rapid and striking rises of blood lactate,
but only slow increases in blood glucose. Liver
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FIG. 5. SCHEMATIC REPRESENTATIONOF LIVER GLYCOGENBREAKDOWNIN

PATIENTS 1-6, AS COMPAREDWITH NORMAL INDIVIDUALS. Normally, glu-
cose is the principal product of hepatic glycogenolysis. In these patients,
lactic acid was the principal product.

slices incubated with glucagon showed appreciable
glycogen breakdown and lactate production. The
lactate concentration was higher in peripheral ar-
terial than in venous blood, indicating that muscle
was withdrawing, rather than contributing lactate
to the circulation.

The phenomena discussed above are not seen in
all cases of liver glycogen disease, however. Lind-
say, Ross and Wigglesworth (28) reported a child
whose fasting blood lactate level was only 25 mg
per 100 ml. In two cases, van Creveld (23) per-
formed blood lactate determinations; his report
does not give the actual values but it may be as-
sumed from the context that they were not re-
markable. In one proven case of liver glycogen
disease with glucose-6-phosphatase deficiency, re-
cently brought under study, we have found a
normal fasting blood lactate level, which did not
rise after glucagon administration. No decrease
in liver size was observed when this child was
given a glucagon infusion. Thus, the findings
described in this paper apply only to certain cases
of this puzzling disorder.

Our explanation of the hyperlactacidemia in
some cases of liver glycogen disease, and its
amelioration by glucose, postulates spontaneous
hepatic glycogenolysis in response to fasting hypo-
glycemia and shift toward glycogen deposition
when the blood glucose level is raised-i.e., metab-
olic turnover of liver glycogen. This view was
presented earlier by Mason and Sly. This is con-
tradictory to the concept of storage of meta-
bolically unavailable liver glycogen expressed by
some authors and implied in the term "glycogen

storage disease," used by many. On critical
examination, however, the evidence against active
metabolic turnover of glycogen in this disease
proves to be largely inferential. Many observers
have assumed that failure of the blood glucose to
rise after administration of glucagon or epineph-
rine indicates that glycogenolysis did not occur.
Such an assumption may be quite erroneous even
when the pathways of glycogen breakdown are
normal (29) and would certainly be erroneous if
the end-product of glycogenolysis is lactate. The
fact that glycogenolysis could occur in this disease,
either through the glycolytic pathway or through
the phosphogluconate pathway, was emphasized by
Cori and Cori (30).

In the six patients forming the subject of this
report, lactate replaced glucose as the major in
vivo end-product of hepatic glycogenolysis. As-
suming that as in the normal, glucose-6-phosphate
is the intermediate from which the metabolic path-
ways diverge, the sequence of events in these cases
might be represented as in Figure 5. The initial
stage of glycogen breakdown proceeds much as in
normal. Deviations from the normal occur in the
metabolism of glucose-6-phosphate and subsequent
compounds. No data are, available on the relative
importance of the hexose monophosphate shunt
versus the glycolytic pathway; these are repre-
sented by interrupted lines. This scheme postu-
lates quantitative, rather than qualitative, differ-
ences from the normal. However, our data do
not rule out the possibility that aberrant metabolic
pathways may exist in liver glycogen disease; nor
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do they defille the basic etiologic mechanism for
the various ablnormialities in this disorder.

SUMMARY

Six children with liver glycogen disease had
strikingly elevated fasting blood lactate levels. In
all five so studied, the blood lactate concentration
fell when hypoglycemia was corrected by feeding
or glucose infusions. Rapid return to markedly
abnormal blood lactate values was observed after
hypoglycemia was allowed to recur. In all six
children, glucagon injection resulted in little or no

rise in blood glucose, but in prompt and large
increases of blood lactate levels. Intravenous
infusions of glucagon produced acute decreases of
liver size in all the five patients so treated.

Glucagon stimulated glycogenolysis during in
vitro incubation of liver slices obtained from one

of these patients, but only traces of glucose ap-

peared in the medium.
It is concluded that active breakdown of liver

glycogen occurred in these patients in response to
the stimulus of hypoglycemia, and that glucagon
exerted its usual hepatic glycogenolytic effect.
However, the principal end-product of liver glyco-
gen breakdown, whether spontaneous or glucagon-
induced, was lactic acid rather than glucose.
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