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Abstract

Studies were performed to determine whether hypoglycemia or
the glucagon response to hypoglycemia increases uric acid
production in glycogen storage disease type I (glucose-6-
phosphatase deficiency). Three adults with this disease had
hyperuricemia (serum urate, 11.3-12.4 mg/dl) and reduced
renal clearance of urate (renal urate clearance, 1.1-3.1
ml/min). These abnormalities were improved in one patient by
intravenous glucose infusion for 1 mo, suggesting a role for
hypoglycemia and its attendant effects on urate metabolism
and excretion.

A pharmacologic dose of glucagon caused a rise in serum
urate from 11.4 to 13.0 mg/dl, a ninefold increase in urinary
excretion of oxypurines, a 65% increase in urinary radioactivity
derived from radioactively labeled adenine nucleotides, and a
90% increase in urinary uric acid excretion. These changes
indicate that intravenous glucagon increases ATP breakdown
to its degradation products and thereby stimulates uric acid
production.

To observe whether physiologic changes in serum glucagon
modulate ATP degradation, uric acid production was compared
during saline and somatostatin infusions. Serum urate, urinary
oxypurine, radioactivity, and uric acid excretion increased
during saline infusion as patients became hypoglycemic. Infusion
of somatostatin suppressed these increases despite hypoglycemia
and decreased the elevated plasma glucagon levels from a
mean of 81.3 to 52.2 pg/ml.

These data suggest that hypoglycemia can stimulate uric
acid synthesis in glucose-6-phosphatase deficiency. Glucagon
contributes to this response by activating ATP degradation to
uric acid.

Introduction

Hyperuricemia and gout occur commonly in glycogen storage
disease type I (glucose-6-phosphatase deficiency) (1-3). De-
creased renal excretion of urate secondary to lactic acidemia
and ketonemia (1, 2, 4, 5) and elevated production of uric
acid account for the hyperuricemia (2, 3, 6, 7).

The mechanisms for increased urate synthesis have been
related to the hypoglycemia, which is a central feature of
glucose-6-phosphatase deficiency (8-10). Hypoglycemia may
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have metabolic consequences related either to cellular gluco-
penia itself or to excess counterregulatory hormone release
and subsequent activation of hepatic glycogenolytic pathways.
A hypothesis has been formulated which proposes that hypo-
glycemia stimulates the secretion of glucagon, glucagon activates
glycogen phosphorylase and the formation of phosphorylated
sugars accentuated by the glucose-6-phosphatase deficiency,
and the phosphorylation of sugars utilizes ATP which is
degraded to uric acid (8-10) (Fig. 1). We have examined the
role of glucagon in three patients with glucose-6-phosphatase
deficiency by measuring ATP breakdown products during
glucagon infusion and during suppression of plasma glucagon
levels by somatostatin or glucose infusion.

Methods

Three unrelated women with glucose-6-phosphatase deficiency, 17-22
yr old, were studied in the Clinical Research Center at The University
of Michigan Medical Center. The diagnosis was established in early
childhood on the basis of typical clinical features, response to glucagon
or epinephrine, and liver biopsy. One patient (S.G.) had a liver biopsy
during a recent surgical procedure and was found to lack glucose-6-
phosphatase (0.0 umol/min per g; normal range, 30-80 umol/min per
g) in assays performed by Dr. Rodney Howell of The University of
Texas Medical School at Houston. Before entering the study, the
subjects generally ate three meals each day and had intermittent 15 to
20 g dextrose supplements about six times each day. They usually
awoke twice during the night for glucose supplements. All medications
known to alter purine metabolism or excretion were discontinued at
least 10 days before the studies.

Base-line studies. Throughout the study period, each patient received
a weight-maintaining purine-free diet and ingested an additional 15—
20 g of glucose supplements at their usual frequency above their 100-
120 g carbohydrate/d. Informed consent for all studies and procedures
was obtained from the patients. The studies were approved by The
University of Michigan Institutional Review Board.

To measure ATP degradation during spontaneous hypoglycemia,
4-5 d after admission each patient received 1.6 umol [8-'“Cladenine
(20 uCi) intravenously. This radioactivity labels adenine nucleotides
as follows:

Adenine — AMP < ADP < ATP
IMP
Inosine —
Adenosine

Hypoxanthine — Xanthine — Uric Acid

As ATP degrades to purine end-products, the urinary radioactivity
excretion is a measure of the rate of ATP degradation (11).

Glucagon, somatostatin, or saline infusion. Patients were fasted for
6-8 h before infusion studies with glucagon, somatostatin, or normal
saline. They received no intravenous or oral glucose supplements
during the infusion studies unless they became symptomatically hy-
poglycemic. Hourly urine collections were obtained starting 2 h before
infusion of glucagon or somatostatin and continued for 6-8 h. 1 mg
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Figure 1. Hypothetical mechanism linking hypoglycemia to hyperuri-
cemia in glucose-6-phosphatase deficiency. Hypoglycemia stimulates
release of glucagon. This activates hepatic glycogen phosphorylase
which degrades glycogen with trapping of phosphate in phosphory-
lated sugars. Cellular depletion of ATP occurs and increases intracel-
lular concentrations of purine monophosphates which are subse-
quently degraded to uric acid. The phosphorylated sugars are con-
verted to lactate which may block the renal excretion of urate. (This
figure is reproduced from an article by I. H. Fox. 1981. Metabolic
basis for disorders of purine nucleotide degradation. Metab. Clin.
Exp. 30:616-634). IMP, inosine monophosphate.

glucagon (Eli Lilly Co., Indianapolis, IN) was dissolved in 50 ml of
normal saline and administered intravenously over 5 min. Blood
samples were collected through a heparin lock into plain or heparinized
glass collection tubes at 60 and 15 min before and 15, 30, 45, 60, and
120 min after the start of glucagon infusion. On another occasion, 500
ug somatostatin (cyclic tetradecapeptide, Ayerst Co., Montreal, Canada)
was dissolved in 100 ml normal saline. 200 ug in 40 ml was delivered
intravenously over 5 min and the remaining 300 ug in 60 ml was
infused over 4 h (75 ug/h). Blood samples were obtained 60 and 1
min before; 15, 30, 60, 120, 180, and 240 min after beginning; and
15, 30, 60, 120, and 180 min after cessation of the somatostatin
infusion. An infusion of normal saline alone was also given instead of
somatostatin on a separate occasion using the same experimental
protocol. Blood glucose was monitored with an Ames dextrometer
(Ames Division, Miles Laboratory, Elkhart, IN) and patients were
given 50 ml of 50% glucose by intravenous infusion when symptomatic
hypoglycemia occurred. Experiments were performed on separate days
with 1-3 d separation.

Assays. For analysis of lactate, 1.5 ml of cold 1.0 M perchloric
acid was immediately added to 0.5 ml of whole blood and shaken. For
analysis of acetoacetate and betahydroxybutyrate, 1 ml of cold 1.0 M
perchloric acid was added to 1 ml of plasma and shaken. After
centrifugation at 4°C, supernatants were removed and stored at —20°C
until further analysis.

Serum electrolytes (Na, K, HCO;, and Cl) were assayed in the
University Hospital Biochemistry Laboratory; glucose, cholesterol,
triglycerides, lactate, ketones (acetoacetate and beta-hydroxybutyrate),
insulin, human growth hormone, and glucagon were measured in The
University of Michigan Diabetes Center Core Laboratories (12-19).
Serum urate and urinary uric acid and oxypurines (hypoxanthine and
xanthine) were assayed using enzymatic spectrophotometric techniques
(11, 20, 21). Creatinine was measured by an automated modification
of the Jaffe reaction (22). Urinary radioactivity was measured by
adding an 0.5 ml aliquot of each urine sample to 5.0 ml of Instagel
(Packard Instrument Co., Inc., Downers Grove, IL). The mixture was
counted in a liquid scintillation spectrometer system.

The data are presented as their absolute values or percent change

252  Cohen, Vinik, Faller, and Fox

from basal values. All data were stored, calculated, and plotted using
Clinfo software on a Vax 11/730. The number of patients was too
small for statistical analysis of the effects of various interventions, but
each patient served as their own control.

Base-line values. Base-line studies (Table I) indicated metabolic
abnormalities in all patients including lactic acidemia (serum
lactate, 10.3-17.7 meq/liter) and hyperlipidemia (cholesterol,
290-394 mg/dl; triglyceride, 918-1,364 mg/dl). Two patients
(S.G. and K.H.) had moderately elevated fasting glucagon
concentrations (72.4 and 130 pg/ml), while all had levels of
insulin and growth hormone that were within the normal
range. All three patients were markedly hyperuricemic with
serum urate values ranging from 11.3 to 12.4 mg/dl (Table I).
Urine uric acid excretion was not elevated (Table I). However,
there was evidence for diminished renal clearance of urate in
these patients with values of 1.1-3.1 ml/min.

While the patients were off antihyperuricemic drugs and
receiving glucose feeding, the 5 d cumulative urinary excretion
of radioactive purines ranged from 2.3 to 5.8% of the admin-
istered dose, which is within or close to the limits established

Table I. Patient Profiles

Normal

Patient S.G. M.G. K.H. range
Sex F F F
Age 22 17 22
Weight (kg) 60 54 49.5
Height (cm) 150 152 153
Creatinine

(mg/dl) 0.7 0.9 20 0.6-1.0
Blood-urea

nitrogen

(mg/dl) 13 8 49 8-20
Cholesterol

(mg/dl) 366 290 394 150-250
Triglycerides

(mgydl) 1,364 918 920 30-150
Lactate

(meg/liter) 13.5 17.9 10.3 0.40-1.19
Beta-OH butyrate

(meg/liter) 0.23 0.72 0.48 0.01-0.34
Acetoacetate

(megq/liter) 0.14 0.24 0.19 0.01-0.15
Anion gap

(meg/liter) 27 34 26 10-15
Uric acid

(mg/dl) 11.3 114 124 2.7-7.8
Insulin (uU/ml) 2.1 1.0 1.0 2-9
Glucagon

(pg/ml) 724 46.5 130 36-54
Growth hormone

(ng/ml) 1.6 1.7 1.9 0-5
Urine uric acid

(mg/24 h) 331 509 199 260-590*

* 24 h urine uric acid excretion in normal volunteers on a purine-
free diet (Seegmiller et al. [56]).



in nine hyperuricemic gouty adults (11). This latter comparison
is made with gouty patients because the turnover and excretion
of uric acid is proportional to the serum urate concentra-
tion (11).

Continuous glucose infusion. The metabolic and hormonal
responses during infusion of 20% glucose through a central
venous catheter were assessed in one adult (S.G.) with glucose-
6-phosphatase deficiency. Therapy was initiated at a rate of 35
mli/h and increased to 60 ml/h to maintain euglycemia for 1
mo. The patient continued to receive purine-free meals, but
oral glucose supplements were discontinued. Serum urate
levels decreased from between 10 and 11 mg/dl to 8.5 mg/dl
within 2 d and to 7.9 mg/dl during the infusion (Fig. 2). The
fractional uric acid clearance (urate clearance/creatinine clear-
ance X 100) rose from 3 to 3.5% within 4 d and increased
further to 5.0% after 21 d of glucose infusion. The urine uric
acid excretion did not substantially change during the infusion
period. There was a gradual correction of the acidosis and the
anion gap reached a nadir after 10 d. Triglyceride levels fell
progressively for the entire 21 d of the infusion to almost the
normal range.

Glucose concentrations rose steadily from 80 mg/dl and
averaged 130 mg/dl after 2 wk of the glucose infusion. Plasma
glucagon concentration fell from 80 to 40 pg/ml and remained
low for the duration of the study. Serum insulin levels rose
slightly after 2 d of infusion, but reached a maximum of 60
#U/ml in 10 d and remained elevated for the duration of the
study. Plasma growth hormone remained within normal limits.

These data show that the metabolic abnormalities of hy-
poglycemia, hyperuricemia, acidosis, and hyperlipidemia in
glucose-6-phosphatase deficiency are correctable by the infusion
of glucose. Glucose administration suppressed glucagon con-
centrations and eliminated cellular glucopenia. It is unclear
which of these two variables causes hyperuricemia. Therefore,
further studies were carried out to determine the relative
contributions of hypoglycemia and the hyperglucagonemia to
increased uric acid production.

Glucagon and uric acid production. If glucagon has a
central role in increasing uric acid production, it should be
possible to demonstrate the stimulation of ATP degradation
following glucagon administration. Intravenous infusion of 1.0
mg glucagon over 5 min caused a transient tachycardia to a
maximum heart rate of 113 beats/min and an increase in
blood glucose concentration from 80 to 95 mg/dl (Fig. 3).
This rise is similar to that observed by Tsalikian et al. (23)
and is presumably related to the debranching enzyme. Serum
lactate increased from 13.2 to 17.9 meq/dl. There was also a
rise in the levels of insulin and growth hormone (data not
shown). Serum urate increased from 11.4 mg/dl to 13.0 mg/
dl. There was a ninefold rise in urinary excretion of oxypurines.
Excretion of radiolabeled purines increased by 65% and excre-
tion of uric acid increased by 90%.

Suppression of glucagon by infusion of somatostatin. Al-
though a pharmacologic dose of glucagon increases uric acid
synthesis, this does not prove that a physiologic increase of
endogenous glucagon causes these changes in glucose-6-phos-
phatase deficiency. Therefore, somatostatin was infused to
decrease endogenous plasma glucagon levels and uric acid
metabolism was examined. The study with somatostatin was
compared with a separate control experiment in which only
normal saline was infused.

During the infusion of saline alone, glucagon concentrations
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Figure 2. Metabolic and hormonal response to continuous glucose
infusion. Continuous glucose infusion was given through a central
venous catheter to patient S.G. Fractional clearance of uric acid,
serum uric acid, anion gap, and serum triglycerides are shown in (4),
while plasma growth hormone, glucagon, insulin, and glucose are
shown in (B). Serum urate decreased from 11.3 to 7.9 mg/dl and
fractional clearance of urate rose from 3 to 5% during the study
period. Acidosis was corrected and serum triglycerides fell. Associated
with these metabolic changes was a 40% reduction in serum glucagon

from 78 to 45 pg/ml.

increased by 30% above pretreatment levels (Fig. 4); this was
presumably due to the falling blood glucose concentration.
Growth hormone levels slowly increased from a base line of 2
ng/ml to maximum values of 5-7 ng/ml. Serum urate levels,
urine uric acid, oxypurine, and radiolabeled purine excretion
were substantially elevated (Figs. 4 and 5). The following
measures increased by the indicated mean percentages: serum
urate, 10%; urinary uric acid, 70%; urine oxypurines, 270%;
and urinary radioactivity, 60%. These measures indicate active
ATP degradation to uric acid and its precursors during hypo-

glycemia.

Hyperuricemia in Glycogen Storage Disease Type I 253



A. PLASMA GLUCOSE

3
3
E
w
(7]
[=]
(5]
=]
-t
Q
<
Z
g
-
a
1 1
1

8. SERUM URATE
3
5
£ 13F
w
[
< -
-4
]
BT 3
o
&

P

1 i 1 1 1 1

C. URINARY
PURINES

=

BRadioactivity/Creatinine (CPM x 10‘3/mg)

)
-k
S =
[}
E¢
gES
o 2
3
w g 3
259
z3 2
<3
83
s
1
500 D. PLASMA GLUCAGON

£

o>

s

2

3 1000 =

Q

<

(8]

o]

-

o

<« 500 p~

=

2]

<

-

a

0 4 1 2 [ 1
700 900 1100 1300
TIME

IV GLUCAGON

Figure 3. Metabolic and hormonal response to intravenous glucagon.
1 mg of glucagon was infused in patient S. G. at 0845. Peak serum
glucagon level at 15 min after infusion was 1,210 pg/ml. ATP
breakdown was stimulated as measured by the increase in serum
urate from 11.3 to 13.0 mg/dl, urinary uric acid, oxypurines, and
radioactivity derived from [8-'*CJadenine.

Infusion of somatostatin lowered the plasma glucagon
levels from a mean of 81.3 pg/ml during the pretreatment
period to 52.2 pg/ml during the somatostatin infusion (Fig.
4). Little or no change was evident in growth hormone levels
with maximum values ranging from 3 to 10 ng/ml. Serum
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Figure 4. Metabolic and hormonal response to saline or somatostatin
infusion. The response to a somatostatin infusion from 0800 to 1200
h is compared with a saline infusion. The saline infusion was per-
formed in two patients while the somatostatin infusion was per-
formed in three patients. The changes in plasma levels are expressed
as the mean percent of the base-line values obtained from 0600 to
0800 h as follows: (4) plasma urate levels (mean base-line value,
12.1; range, 9.8-15.9 mg/dl); (B) blood lactate levels (mean base-line
value, 13.8; range, 11.8-18.0 megy/liter); (C) plasma glucose levels
(mean base-line value, 61; range, 48-84 mg/dl); (D) plasma glucagon
levels (mean base-line values, 82; range, 47-129 pg/ml).

urate, urine uric acid, oxypurine, and excretion of radiolabeled
purines were unchanged or decreased compared with base-line
values (Figs. 4 and 5). Thus, with infusion of somatostatin,
there was no stimulation of ATP degradation despite hypogly-
cemia which was similar to that during saline infusion (Fig.
4). With cessation of somatostatin infusion, there was a
rebound rise in serum urate, urine radioactivity, and urine
oxypurine excretion.
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Figure 5. Urinary purine response to saline or somatostatin infusion.
The studies are the same as described in Fig. 4. The changes in
urinary excretion are expressed as the mean percent of base-line
values obtained from 0600 to 0800 h as follows: (4) Urinary radioac-
tivity excretion (mean base-line value, 4.0 X 107 range, 3.2-5.4

X 107 cpm/mg creatinine); (B) Urinary oxypurine excretion (mean
base-line value, 0.21; range, 0.11-0.36 umol/mg creatinine);

(C) Urine uric acid excretion (mean base-line value, 0.5; range, 0.33-
0.74 mg/mg creatinine).

Discussion

Hyperuricemia and gout occur frequently in glucose-6-phos-
phatase deficiency (1-10, 24-26). The hyperuricemia results
from both a decreased renal clearance of urate secondary to
lactic acidemia (1, 4, 5) and ketonemia (2) and increased
production of uric acid (2, 3, 6, 7). Decreased renal clearance
of urate was evident in the three patients studied (Table I).
Accelerated ATP degradation in response to hypoglycemia
and the release of glucagon has been proposed as a cause for
uric acid overproduction in glucose-6-phosphatase deficiency
(Fig. 1) (8-10). The activation of glycogen phosphorylase by
glucagon leads to glycogenolysis and formation of glucose-6-
phosphate. In the absence of glucose-6-phosphatase, only limited
quantities of free glucose can be formed in the liver probably
from debrancher enzyme activity (23). Continuing formation
of phosphorylated sugars (2) leads to trapping of inorganic
phosphate and depletion of ATP (9). Under these conditions,
purine nucleoside monophosphates may accumulate and in
turn are degraded to uric acid. An analogous mechanism

underlies the hyperuricemia accompanying disorders of fructose
metabolism (10, 27) and the accelerated ATP degradation
following fructose infusion in subjects with normal enzyme
activity (28-32).

The proposed model has been evaluated in our experiments.

Correction of hypoglycemia suppresses plasma glucagon levels
and reverses cellular glucopenia. Sustained .normalization of
blood sugar by either intravenous or intragastric infusion of
nutritional supplements corrects the metabolic abnormalities
including hyperuricemia and growth retardation of children
with glucose-6-phosphatase deficiency (33-40). In our study,
acidosis, hyperlipidemia, and hyperuricemia were improved
by continuous intravenous glucose infusion (Fig. 2). Plasma
glucagon concentrations were lowered during this therapy in
our studies and in previous experiments (33, 41). These
findings are consistent with the hypothesis that glucagon
stimulates uric acid production. However, since hypoglycemia
was eliminated, it is difficult to attribute the changes in uric
acid levels to the reduction in glucagon levels alone.
, Glucagon administration increases the serum urate levels
in patients with glucose-6-phosphatase deficiency (9). Phar-
macologic doses of intravenous glucagon lowered hepatic ATP
content and increased hepatic concentrations of phosphorylated
sugars. These metabolic alterations accompanied an acute rise
in the serum urate level. Our studies support the association
between glucagon injection and uric acid metabolism, since a
pharmacologic dose of glucagon elevated the serum urate level,
the urinary oxypurines, uric acid, and radioactivity originating
from labeled ATP. However, these observations do not prove
that glucagon is responsible for increasing ATP degradation in
glucose-6-phosphatase deficiency, since endogenous plasma
glucagon levels are only modestly increased to <10% of the
values achieved in these pharmacologic experiments. )

Central to the model presented, linking hypoglycemia to
purine degradation, is the concept that endogeneous release of
hypoglycemia counterregulatory hormones should activate ATP
breakdown to uric acid in patients with glucose-6-phosphatase
deficiency. Untreated patients have elevated glucagon levels
(33, 41), which may be a response to chronic hypoglycemia
(37, 42). We tested the hypothesis that the elevated glucagon
concentration causes the hyperuricemia of glucose-6-phospha-
tase deficiency by examining the responses to suppression of
glucagon levels during the infusion of somatostatin. Infusion
of somatostatin lowered the plasma glucagon level and simul-
taneously reduced the serum urate level, urinary uric acid,
oxypurine, and radiolabeled purine excretion as compared
with the values observed during a saline infusion under
identical conditions. With cessation of the somatostatin infu-
sion, there was a rebound rise in plasma glucagon paralleled
by a rise in serum urate, urinary oxypurine excretion, and
urinary radioactivity excretion. These changes provide evidence
that activation of ATP degradation to uric acid is regulated in
part by the increase in endogenous plasma glucagon levels.
However, it remains to be determined whether physiologic
glucagon replacement of levels suppressed by the infusion of
somatostatin will stimulate ATP degradation.

While it may be speculated that the hyperuricemia response
results entirely from glucagon release during hypoglycemia,
the possibility exists that other factors mediate the accelerated
ATP degradation to uric acid during hypoglycemia. In normal
subjects, plasma concentrations of glucagon, catecholamines,
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growth hormone, and cortisol all increase with hypoglycemia
(42-44). Changes in growth hormone levels do not seem to
account for alterations of uric acid synthesis, since changes
were modest and did not correspond with increases of ATP
degradation. However, both glucagon and catecholamines can
rapidly stimulate glycogenolysis and gluconeogenesis and are
the most important hormonal counterregulatory factors which
increase glucose production in response to hypoglycemia in
normal humans (45-50). We cannot exclude the possibility
that catecholamines released during hypoglycemia may con-
tribute to the increased uric acid synthesis of glucose-6-
phosphatase deficiency. However, this seems less likely since
somatostatin infusion diminished the hyperuricemic response
to hypoglycemia and somatostatin does not alter catecholamine
levels (50).

Accelerated ATP degradation and increased production of
urate, which contribute to the hyperuricemia of glucose-6-
phosphatase deficiency, may be important in other clinical
disorders. Increased ATP breakdown to uric acid accounts for
the hyperuricemia secondary to hypoxia, vigorous muscular
exercise, ethanol intake, inborn errors of fructose metabolism,
fructose infusion, and possibly a subgroup of patients with
primary hyperuricemia and overproduction of uric acid (10,
27-32, 51-55). It seems possible that abnormalities in glucose
metabolism or the hormonal mediators regulating glucose
availability could be factors involved in the pathogenesis of
hyperuricemia in some gouty patients.
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