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Myopathic symptoms in Glycogen Storage Disease Type IIIa (GSD IIIa) are generally ascribed to the muscle
wasting that these patients suffer in adult life, but an inability to debranch glycogen likely also has an impact
on muscle energy metabolism. We hypothesized that patients with GSD IIIa can experience exercise intoler-
ance due to insufficient carbohydrate oxidation in skeletal muscle. Six patients aged 17–36-years were stud-
ied. We determined VO2peak (peak oxygen consumption), the response to forearm exercise, and the metabolic
and cardiovascular responses to cycle exercise at 70% of VO2peak with either a saline or a glucose infusion.
VO2peak was below normal. Glucose improved the work capacity by lowering the heart rate, and increasing
the peak work rate by 30% (108 W with glucose vs. 83 W with placebo, p=0.018). The block in muscle gly-
cogenolytic capacity, combined with the liver involvement caused exercise intolerance with dynamic skeletal
muscle symptoms (excessive fatigue and muscle pain), and hypoglycemia in 4 subjects. In this study we com-
bined anaerobic and aerobic exercise to systematically study skeletal muscle metabolism and exercise toler-
ance in patients with GSD IIIa. Exercise capacity was significantly reduced, and our results indicate that this
was due to a block in muscle glycogenolytic capacity. Our findings suggest that the general classification of
GSD III as a glycogenosis characterized by fixed symptoms related to muscle wasting should be modified to
include dynamic exercise-related symptoms of muscle fatigue. A proportion of the skeletal muscle symptoms
in GSD IIIa, i.e. weakness and fatigue, may be related to insufficient energy production in muscle.
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1. Introduction

Glycogen Storage Disease Type III (GSD III) is an inborn error of me-
tabolism, which is caused by glycogen debranching enzyme (GDE) de-
ficiency [1,2]. GDE is expressed in most tissues and plays a central role
in glycogen catabolism [3,4]. In 85% of patients with GSD III, the GDE ac-
tivity is absent in both skeletal muscle and liver (GSD IIIa) while 15% of
patients have only liver involvement (GSD IIIb) [5,6].

Skeletal muscle glycogen is an essential source of energy to sup-
port muscle contraction, especially at high intensities of exercise
[7,8]. Due to the defect in muscle glycogen breakdown in GSD III, it
could therefore be expected that exercise-related symptoms occur
in patients with GSD III, due to an energy crisis in muscle, similar to
what is observed in myophosphorylase deficiency (McArdle disease,
GSD V). The forearm exercise test has been used to examine exercise
tolerance in patients with GSD III. However, exercise tolerance to
more prolonged aerobic types of exercise involving larger muscle
groups, has not yet been quantified in an experimental setting in pa-
tients with GSD III [9,10].

The aim of the present study was to determine the response and
tolerance to exercise in patients with GSD IIIa without major perma-
nent muscle weakness. We questioned the current description of this
disorder as being mainly associated with static muscle involvement in
adults [9,11,12]. We hypothesized that in young patients with GSD
IIIa, without major weakness or muscle wasting, we would observe
exercise intolerance, as a consequence of an impaired skeletal muscle
glycogenolytic capacity. In an attempt to unmask skeletal muscle
metabolic derangements, we provoked muscle metabolism with
moderate- and high-intensity exercise.

We determined peak work capacity on a cycle-ergometer, and the
response to static forearm exercise. We observed whether or not a
second-wind phenomenon occurred, and measured pulmonary gas-
exchange, and plasma metabolites and hormones during cycle-
ergometer exercise at 70% of VO2peak (peak oxygen uptake). Finally, in
an attempt to circumvent themetabolic block in skeletalmuscle, the pa-
tientswere allocated to receive either saline (placebo) or a glucose infu-
sion during constant load cycling. This test was performed because we
hypothesized that supplying energy below the metabolic block could
improve exercise tolerance, as it has been observed in GSD V, which is
similar in that the enzyme deficiency affects glycogenolysis [13].

2. Subjects and methods

Please refer to the Supplemental Data for additional details of the
methods.

2.1. Subjects

Six patients with biochemically or genetically confirmed GSD IIIa
were included (Table 1).

2.2. Outcome measures

The patients were studied during 4 separate exercise interven-
tions. 1) Peak exercise capacity: In this test, the primary outcome
was to measure Wpeak (peak work rate), VO2peak, and change in plas-
ma lactate concentration. 2) Non-ischemic forearm exercise test: Out-
comes were changes in plasma lactate and ammonia concentrations.
3) The placebo (saline) infusion study: The primary outcomes of the
placebo infusion trial were to observe whether a second-wind phe-
nomenon occurred, and to describe changes in plasma lactate and
glucose during exercise. 4) The glucose infusion study: The primary
outcome measures of the glucose infusion study were changes in
heart rate, RPE (ratings of perceived exertion) and changes in Wpeak

compared to placebo.

2.3. Exercise testing

2.3.1. Peak exercise capacity (day 1)
Wpeak and VO2 peak were determined on the first test day. The sub-

jects exercised on a cycle ergometer on which workload was gradual-
ly increased until exhaustion. Pulmonary gas-exchange and heart rate
were monitored continuously and blood samples were drawn at rest
and at time of exhaustion. The results of this test were compared to
12 healthy (6 women and 6 men) gender- and age-matched (28±
7 years) sedentary controls, tested with the same peak protocol on
a different occasion.

2.3.2. Non-ischemic forearm exercise testing (day 1)
This test was performed using a hand-grip dynamometer. The

method has been described in detail elsewhere [14]. The subjects
squeezed the grip handle continuously, applying a force correspond-
ing to 70% (isometric work) of their maximal hand-grip strength,
for 30 s. Blood samples were drawn according to Fig. 2.

2.3.3. Infusion trials (placebo and IV glucose, days 2 and 3, Fig. 1)
Each patient was randomized and blinded to receive a 10% glucose

solution intravenously on one day and an isotonic saline (placebo) in-
fusion the other day. The infusion was delivered as a 125 mL bolus,
followed by a constant rate infusion (5 m per minute), which was
given until exhaustion. On day one, three patients received the

Table 1
Clinical and molecular characteristics of the patients.

Patients Age
(years)

BMI
(kg m2)

AGL-gene mutation Enzyme activity
(nmol min−1 h−1)†

Age of onset Muscle weakness§ Plasma CK
(U L−1)

Cardiac
involvement

Vital capacity
(% of normal)

♠1♂ 19 25 c.664+1G>A
c.664+1G>A

Blood: 0 Childhood No 780 HCM
EF=normal

93%

♠2♂ 17 26 c.664+1G>A
c.664+1G>A

Not done Childhood LL proximal weakness (MRC 4) 2450 HCM
EF=normal

93%

3♀ 36 37 ND Liver: 0 15 years No 2600 HCM
EF=normal

97%

4♂ 34 28 c.3216_3217delGA
c.3216_3217delGA

Blood: 0 16 years No 5000 HCM
EF=normal

97%

5♀ 33 25 c.2229delT
c.3486_3488delGAA

Blood: 0 Childhood UL proximal weakness (MRC 4) 1731 No HCM
EF=normal

ND

6♀ 24 23 c.752A>G
c.1736-11A>G

Blood: 0.86 Childhood LL proximal weakness (MRC 4) 828 No HCM
EF=normal

100%

Mean 27.2 27.2 NA NA NA NA 2232 NA 96.0
SD 8.2 5.1 1561 3.0

Legend ♂=male and ♀=female.♠=Subject nos. 1 and 2 were brothers. SD=standard deviation. BMI=body mass index. †=Enzyme activity was based on the incorporation of
14C-glucose into glycogen. ND=not done. §=Muscle strength was graded using the Medical Research Council Scale (5 point scale). LL=lower limb. UL=upper limb. CK=Plasma
creatine kinase, reference values b280 UL−1. HCM=hypertrophic cardiomyopathy. EF=ejection fraction, above 65% was defined as normal. NA=non-applicable. None of the
subjects took any medications.
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