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Abstract

Aim: To investigate the in vivo skeletal muscle metabolism in patients with

β-enolase deficiency (GSDXIII) during exercise, and the effect of glucose

infusion.

Methods: Three patients with GSDXIII and 10 healthy controls performed a

nonischemic handgrip test as well as an incremental cycle ergometer test measur-

ing maximal oxidative consumption (VO2max) and a 1-hour submaximal cycle test

at an intensity of 65% to 75% of VO2max. The patients repeated the submaximal

exercise after 2 days, where they received a 10% iv-glucose supplementation.

Results: Patients had lower VO2max than healthy controls, and two of three

patients had to stop prematurely during the intended 1-hour submaximal exercise

test. During nonischemic forearm test, all patients were able to produce lactate in

normal amounts. Glucose infusion had no effect on patients' exercise capacity.

Conclusions: Patients with GSDXIII experience exercise intolerance and epi-

sodes of myoglobinuria, even to the point of needing renal dialysis, but still retain

an almost normal anaerobic metabolic response to submaximal intensity exercise.

In accordance with this, glucose supplementation did not improve exercise capac-

ity. The findings show that GSDXIII, although causing episodic rhabdomyolysis,

is one of the mildest metabolic myopathies affecting glycolysis.
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β-enolase deficiency, exercise intolerance, exercise metabolism, GSDXIII, maximal exercise
capacity, metabolic myopathy

Synopsis
Patients with GSDXIII suffer from a mild glycolytic defect that limits maximal
oxidative capacity.
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1 | INTRODUCTION

Enolase is the enzyme responsible for the penultimate
step in glycolysis as it catalyzes the conversion of
2-phosphoglycerate to phosphoenolpyruvate. The enzyme
exists in three tissue-specific isoforms in adults, each com-
posed of a homodimer of the α-, β-, or γ-subunit of enolase.1

ENO3, a homodimer of the subunit β-enolase, is responsible
for nearly all enolase activity in skeletal muscle tissue.2

Recessive mutations in the autosomal ENO3 gene
(ENO3) have been reported to cause β-enolase deficiency,
also called glycogen storage disease number XIII (GSDXIII).
GSDXIII is extremely rare with only five patients reported
worldwide so far.3-5 These patients all have a history of
exercise intolerance and episodic rhabdomyolysis without
cardiac involvement. So, clinically these patients resemble
other glycogenosis with episodic symptoms related to
energy deficiency during exercise,6,7 but exercise capacity
and metabolism during exercise has never been studied in
GSDXIII-patients. In this study, we had the opportunity to
examine three of the five known patients with GSDXIII.

Because of the relative block in glycolysis, we hypoth-
esized that the GSDXIII-patients, like other partial
defects of glycolysis,7,8 retain a partial glycolytic flux, lim-
iting only high-intensity exercise capacity. We also
hypothesized that iv-glucose supplementation will not

improve exercise capacity in GSDXIII-patients unlike
that seen in a number of more proximal defects of glycol-
ysis and glycogenolysis.6,9-15

2 | MATERIALS AND METHODS

2.1 | Participants

We investigated three unrelatedmenwithGSDXIII. The diag-
noses were verified genetically and biochemically (Table 1).3-5

Thepatientsall experiencedexercise intolerance, contractures,
and repeated episodes of rhabdomyolysis. Two of the three
have prolonged episodes of myalgia with exercise (Table 1).
The patients had nomuscle weakness or atrophy. The partici-
pantsdidnot takeanymedication.Physical activity level in the
three patients varied: patient 1 did not exercise regularly,
patient 2 performed moderate-intensity exercise for 5 hours
twice a week and walked approximately 1 hour per day, and
patient 3 walked 1 hour almost daily. Cycle ergometer tests
results were compared to exercise tests performed by
10 healthy, sedentary controls (average age 35 ± 11 years,
weight 70 ± 11 kg, averagemaximal oxygen consumption 46
± 7 mL O2 min�1), who cycled at the same absolute work-
load as the patients. Results from the nonischemic handgrip
test were compared to results from nine other healthy

TABLE 1 Clinical, genetic, and biochemical characteristics, and results from maximal exercise test in patients and control group.

Patient 1 Patient 2 Patient 3

Healthy controls (N = 10)

Mean ± SD Range

Baseline demographics

Age (y) 50 21 41 33 ± 11 19-56

Body Mass Index (kg m�2) 35 29 25 22 ± 3 19-27

Mutation, homozygous c.452A>G c.1070G>A c.559G>A NA NA

Enzyme activity (% of normal) 20a 33b 10a NA NA

Onset of exercise intolerance (y) 20 15 0 NA NA

Myalgia Yes Yes No NA NA

Episodic rhabdomyolysis Yes Yes Yes NA NA

Peak creatine kinase (U L�1) 200 000 193 000 75 000 NA NA

Maxtest

VO2max (mL kg�1 min�1) 12* 22* 28* 46 ± 6 36-56

Heart ratemax (bpm) 126 188 174 191 ± 9 181-210

Workloadmax (J s
�1) 35 175 130 237 ± 82 160-390

Lactatemax (mmol L�1) 1.2 8.6 6.7 11.5 ± 2.8 9-17.3

Creatine kinaserest (U L�1) 126 931 94 NA NA

Creatine kinasepeak (U L�1) 374 2530 121 NA NA

NA assigned when value is Not Applicable.
*Result significantly different from mean in healthy control group, p < 0.05.
aAs reported in Musumeci et al, Journal of Neurology, 2014.3
bAs reported in Wigley et al, JIMD Reports, 2019.5
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controls (average age 34 ± 3 years, weight 77 ± 5 kg, maxi-
mal voluntary contraction [MVC] 45± 4 kg). Both groups of
healthy controls were recruited for this and other metabolic
studies thathavebeenreportedearlier.12,16,17

2.2 | Nonischemic forearm exercise test

Each participant performed a nonischemic forearm exercise
test by squeezing a handheld dynamometer at MVC every
other second for a full minute with their dominant hand.16

The best of three attempts at MVC was determined before

the test, and force was monitored every 10 seconds through-
out the test. Venous lactate and ammonia were measured
before (baseline), at the end of exercise, and 1 and 5 minutes
postexercise. Blood samples were drawn from a venous
catheter in the median cubital vein of the exercising arm.

2.3 | Maximal exercise

Each participant performed an incremental cycle test to
exhaustion on an electronically braked cycle ergometer
(Lode Excalibur, The Netherlands) to determine maximal

FIGURE 1 Nonischemic handgrip test in three patients with β-enolase deficiency and nine healthy controls. Participants squeezed a

handheld dynamometer with maximal force at a frequency of 1 Hz 60 seconds (gray area). Contraction force was documented every

10 seconds, except in patient 1. Average for healthy controls is shown by the dotted line
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oxygen consumption (VO2max), maximal heart rate (HR),
and maximal workload (Wmax).

2.4 | Submaximal exercise

The next day, patients and healthy controls performed
an intended 1-hour cycling bout at a workload
corresponding to 65% to 75% of the patient's VO2max.
The participants were fasted overnight. Breath-by-
breath gas exchange was measured with a metabolic
cart (Cosmed, Italy). Blood samples were drawn prior
to the exercise and every 10 minutes during exercise.
Concentrations of lactate, free fatty acids (FFAs), and
glucose were measured.

After a day of rest, the GSDXIII-patients repeated the
submaximal exercise test, this time with a 10% iv-glucose
solution. A bolus of 10% iv-glucose was delivered
10 minutes before the beginning of the exercise, followed
by a constant infusion of 4.7 mL kg�1 min�1. The effect
of iv-glucose was evaluated by duration of exercise, HR,
and rate of perceived exertion (RPE).18

2.5 | Calculations

Whole-body fatty acid oxidation (FAO) was calculated by
indirect calorimetry using a nonprotein respiratory quo-
tient.19 Differences in mean exercise values and oxidation
rates between patients and controls were assessed using an
unpaired Student's t test, and with a paired t test when
assessing the effect of iv-glucose supplementation. A P value
of <.05 (two-tailed testing) was considered significant.
Results are shown as mean ± SD.

3 | RESULTS

3.1 | Nonischemic forearm exercise test

MVC, peak lactate, and ammonia levels in the patients
were comparable to the values in the healthy controls
(Figure 1) (peak p-lactate 4.2 ± 2.1 mmol L�1 vs 5.6
± 1.1 mmol L�1 in controls, P = .1, and peak p-ammonia
137 ± 89 μmol L�1 vs 141 ± 33 μmol L�1 in controls,
P = .9), except in patient 2 in whom both metabolites

FIGURE 2 Metabolic parameters in three patients with GSDXIII with and without glucose supplementation and 10 healthy controls

during submaximal exercise up to 60 minutes: A, Oxygen consumption rate; B, Respiratory exchange rate; C, Plasma lactate; D, Plasma

glucose; E, Fatty acid oxidation; F, Plasma free fatty acids; G, Heart rate. Results illustrated as an average ± SD
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reached half the values of the healthy controls, indicating
low effort during handgrip. Patient blood glucose levels
were between 4 and 8 mmol L�1 and remained constant
throughout the test (maximal variation 0.2 mmol L�1).

3.2 | Maximal exercise

Average VO2max andWmax in the patients was less than half
that in the healthy controls (Table 1), though difference in
Wmax did not reach statistical significance (P = .02 and
P = .07, respectively). Peak lactate was generally lower in
patients than in controls, reflecting the lower external work.
Patients 2 and 3 reached values of HRmax that were
expected for their age, while patient 1 reached a HRmax 30%
lower than expected for his age.20

3.3 | Submaximal exercise

Only one patient completed 60 minutes of exercise in
both tests, while the others stopped prematurely: patient 1
because of contractures, and patient 2 because of fatigue.
HR was stable throughout exercise, without signs of a
second wind phenomenon.9

The constant workload corresponded to a higher relative
workload for the patients than for the healthy controls as
reflected by a higher average VO2 (74% ± 10% vs 51% ± 15%
of VO2max, P = .016), a higher average HR (87% ± 8% vs
70% ± 15% of HRmax, P = .008) (Figure 2) as well as higher
RPE at the end of exercise (18 ± 2 vs 13 ± 4, P = .011).

3.4 | Metabolism during submaximal
exercise

Glucose levels remained within normal range
(4.1-5.5 mmol L�1) during the test in the GSDXIII-patients
and healthy controls (Figure 2). Plasma lactate tripled in the
GSDXIII-patients compared to end lactate in the healthy
controls and the respiratory exchange rate rose (0.83 ± 0.11
vs 0.81 ± 0.06 in controls, P = .054), indicating a significant
contribution from carbohydrate oxidation to the exercise
metabolism (Figure 2), a result of the higher relative work-
load in the patients favoring glycolytic metabolism.

Circulating FFAs and FAO both increased with exer-
cise in patients and healthy controls.

3.5 | Fuel supplementation

Duration of exercise, average HR and VO2, and rate of
perceived exertion at the end of the exercise were not

significantly affected by the iv-glucose supplementation
in the GSDXIII-patients (Figure 2).

3.6 | Safety

No patient experienced myoglobinuria. Plasma creatine
kinase (p-CK) tended to increase after exercise in all
patients but not to levels indicating rhabdomyolysis
(Table 1).

4 | DISCUSSION

The main finding in this study is that patients with
GSDXIII have a reduced oxidative capacity during exer-
cise to about half that in healthy matched controls.
Despite this reduced peak exercise capacity and repeated
episodes of rhabdomyolysis in all patients, glycolytic
flux was near normal at submaximal exercise intensities.
The findings therefore suggest that this rare muscle
glycogenosis is relatively mild, only demasking a limita-
tion in the glycolysis during peak or higher intensity
exercise, in line with what has been reported for other
defects of distal glycolysis,7,8,21 which however on rare
occasions can progress to kidney failure as observed ear-
lier in one of our patients. Because GSDXIII is a rare gly-
colytic disorder, it may be unrecognized due to its mild
nature and could be missed if not considered in the dif-
ferential diagnosis of rhabdomyolysis. It is possible that a
future patient with GSDXIII could present with a more
severe clinical phenotype as a result of lower residual
enzyme activity and a more significant glycolytic block
than the patients we have in examined in this study. This
is only speculative, however, as we have studied three
out of the five known cases of β-enolase deficiency world-
wide who all show a relatively mild phenotype.

Iv-glucose supplementation did not change exercise
capacity, in contrast to what has been reported in
patients with more proximal defects of glycolysis, such
as myophosphorylase deficiency (McArdle disease) and
phosphoglucomutase deficiency, showing that the
increased glucose availability does not increase the gly-
colytic rate in patients with GSDXIII.9,21 The lack of
effect is in line with findings in other defects of glycoly-
sis, such as phophofructokinase and phosphoglycerate
mutase deficiencies.7,11 On the contrary, oral ingestion
of sucrose or other types of carbohydrate in patients
with GSDXIII, where insulin response is much greater
than with IV administered glucose supplementation,
might actually be harmful. Oral sucrose supplementa-
tion would suppress FAO to an even higher degree
than is seen in our study and the effect could be
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reminiscent of the “out-of-wind” phenomenon in phos-
phofructokinase deficiency.11

Our results indicate that residual β-enolase activity as
low as 10% supports normal lactate production. Normal
lactate production has also been found in other partial
defects of glycolysis such as phosphoglycerate mutase
deficiency and patients with less severe phosphogluco-
mutase type 1 deficiency.7,21 This is contrary to patients
with other glycogen storage diseases, such as McArdle
disease, phosphofructokinase and phosphoglycerate kinase
deficiencies, and more severe cases of phosphoglucomu-
tase type 1 deficiency, who clinically present with more
severe phenotypes and lower glycolytic capacity.6,8,10,22

Residual enzyme activity levels and kinetic profiles of
enolase in the GSDXIII patients we studied have been
reported earlier,3,5 but are not directly comparable.
Therefore, any correlation between residual activity and
lactate production cannot be determined.

Despite all being able to produce lactate as a response
to high intensity exercise, two of the three GSDXIII
patients were not able to do this consistently throughout
the different exercise protocols. This finding suggests a
level of underperformance. All three patients had been
cautioned against exercising by treating health care pro-
fessionals. These warnings, combined with personal his-
tories of episodic rhabdomyolysis and unfamiliarity with
strenuous exercise, could explain the unintentional
underperformance, and might also be the reason that an
earlier study has indicated that these patients have
an impaired ability to produce lactate.4 In this study, one
patient had increased CK levels at rest, and also had a
significant rise in CK after cycle testing, without any clin-
ical symptoms. No adverse event occurred in response to
the exercise tests. The findings of this study suggest that
submaximal exercise could be a beneficial exercise form
for this type of patients. However, further research into
the safety of exercise training is necessary and important
to possibly prevent a detrimental sedentary lifestyle in
these patients.

5 | CONCLUSION

Like other milder glycogen storage diseases, patients with
GSDXIII have reduced maximal oxidative capacity, but
sufficient flux through the glycolysis to support lactate
production during submaximal exercise intensity.
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