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Abstract

Myophosphorylase deficiency (McArdle’s disease) is the most frequently diagnosed glycoge-
nosis of muscle. The molecular characterization of the defect at the protein, RNA, and DNA
level, while adding to the understanding of the disease, underlies its heterogeneity. We present
18 Ttalian patients with McArdle’s disease, review their clinical, biochemical, and molecular
data, and present the results of a small therapeutic trial with propionyl-L-carnitine. In our
patients there was a prevalence of mild clinical presentation, which did not correlate with a
distinctive biochemical or molecular pattern. The distribution of genomic mutations reflected
the particular ethnic background of the Italian population, and it was unlike other reported
studies.

Patients with McArdle’s disease demonstrate decreased O, utilization and metabolic changes
suggestive of impaired oxidative metabolism. Propionyl-L-carnitine treatment causes some
changes suggestive of better activation of lipid metabolism.
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Myuphnsplml‘ylusc (M-GP)deficiency since its original
description by McArdle [16] constituted a methodological
model for the clinical, biochemical, and more recently
molecular approach to muscle metabolic dysfunction in
man.

The lack of lactate production by exercising muscle
observed by McArdle in 1951 was the key which led to the
hypothesis that a defect in glycogen breakdown was the
cause of the disorder. However it took 8 years (o prove the
biochemical defect [20, 25], 12 more years (o sort out
between patients without any protein and patients with
inactive but immunologically detectable enzyme [8], 16
more years to show the remarkable heterogeneity at the
transcript level [9, 17, 26], and only in the last two years a
genomic mutation was associated conclusively with the
disease [29].

During these 40 years of McArdle’s disease history sev-
eral works focused on the pathophysiology of the diseasc.
As a consequence the apparently simple concept of ATP
shortage due to impaired glycolysis was substituted by the
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complex picture of unbalanced metabolic pathways lead-
ing to muscle energy failure [14]. In the same way the
initial therapeutic strategy of by-passing the glycogen un-
availability in muscle by rising blood glucose, changed to
a more comprehensive approach which favours the com-
pensatory potential of alternative metabolic pathways.

In spite of this long path in studying and characterizing
the discase, several questions about etiology, pathophysi-
ology, and treatment, remain open.

In this work we present our experience with a large group
of [talian patients in light of the new advances of molecular
genetics, and present the results of a preliminary open
therapeutic trial with propionyl-carnitine. We choose pro-
pionyl-carnitine as candidate therapy because it could act
at three levels: 1) on the Krebs cycle, with an anaplerotic
effect thanks Lo its propionyc moiety [5], 2) on fatty acids
oxidation easing their uptake into mitochondria thanks to
carnitine [12], 3) on ammonia clearance functioning as
glutamate precursor [34].
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Materials and Methods

Patients

18 patients with biopsy proven myophosphorylase defi-
ciency currently followed in the Centres of Padova (13
patients), Pisa (2 patients), and Messina (3 patients). The
essential data on the patients are summarized in table 1.
Biochemistry

Glycogen phosphorylase (GP) activity and glycogen
content were assayed in muscle homogenate as described
[6]. Protein studies were carried out by SDS-PAGE with a
linear gradient of 8-13% in the separating gel. The slabs
were either stained with coomassie-blue or blotted onto
nitrocellulose and immunostained with specific anti M-GP
antiserum as described elsewhere [19].

Molecular genetics

Total RNA purified from muscle specimens by the RNA-
zol kit (Cinna-Biotex Labs, Houston, TX) was studied by
Northern blot or by PCR amplification after reverse tran-
scription (RT) as described elsewhere [19]. cDNA ob-
tained by RT or genomic DNA extracted from muscle or
blood cells were PCR amplified using specific primers
covering the entire coding sequence of the M-GP gene [29,
30]. The presence of the described mutations (codons 49,
204, 291, 396, 542, 654, 708) was tested by restriction
analysis (respectively with Nlalll, Haelll, Kspl, Bell,
Maell, Mscl) of amplified fragments and resolution on 3%
agarose gel (2% Nu-Sieve 1% agarose) or by direct se-
quencing (codon 708).

Exercise studies

Four hours alter a light and balanced meal 5 patients and
5 controls completed a progressive exercise test on bicycle
crgometer (Ergomed 740, Siemens). Work load was in-
creased stepwise by 20 W every 3 min until exhaustion

Table 1. Essential data of McArdle's patients.

n. of Je

patients
Sex M 12 67
_— I: (‘ 3-X
Age <30 7 39
al 30-50 7 39
diagnosis > 50 4 18
Age <10 10 56
of 10-35 2 Il
Onset > 35 6 33
sibs 5 28
Family + 3} 16
- 10 56

(inability of the subject Lo sustain the constant pedalling on
the bicycle ergometer). After completion of the exercise
test the subjects lay down for 30 min. Before, during and
after exercise, the following parameters were measured:
breath rate, ventilation (Ve/min) (Biomed inc. spirometer),
O, uptake (VO,), CO, production (VCO,) (Datex 0,/CO,
analyzer), blood pressure (measured with a sphygmoma-
nometer on the left arm every 2 min), PO,, PCO,, and pH
on arterialized blood (every 3 min), blood glucose, lactate,
pyruvate, ammonia, free fatty acids (FFA), K+, Pi, creatin
kinase (CK) (on venous blood drawn from the right ante-
cubital vein every 3 min during effort and after 5 and 30
min during recovery). Plasma carnitine and its fractions
were measured at rest, at exhaustion, 5 and 30 min during
recovery. PO,, PCO,, and pH were measured on a ABL-30
Radiometer (Copenhagen), lactate and pyruvate and CK
were measured spectrophotometrically, FFA, glucose, am-
monia, Pi, and K+ were assayed by routine methods. For
plasma carnitine and its fractions we used the radiochemi-
cal assay as modified by Parvin and Pande [21]. A three
channel EKG was recorded during the entire test.
Propionyl-carnitine trial

The same protocol was repeated in the five patients under
acute propionyl-carnitine treatment. The treatment con-
sisted in a first i.v. infusion (25 mg/Kg) 24 hours before
the test and a second i.v. infusion just before (15 mg/Kg)
and during (15 mg/Kg) the effort. The two exercise lests
were separated by at least 15 days. The results of the first
exercise test were compared for each patient with the
performance of the second test.

Results

Clinical presentation

Among our patients males outnumbered females (2:1).
Age of onsel was below 10 years in 56%, late onset (over
35 year) was observed in 33%. Family history was positive
for 44% (table 1). Of particular interest was a family to
which belonged 3 of our sibling cases. In this pedigree
there was no reported parental consanguinity, and 3 out of
4 siblings were affected.

The sign which led the patients to the neurologist and
whichaddressed the diagnostic work-out was myoglobinu-
ria in all the cases in which it was reported (39%). In the
other patients the key element for diagnostic orientation
was elevated blood CK, although the complaint which took
the patients to the doctor was weakness or exercise intoler-
ance. The average time between the probable age of onset
and the diagnosis was 16 £ 9 years (range 1-29 years). In
most patients the clinical picture did not change between
pre- and post-diagnosis years, with the exception of the
episodes of myoglobinuria which became much less fre-
quent after the correct diagnosis was established. None of
the patients who experienced myoglobinuria developed
renal failure. In 3 patients there was a progressive deterior-
ation with fixed weakness, hypotrophy, and severe exer-
cise intolerance. Cardiovascular (hypertension or
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cardiomyopathy) or cerebrovascular (ischemic stroke) in-
volvement was observed in 4 patients. Ischemic lactate test
and EMG were performed in all patients but one, in whom
the diagnosis was suspected on the ground of family his-
tory. and confirmed by molecular testing on genomic
DNA. Lactate test was always positive, while the EMG
showed abnormalities suggestive of myopathy in only 4
cases (table 2).

Most patients (13/16) do not follow a specific therapy,
and report no significant limitations in their daily activities
once they avoid strenuous exercise. One patient uses oral
fructose supplementation occasionally when planning un-
usual efforts, one patient is currently assuming oral propio-
nyl-carnitine (500 mg t.i.d.) and reports subjective benefit
and no side effect, one is following a high protein diet (28%
proteins) with limited benefit.

Biochemical and molecular characterization

A summary of biopsy findings, protein and transcript
analysis is provided in table 3.

Muscle biopsy was the diagnostic procedure taken in all
cases after the ischemic lactate test. PAS positive subsar-
colemmal blebs were observed in 13 biopsies, while in 3
biopsies the PAS + staining was diffusecly increased with-
oul vacuolization. Histoenzymatic stain for GP was com-

Table 2. Clinical and strumental data in McArdle’s patients.

Table 4. Genotype of McArdle’s patients.

Genotype n. of %
patients

49/49 2

49/- 4 22
49/654 1 6
494396 3 17
-1396 2 11
-/- 6 33

Simptoms and signs n. of %
patients

Exercise intolerance 18 100

Myoglobinuria 7 39

Weakness 6 33

Hypotrophy 4 22

High CK 17 94

Myopathic EMG 4 2

Table 3. Biopsy findings in McArdle's patients.

Biopsy linding n. of Y%
patients

Increased Glycogen 16 100
0 12 70

GP Activity < 3% 4 23
> 3% 1 G

GP Protein Absent 14 94
(Western Blot) Present | 6
GP mRNA Absent 4 27
(RT-PCR) Present I 73

pletely negative in 14 cases, while in 3 cases scattered
regenerating GP-positive fibres were observed. GP activity
was undetectable in 12 cases (70%), and below 3% of
control in 4 (22%). Only in one case the activity was 13%
ol control. Glycogen content was elevated in all 13 cases
tested. Immunodetectable M-GP protein was absent in 14
cases and present in reduced amount in I.

M-GP mRNA was assayed in 15 patients. It was detected
by RT-PCR in 11, and was absent in 4.

The profile of the genomic mutations detected in this
group of patients is provided in table 4.

Only 2 patients were homozygous for the R49X muta-
tion. No mutation was detected in 5 patients. Four patients
were compound heterozygous for R49X and a missense
mutation: L396P in 3 siblings, E654R in a sporadic case.
In six patients a mutation could be demonstrated only in
one allele: in two siblings it was the missense mutation
L396P, in four sporadic cases it was the R49X nonsense
mutation.

Exercise test

In all patients exhaustion was reached much earlier and
at lower workload (37.4 +9.6% of expected) than control.
VO, max was significantly reduced (56.6 + 19.37%) even
comparing the VO, of controls exercising at the same
workload at which the patients exhausted. Ventilation was
comparable to controls. Respiratory ratio (R) was below 1
in all patients (0.77 £ 0.11). Cardiovascular response to
exercise (heart rate, blood pressure) was not different be-
tween patients and controls.

The biochemical changes observed in controls during
and after exercise were: blood pH decrease. rise in blood
lactate and pyruvate (280% and 170%), slight rise in glu-
cose (115%), persistent slight rise in FFA (110%), moder-
ate increase of ammonia (150%) (fig. 1), no changes in CK,
Pi, K+.

[n the patients there was no change in blood pH and
lactate. Pyruvate showed a significant decrease during
exercise (-25+ 3%, p<0.02), and ammonia increased more
then fourfold (p < 0.001). FFA declined during effort and
rebounded to higher than control during recovery (fig. 1).
There were no changes in Pi, K+, and CK, which was

- 109 -



Diagnosis and therapy in McArdle’s disease

blsod lactre
* 4

200%

280% e *
; 200%
]
T 1m0x
2 " M
3 ! = =
»

L

% of batal vahes

g oW axhaution E, Bren rec Sorrin ree.
[C—comtrol —W—tirstteal —h—sacondtent

Biood smmonis
B0 b
nex,
AN -
%
!m *
}M *
s 0%
# 100%
A00%,|
Lo
0 £ arhaurtion B rae. 0rmin rac.
r —= & o]
finod glonas
120%
‘“'m
™ - o —u
H
T o
2
T oaon
"
Fa
%

o 0N ashaustion Bemin rec.
[C#—comrol W —rttest _ —A— sacond leni]

blosd FFA

§ 8
N

s 120% j . =
R \_.\;/
2 omn
a
5 %
* o

~ -

o

P o axhastion B 1o i rec.

[#—contol —B—teatinat  —d— pecond teat]

Figure 1. Variations in blood metabolites during and after
exercise test in controls (u), patients (1), and pa-
tients under propionyl-carnitine treatment (s).
Values are expressed as % of baseline levels. * p <
0.05 compared to baseline. + p < 0.05 compared
to other groups at the same time point.

elevated in patients at the baseline but did not rise any
further during or afler exercise.

Plasma [ree carnitine concentration did not change in
patients and control after effort. In controls there was a

significant increase in long-chain acyl carnitine (166% of

baseline values, p < 0.05) which was not observed in
patients. Medium-chain acyl-carnitine was moderately in-
creased during recovery in both patients and controls (fig.
2).
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Figure 2. Carnitine and its fractions during and after
exercise test in controls (U), patients (n), and pa-
tients under propionyl-carnitine treatment (s).
Values are expressed as % of baseline levels. * p <
0.05 compared to baseline. + p < 0.05 compared
to other groups at the same time point.

Propionyl-carnitine trial

Maximal workload, ventilation, VO, max, heart rate, and
R did not differ significantly between pre and post-treat-
ment exercise test. There was a trend towards lower am-
monia and more stable pyruvate levels in the
post-treatment test which was significant (p < 0.05) only
for pyruvate (fig. 1). There was a significantly (p < 0.05)
more pronounced decrease in FFA after effort in the post-
treatment test (-60% vs -19%) (fig. 1).

No difference was observed in glucose, CK, K+, Pi,
lactate between the two tests.

The treatment with propionyl-carnitine caused a signifi-
cant increase of baseline plasma free and acyl-carnitine (p
< 0.001). The increase was maximal for the medium-chain
(22 fold) and long-chain fraction (366%), and minimal for
free carnitine (150%). Atexhaustion there was a significant
further increase of all carnitine fractions, which returned
to baseline during recovery. Again the widest variation
(685%) was observed for medium-chain acyl carnitine (fig.
2).

Discussion

In the last 20 years myophosphorylase deficiency was the
glycolysis defect most [requently diagnosed in our
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Centres. 50% of patients presented clinically with a very
mild picture of exercise intolerance and no myoglobinuria,
20% of patients presented with a more severe picture of
fixed weakness, muscle wasting, limitation in daily living
activities, and the others had the classical picture of epi-
sodic myoglobinuria (table 2). This distribution is slightly
different from what has been reported in other works [7,
[1, 18] in which there was a larger proportion of patients
with moderate (50%) and severe (25%) presentation. The
diagnosis was suspected in 3 of 5 of our sibling cases on
the ground of familiarity, and only under specific question-
ing the patients recalled their poor performance in heavy
exercise, to which they had learned to adapt, to the point
to consider it “normal”. An other relevant difference be-
tween ours and previously reported series is the higher
proportion of late onset cases (33% vs 6-8%), and almost
all the patients with late onsel presented a very mild pheno-
type. The shift towards very mild presentation in our group
could be due to these factors.

The most sensitive non-invasive diagnostic test was the
ischemic lactate test, while the abnormality which most
frequently started the specific diagnostic procedure was
elevated serum CK. In our experience a compatible clinical
history and a positive ischemic lactate test are sufficient to
propose the patient for a muscle biopsy. A possible excep-
tion is a patient belonging to a family in which M-GP
deficiency has been diagnosed and in which a relevant
mutation has been demonstrated in both alleles. In this
patient the diagnosis can be conclusively reached by ana-
lysis ol blood genomic DNA.

The protein and mRNA study of our patients showed
results similar to other reported series (fig. 3a and 3b).

The presence of immunodetectable inactive M-GP pro-
tein is observed in less than 10% of patients, and M-GP
mRNA can be detected in more than 70% of patients. The
presence of immunodetectable protein was demonstrated
in only one of our patients, who was compound heterozy-
gous for the nonsense R49X and the missense E654K
mutations. His genotype is compatible with the reduced
translation of an inactive protein as observed. However the
same is not observed when R49X is found together with
other missense mutations (L396P and G204S), albeit in
these cases a reduced amount of normal size transcript is
usually found. No transcript is usually detectable in pa-
tients homozygous for the R49X mutation (this work, 2,

29). It seems therefore that the molecular consequence of

the R49X mutation is areduction in stable transeript, which
is maximal when the mutation is present on both alleles.
The presence on the other allele of a missense mutation
seems (o lead to translation of a full size inactive protein
only when the mutation is located close to the COOH
terminus as in the case of the E654K mutation. Missense
mutations located upstream usually are not associated with
stable translation products, possibly because of rapid pro-
tein breakdown and degradation,

The most [requently observed mutation in our patients
was the R49X (12 alleles), followed by the L396P (5
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Figure 3. Molecular characterization of myophosphory-
lase deficiency patients at the protein (3a) and at
the transcript (3b) level in this work and in publish-
ed studies.

alleles), while other mutations (G204S, K542T, D708)
reported with some frequency in other studies [3, 29, 30,
31] were not found. There is a significant (p < 0.05) lower
proportion of alleles with the R49X mutation in our group
of patients (33%) compared with those reported by others
(60%) [3. 29-33] (fig. 4). These data are consistent with a
different genetic background between the Italian patients
presented in this study and the patients from the UK and
the USA. A different distribution of the mutations associ-
ated with M-GP deficiency in different populations is
confirmed by the presence in certain ethnic groups
(Japanese, patients from Northeastern Italy) of “private”
mutations such as the deletion of codon 708 described thus
far only in Japanese patients [30, 31] and the L396P
mutation described almost exclusively in patients from the
Veneto region of [taly [33].

Considering the clinical picture and the biochemical and
molecular data, we did not observe any corrclation which
could explain the clinical heterogeneity. In particular we
could not group together patients with less pronounced
glycogen muscle storage, residual GP activity in their
muscle biopsy, with immunodetectable M-GP protein, or
with a particular mutation. Similar results have been ob-
tained by others [7, 28]. Factors other than genotype and
biochemical phenotype must influence the clinical presen-
tation of the disease. Among the possible clements are
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Figure 4. Distribution of mutations along the gene for
M-GP. The bars in the upper part of the figure are
proportional to the number of reported alleles with
the corresponding mutation. Each mutation is
identified by the affected codon and the aminoacid
changes which causes. Exceptions are: X: stop
codon; 122G: insertion of TT in place of the G in
position 122; TIC: mutation in the translation in-
itiation codon; Del708: deletion of the codon 708.

hormonal habit, diet, exercise pattern, efficiency of alter-
nate energy-providing pathways.

The results of the exercise test in our small group of
patients indicate that the ability to utilize O, during exer-
cise is significantly impaired in M-GP deficient patients,
as was already suggested by previous studies [ 10]. During
maximal effort all readily available oxidative substrata are
utilized as suggested by the decrease in glucose and pyru-
vate levels. The activation of lipid oxidation occurs with
delay and seems desynchronized with the effort as sug-
gested by the behaviour of FFA and acyl-carnitine.

The disproportionate increase in ammonia observed in
McArdle’s patients suggests that energy is initially pro-
vided to exercising muscle by ATP resynthesis via ADP
condensation by myokinase and consequent increase in
AMP deamination [ 14], or by deamination of aminoacids
[4, 35]. We did not observe the changes in Pi and K+
reported by others [ 1, 22] probably because venous blood
does not reflect closely enough (as NMR spectroscopy or
arterial blood) the acute changes occurring in muscle dur-
ing exercise.

The treatment with propionyl-carnitine was only margi-
nally effective. The significant changes were the increase
al exhaustion and the subsequent decrease during recovery
of FFA and acyl-carnitine, paralleled by the more stable
level of pyruvate at exhaustion and recovery. These data
suggest a more elficient activation of lipid metabolism

with relative sparing of pyruvate, and are consistent with
the rationale of the therapy with propionyl-carnitine. The
effect on plasma ammonia reported by others with propio-
nyl-carnitine [34] was only partially reproduced in our
study, but in both works the changes were not significant.

These results indicate a potential benefit from the use of
propionyl-carnitine in patients with McArdle’s disease,
which could be used in a more prolonged trial with oral
formulation.

Other therapeutic strategies reported thus far for McAr-
dle’s discase include glucose, fructose or ribose infusion
or supplementation [1, 14, 36], glucagon, norepinephrine
or heparin infusion [15, 23, 24], high protein diet [13, 27].
Among our patients only a few felt the need of some
therapeutic intervention, since in most cases the patient
was able to avoid episodes of myoglobinuria. muscle
cramps, and myalgias simply by restricting his physical
activity. In the patients requiring therapy we found that
high protein diet, oral propionyl-carnitine, and occasional
use of oral fructose were the most easily accepted ther-
apies. An attempt to treat a severely affected patient with
subcutancous norepinephrine infusion was unsuccessful
and associated with cardiovascular side effects.

[n conclusion this study demonstrates the clinical, bio-
chemical and molecular heterogeneity of McArdle’s dis-
ease, indicates that the various genomic mutations
associated with the disease are distributed differently in
different populations, confirms the involvement of oxida-
tive metabolism in the energy failure affecting M-GP defi-
cient muscle, suggests that propionyl-carnitine could offer
some advantages in the therapy of the disease, and deserves
further trials.
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