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Low aerobic capacity in McArdle disease: A role
for mitochondrial network impairment?
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ABSTRACT

Background: McArdle disease is caused by myophosphorylase deficiency and results in complete inability for muscle glycogen breakdown. A
hallmark of this condition is muscle oxidation impairment (e.g., low peak oxygen uptake (VOzpeax)), @ phenomenon traditionally attributed to
reduced glycolytic flux and Krebs cycle anaplerosis. Here we hypothesized an additional role for muscle mitochondrial network alterations
associated with massive intracellular glycogen accumulation.

Methods: We analyzed in depth mitochondrial characteristics-content, biogenesis, ultrastructure-and network integrity in skeletal-muscle from
McArdle/control mice and two patients. We also determined VOopeax in patients (both sexes, N = 145) and healthy controls (N = 133).
Results: Besides corroborating very poor VOppeax Values in patients and impairment in muscle glycolytic flux, we found that, in McArdle muscle:
(a) damaged fibers are likely those with a higher mitochondrial and glycogen content, which show major disruption of the three main cytoskeleton
components-actin microfilaments, microtubules and intermediate filaments-thereby contributing to mitochondrial network disruption in skeletal
muscle fibers; (b) there was an altered subcellular localization of mitochondrial fission/fusion proteins and of the sarcoplasmic reticulum protein
calsequestrin-with subsequent alteration in mitochondrial dynamics/function; impairment in mitochondrial content/biogenesis; and (c) several
O0XPHOS-related complex proteins/activities were also affected.

Conclusions: In McArdle disease, severe muscle oxidative capacity impairment could also be explained by a disruption of the mitochondrial
network, at least in those fibers with a higher capacity for glycogen accumulation. Our findings might pave the way for future research addressing

the potential involvement of mitochondrial network alterations in the pathophysiology of other glycogenoses.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. BACKGROUND glycosidic bond, patients’ muscle fibers are unable to obtain energy
from intracellular glycogen stores, with subsequent impairment in

McArdle disease, also known as glycogen storage disease (GSD) type V. glycolytic flux. Of note, however, the latter is not fully impeded since

(OMIM® database number 232600, ORPHA:368) or ‘myophosphor-
ylase deficiency’ is an autosomal recessive disorder caused by path-
ogenic mutations in the gene (PYGM) encoding the skeletal muscle
isoform of glycogen phosphorylase (EC 2.4.1.1), commonly known as
‘myophosphorylase’. This condition is one of the most prevalent GSDs,
affecting 1:50,000 to 1:200,000 people [1,2]. Because myophos-
phorylase catalyzes the rate-limiting step in muscle glycogen meta-
bolism by releasing glucose-1-phosphate from the terminal alpha-1,4-

fibers can metabolize blood-borne glucose because the metabolic
block occurs upstream of blood glucose uptake.

A hallmark of McArdle disease is impairment of muscle aerobic
metabolism, as reflected by very low levels of peak oxygen uptake
(VO2peax) in most patients, usually below 50% of age and gender-
predicted values [3,4]. This is an important consideration given the
strong prognostic value of VOopeax @s an indicator of cardiovascular
mortality and cardiometabolic health in general [5], with the American
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Heart Association recently advocating for the routine assessment of
this measure as a clinical vital sign [6]. In this effect, recent data from
the European registry of patients with McArdle disease (EUROMAC;
http://www.euromacregistry.eu) indicate an overall unhealthy car-
diometabolic profile for these individuals, with two-thirds showing high
body mass index values and ~12% having cardiovascular disease
(8% with coronary artery disease) despite the relatively young age of
the cohort (median age 46 years) [7]. The finding of a low VOppeax in
patients has been replicated in the genetically manipulated mouse
(knock-in) model of McArdle disease that we previously gen-
erated—harboring the commonest Pygm genotype (p.R50*/p.R50%*)
that causes the disorder in Caucasians—and which muscle phenotype
mimics that of affected patients, thereby representing an accurate
study model [7,8]. Indeed, the aerobic fitness of McArdle mice is also
much lower compared to wild-type (WT) controls [9].

At the mechanistic level, the low VOopeak Of patients with McArdle
disease has been traditionally associated with a reduced flux of sub-
strates through the glycolytic pathway, thereby impairing oxidative
metabolism—as reflected for instance by slow oxygen uptake kinetics
during the transition from rest to exercise [10], or slow rate of phos-
phocreatine recovery following exertion [11]. Indeed, the production of
pyruvate, a molecule that plays an anaplerotic role in the Krebs cycle, is
reduced in patients [12], with intravenous glucose administration
increasing VOopeak (by about 20%) and muscle oxidation [13]. On the
other hand, not only impaired glycolytic flux, but also functional
impairment of oxidative metabolism in muscle fibers—as reflected by a
slow recovery of muscle ADP after brief ischemic exercise exer-
cise—has been described in McArdle patients [14]. In this context, other
potential variables related to the structure/function of the cell organelles
that are responsible for aerobic energy provision, mitochondria, could
explain—at least partly—the low VOypeax that characterizes this disease,
with previous data indeed showing that the muscle levels of citrate
synthase (CS), a key mitochondrial enzyme that reflects the function of
this organelle, is lower in McArdle mice than in WT controls [15].
Mitochondria form a branched tubular network, with a balance be-
tween the fusion and fission of these organelles needed not only to
ensure integrity of this network but also maintenance of normal
levels of mitochondrial membrane potential and respiration [16]. On
the other hand, in mammals, VOpeax is associated with skeletal
muscle mitochondrial respiration [17] and is linearly related with total
mitochondrial volume and surface area [18]. In this context, it might
be hypothesized that the massive intracellular glycogen deposits
associated with McArdle disease—i.e., 27-fold higher in McArdle
than in WT mice—due to the inherited block in glycogenolysis could
alter the normal cytoskeleton structure of skeletal muscle fibers and
thus their mitochondrial tubular network [19]. In turn, because IIA
and lIX fibers are more structurally affected (i.e., ‘degenerated’) than
type | and IIB fibers in McArdle mice [20,21], the mitochondrial
tubular network could also be differently affected based on the
relevant muscle phenotype (i.e., with a predominance of either IIA or
IIX fibers, respectively).

The aim of this study was to determine whether mitochondrial network
integrity and function is altered in skeletal muscle fibers in the context
of McArdle disease. To this purpose, we used the mouse model of this
condition as well as skeletal muscle biopsies from patients. If mito-
chondrial network integrity and function were actually altered, this
would help to explain, at least partly, the major impairment in muscle
oxidative metabolism that characterizes this disease. In addition, we
aimed to provide corroborating, strong evidence for an impaired
VOopeak—Well below normative values—in the longest series of pa-
tients studied to date.

2. MATERIAL AND METHODS

2.1. Ethical approval

All experimental procedures in mice were approved by the relevant
institutional review board (vall d’Hebron hospital, barcelona, Spain;
protocol number 58/17 CEEA; 35/04/08) and were conducted in
accordance with the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific Pur-
poses (ETS1 2 3) and Spanish laws (32/2007 and R.D. 1201/2005).
The study in humans adhered the ethics guidelines of the Declaration
of Helsinki, and was approved by the Ethics Committee of Hospital 12
de octubre, madrid, Spain (reference 16/081). All participants were
informed about the study procedures and provided written informed
consent

2.2. Patients’ muscle biopsies

Biopsies were taken with a Bergstram needle from two patients, pa-
tient 1 a male age 61 years with proximal weakness and patient 2 one
female age 34 years, both homozygous for the pathogenic
p.50* variant in the PYGM gene.

2.3. Studies in mice

Previously developed p. R50*/p.R50 x mice, back-crossed for 10
generations to C57/6 J background, were used in this study [19,22].
Cohorts of 10 wild-type (WT) and McArdle mice (male and female,
aged between 8 and 20 weeks) were studied. All mice were sacrificed
by cervical dislocation immediately before dissection of the hind-limb
muscles (i.e. gastrocnemius, quadriceps, and fibialis anterior [TA]).

2.4. Histochemistry

Dissected muscles were flash frozen in isopentane cooled in liquid
nitrogen and stored at —80 °C until analysis. Twelve pum cryosections
were stained with hematoxylin and eosin (H&E) for general histo-
pathological evaluation as previously described [19]. Glycogen content
was analyzed with periodic acid—Schiff (PAS) staining by sequentially
incubating the sections with periodic acid (Fisher Scientific; Hampton,
NH) (0.5%) for 5 min, water wash, Schiff ‘s solution (Merck-Millipore;
Burlington, MA) for 15 min, water for 1 min, alcohol-xylol dehydration,
and DPX mounting (Sigma—Aldrich; St. Louis, MO). Myophosphorylase
activity staining was performed by incubating muscle sections for
45 min with a solution containing 1% glucose-1-phosphate, 0.2%
AMP, and 0.02% glycogen in 0.1 M sodium acetate buffer, pH 5.6.
Sections were washed with water, Lugol’s iodine was applied for 3 min
and samples were mounted with Aquatex. Staining for succinyl de-
hydrogenase (SDH) was done as by incubating cryosections in 0.1 M
PBS and 0.1 M succinate with 1 mg/ml nitro blue tetrazolium (all
Merck-Millipore) for 2 h at 37 °C followed by water wash, alcohol
dehydration and mounting with Pertex (Sakura, Alphen aan den Rijn,
The Netherlands). Cytochrome ¢ oxidase (COX) activity staining was
performed in cryosections as previously described [23]. Staining for
myosin heavy chain type Il (fast) was done by incubating cryosections
with antibody (Leica Biosystems, Nussloch, Germany) for an hour at
room temperature, followed by washing and incubating in secondary
antibody and development with 3,3’-diaminobenzidine (DAB) accord-
ing to manufacturer’s instructions (Agilent, Santa Clara, CA).

2.5. Immunofluorescence

Formalin fixed paraffin-embedded quadriceps and TA muscles from
WT and McArdle mice and OCT embedded frozen quadriceps biopsies
from patients were used. Muscle samples were blocked in buffer (3%
fetal calf serum in PBS) prior to staining. For the studies of
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cytoskeleton, mitochondrial network and dynamics, and fiber type,
sections were stained with the relevant antibodies (Supplementary
File 1). Finally, sections were stained with 4’,6-diamidino-2-
phenylin- dole (DAPI) nucleic acid stain reactive (Invitrogen; Carls-
bad, CA), for 5 min and mounted with ProLongTM Gold Antifade re-
agent (Molecular probes; Eugene, OR). Images were taken using a
Leica DM-IRB inverted microscope (Leica Microsystems; Wetzlar,
Germany) and a Zeiss LSM980 fully-spectral confocal microscope with
AiryScan 2 confocal super-resolution detector (Zeiss Microscopy; Jena,
Germany). Super-resolution images were analyzed with the Zeiss-ZEN
software (Zeiss Microscopy).

2.6. Electron microscopy

To visualize the ultrastructure of mitochondria, we used electron mi-
croscopy. Briefly, a McArdle mouse was perfused with 2% EM-grade
glutaraldehyde in 0.05 M phosphate buffer (Sigma—Aldrich), the TA
was dissected, and a piece was cut from the muscle. From patients, a
small piece of muscle biopsy was incubated in the same buffer as the
mouse was perfused with for 48 h at 4°. Muscle pieces from mice and
patients were then rinsed in 0.15 M sodium cacodylate buffer (Sigma—
Aldrich) for 30 min, and postfixed in 2% osmium tetraoxide (Poly-
sciences Inc., Warrington, PA) in 0.05 M potassium ferrocyanide (K4Fe
[CN]6) (Sigma—Aldrich) overnight at 4 °C, rinsed for 3 x 10 min in
distilled water, stained with 1% uranyl acetate in distilled water for 1 h
before 3 x 10 min rinse in water before graded dehydration in ethanol,
followed by graded infiltration with propylene oxide and Epon (TAAB
Laboratories Equipment Ltd., Aldermaston, UK). The sample was
embedded in 100% Epon overnight followed by polymerization at
60 °C for 24 h. After postfixation, the fibers were rinsed twice in 0.1 M
sodium cacodylate buffer at 4 °C, dehydrated through a graded series
of alcohol at 4 to 20 °C, infiltrated with graded mixtures of propylene
oxide and Epon at 20 °C, and embedded in 100% Epon at 30 °C.
Ultrathin sections were cut from the transversely oriented muscle using
a Leica EM UC7 ultramicrotome (Leica Microsystems) and contrasted
with uranyl acetate and lead citrate (Leica Microsystems). Sections
were visualized in a CM100 transmission electron microscope (Philips;
Amsterdam, The Netherlands), fitted with a 4-Mpixel Veleta camera
(Olympus Soft Imaging Solutions GmbH; Munster, Germany). Image
acquisition was done using iTEM software (Olympus Soft Imaging
Solutions GmbH).

2.7. Mitochondrial DNA copy number

Total DNA was extracted from TA and quadriceps muscles from WT
and McArdle mice using the QlAamp DNAMini Kit (Qiagen; Hilden,
Germany). Mitochondrial DNA (mtDNA) copy number was determined
by real-time PCR, as previously described [24], and expressed as the
ratio between mitochondrially-encoded 16 S RRNA (mtRNR2) gene
copy number and nuclear Angiogenin-1 (Ang) gene copy number, with
Ang being a nuclear single-copy gene. Results are expressed as the
mtDNA/nuclear DNA (mtRNR2/Ang) copy number ratio. The following
Tagman fluorogenic probes were used: (i) mtRNR2 gene (forward
primer: 5’AATGGTTCGTTTGTTCAACGATT 3'; reverse primer: 5
AGAAACCGACCTGGATTGCTC 3'; probe: FAM-5' AAGTCCTACGT-
GATCTGAGTT 3’-MGB); (i) Ang (Mm00833184_s1).

2.8. Mitochondrial DNA deletion

To determine the presence of mtDNA deletions, a long-polymerase
chain reaction (PCR) was performed using the following primers: for-
ward primer (nucleotide position 2473—2505 of the NCBI Reference
Sequence: NC_005089.1) 5'-GGTTCGTTTGTTCAACGATTAAAGTCC-
TACGTG-3'; and reverse primer (nucleotide position 1953—1924 of the
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NCBI Reference Sequence: NC_005089.1) 5'-GAGGTGATGTTTTTGG-
TAAACAGGCGGGGT-3'. The PCR temperature cycling conditions were
as follows: initial denaturation at 92 °C for 2 min; 30 cycles of
denaturation at 92 °C for 2 min, and annealing/elongation at 68 °C for
12 min. The final cycle was followed by extension at 68 °C for 15 min.
The PCR product was separated in a 0.8% agarose gel stained with
ethidium bromide (Sigma) and visualized with the Gel Doc
XR + System (Bio-Rad; Hercules, CA).

2.9. mRNA levels

Total RNA was obtained from quadriceps and TA muscles from WT and
McArdle mice as previously described [25] following the manufac-
turer’s instructions (TRIzol, Invitrogen). RNA was treated with DNase |,
amplification grade (Invitrogen) to eliminate any DNA trace. Comple-
mentary DNA was synthesized from RNA using the high-capacity
complementary DNA archive kit (Applied Biosystems, Foster City,
CA), which uses random primers. We used real-time PCR, with Tag-
Man fluorogenic probes in a 7900 real-time PCR System (Applied
Biosystems) to assess mRNA levels of the following genes in quadri-
ceps and TA muscles: peroxisome proliferator activated receptor alpha
(Ppara, Mm00440939_m1) and beta (Pparb, Mm00803184_m1),
peroxisome proliferative activated receptor, gamma, coactivator 1
alpha (Mm01208835_m1) and beta (Mm00504730_m1), estrogen
related receptor, alpha (Mm00433143_m1), mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 4 (mtND4 [forward
primer: 5" TGCATCAATCATAATCCAAACTCCATGA 3’; reverse primer: 5/
GGCAGAATAGGAGTGATGATGTGA 3': probe FAM-5' CCGACATCA
TTACCGGGTTTTCCTCTTG 3’-MGB]) and 16 S RRNA (mtRNR2) [forward
primer: 5’ aatggttcgtttgttcaacgatt 3’; reverse primer: 5’ agaaacc-
gacctggattgctc 3’; probe: FAM-5' aagtcctacgtgatctgagtt 3'-MGB]).
Results were normalized to peptidylprolyl isomerase A (Ppia) gene
mRNA levels (probe Mm02342430_g1) and quantified using 7900 SDS
v2.4.1 software (Applied Biosystems).

2.10. Western blots

Muscle samples from gastrocnemius, quadriceps, and TA muscles
from WT and McArdle mice were homogenized using Pellet pestles
Cordless motor (Sigma—Aldrich) in cold homogenization buffer (Tris—
Hel 20 mM, NaCl 150 mM and Triton x100 1%) and centrifuged
(10,000 g) for 10 min at 4 °C. The samples were placed in boiling
water for 3 min, before 30 ng of protein was applied to each lane.
Unspecific binding sites on the blots were blocked by incubation in 5%
low-fat dried milk powder in a phosphate buffered saline. Membranes
were incubated in primary antibodies overnight at 4 °C
(Supplementary File 1) and in secondary antibodies for 3 h at room
temperature. Ponceau S and Amido Black staining solutions (both from
Sigma—Aldrich) were used as a loading control for all the membranes.
Membranes were developed with Immobilon Western Chem-
iluminiscent HRP Substrate (Merck-Millipore) and images obtained
with a LICOR Odyssey® Fc Imaging System (LICOR Biosciences;
Lincoln, NE) and quantified with Image Studio™ Lite software, version
5.2 (LICOR Biosciences).

2.11. Mitochondrial oxidative phosphorylation system

150 mg of gastrocnemius, quadriceps and TA muscle samples from
WT and McArdle mice were resuspended in 200 pl mannitol buffer, pH
7.2 (mannitol 225 mM, sucrose 75 mM, Tris—HCI 10 mM and EDTA
0.1 mM), and sonicated during 5 s at moderate intensity to obtain a
homogenous solution. Protein content was determined using Coo-
massie Plus protein assay reagent (Pierce; Rockford, IL), adjusting the
solution with mannitol buffer to a final protein concentration of 2 mg/
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ml. Mitochondrial respiratory complex (C) I, Il, and IV, and CS activities
were determined as previously described [26].

2.12. Mass spectrometry

150 mg of quadriceps tissue from WT and McArdle mice were ho-
mogenized using mortar and pestle and resuspended in
10 mM K;HPO4 (100 pL) and 10 volumes of chilling (—20 °C) 60%
methanol were added. Then samples were sonicated three times for
20 s with 1 min incubation on ice between cycles. Sonicated samples
were incubated on ice for 10 extra min and centrifuged at full speed
(17,000 g) in a refrigerated (4 °C) microcentrifuge. Supernatant was
filtered using nylon 0.2 pm microfilters and dryer under nitrogen
stream to preserve oxygen-free atmosphere. Dried samples were
conserved in ultra-freezer (—80 °C) until further use. For NAD/NADH
determination dried samples were reconstituted in 50 pL mobile phase
solvent A. UPLC separation was carried out using a gradient of
acetonitrile (solvent A 5% acetonitrile in 10 mM ammonium carbonate,
solvent B 95% acetonitrile in 10 mM ammonium carbonate). The two-
step gradient consisted in a smooth ramp (initial 5%B raising to 60%B
in min 7.5) followed by a 2 min ramp to wash all retained analytes (min
9.5, 100%B). Washing conditions were sustained for 1 min (min 10.5)
and initial conditions were restored (min 13.5). Column was re-
equilibrated for 5 additional min before next injection cycle. Separa-
tion was achieved using an I-Class Waters UPLC equipped with Acquity
BEH Amide 1.7 um 2.1 x 50mm column (Waters, cat#186004800).
Nucleotides were detected using a single-quadrupole Waters QDA ESI
MS (probe 500 °C, 800 V ionization needle, —15 V collision energy, SIR
channels 664 and 666 m/z). Analytical standards for NAD+/NADH
were used for UV-Vis spectral confirmation and elution time (spiked
samples).

For pyruvate, lactate and glucose-6-phsophate MS SIR channels were
set to 111, 90 and 260 m/z respectively (probe 500 °C, 800 V ioni-
zation needle, 20 V collision energy). Analytical standards of these
metabolites were used for MS confirmation and elution time (spiked
samples).

2.13. Peak oxygen uptake in patients

The patients and their controls were assessed from January 2011 to
December 2018 in the exercise physiology laboratory of the Uni-
versidad Europea de Madrid (UEM). Inclusion criteria for both patients
and controls were being free of any major cardiorespiratory disease or
severe condition contraindicating exercise. In patients (all identified in
the Spanish registry of patients [27]), diagnosis of McArdle disease
was ascertained by the identification of a documented pathogenic
mutation in both alleles—whether in homozygosity or compound
heterozygosity—of the PYGM gene (Supplementary File 2). All the
tests were performed using the same cycle-ergometer (Ergoselect
220 KL, Ergoline GmbH; Bitz, Germany) and metabolic cart (Vmax 29C,
Sensormedics Corp.; Yorba Linda, CA), The maximum test was pre-
ceded by a 5-min free-wheel pedaling warm-up, after which the
workload was increased following a ramp protocol (10 [patients] or
20 W/min [control]s) until volitional exhaustion (9). The VOppeak Was
determined as the highest VO, value (20-second average) recorded
during the tests. All the tests were supervised by the same researchers
(AL, AS, CFL).

2.14. Statistical analyses

In McArdle mice, to analyze the relevant genotype effect in normally
distributed values, a Student t-test was applied, whereas the non-
parametric Mann—Whitney U-test was used when values were not
normally distributed. The Shapiro—Wilk normally test was used to

check whether the analyzed data followed a normal distribution. The
mean VOopea Values of patients and controls (men and women
separately) were compared with the Student’s t test for unpaired
data. The level of significance was set at 0.05 for all statistical
analyses.

3. RESULTS

3.1. Structural damage, glycogen levels and mitochondrial content
In order to elucidate whether mitochondrial structure and function is
affected in the different fiber types from the skeletal muscle of
McArdle mice, we first performed an in-depth histopathologic anal-
ysis. H&E staining showed muscle fibers in disarray, of varying sizes,
as well as the presence of large intra-fiber voids and some centrally-
nucleated fibers (Figure 1A i-ii) [20,21]. Also characteristic was the
intense positive PAS staining, reflecting large glycogen accumulation,
with some fibers accumulating more glycogen than others (Figure 1A
iii-iv, yellow and black arrows). Amylase treatment reduced glycogen
content to normal levels (Figure 1A v), indicating that the accumulated
glycogen had normal structure. Myophosphorylase staining in WT
mice showed different intensities depending on fiber type, being more
intense in smaller fibers (i.e., usually more oxidative, Figure 1A vi,
yellow and black arrows). As expected, myophosphorylase staining
was null in the muscle fibers of McArdle mice (Figure 1A vi). This
differential degree of myophosphorylase staining in WT suggests
differential glycogen disposal among fiber types. Interestingly, those
fibers with higher SDH and COX activity staining as well as cyto-
chrome ¢ oxidase subunit Il (COX Il) and voltage-dependent anion
channel (VDAC) immunodetection were the ones showing the most
affected morphology in McArdle mice, with larger intra-fiber voids
(Figure 1A vii-x). Additionally, SDH activity and PAS staining in
muscle consecutive sections showed that fibers with larger glycogen
depots were those with higher SDH activity (Figure 1A xi-Xii).
Furthermore, immunofluorescence staining against COX Il and
VDAC mitochondrial proteins showed differential distribution of sub-
cellular mitochondria in WT and McArdle mice (Supplementary File
3A). Using specific antibodies against the different fibers types we
observed that type | and IIX/IIB fibers were less structurally damaged
than A, IA/IIX and IIX fibers in the skeletal muscle of McArdle mice
(Figure 1A xiii-xv). In addition, double immunostainings of COX Il with
myosin heavy chain (MHC) type I, lIA or IIB showed that IIA fibers had
higher COX Il staining intensity than type | and IIB fibers (Figure 1A
xvi-xviii), with higher VDAC staining observed in IIA and IIX fibers
(Supplementary File 3B). Finally, triple fiber type immunostaining
and PAS staining in consecutive muscle sections showed that IIA and
IIX fibers accumulated more glycogen than IIB fibers (Figure 1A xix
and xx).

Overall, the aforementioned results would support that the most
degenerated muscle fibers in the McArdle mouse model are those with
higher glycogen and mitochondrial contentthat is, type llA and IIX fi-
bers. Therefore, the next step was to assess whether mitochondrial
integrity was conserved in these highly affected muscle fibers. In this
effect, electron microscope images showed the presence of abnor-
mally large mitochondria that had lost—whether partially or total-
ly—their cristae (with rupture and discontinuation of the inner and
outer membranes) or were thoroughly degenerated (Figure 1B). The
most structurally damaged mitochondria were those surrounded by
glycogen nparticles (Figure 1B). Besides the altered morphology,
mitochondria had also lost their normal regular distribution in the
intermyofibrillar space along both the A band and Z line
(Supplementary File 3C).
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QUAD McAfR X QUAD McA

Figure 1: Histopathological analysis of the skeletal muscle from the McArdle (p.R50*/p.R50* Pygm) mouse model. (A) Histochemical, immunohistochemical and
immunofluorescence analysis of the skeletal muscle from McArdle mice; i) and ii) H&E staining in the quadriceps from wild-type and McArdle mice; iii) and iv) PAS staining in the
gastrocnemius from wild-type and McArdle mice; v) PAS-Diastase staining in the gastrocnemius from McArdle mice; vi) Myophosphorylase activity staining in the soleus from wild-
type and McArdle mice; vii and viii) SDH and COX activity staining, respectively, in the gastrocnemius from McArdle mice; ix) and x) COXIl and VDAC immunofluorescence,
respectively, in the quadriceps from McArdle mice; xi) and xii) SDH activity and PAS staining, respectively, in gastrocnemius serial sections from McArdle mice; white asterisks
show those fibers with high SDH activity and PAS staining; xiii) immunofluorescence showing type I (green) and IIA (red); xiv) type IIA (red) and IIX (green); and xv) type IIX (green)
and IIB (red) muscle fibers in the gastrocnemius from McArdle mice; xvi) immunofluorescence staining for COXII (red) and type | fibers (green) in the gastrocnemius from McArdle
mice, with yellow asterisks marking the same fibers with and without type | fiber staining; xvii) immunofluorescence staining for COXII (green) and type IIA fibers (red) in the
gastrocnemius from McArdle mice, with yellow asterisks marking the same fibers with and without type IIA fiber staining; xviii) immunofluorescence staining for COXII (green) and
type IIB fibers (red) in the gastrocnemius from McArdle mice, with yellow asterisks marking the same fibers with and without type IIB fiber staining; xix) immunofluorescence
staining showing type IlA (pink), IIX (green), IIB (orange) muscle fibers, and DAPI (the nuclei, blue) in the tibialis anterior muscle of McArdle mice; and xx) consecutive serial section
from (xix) stained with PAS; for xix) and xx) yellow asterisks mark muscle fibers with more intense PAS staining while white asterisks mark muscle fibers presenting less intense
PAS staining. All scale bars correspond to 75 um. (B) Electronic microscopy analysis of the ultrastructure integrity of mitochondria in the skeletal muscle of McArdle mice (TA). Z-
line mitochondria are indicated with black arrows, while A-band mitochondria are shown with a yellow arrow. Scale bars correspond to 1 or 2 um as indicates. Abbreviations;
QUAD: quadriceps; GAST: gastrocnemius; SOL: soleus; TA: tibialis anterior; WT: wild-type; McA: McArdle; Gly: glycogen.

Thereafter we aimed to assess whether the observed loss of mito-  3.2. Mitochondrial network

chondrial integrity in those fibers with higher glycogen content was VDAC fluorescent staining showed massive alteration of the mito-
associated with mitochondrial network disruption, with the results chondrial network both along the A band and across the Z line in
shown below. McArdle mouse muscles (Figure 2A). Additionally, fragmented
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Figure 2: Cytoskeleton and mitochondrial network integrity analysis in the skeletal muscle from the McArdle (p.R50*/p.R50 x Pygm) mouse model. (A) VDAC
immunofluorescence analysis of mitochondrial network. Scale bars correspond to 25 pm. (B) Mitochondrial morphology analysis showing different mitochondrial sizes and shapes
in McArdle mice; squared regions are magnified and shown in detail. Scale bars correspond to 5 pm. (C) Immunofluorescence analysis of the cytoskeleton and mitochondrial
network integrity in the skeletal muscle from wild-type and McArdle mice; wild-type (i-ii) and McArdle mice (jii-iv) immunofluorescence staining of VDAC (green) and a.—actinin
(red); loss of o.—actinin staining is clearly visible in (jii-iv), while a complete disruption of the mitochondrial network and cytoskeleton is shown in the square box in (iv). Wild-type
(v-vii) and McArdle mice (viii-ix) immunofluorescence staining of VDAC (green) and a—actin (red); irregular A-band length is visible in (viii), while disrupted actin microfilaments
and/or non-polymerized c.—actin monomers are shown in (ix). Wild-type (x-xi) and McArdle mice (xii-xiii) immunofluorescence staining of VDAC (green) and B—actin (red); a
complete disruption of the mitochondrial network and B—actin cytoskeleton structures is observed in (xii-xiii); the square box region shows isolated mitochondria and actin
monomers. Wild-type (xiv-xv) and McArdle mice (xvi-xviii) immunofluorescence staining of VDAC (green) and o-tubulin (red); subsarcolemmal, as well as longitudinal and
transversal interaction of microtubules with mitochondria is observed in (xiv-xv), while microtubules surrounding fiber voids and central nucleated fibers, aggregated in thick tubulin
bundles or completely disrupted and/or non-polymerized are shown in (xvi-xviii). Wild-type (xix-xx) and McArdle mice (xxi-xxii) immunofluorescence staining of VDAC (red) and plI-
tubulin (green); Bll-tubulin aggregates in fiber voids (xxi) or surrounding centrally nucleated fibers (xxii) are observed, while irregularly dispersed Pli-tubulin staining non co-
localizing with mitochondria is observed in the square box (xxi). Wild-type (xxiii-xxiv) and McArdle mice (xxv-xxvi) immunofluorescence staining of VDAC (red) and plectin
(green); regions surrounding fiber voids with no plectin staining are shown in (xxv-xxvi); completely disrupted mitochondrial network with the presence of isolated compact
mitochondria can be seen in the square box in (xxv). All scale bars correspond to 25 pm. (D) Western blot analysis of cytoskeleton protein levels in the quadriceps from wild-type
and McArdle mice (N = 7 (3 male) in both groups). As all the data followed a normal distribution according to the Shapiro—Wilk normally test, the Student’s #-test was applied in all
cases. Asterisk correspond to p < 0.005 in the statistic test. Abbreviations: VDAC: voltage-dependent anion channel; QUAD: quadriceps; TA: tibialis anterior; WT: wild-type; McA:
McArdle; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Amido: Amido black staining.
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mitochondrial structures as well as isolated mitochondria showed a
wide variety of shapes and size associated with network disruption.
Among these, “compact”, elongated, branched as well as c-shaped
or “donut” like mitochondria—with this type of alterations previously
shown to be associated to cellular stress [28,29]—were commonly
observed close to large fiber voids (glycogen depots) (Figure 2B).

3.3. Cytoskeleton and mitochondrial network in McArdle mice

In a subsequent step we aimed to determine whether mitochondrial
network disruption was associated with disarray of the cystoskeleton
structure, as connections between the cytoskeleton and mitochondria
are very important for the positioning of mitochondria within the cell
[30]. In this regard, different cytoskeletal proteins comprising inter-
mediate filaments (plectin and desmin), microtubules (o and PlI-
tubulin), actin microfilaments (o, and B-actin) as well as the sarco-
mere (o-actinin-3) were analyzed by immunofluorescence, along
with the mitochondrial protein VDAC. In WT mice, the different sar-
comeric and cytoskeleton proteins showed a normal disposition in all
muscle fibers, and VDAC staining indicated the presence of an intact
mitochondrial network throughout the entire longitudinal and trans-
versal axis of muscle fibers (Figure 2C). By contrast, in the skeletal
muscle fibers from McArdle mice the cytoskeleton was especially
disrupted in regions with large fiber voids—including myofibrils in
disarray presenting loss of a-actinin-3 staining, actin microfilaments
with irregular A-band length, regions enriched with non-polymerized
o, P-actin as well as a-tubulin monomers (Figure 2C and
Supplementary File 4A), aggregation of thick tubulin bundles nearby
fiber voids (Figure 2C and Supplementary File 4A), irregularly
dispersed Bll-tubulin throughout the sarcolemma (sometimes distant
from any mitochondrion) forming clusters within fiber voids or ag-
gregates surrounding central nucleated fibers, and areas devoid of
plectin and desmin staining (Figure 2C and Supplemnetary File 4B),
along with the loss of transverse and longitudinal mitochondrial
network. Interestingly, mitochondria and microtubules were inter-
twined forming a helicoid-like structure (Supplementary File 4A,
white arrowheads) that in the case of McArdle mice could help to
generate tension in order to maintain together the disrupted mito-
chondrial network fragments. Additionally, in the skeletal muscle
fibers of McArdle mice some microtubules crossed through the holes
of the “donut”-like mitochondria (Supplementary File 4A, yellow
arrowheads).

Western Blot protein quantification showed that the cytoskeleton
disruption in the muscle fibers of McArdle mice was accompanied by
lower a-actinin-3 and a-actin protein levels, and a trend to higher o-
tubulin protein levels (Figure 2D), possibly in an attempt to reorganize
the entire cytoskeleton structure.

3.4. Mitochondrial fission/fusion proteins

It is known that disruption of the cytoskeleton structure and the
mitochondrial network may alter mitochondrial fusion/fission dynamics
[31,32]. Thus, we analyzed the fission-related proteins dynamin-
related protein 1 (Drp1) and mitochondrial fission 1 protein (Fis1),
and the fusion proteins mitofusin 2 (Mfn 2) and optic atrophy 1 (Opa 1)
by immunofluorescence. In WT mouse muscle, both fission proteins
were found close to both Z-disc associated and subsarcolemmal
mitochondria (Figure 3A and Supplementary File 5A and C) whilst the
fusion proteins Mfn 2 and Opa 1 were localized at the level of Z-disc in
intermyofibrillar mitochondria, subsarcolemmal mitochondria, and in
the mitochondria associated with the A-band (Figure 3A and
Supplementary File 5D). By contrast, in McArdle mouse muscle, Drp1
transitioned from Z-disc mitochondria in semi-preserved mitochondrial
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network structures, to its isolate localization within the sarcoplasm
(Supplementary File 5A), and/or co-localizing with isolated (and
enlarged) mitochondria (Figure 3A), suggesting the occurrence of
mitochondrial fission events in fiber regions with a highly unstructured
mitochondrial network; interestingly, fission-like events were also
observed (Supplementary File 5A and B; white arrowheads), where
o-tubulin immunofluorescence staining suggested that microtubules
might help Drp1 to constrain mitochondria to drive scission
(Supplementary File 5B; white arrowheads). Further analysis in
McArdle mice revealed that Fis1 co-localized with VDAC staining in
longitudinal mitochondrial aggregates (Figure 3A), or as in the case of
Drp1, in fission-like events in fragmented mitochondrial structures
(Supplementary File 5C, white arrowheads). In the case of fusion
proteins, Mfn2 staining was more pronounced in mitochondria located
in close proximity to fiber damage, central nucleated fibers, and large
glycogen depots (Figure 3A), while Opal staining co-localized with
isolated and dispersed mitochondria, as well as nearby regions of large
glycogen depots and central nucleated fibers (Figure 3A). Interestingly,
the staining of Mfn2 and Opal in McArdle mouse muscle did not
entirely co-localize with that of mitochondria, especially in regions of
fiber damage and regeneration (Figure 3A).

As Mfn2 has also been described to be localized in endoplasmic (ER)/
sarcoplasmic reticulum (SR) membranes, we next wanted to assess
whether the SR network was also disrupted in the skeletal muscle of
McArdle mice and found that calsequestrin staining showed enlarged
SR distribution in longitudinal bundles in comparison to WT animals
(Figure 3A). On the other hand, no significant changes in the quantity of
the fission proteins Drp1 and mitochondrial dynamics protein of 49 kDa
(Mid49), as well as of the fusion-related protein Opal, were found in
the muscle of McArdle mice; in turn, these animals showed lower
levels of Mfn2 fusion protein levels, suggesting an impairment in
mitochondrial fusion (Figure 3B).

3.5. Mitochondrial content and biogenesis

As mitochondrial network and dynamics have been directly related to
mitochondrial function, homeostasis and quality control, we next
examined mitochondrial content and biogenesis in the skeletal muscle
of McArdle mice [28,33]. Remarkably, lower mtDNA levels were found
compared with WT animals (Figure 4A), albeit with no evidence of
mtDNA deletions (Figure 4A). Additionally, lower levels of mitochondrial
transcription factor A (Tfam) and nuclear respiratory factor (Nrf1)
protein levels, as well as lower mtND4, Pgc1a, Ppara, Pparb transcript
levels were also observed in the TA muscle of McArdle mice
(Figure 4B—E), suggesting an impaired mitochondrial biogenesis.
Remarkably lower levels of VDAC protein levels were also found in the
gastrocnemius and quadriceps muscle of McArdle mice (Figure 4F),
thereby suggesting an impairment in mitochondrial content. On the
other hand, the protein levels of nuclear factor erythroid 2-related
factor 2 (Nrf2) were significantly higher in the TA of McArdle mice
with respect WT mice (Figure 4E). Nrf2 is a master regulator of the
cellular redox homeostasis [34], with increased levels of this molecule
likely reflecting an attempt to counterbalance mitochondrial ROS
production derived from mitochondrial network disruption and
dysfunction.

3.6. OXPHOS-related proteins

Lower levels of several OXPHOS-related proteins were observed in the
skeletal muscle of McArdle mice compared to WT, as reflected both by
lower Ndufa9 (complex I; Cl) and Coxll (complex IV; CIV) protein levels
in the quadriceps muscle, and lower complex Ill Ugcrc2 protein levels
in the gastrocnemius muscle, respectively (Figure 5A). In order to
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Figure 3: Altered subcellular localization of fission/fussion proteins in the skeletal muscle from the McArdle (p.R50*/p.R50 x Pygm) mouse model. (A) Immuno-
fluorescence analysis of mitochondrial fission/fusion proteins in the skeletal muscle from McArdle mice. Wild-type (i-ii) and McArdle mice (jii-iv) immunofluorescence staining of
VDAC (green) and Drp1 (red); Drp1 is observed in close proximity to mitochondria within the network in (i-ii), while Drp1 staining co-localizes with enlarged and isolated
mitochondria in (iii-iv); square boxes show magnification of the Drp1-VDAC staining co-localization, while 3D Surface reconstruction images from the square box regions using the
Zen-Blue software are also shown. Wild-type (v-vi) and McArdle mice (vii-ix) immunofluorescence staining of VDAC (red) and Fis1 (green); as with Drp1, Fis1 are found in close
proximity of mitochondria within the network in (v-vi), while is found co-localizing with VDAC staining in longitudinal mitochondria aggregates in (vii-ix); square regions show
magnification of the VDAC-Fis1 co-localization in the aggregates. Wild-type (x-xi) and McArdle mice (xii-xiv) immunofluorescence staining of VDAC (red) and Mfn2 (green); square
boxes in (x-xi) show magnification of Mfn2 staining in close proximity of mitochondria in the Z-disc, while in (xii-xiv) show magnification of Mfn2 staining located in close proximity
to fiber damage, central nucleated fibers, and large glycogen depots. Wild-type (xv-xvi) and McArdle mice (xvii-xix) immunofluorescence staining of VDAC (green) and Opat (red); in
(xv-xvi) square boxes show co-localization of Opa1 in Z-disc mitochondria, while in (xvii-xix) square boxes show Opal co-localization with dispersed and isolated mitochondria.
Wild-type (xx-xxi) and McArdle mice (xxii-xxiv) immunofluorescence staining of VDAC (green) and calsequestrin (red); enlarged calsequestrin distribution in longitudinal bundles in
comparison to wild-type mice is observed in (xxii-xxiv). All scale bars correspond to 25 um. (B) Western blot analysis of mitochondrial fusion and fission protein levels in the
quadriceps from wild-type and McArdle mice (N = 6—7 (3 male) in both groups for the different variables). For Drp1 analysis, the Student’s t-test was applied as data followed a
normal distribution according to the Shapiro—Wilk normally test, whereas the Mann—Whitney U-test was used for Mid49, Mfn2 and Opa1. Asterisk correspond to p < 0.005 in the
statistic test. Abbreviations: Drp1: Dynamin-related protein 1; Fis1: mitochondrial fission 1 protein; Mfn2: Mitofusin 2; Opa 1: optic atrophy protein 1; Calseq: calsequestrin; Mid49:
mitochondrial dynamic protein of 49 kDa; QUAD: quadriceps; TA: tibialis anterior; WT: wild-type; McA: McArdle; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Amido: Amido
black staining.
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Figure 4: Analysis of mitochondrial biogenesis and content. (A) Analysis of mitochondrial DNA content (mtDNA) depletion in the tibialis anterior [N = 7 wild-type (71% male)
and 5 McArdle mice (40% male)] and quadriceps [N = 10 wild-type (70% male) and 8 McArdle mice (63% male)] and deletions (in quadriceps) using gPCR and long PCR,
respectively. (B) Western blot analysis of Tfam protein relative levels in tibialis anterior [N = 10 wild-type (50% male) and 7 McArdle mice (43% male)] and quadriceps [N = 7
wild-type (3 males) and 7 McArdle mice (3 males)]. (C) qPCR analysis of mi—Nd4 and mi-Rnr2 mRNA relative levels in tibialis anterior [N = 5—6 wild-type (3 males) and 5
McArdle mice (3 males)] and quadriceps [N = 5 wild-type (3 males) and 5 McArdle mice (3 males)]. (D) qPCR analysis of Pgc1a, Pgc1b, Ppara, Pparb and Esrra mRNA relative
levels in the tibialis anterior [N = 4—5 wild-type (2—3 males) and 4—5 McArdle mice (2—3 males)] and quadriceps [N = 5—6 wild-type (50—60% male) and 4—5 McArdle mice
(60—75% male)]. (E, F) Western blot analysis of Ppard, Nrf1, Nrf2, Vdac and CS protein relative levels in tibialis anterior [N = 6—7 wild-type (43—67% male) and 5—7 McArdle
mice (29—40% male) and quadriceps (N = 7 (3 male) in both groups for the different proteins). When data followed a normal distribution (i.e. mtDNA quadriceps, Tfam, Ppard,
Nrf1, Nrf2 quadriceps, VDAC and CS quadriceps protein levels) the Student’s test was applied, whereas the non-parametric Mann—Whitney U-test was used for those (mtDNA
tibialis anterior, mt—Na4, mt-Rnr2, Pgcia, Pgcib, Ppara, Pparb, Esrra mRNA levels and Nrf2 and CS tibialis anterior protein levels) that were not normally distributed. Asterisks
correspond to p < 0.005 in the statistic tests. Abbreviations: QUAD: quadriceps; TA: tibialis anterior; WT: wild-type; McA: McArdle; Tfam: transcription factor A, mitochondrial;
mt—Nd4: mitochondrially encoded NADH:Ubiquinone oxidoreductase core subunit 4; mt-Rnr2: mitochondrially encoded 16 S rRNA; Pgcia and b: PPARG Coactivator 1 alpha and
beta; peroxisome proliferator activated receptor alpha and beta; Esrra: estrogen related receptor alpha; Nrf1: nuclear respiratory factor 1; Nrf2: nuclear factor erythroid 2-related
factor 2; Vdac: voltage-dependent anion channel; CS: citrate synthase.

determine whether mitochondrial network disruption affected mito- TA and quadriceps, with the results showing significantly lower levels
chondrial OXPHOS complex activities, the enzyme activity of CI, Clland  of Cl and CIV activities in the gastrocnemius of McArdle mice vs WT
CIV was measured in total muscle homogenates from gastrocnemius,  controls (Figure 5B).
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Figure 5: Analysis of OXPHOS protein levels and activity. (A) Western blot analysis of Ndufa9 (complex I; Cl), Sdha (complex II; Cll), Ugcrc2 (complex III; Clil) and Coxll (complex
IV; CIV) protein relative levels in the gastrocnemius [N = 7 wild-type (57% male) and 7 McArdle mice (29% male)], tibialis anterior [N = 10 wild-type (50% male) and 8 McArdle
mice (25% male)] and quadriceps (N = 7 (3 male) in both groups for the different proteins). (B) Citrate synthase and OXPHOS ClI, Cll and CIV activities in total tissue homogenates
from gastrocnemius [N = 10 wild-type (60% male) and 10 McArdle mice (40% male)], tibialis anterior [N = 5 wild-type (60% male) and 4 McArdle mice (50% male)] and
quadriceps [N = 8 wild-type (50% male) and 7 McArdle mice (57% male)]. (C, D and E) Mass spectrometry analysis of glucose, glucose-6-phosphate, lactate, pyruvate, NAD+
and NADH in total quadriceps homogenates from wild-type and McArdle mice. In these experiments, the same number of mice (N = 5) and sex distribution (40% male) was studied
in the two groups. When data followed a normal distribution (Ndufa9, Sdha, Uqgcrc2, and Cox Il protein levels, as well as CS quadriceps activity) a Student’s #-test was applied,
whereas the non-parametric Mann—Whitney U-test was used when values were not normally distributed (CS activity in gastrocnemius and tibialis anterior, complex |, Il and IV
activities, as well as glucose, glucose-6-p, lactate, pyruvate, NAD+ and NADH levels in the quadriceps). Asterisks correspond to p < 0.005 in the statistic tests. Abbreviations:
GAST: gastrocnemius; QUAD: quadriceps; TA: tibialis anterior; WT: wild-type; McA: McArdle; Ndufa9: NADH: Ubiquinone oxidoreductase subunit A9; Sdha: succinate dehydrogenase
complex flavoprotein subunit A; Ugcrc2: ubiquinol-cytochrome ¢ reductase core protein 2; Cox Il: cytochrome c oxidase subunit Il; CS: citrate synthase; GLUC: glucose (non-
phosphorylated); GLUC-6-P: glucose-6-phosphate.
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Next, we wanted to assess whether the full blockade of glycogen
degradation that characterizes McArdle disease reduced glycolytic flux,
further contributing to OXPHOS impairment. In this effect, mass
spectrometry results indicated lower levels of glucose, glucose-6-
phosphate, pyruvate and lactate but higher NADH levels in McArdle
mouse muscle compared to WT (Figure 5C—E).

3.7. Peak aerobic capacity in patients

We finally aimed at providing strong corroborating evidence for a major
impairment of muscle oxidative metabolism in McArdle disease pa-
tients, as reflected at the whole-body level during intense exertion
through determination of the universal measure VOzpeax. We therefore
compared the VOopeax Of the largest series of McArdle disease patients
ever analyzed (N = 145, 34 + 14 years) and an age and sex-matched
control group (N = 133, 33 + 13 years). The PYGM genotypes of
patients leading to diagnosis of McArdle disease are displayed in
Supplementary File 2. Both male (N = 82) and female (N = 63)
patients showed significantly lower VOopea levels than their sex-
matched controls (by —51% and —53%, respectively, Figure 6A),
with only 8% of patients (both sexes combined, vs 88% of controls)
reaching the minimum threshold for optimal cardiovascular health—
i.e., VOopeak > 8 metabolic equivalents of task (MET), with 1 ME T
equivalent to an oxygen uptake level of 3.5 ml Oo/kg/min.

3.8. Muscle cytoskeleton and mitochondrial network in two
patients

An important step was to provide preliminary evidence whether the
loss of cytoskeleton integrity with subsequent disruption of the mito-
chondrial network and presence of damaged mitochondria found in the
skeletal muscle of McArdle mice might also occur in affected patients,
thereby accounting—at least partly—for their low muscle oxidative
capacity (as in turn reflected by very low VOopeax values). To this end,
vastus lateralis muscle biopsies from two patients were analyzed, with
the results suggesting apparent disruption of the mitochondrial
network, together with loss of intermediate filaments, actin microfil-
aments, and microtubules (Figure 6B). Consecutive muscle sections
staining for fast MHC and SDH showed that fibers—presumably type
lIA—with high mitochondrial content were the most affected ones
(Figure 6B i-ii), with these preliminary data in two patients being in line
with the results obtained mice. Additionally, SDH staining showed
several different fibers with high amount of subsarcolemmal mito-
chondrial accumulation (Figure 6B iii-iv). Finally, electron microscope
analysis of vastus lateralis biopsies in two patients showed a large
amount of damaged mitochondria within subsarcolemmal and inter-
myofibrillar glycogen-rich regions, together with a low amount of
cristae and the presence of membrane-like structures, as well as
abnormally large mitochondria (Figure 6C).

4. DISCUSSION

In the present work we have analyzed whether mitochondrial network
integrity and function is altered in the skeletal muscle of McArdle
mouse model (with preliminary data in two patients), in order to gain
insight into the potential mechanisms underpinning the poor aerobic
fitness previously documented in this condition, which was corrobo-
rated here using a very large cohort. We have found that, in McArdle
muscle, most damaged fibers are those with a higher mitochondrial
and glycogen content (i.e., type Il in patients, and type IIA and IIX in
mice), which show major disruption of the three main cytoskeleton
components—actin microfilaments, microtubules and intermediate
filaments. This, in turn, might contribute to cause a disruption of the
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mitochondrial network in the mouse/patient skeletal muscle fibers,
together with an altered subcellular localization of mitochondrial fission
and fusion proteins, as well as the SR protein calsequestrin, thereby
disturbing the proper function of mitochondrial dynamics. We also
found an impairment in mitochondrial content and biogenesis, a
decrease in OXPHOS complex proteins and activities, together with
high muscle NADH but reduced muscle levels of glucose-6-phosphate
and of the glycolytic products pyruvate and lactate. In all, these results
suggest that the deficiency in oxidative metabolism in McArdle disease
might be caused by not only by reduced levels of OXPHOS substrates
as previously reported—and corroborated here—but also by a
disruption of the mitochondrial network—which was shown here in
detail for the first time. The combined effect of OXPHOS deficiency and
structural mitochondrial network damage and subsequent dysfunction
of these organelles might help to explain why treatment with a com-
pound with an anaplerotic role in the Krebs cycle, triheptanoin, has
failed to improve muscle oxidative capacity and exercise capacity in
patients with McArdle disease [35]. Indeed, although triheptanoin
could replenish Krebs cycle intermediates, this positive effect might be
counterbalanced by the presence of damaged mitochondria in the
context of a disrupted network of these organelles, thereby suggesting
that impairment in glycolytic flux is not the only mechanism under-
pinning the impaired aerobic capacity of these patients. In the same
line, although the peak aerobic capacity of p.R50*/p.R50* mice in-
creases significantly with regular endurance training (for eight weeks,
which would be equivalent to ~ one-year duration when translated to
‘human lifespan’), it still remains remarkably lower (~by 50%)
compared to untrained WT mice [9], which is in accord with findings in
patients [4,36].

A major finding of the present study is that most damaged muscle
fibers in McArdle mice were those with higher glycogen and mito-
chondrial content. In this effect, although a causative association be-
tween the amount of glycogen content, on the one hand, and the
degree of mitochondrial network disruption, on the other, cannot be
inferred, previous studies in McArdle mice have shown that the large
muscle glycogen depots that characterize this disease cause myofibrils
to tear, change direction, and split from adjacent myofibrils, while T-
tubules appear misaligned to myofibrils [21]. These previous results
suggest that glycogen accumulation alters the overall ultrastructure of
the muscle fibers. In the present study, we have further observed that
most damaged fibers presented with a remarkable disruption of in-
termediate and actin microfilaments and microtubules, along with a
disturbance of the mitochondrial network. In this effect, it is well
established that the location of mitochondria within the cell as well as
the arrangement of the network formed by these organelles is highly
dependent on the cytoskeleton structure [30,31,37]. In addition, the
cytoskeleton, more specifically Bll-tubulin, plays an important role in
regulating the local diffusion of ADP through the VDAC pore in the
mitochondrial outer membrane in order to control the kinetics of ATP
synthesis [38,39]. Furthermore, tubulin has been recognized as an
inherent mitochondrial membrane component that acts as a regulator
of the mitochondrial permeability transition pore and thereby plays a
role in apoptosis, supporting mitochondrial membrane potential and
regulating OXPHOS [40]. Given all of the above, the large glycogen
deposits inside the skeletal muscle fibers of mice and patients are
likely to alter the overall structure of these cells (including the different
cytoskeleton components) and subsequently the localization and
network arrangement of mitochondria within the cell, thereby poten-
tially affecting, at least partly, the function of these organelles. Addi-
tionally, and probably as a consequence of mitochondrial network
disruption, we also observed an altered subcellular localization of the
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Figure 6: Peak oxygen uptake (VO2peak) and analysis of the cytoskeleton and mitochondrial network integrity in patients with McArdle disease. (A) VO2peak levels of
patients with McArdle disease (N = 145) versus control individuals (N = 133). (B) Immunofluorescence analysis of the cytoskeleton and mitochondrial network integrity in
quadriceps biopsies from two different McArdle disease patients; VDAC (red) and plectin (green) immunofluorescence staining (i-iv); VDAC (green) and o-actin (red) immuno-
fluorescence staining (v-viii); cell nucleus (blue) are stained with DAPI. Scale bars correspond to 25 pum. (C) Consecutive quadriceps sections staining for fast muscle fibers and
SDH activity; i and iii) fast muscle fibers immunohistochemical staining; i and iv) SDH activity staining; yellow asterisks mark identical muscle fibers in i) and ii), as well as in iii) and
iv). (D) Electronic microscopy analysis of mitochondria ultrastructure in quadriceps biopsies from two different McArdle disease patients. Scale bars correspond to 1 or 2 um as
indicated. Abbreviations; QUAD: quadriceps; McA: McArdle; Glcn: glycogen and Mi: mitochondria.

1 2 MOLECULAR METABOLISM 66 (2022) 101648 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

different proteins involved in mitochondrial fission (Drp1 and Fis 1) and
fusion (Mfn2 and Opa1), as well as lower levels of Mfn2 in the skeletal
muscle of McArdle mice, possibly leading to lower mitochondrial
fusion. Furthermore, Drp1 frequently co-localized with isolated (and
enlarged) mitochondria, thereby suggesting that mitochondrial fission
was actively involved in the separation of potentially damaged mito-
chondria from the network. Besides their negative effect on mito-
chondrial dynamics, changes in the cellular distribution of the different
fission/fusion proteins might also affect mitochondrial integrity,
membrane potential and oxidative metabolism. In this regard, it has
been observed that Opal is involved in maintaining the shape of
mitochondrial cristae by stabilizing respiratory chain super-complexes
[41—43], while loss of Mfn2 function causes metabolic alterations in
mitochondria (i.e., lower membrane potential and cellular oxygen
consumption, as well as depressed substrate oxidation) with the
absence of both mitofusins Opal and Mfn2 leading to severe mtDNA
depletion [33]. Consistent with this, we observed an impaired mito-
chondrial content and biogenesis as well as a decrease in OXPHOS
complex proteins and activities in the skeletal muscle of McArdle mice.
Additionally, we report the presence of c-shaped or “donut” like
mitochondria, a phenomenon that has been previously associated with
oxidative stress and/or impaired energy production [29,44]; in this
regard, the observed increased levels of the Nrf2 protein in the skeletal
muscle of McArdle mice might represent a compensatory adaptation
aiming at reducing the oxidative stress caused by mitochondrial
metabolism impairment

Mitochondrial network disruption might also affect the interaction of
mitochondria with other organelles such as SR, lysosomes or lipid
droplets. In this regard, mitochondrial fission 1 protein (commonly
abbreviated as ‘FIS1’), which is known to be involved in mitochondria/
SR interaction [45], showed an abnormal subcellular localization in the
skeletal muscle of McAdle mice. This, together with the fact that
mitochondria/SR contact sites might be disrupted, would suggest that
mitochondrial calcium metabolism and lipid homeostasis could also be
affected.

Concerning the aerobic capacity of the largest series of patients with
McArdle disease ever evaluated with exercise testing, we showed that
the VOopeax level of these individuals was much lower compared to
healthy controls, which is in line with previous findings indicating
impaired oxidative metabolism and/or low VOpeax (Which is also an
indicator of peak muscle oxidative capacity) in patients with this con-
dition [7,13,14,27,46—51]. Additionally, muscle biopsy analyses from
two patients suggested similar figures to those found in mice—loss of
mitochondrial and cytoskeleton integrity and disruption of the mito-
chondrial network, especially in type Il (glycogen-reliant) fibers—thereby
providing preliminary support to the notion that mitochondrial network
disruption underpins, at least partly, the impairment in muscle oxidative
capacity that characterizes this disease. More research in larger patient
cohorts is needed to corroborate our pilot results in only two individuals.
On the other hand, the role of mitochondria in the pathophysiology of
GSDs other than McArdle disease has not been extensively studied. In
GSD la (deficiency of the catalytic activity of glucose-6-phosphatase,
with subsequent intracellular accumulation of glycogen in liver, kidney
and small intestines), a decreased mitochondrial content and membrane
potential, deranged mitochondria ultrastructure, impaired oxidative
phosphorylation and changes in Krebs cycle metabolites have been
described in cell cultures as well as in the mouse model for this con-
dition [52], with some authors also reporting a decrease in mitochondrial
number [53] or the presence of swollen and deformed mitochondria
[54]. In the case of GSD Il (Pompe disease), multiple mitochondrial
defects have been described in mouse models and patients, including a
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profound dysregulation of calcium homeostasis, mitochondrial calcium
overload, increase in reactive oxygen species and caspase-independent
apoptosis, and decrease in mitochondrial membrane potential as well as
in the ATP production capacity of mitochondria [55]. Loss of function
variants in the chromosome 2 open reading frame 69 (C20rf69) gene,
which controls the levels of the glycogen branching enzyme, affects
mitochondrial membrane potential and oxidative respiration in cultured
neurons, consistent with a glycogen storage-associated mitochondri-
opathy [56]. Similarly, altered mitochondrial bioenergetics has been
reported in the liver of heterozygous Gbe1™~ mice [57]. Further studies
are needed to corroborate the implication of muscle mitochondrial
impairment in the pathophysiology of other GSDs—especially those, like
McArdle disease, associated with exercise intolerance and low aerobic
capacity. On the other hand, the present findings should be kept in mind
when assessing therapeutic approaches for McArdle disease and other
GSDs affecting the skeletal muscle. Indeed, full restoration of muscle
oxidative capacity might not be always possible with drug or exercise
intervention in the context of severe mitochondrial network disruption
inside this tissue.

5. CONCLUSIONS

A hallmark of McArdle disease, severe impairment in muscle oxidative
capacity as reflected by very low VOopea values in affected individuals,
could be explained not only by a reduced glycolytic flux due to the
inherited metabolic blockade in muscle glycogen breakdown, but also
possibly by a disruption of the mitochondrial network in skeletal
muscle fibers due to abnormally large glycogen depots, at least in
those fibers with a higher capacity for accumulating this substrate.
Pending corroboration studies in more patients with McArdle disease,
the present findings might pave the way for future research addressing
the potential involvement of mitochondrial network alterations in the
pathophysiology of other GSDs.
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