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Abstract

:

McArdle disease is an autosomal recessive disorder of muscle glycogen metabolism caused by pathogenic mutations in the PYGM gene, which encodes the skeletal muscle-specific isoform of glycogen phosphorylase. Clinical symptoms are mainly characterized by transient acute “crises” of early fatigue, myalgia and contractures, which can be accompanied by rhabdomyolysis. Owing to the difficulty of performing mechanistic studies in patients that often rely on invasive techniques, preclinical models have been used for decades, thereby contributing to gain insight into the pathophysiology and pathobiology of human diseases. In the present work, we describe the existing in vitro and in vivo preclinical models for McArdle disease and review the insights these models have provided. In addition, despite presenting some differences with the typical patient’s phenotype, these models allow for a deep study of the different features of the disease while representing a necessary preclinical step to assess the efficacy and safety of possible treatments before they are tested in patients.
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1. Introduction


McArdle disease [glycogen storage disease (GSD) type V or myophosphorylase deficiency (OMIM® #232600; http://www.omim.org, accessed on 1 December 2021)] is an autosomal recessive disorder of muscle glycogen metabolism that was first described by Brian McArdle in 1951 [1]. The estimated prevalence of this condition is ~1/100,000 people, with both sexes equally affected [2,3]. McArdle disease is caused by inherited deficiency of myophosphorylase, the skeletal muscle-specific isoform of glycogen phosphorylase (GP-MM), with preservation of the other two glycogen phosphorylase isoforms, the liver (GP-LL) and brain glycogen phosphorylase (GP-BB); as such, this defect essentially leads to myopathy with no alterations of glycogen metabolism reported in other tissues [4]. However, the fact that GP-MM expression has been detected not only in skeletal muscle—or in organs containing skeletal muscle tissue such as the tongue, glands and esophagus—but also in different parts of the brain (e.g., cerebellum), lymphoid tissues, lymphocytes, granulocytes, retina, kidney, male reproductive organs or adipose tissue [5,6,7,8,9], deserves attention and should be the subject of further studies.



GP-MM is encoded by the PYGM gene located on chromosome 11q13 [10]. A total of 206 pathogenic mutations have been described in this gene [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25], with the most prevalent in the Caucasian population (allele frequency ~50%) being the nonsense c.148C>T p.(R50*) variant [16,26,27,28,29,30,31,32,33]. There is no association between disease phenotype and PYGM genotype, as the vast majority of mutations generally cause a complete loss of GP-MM activity [26,31,33,34,35,36]. GP-MM initiates glycogenolysis in skeletal muscle, degrading muscle glycogen by removing (1,4)-alfa-glucosyl units from the branches and releasing glucose-1-phosphate. Thus, because GP-MM is absent―or virtually absent―in patients with McArdle disease, these individuals are unable to obtain energy from muscle glycogen stores leading to abnormal accumulation of subsarcolemmal vacuoles of glycogen [26,37].



Clinical symptoms are mainly characterized by transient acute “crises” of early fatigue, myalgia and contractures, which can be accompanied by rhabdomyolysis. The latter is reflected by very high circulating levels (at least one order of magnitude above normal) of proteins released from damaged muscle, such as creatine kinase (CK) or aspartate aminotransferase (a transaminase that is also found in the liver), and sometimes by myoglobinuria, with the latter visually reflected as the presence of “dark urine” [26,37]. Massive rhabdomyolysis could eventually lead to acute renal failure [26,37]. Although the clinical manifestation is typically moderate and appears during childhood or early adulthood, some severe cases have been reported with clinical onset at neonatal age [26,37]. Exercise intolerance is triggered by static or isometric exercises imposing low metabolic demands but high mechanical loads on relatively low muscle mass (e.g., lifting or carrying weights), as well as by dynamic exercise involving larger muscle mass (e.g., walking and especially brisk walking or running). During isometric exercise, muscles largely rely on anaerobic glycogenolysis for contraction, while during endurance dynamic exercises, such as brisk walking, muscles relay largely on aerobic pathways, including not only fat but also glycogen oxidation [37]. On the other hand, patients typically experience the so-called “second wind” phenomenon after 7–10 min of dynamic exercise, an almost pathognomic feature (which has also been observed in the proximal glycolytic defect, phosphoglucomutase 1 deficiency [38]) characterized by a drop in heart rate and perceived exertion, so that exercise (e.g., brisk walking) which appeared strenuous and painful during the first minutes now becomes more tolerable [26,37]. The first few minutes of exercise indeed act as a warm-up (stimulating vaso-dilatation), after which more circulating free fatty acids as well as glucose are readily available to working muscle fibers that can oxidize these substrates, leading to attenuation of early exercise intolerance [26,39].



The effect of impaired muscle glycogenolysis (e.g., due to depletion of muscle glycogen depots during endurance exercise) on exercise and metabolic adaptation in humans has been well described, but the underlying pathophysiological mechanisms have yet to be disclosed. In this regard, whether naturally or generated in the laboratory, animal models often have the advantage of allowing the researcher to perform mechanistic studies that cannot always be performed in humans for obvious ethical reasons while providing insights into the pathophysiology of a given disorder [40]. In the following, we will review the animal and cell culture models available for McArdle disease and describe the insights these models have provided.




2. Animal Models


2.1. Charolais Cattle


The first described spontaneous animal model for McArdle disease was a Charolais cattle identified in Davis, California [41] (Table 1). It was initially depicted in a 7-week-old female calf that presented with a 2-day history of recumbency after forced exercise (round up from a large pasture) [41]. The calf was unable to rise or support its own weight and had stiff muscles. Electrolyte abnormalities included hyperkalemia, hyperphosphatemia and hypocalcemia. Serum CK and aspartate aminotransferase levels were significantly increased, reflecting muscle damage. Extensive myonecrosis and calcification were detected throughout the whole body and numerous small thrombi were found histologically [41]. Shortly after that, a second calf from the same herd showed exercise intolerance, as well as episodes of collapse and recumbency with forced exercise. Further examination of the herd revealed four other cattle with exercise intolerance [41]. Histological examination of the semitendinosus/semimembranosus muscles of the affected calves showed the presence of subsarcolemmal vacuoles, muscle fibers with central nuclei and absence of myophosphorylase staining. Biochemistry analyses revealed null myophosphorylase activity together with muscle glycogen concentrations that were on average 1.6 times higher than in controls [41]. Interestingly, in one calf, 50% of the muscle fibers were necrotic, depleted of glycogen and contained degenerated mitochondria [41]. To analyze the cause of the disease in this breed of cattle, cDNA of GP-MM was sequenced and cloned, with the results revealing the missense mutation c.1468C>T(p.R490W) in the PYGM gene. This arginine residue is highly conserved in the three GP isoforms of several different species and is adjacent to pyridoxal phosphate binding sites [42].




2.2. Ovine Model


A second spontaneous animal model for McArdle disease was identified in a Merino sheep flock of Western Australia, which since then has been maintained at the Murdoch University Veterinary [43,46] (Table 1). Animals presented with exercise intolerance and muscle biopsies showed lack of myophosphorylase and excess of glycogen. They presented an A to G substitution in the 3′ acceptor splice site of intron 19 of the PYGM gene (c.2380-1G>A). This mutation resulted in the activation of a cryptic splice site in exon 20, thereby producing a frame-shift in the reading frame, with the subsequent premature termination of the GP-MM protein and removal of the last 31 amino acids [43].




2.3. Mouse Model


The aforementioned models of McArdle disease are of little practical use owing to the intrinsic difficulty of working with big animals. A knock-in mouse model of McArdle disease was therefore generated by our group [44] (Table 1). This model carries two copies of the most common pathogenic mutation in Caucasian patients, the stop codon mutation (p.R50*) in exon 1 of PYGM gene [11]. McArdle mice recapitulate the majority of phenotype traits that are characteristic of patients. Thus, their muscles are devoid of GP-MM protein and activity, and present massive muscle glycogen stores. Another hallmark of the disease, high serum CK levels accompanied by myoglobinuria following vigorous exercise, is also present. The key findings in the McArdle mouse model are summarized in the sections below.



2.3.1. Body Mass


McArdle mice (p.R50*/p.R50*) do not show differences in body mass compared to their wild-type (WT, p.R50R/p.R50R) counterparts, a finding replicated in both young (8-week-old) [40] and adult (20-week-old) mice [47]. Additionally, no differences in heart-body ratios have been observed between genotypes, suggesting no cardiomyopathy associated with McArdle disease [47].




2.3.2. Exercise Intolerance


A very poor performance has been observed in McArdle mice in the treadmill and wire grip tests, as indicators of tolerance to endurance dynamic and isometric exercise, respectively. As for treadmill tests, after an initial warm-up period (5 min at a speed of 5 cm s−1), the treadmill speed was increased to 15 cm s−1 for 5 min and subsequently by 5 cm s−1 every 5 min until exhaustion. Two different treadmill inclinations were evaluated (0% and 25%). McArdle mice showed significantly lower maximal endurance capacity compared to WT mice (~37% and ~29% of WT values at 0% and 25% inclination, respectively) [40,44]. Regarding the wire grip test, all WT mice were able to stay on the grip the maximum time established as per experimental protocol (i.e., 180 s), whereas none of the McArdle mice were able to stay more than 34 s [44]. In turn, nearly one-third of HTZ mice did not reach the maximum time, but all stayed more than 41 s, which again reflected the importance of retaining full GP-MM activity [44].




2.3.3. Low Survival Rate


A longitudinal study with 139 matings and more than 2000 offspring showed intrinsic difficulties associated with the management of the McArdle mouse colony basically due to high levels of perinatal and post-weaning mortality [48]. In this regard, perinatal death has also been observed in GSD-0b, Ia, Ib, IV, VII and XV mouse models [49], indicating that glycogen might play a crucial role in energy supply during the neonatal period. On the other hand, perinatal death has never been observed in McArdle disease patients.




2.3.4. Decreased Glucose and Lactate but Increased CK and Ammonia Blood Levels


Basal blood glucose and lactate levels from 8-week-old McArdle mice are lower than in WT mice, whereas ammonia levels are higher [39]. As expected, blood CK levels are higher in McArdle mice than in WT mice [40]. In patients, in turn, basal glucose and lactate levels are similar to those found in control individuals [50], but CK and ammonia levels are also higher [2,51,52]. Higher ammonia levels might reflect, at least partly, a metabolic deficit due to blocked glycogenolysis—that is, reliance on the purine nucleotide cycle to produce ATP [53].




2.3.5. Massive Glycogen Accumulation Disrupts Myofibril Structure


Massive glycogen accumulation has been reported in muscles from 8-week-old McArdle mice compared to WT controls (i.e., 86-, 46- and 29-fold higher levels in extensor digitorum longus (EDL), gastrocnemius and soleus muscle, respectively) [40]. In turn, muscle glycogen levels in McArdle patients are “only” approximately two times higher than normal, with the enormous glycogen depots in McArdle mice causing structural alterations across and along the muscle fiber that are rarely seen in patients (see also Section 2.3.6). Indeed, muscles from McArdle mice show fibers in disarray, huge variability in size and diameter, large intrafiber voids filled with cytosolic glycogen granules and also the presence of internal nuclei as a result of ongoing degeneration/regeneration cycles [47,54]. Electronic microscopy images reflect that the huge amount of glycogen depots within the fibers cause not only a replacement of the myofibrils with glycogen, but also alterations in the cellular ultrastructure [47]. Thus, glycogen accumulation causes myofibrils to tear, change direction and split from adjacent fibers. As a result, T-tubules appear misaligned to myofibrils, and sarcoplasmic reticula are considerably enlarged [47]. Despite the major loss of structure in the affected fibers, fibro-fatty acid replacement has not been found in any of the muscles analyzed. Additionally, trichrome staining does not reveal ragged red fibers, suggesting that glycogen accumulation does not lead to formation of aggregates of abnormal mitochondria [47]. However, these findings do not translate into a reduction of the length, mass or cross-sectional areas of muscle fibers, at least in several muscles [soleus, EDL, tibialis anterior (TA), quadriceps and diaphragm] from 20-week-old McArdle mice [47]. Treadmill exercise does not further exacerbate these histopathological features (i.e., no differences between exercised and non-exercised muscles) [54]. With regard to the muscle contractile function, both twitch and tetanic forces are significantly lower in the soleus and EDL of McArdle mice than in WT mice [31]. Of note, contractile force is further reduced in the EDL (a predominantly fast-twitch muscle) compared to the soleus (a muscle with a slow-twitch phenotype), while an increase in fatigability is only seen in the EDL [47]. Interestingly, progressive muscle degeneration during disease progression does not seem to be associated with an increase in glycogen content [48].




2.3.6. Fiber Type-Specific Degeneration


Massive glycogen accumulation causing muscle damage seems to occur mainly in fibers containing myosin heavy chains (MHC) type IIA, IIX and a mix of I/IIA and IIA/IIX, all of which are predominantly found in glycolytic, fast-twitch muscles (vs. muscles with a more oxidative, slow-twitch phenotype) [47]. In contrast, low glycogen accumulation and less fiber degeneration is observed in pure type I slow oxidative fibers, as well as in fibers containing a mix of MHC IIX/IIB or pure MHC IIB fibers, which make up the majority of fibers in highly glycolytic muscles [40,47,48]. A comparative histological study of the oxidative soleus muscle and three glycolytic muscles, i.e., the TA, EDL and quadriceps, revealed that only the latter was spared from devastating glycogen accumulation [47]. In this regard, when the percentage of centrally nucleated fibers was analyzed and compared between soleus, EDL, TA and quadriceps from 20-week-old McArdle mice, a significant difference among muscle types was found; TA and soleus presented the highest levels (~15%) of centrally nucleated fibers, while EDL and quadriceps had half that level [47]. Furthermore, acute levels of muscle fiber regeneration (measured as percentage of embryonic MHC positive fibers) are significantly higher in TA than in quadriceps of McArdle mice [47]. Interestingly, in contrast to what has been observed in patients or in the sheep model, regeneration-related expression of Pygb and/or Pygl has not been found in TA or quadriceps of McArdle mice [47]. The observed histopathological differences between TA and quadriceps in McArdle mice might be explained by the higher proportion of IIB fibers in the latter. In the case of the soleus, although this muscle is abundant in type I fibers, it seems to be as affected as TA and EDL muscles due to its content of mixed or pure IIA and IIX MHC fibers [47]. In turn, muscles from patients appear to have fewer mixed fiber types than McArdle mice and glycogen accumulation does not differ across the different fiber types. Thus, the inability to break down glycogen leads to more structural degeneration in the muscles of McArdle mice than in patients [47]. Of note, no major changes in the relative distribution of the different muscle fiber types (based on MHC profiles) have been reported in patients with McArdle disease or in McArdle mice compared to their controls [48,55].




2.3.7. Differential Metabolic Responses among Muscles


In a first study, the protein levels of the enzymes directly involved in glycogen synthesis (glycogen branching enzyme (GBE), muscle glycogen synthase (GS-MM)) and degradation (glycogen debranching enzyme (GDE) and GP-MM) were analyzed in both oxidative (soleus) and glycolytic muscles (gastrocnemius and EDL) of 8-week-old WT and McArdle mice [40]. GBE protein levels were twofold higher in the latter, although no differences were reported for the soleus muscle [40] (Table 2). These findings would suggest a compensatory mechanism in the gastrocnemius and EDL in order to accommodate higher amounts of glycogen in more tightly packed granules—with such adaptive response not needed in the soleus, a muscle that shows naturally higher levels of GBE than EDL in rodents [40,56]. In fact, it has been suggested that glycogen granules might have more ramifications and be more densely packed in oxidative fibers than in glycolytic fibers [56]. In addition, GS-MM protein levels are much lower in McArdle mice, which is accompanied by 2–3-fold increases in its phosphorylated form, thereby suggesting an inhibition of glycogen synthesis in both oxidative and glycolytic muscles in order to prevent further deleterious accumulation of glycogen [40] (Table 2). With regard to glycogen degradation, GDE protein levels are lower in the soleus of McArdle mice than in their WT counterparts, but no differences have been found in the EDL and gastrocnemius [40] (Table 2). This result along with the lower expression of GP-MM and GDE enzymes in the soleus of WT mice in comparison to more glycolytic muscles, suggest that oxidative muscles are not as dependent on glycogen catabolism to ensure a proper function as glycolytic muscles, and thus, they might be less affected by GP-MM deficiency. As expected, no detectable levels of the GP-MM protein have been reported in any of the muscles analyzed in McArdle mice; however, in HTZ mice there is a differential decrease in GP-MM levels among these muscles compared to WT (~60% in the soleus and ~35% in both gastrocnemius and EDL) [40]. These results were further complemented in a second study analyzing the glycogen/glucose turnover signaling pathways in four different muscles (soleus, EDL, TA and quadriceps) of 16–20-week-old McArdle mice [57]. In contrast with the results obtained in 8-week-old animals, no significant changes in GS-MM protein levels were observed in the soleus, EDL and TA of McArdle mice, while a slight increase was observed in the quadriceps [57]. Furthermore, no differences in the phosphorylation status of the GS-MM were detected in the soleus and EDL of McArdle mice, although a significant increase was found in TA and quadriceps [57] (Table 2). In addition, GS-MM activity in the absence of glucose-6-phosphate was almost null in the quadriceps of McArdle mice [57]. Further differences in the levels of glycogen metabolism proteins between 8- and 20-week-old McArdle mice were observed, as increases in GBE protein levels were only found in the quadriceps of McArdle mice [57]. With regard to glucose uptake, phospho-Thr 172-AMPK (pAMPK) was only upregulated in the high glycolytic muscles (TA and quadriceps, especially the latter) [57,58] (Table 2). Moreover, quadriceps also presented increases in phospho-Ser 237-TBC1 domain family member 1 (pTBC1D1) and Glut4 that were not observed in TA muscle [57] (Table 2). The fact that the proportion of IIB fibers in McArdle mice is twice higher in the quadriceps than in TA might explain why the quadriceps muscle is more dependent on contraction-induced glucose uptake for direct metabolism, thereby sparing glucose use to form glycogen and, thus, to contribute to further glycogen accumulation [47]. In this regard, it has been observed that the dependency on glucose from glycogen is strikingly different between TA and quadriceps, as TA has seven times higher GP-MM protein levels than quadriceps [47]. However, all these observations have been reported in non-exercised mice; after treadmill performance, pAMPK protein levels were also increased in the EDL muscle. Moreover, there was an increment in the sarcolemma localization of Glut 4 protein in the TA of McArdle mice in comparison to non-exercised mice. Additionally, treadmill performance also induced an upregulation of hexokinase 2 in TA, EDL and soleus muscles that was not observed under resting conditions [54]. Finally, with regard to the oxidative metabolism, only the biceps femoris muscle has been analyzed so far in McArdle mice, showing a decrease in citrate synthase activity but no significant changes in the activity of different oxidative phosphorylation (OXPHOS) complexes [58] (see also Section 2.3.8).



Overall, the aforementioned results suggest that in the quadriceps of McArdle mice, there is an upregulation of the contraction-induced glucose uptake pathway, with an increase in pAMPK, pTBC1D1 and Glut 4 protein levels along with a decrease in glycogen synthesis. On the other hand, in the vastus lateralis of McArdle patients, glucose uptake occurs through the activation of the insulin dependent pathway, and subsequent direct disposal of glucose through the glycolytic pathway as increased levels of phospho-Ser 473-Akt, Glut4, hexokinase II and fructose-6-phosphate kinase have been reported, along with the activation of epinephrine stimulated inhibition of glycogen synthesis [57] (Table 2).




2.3.8. No Changes in Oxidative Phosphorylation Proteins Levels and Activity


No significant changes in NDUFB8, SDHB, CORE2, CVα and CS protein levels have been found in the quadriceps between 8-week-old WT and McArdle mice [58]. Additionally, no differences in OXPHOS complex activities (CI, CII, CIII, CIV, CI+III and CII+III) were observed between genotypes. However, CS activity was significantly lower in McArdle mice [58]. In McArdle disease patients, the muscle oxidative capacity is severely reduced, as observed by the reduced capacity for dynamic exercise and the low ADP recovery rates after exercise [37,59].




2.3.9. Increased Markers of Oxidative Stress


Higher levels of 4-hydroxynonenal-modified-proteins (4-HNE) as markers of oxidative stress have been observed in the quadriceps of 8-week-old McArdle mice compared to their WT counterparts [58]. Patients also show higher basal muscle levels of oxidative stress markers (4-HNE, 8-isoprostane and protein carbonyls) in skeletal muscle than healthy controls, together with a compensatory upregulation of the nuclear factor erythroid 2-related factor (Nrf2)-mediated antioxidant response [60,61].




2.3.10. No Major Changes in the Autophagic Flux and Proteasome System


Higher protein levels of p62 and Beclin-1 have been reported in the quadriceps of 8-week-old McArdle mice with respect to WT mice; however, as no differences have been found for proteins of the autophagy–lysosomal system (phospho-unc-51-like kinase 1 (ULK1, Ser 555 and Ser 757), autophagy-related 16-like 1 (ATG16L) and lysosome-associated membrane glycoprotein 1 (LAMP1)) in McArdle mice along with the absence of massive accumulation of ubiquitaned proteins, it seems that the autophagic flux is not overall affected in the skeletal muscle of these animals [58]. Additionally, deregulation of the proteasome system has also been discarded as no significant differences in the protein levels of α and β catalytic subunits of the proteasome (αβ-P) exist between WT and McArdle mice [58].




2.3.11. Alterations in CALCIUM Metabolism


Using two-dimensional electrophoresis, higher levels of the most acidic form of the (phosphorylated) of sarco (endo) plasmic reticulum ATPase 1 (SERCA-1) protein have been reported in the quadriceps of 8-week-old McArdle mice compared to their WT counterparts, suggesting an impairment in the catalytic cycle of this enzyme in the former [58]. In patients, indeed, total SERCA1 protein levels in skeletal muscle tissue are considerably lower than in healthy controls, with almost undetectable levels of the basic (unphosphorylated) form of this enzyme in two-dimensional electrophoresis [62].




2.3.12. Disease Progression Differently Affects Distinct Muscles


The quadriceps and soleus muscles seem to be less histologically affected by disease progression than gastrocnemius, TA or EDL [48]. In the case of soleus muscle, this is supported by an increase in fiber size and centrally nucleated fibers with aging (i.e., 70 vs. 8-week-old mice), which is not found in the gastrocnemius, EDL, TA or quadriceps, suggesting that the fibers of the soleus might have a higher capacity to withstand repeated cycles of damage and regeneration. Furthermore, with aging the soleus muscle shows a trend to an increased reliance on glycolytic metabolism, as indicated by an increase in the percentage of glycolytic fibers paralleled by a reduction of oxidative fibers [47]. In the quadriceps muscle, low fibrosis accumulation and mild fiber size increases during aging, suggesting that this muscle is less affected by disease progression than the gastrocnemius, EDL or TA [48].




2.3.13. Physiological and Molecular Adaptations to Endurance Exercise Training


When 8-week-old McArdle mice were subjected to an 8-week endurance exercise training program (forced treadmill running at submaximal intensities), a significant improvement in total running distance completed in an incremental test until exhaustion (an indicator of aerobic fitness) was observed compared to baseline (i.e., before training) [63]. However, although the relative improvement in aerobic fitness did not differ between McArdle and WT mice subjected to the same training protocol, the fitness levels of trained McArdle mice were still much lower (by 50%) than those of untrained WT mice. These results indicate that, similar to patients, McArdle mice adapt favorably to moderate-intensity endurance exercise training, but are unable to match the levels of healthy people whose ability to metabolize muscle glycogen is fully preserved. Furthermore, data provided by muscle proteome analyses revealed a remarkable difference between McArdle and WT mice in the protein networks involved in muscle tissue adaptations elicited by the exercise training intervention. Indeed, only three proteins showed a significant increased expression after training in both McArdle and WT mice: LIM and calponin homology domain-containing protein 1 (LIMCH1), poly (ADP-ribose) polymerase 1 (PARP-1) and tigger transposable element derived 4 (TIGD4) [63]. On the other hand, 74 and 123 proteins were differentially expressed with training in WT and McArdle mice, respectively, suggesting considerable differences in physiological adaptation to endurance exercise training between these two genotypes [63]. Particularly, mitogen-activated protein kinase 12 (MAPK12) protein expression was strongly induced in McArdle (but not in in WT) mice after the training period. MAPK12 is a serine-threonine kinase that acts as an essential component of the MAP kinase signal transduction pathway, plays an important role in myoblast differentiation and might also be involved in mitochondrial biogenesis and remodeling [63]. Pathway enrichment analysis of the highly and significantly expressed proteins in McArdle mice after endurance exercise training showed an enrichment in functions related to ATP synthesis and electron transport chain processes, β-oxidation of lipids, different steps in lipid and protein catabolism, cell death and regulation of necrotic processes. Conversely, the functions that were more represented in WT mice after endurance exercise training were those related with focal adhesions and cytoskeleton regulation, PI3K and mammalian target of rapamycin (mTOR) signaling pathways (the latter involved in the maintenance of skeletal muscle cell survival [63].





2.4. Zebrafish Model


A zebrafish model of McArdle disease has been recently reported [6,45] (Table 1). The zebrafish (Danio rerio) has two genes encoding GP-MM: phosphorylase, glycogen muscle, A (Pygma) and B (Pygmb) genes, respectively (with both sharing more than 80% of sequence identity with human PYGM gene). Pygma encodes a GP-MM protein of 842 amino acids, while Pygmb encodes three different GP-MM proteins of 842, 195 and 49 amino acids [45]. However, the two shorter variants lack important domains for glycogen phosphorylation such as the pyridoxal phosphate attachment site. Both Pygma and Pygmb are expressed in all analyzed developmental stages, although Pygma is clearly the dominant form in adult zebrafish. GP-MM protein was shown to increase its levels during zebrafish development, which correlated with a decrease in muscle glycogen levels. In parallel, GP-MM distribution in the muscles changed from dispersed to highly organized, showing a clearly striated pattern and co-localizing with α-actinin in the Z-line of sarcomeres [45]. These events corresponded to an increase in the energy demands, due to the first movements of the developing embryo. When Pygma and Pygmb genes were knocked down by injecting translation-blocking morpholino oligonucleotides, GP-MM protein levels were reduced in zebrafish morphants, which exhibited a curved body, reduced length, deformations in the tail region and pericardial edema. Additionally, they also showed decreased skeletal muscle formation, disintegrated muscle structure, loss of myofiber organization and accumulation of glycogen granules between sarcomeres and in the subsarcolemmal region, accompanied by a reduction of mobility and swimming speed [6,45].





3. Cell Cultures


Skeletal muscle cultures derived from human biopsies of McArdle disease patients do not constitute a good in vitro model of the disease, as they show GP activity [64,65], together with normal glycogen accumulation as determined by PAS staining [64]. Indeed, PYGM expression represents a small proportion of the total GP mRNA pool in human cell cultures either derived from affected or healthy individuals, whereas PYGB expression was predominant in myoblasts and PYGB and PYGL were both expressed in myotubes [66]. Skeletal muscle cultures derived from patients with McArdle disease do not show abnormal glycogen levels because PYGB and PYGL seem to be the predominant GP isoforms in this model [66]. By contrast, primary skeletal muscle cultures derived from McArdle mice are devoid of GP activity and accumulate large amounts of glycogen deposits, thereby representing a good in vitro model of McArdle disease [67]. Gene expression analysis of the different GP isoforms in these cultures show that while Pygm mRNA levels increase during skeletal muscle differentiation in WT cultures, both myoblasts and myotubes from McArdle mice express very low levels of Pygm mRNA [67]. On the other hand, no significant differences have been reported in myoblast or myotube Pygb mRNA levels between WT and McArdle mice, with Pygl mRNA not detected in either genotype [67]. At the protein level, GP-MM has only been found in WT myotubes, while neither GP-BB nor GP-LL have been detected by western blot analysis in myoblasts and myotubes from WT and McArdle mice [67].




4. Treatments


4.1. Upregulation Pygb/Pygl Expression in Mature Skeletal Muscle


In order to induce the expression of Pygb and/or Pygl genes in mature skeletal muscle that could compensate, at least partly, for the absence of GP-MM protein, two different compounds (notexin and valproate) have been evaluated in vitro and in vivo in these animal and cell culture models [46,68] (Table 3). Notexin is a myotoxic phospholipase derived from the venom of the Australian Tiger Snake (Notechis scutatus scutatus) [46]. This toxin causes hyalinization of muscle fibers with neutrophil infiltration soon after administration [69,70]. When it was administered to the McArdle sheep (n = 40 sheep aged 3 days to 3 years), as an intramuscular injection (n = 27) or as an application layered onto the surface of the muscle (n = 13), it led to a re-expression of Pygb and/or Pygl genes with a maximum peak at 10 days after administration [46]. A reduction of the glycogen levels in treated muscle fibers as well as an increase in strength of contraction was also observed [46]. This study reflects the potential functional benefit of stimulating the expression of these otherwise latent isoforms. In this regard, it has been described in the UCSC Genome Browser (http://genome-euro.ucsc.edu/index.html, accessed on 1 December 2021) that human, sheep and mouse PYGB and PYGL genes present CpG islands in their promoters, and, as such, their expression might be regulated through methylation. Furthermore, postnatal regulation of gene expression has been reported for many different CpG island containing genes [71]. Several studies have determined that valproic acid (VPA—a short chained fatty acid) can modulate the epigenome by inhibiting histone deacetylases and activating the expression of methylated genes through stimulation of active replication-independent demethylation [72]. When VPA was tested in vitro in WT and McArdle skeletal muscle cultures derived from the mouse model, an increase in Pygb mRNA and protein levels was observed in both cultures along with a significant reduction of the glycogen depots in McArdle myotubes [67]. VPA was also evaluated in vivo using the ovine model of McArdle disease [68]. In this study, three different approaches were evaluated: intramuscular injection of VPA, enteric administration of VPA solution and enteric administration of VPA tablets. In the first case, intramuscular injections of VPA (5 mL from a 0.5 g/30 mL solution) into the peroneus tertius and gluteobiceps muscles of the right pelvic limb and into the extensor carpi radialis and ulnaris lateralis of the right thoracic limb were performed in three 5-week-old affected lambs. Histologic analysis revealed significantly more GP-positive fibers in VPA-treated muscles than in control muscles injected with a saline solution, reaching the maximum peak of expression 9 days after injection. Of note, the appearance of GP-positive saline-treated fibers was probably caused by injection-related damage followed by muscle regeneration [68]. In the second approach, enteric administration of a VPA solution (20 to 60 mg/kg body weight per day for a maximum of 20 weeks) was performed bypassing the rumen, reticulum and omasum by administering VPA directly into the abomasum (using mushroom headed catheters) of eight lambs aged 12–18 days. Maximum VPA blood concentration was reached 2 h after administration, but declined 80% after 7 h. Blood analyses of VPA-treated animals showed an increase in CK and aspartate aminotransferase levels (consistent with diagnosis of McArdle disease), and a decrease in calcium concentration. GP positive fibers were observed in all the muscles analyzed with the exception of the diaphragm [68]. Finally, in the last approach, 6 affected ewes between 2.5 and 5 years of age were dosed with VPA in an enteric coated tablet form directly into the abomasum using a large Rumen cannula, while six untreated affected ewes of the same age were used as a control group [68]. The highest VPA blood concentration was found 1.5 h after dosing, and there was a ~60% decline after 7 h (almost 20% less than in the VPA solution administration). However, half of the treated ewes died using this method (at weeks 7 and 8 of a 16-week treatment period). One was found with bilateral multifocal acute bronchopneumonia with extensive pleuropericarditis and multifocal ulcerative abomasitis. Another presented necrotic enterocolitis and the third had abomasitis at the area adjacent to the catheter [68]. Blood analysis revealed increased CK and aspartate aminotransferase levels, while GP-positive fibers were found in all the muscles analyzed, with the exception of the triceps, supraspinatus and diaphragm. Physical activity measured as the time and distance walked (along a farm road in front of a quad bike driven at 5 km/h) before going into sternal recumbency was not significantly improved [68].



In light of the encouraging results obtained with VPA in the aforementioned preclinical studies, a phase II, open label, feasibility pilot trial was performed to assess the efficacy of VPA treatment in patients [76]. Sixteen patients with McArdle disease were treated for 6 months with VPA (20 mg/kg/day), and different endpoints were used to evaluate treatment efficacy: change in peak oxygen uptake (the gold standard measure of aerobic fitness), total distance walked on a 12-min walk test, forearm exercise test, histochemical expression of GP in skeletal muscles and “safety” blood parameters. However, no significant improvement in any of the clinical parameters was observed in treated patients. Histologically, there were few fibers that were positive for neonatal myosin but none showing GP staining, thereby suggesting that rather than regeneration these fibers presented an upregulation of neonatal myosin. Overall, this study showed that there was no clinically meaningful benefit in McArdle disease patients after 6 months of treatment with VPA [76].




4.2. Gene Therapy


Gene therapy could be a potentially useful therapy in McArdle disease, since there is preliminary evidence that a small amount of enzyme is enough to ameliorate the disease symptoms [78]. Gene therapy was tested in vivo for the first time in the ovine model (Table 3). Treatment was performed in sheep aged between 2 days and 14 months via semitendinosus intramuscular injections of adenovirus 5 (AdV5) and adeno-associated virus serotype 2 (AAV2), both containing the LacZ reporter (control) or human PYGM cDNA. GP expression was observed in the site of injection and the protein was functional, as indicated by the correlation with GP-MM positive fibers and a reduction of glycogen accumulation [74]. GP-MM was observed in animals injected with PYGM, whereas non-muscular isoforms were re-expressed in animals injected with LacZ reporter as a consequence of inflammation and regeneration. Despite the good results, expression of PYGM appeared to decrease with time, possibly due to an immune response against the human PYGM and to the immune reactions of the specific viral vectors [74]. However, important advances have been made since year 2008 in the usage and design of viral vectors. In fact, different trials using AAV6/8/9 have recently shown that these vectors efficiently transduce skeletal muscle and exhibit low immunogenicity, in fact providing good results in large animal models of Duchenne muscular dystrophy and myotubular myopathy [79,80,81,82]. Hence, systemic delivery of rAAV2/8 expressing murine Pygm under the control of a synthetic triple muscle-specific CK (MCK) gene promoter. MCK gene promoter was evaluated in McArdle mice at post-natal days 1–3 [75] (Table 3). Detectable levels (0.5 to 21% of WT levels) of Pygm were observed in the quadriceps of treated mice 8 weeks post-injection. In addition, a significant reduction was reported in muscle glycogen levels together with an improved performance in voluntary wheel running [75]. However, no improvement was found in treated mice for performance in the hang wire test, probably reflecting that the level of Pygm expression achieved was enough to meet the energy requirements of sub-maximal endurance exercise, but not to support short bursts of maximal effort [75]. Further studies to achieve a higher expression of the transgene along with a more complete correction of the disease phenotype should be performed before this approach can be proposed for patients.




4.3. Read-Through


Because the most prevalent pathogenic variants in patients with McArdle disease are premature termination codons (PTC), read-through agents (RTA), which are able to induce the ribosome to bypass a PTC, appear as good treatment candidates for this condition [83,84] (Table 3).



RTA were first evaluated in McArdle disease in a preliminary trial with a short-term treatment using gentamicin in patients with a PTC, which failed to normalize 31P-magnetic resonance spectroscopy of GP-MM deficiency in the skeletal muscle [77]. Seven years later, RTA were again evaluated as potential therapeutic compounds for McArdle disease, and this time read-through activity was observed in non-muscle cell cultures transiently transfected with p.R50X-green fluorescent protein (GFP) constructs when treated with an aminoglycoside antibiotic, G418 [85]. Recently, in order to further clarify the potential benefit of these compounds as therapeutic agents, a wider battery of RTAs (including amlexanox, Ataluren, RTC13, RTC14 and G418, among others) were tested again in transiently transfected cells with p.R50*-GFP but also in cells stably expressing these constructs and in skeletal muscle cultures derived from the McArdle mouse model [73]. In this study, no read-through induction was observed in any of the cells with the different RTA tested. In addition, as read-through efficiency is influenced by the stop codon composition and its surrounding sequence, the p.R50* Pygm context sequence was analyzed and compared with 30 different PTC sequences (including 15 nucleotides upstream and downstream from the PTC) with reported positive read-through and 29 PTC sequences with reported negative read-through induction. Compared with these analyzed sequences, the Pygm sequence of McArdle mice showed the TGA stop codon as well as a G nucleotide at position −9, and a C at position −3 (being the first nucleotide of the PTC where the position was defined as +1), which are commonly found in the PTC sequences with positive read-through induction, but also presented a C at −2, more frequently found in PTC sequences with negative read-through induction [73]. In addition, the Pygm sequence did show a C at +4, which has been described to promote PTC read-through [86]. Overall, the results from these three independent studies failed to provide evidence that RTA might be useful therapeutic agents for McArdle disease patients. However, the list of new potential RTA increases every day and the read-through capacity of compounds, such as NB74, NB84, NB124, GJ071, GJ072, BZ6, BZ16 and clitozine, among others, should be also tested in McArdle disease in in vitro and in vivo models.





5. Critical Discussion


Owing to the difficulty of performing mechanistic studies in patients that often rely on invasive techniques, preclinical models have been used for decades, thereby contributing to gain insight into the pathophysiology and pathobiology of human diseases [71]. In this context, at least 42 different animal models (including 15 naturally occurring animals and 26 genetically-modified mouse models) have been reported for the different GSD [33], and specifically four different animal models for McArdle disease (bovine, ovine, mouse and zebrafish models). The bovine and ovine naturally occurring models were the first to be described (in 1995 and 1997, respectively) [41,43]. These two models helped to gain insight into the pathophysiological mechanisms of the disease [41,42,43,46,68,74], and allowed the initiation of the first preclinical trials using in vivo models [46,68,74]. Yet the development of the McArdle mouse model added an additional burst in the histological, molecular, biochemical and physiological characterization of the disease, principally based on the fact that animal manipulation and maintenance, as well as sharing between different research groups, is easier when using mice than bigger animals. The mouse model, as in the case of the bovine and ovine models, faithfully reproduces the disease phenotype found in patients. However, the huge glycogen depots in the skeletal muscle of McArdle mice (20 to 80 times higher than WT mice [40]) in comparison to patients (2–3 times higher than healthy people [87]) with subsequent differences in muscle tissue structural alterations represents a major difference between the phenotype of mice and patients. This limitation is also found in other GSD mouse models (e.g., GSD II, III and IV, with >20 times higher glycogen levels than WT mice) [49] and might be attributable to the faster metabolic rates of these animals, leading to an accelerated accumulation of glycogen in affected tissues. By contrast, in the McArdle bovine and ovine models, muscle glycogen concentrations are 1.6 and 2.2 times higher, respectively, than in control animals [46,88]. In this regard, large animals such as cows and sheep represent better models to reproduce disease phenotypes than small models, as they show similarities with regard to humans in organ and body size, muscle bulk, and overall physio-pathological and metabolic characteristics [89]. In particular, the ovine model presents a body and muscle mass throughout life that is similar to humans [74]. However, there are intrinsic difficulties in working with cows and sheep compared to mouse models, such as manipulation, phenotype characterization (e.g., exercise testing), breeding, housing costs, space availability and the possibility of sharing animals between different research groups (Table 1) [49].



Another major difference in the disease phenotype between patients and the mouse model is the high frequency of premature death in McArdle mice (~85% of the animals that are born), mainly occurring in the perinatal and post-weaning periods [48,49]. As with the highly elevated glycogen depots, perinatal and post-weaning death has also been reported in different GSD mouse models (GSD 0b, Ia, Ib, IV, VII and XV) [48,49]. A possible explanation for this phenomenon might be related to the deficit of glycogen-driven glucose availability in affected tissues to meet basic energy requirements, since glycogen might play a crucial role in energy supply during the neonatal period due to the low content of glucose in milk [90]. However, perinatal death has not been reported in the bovine, ovine or zebrafish models of McArdle disease.



Despite the aforementioned phenotype differences between McArdle mice and patients, the mouse model is allowing to characterize physio-pathological mechanisms of McArdle disease for the first time, such as specific fiber type degeneration, calcium and mitochondrial metabolism, glycogen and glucose turnover signaling pathways or autophagy processes.



The zebrafish model of the disease offers some advantages with respect the bovine, ovine and mouse models, such as production of a large number of embryos, short life cycle (at least vs. the bovine and ovine model, with maturity reached within 3 months) and less expensive maintenance [6,45] (Table 1). In addition, the glycogen concentrations reported for this model (1.3 times higher than in controls) are relatively similar to the actual findings in humans, as opposed to the mouse model. However, there are also some disadvantages associated to this model, mainly related to the fact that zebrafish is not a mammal, which might hamper its use in preclinical drug trials [6].



The different in vitro and in vivo models of McArdle disease have allowed to assess potential molecular treatments at the preclinical stage (Table 3). From these, only the VPA-induced upregulation of the PYGB/PYGL isoforms in mature skeletal muscle has further been tested in humans in a pilot clinical trial. Unfortunately, no clinical improvement was reported in VPA-treated patients [76], suggesting that it does not seem worthwhile to pursue further studies with this drug. Nonetheless, other compounds with epigenetic regulation capacity might be useful for the treatment of McArdle disease. With regard to gene therapy, although encouraging, positive results have been reported with the ovine and mouse model [74,75], more studies are still needed in order to induce actual increases in the expression of the transgene in the skeletal muscle to further reverse the clinical phenotype before this approach can be proposed for patients. Finally, RTA agents have also been evaluated in vitro both in transiently transfected cells and in skeletal muscle cultures derived from the McArdle mouse model, and the absence of read-through induction with the different tested compounds [73,91], has prevented further studies using in vivo models. This being said, because the number of potential RTA is constantly increasing, it cannot be completely ruled out that a new RTA might be useful for the treatment of McArdle disease.



In conclusion, the different animal models of McArdle disease, despite presenting some differences with the typical patient’s phenotype, might allow for a deep study of the different features of the disease while representing a necessary preclinical step to assessed the efficacy and safety of possible treatments before they are tested in patients.
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Table 1. The different preclinical research in vivo models for McArdle disease. Abbreviations: AST: Aspartate aminotransferase; CK: Creatine kinase; f.i: fold increase; N.A: not applicable; ↑: increase; ↓: decrease.
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	Bovine Model
	Ovine Model
	Mouse Model
	Zebrafish Model





	Origin
	Davis, CA, USA
	Western Australia
	Barcelona, Spain
	Wroclaw, Poland



	First Report
	1995 [41]
	1997 [43]
	2012 [44]
	2020 [45]



	Type of model
	Spontaneous
	Spontaneous
	Knock-in
	Knock down (morpholino oligonucleotides)



	Mutation
	c.1468C>T (p.R490W)
	c.2380-1G>A
	c.148A>T (p.R50*)
	N.A



	Exercise intolerance
	Yes
	Yes
	Yes
	Yes



	Large glycogen depots
	Yes (~1.6 f.i)
	Yes (~2.2 f.i)
	Yes (~20–80 f.i)
	Yes (~1.3 f.i)



	Blood analyses
	K+↑, Phosphate ↓, Ca2+↑, CK↑
	CK↑, AST↑, Ca2+↓
	CK↑, NH3+↑, Glucose↓, Lactate↓
	N.A



	Advantages
	1.Muscle fiber type compostion similar to humans. 2.Mitochondria density volume per fiber volume (2–5%) similar to humans
	1.Animal size and muscle mass comparable to humans. 2. Muscle fiber type composition similar to humans. 3. Mitochondria density volume per fiber volume (2–5%) similar to humans
	1. Presents a complete McArdle disease phenotype. 2.Presents the most common mutation in Caucasian patients (p.R50X). 3. Easy to manipulate. 4. Easy to share with other reseach groups 5. Low mantainenance costs
	1. Phenotype similar to McArdle disease patients. 2. Low maintenace costs. 3. Easy to obtain large number of animals for experimentation (100–200 eggs per week)



	Disadvantages
	1.Difficult to obtain animals for experimentation: long gestation period (270–295 days) + 1 calf per birth. 2. Difficult to manipulate (average cow weight: 450 kg). 3. Difficult to share with other research groups. 4. High maintenance costs.
	1.Difficult to obtain animals for experimentation: long gestation period (147 days) + 1–3 lambs per birth. 2. Difficult to manipulate (sheep weight: 40–100 kg). 3. Difficult to share with other research groups. 4. High maintenance costs.
	1.High perinatal mortality. 2.Higher glycogen accumulation in comparison to patients. 3. Different fiber type composition (predominantly type IIX and IIB fibers) in comparison to humans (predominantly type I and IIA fibers). 4. Different mitochondria density volume per fiber volume (30%) in comparison to humans (2–5%)
	1. Is not a mammal. 2. Poor water solubility of some chemicals for drug testing. 3. Doses for toxicological tests are very different from mammals.










[image: Table] 





Table 2. Changes in the relative protein levels of McArdle mice compared to WT mice. Horizontal double black arrows indicate no differences in the protein levels between WT and McArdle mice. Vertical green arrows (↑) indicate upregulation in McArdle mice, while vertical red arrows (↓) indicate downregulation. Horizontal arrows (↔) indicate no significant changes. Abbreviations: n.d: not determined; wo: weeks old; yo: years old.
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McArdle Mice

	
McArdle Patients




	
Soleus

	
Gastrocnemius

	
EDL

	
TA

	
Quadriceps

	
Vastus Lateralis






	

	
8 wo

	
20 wo

	
8 wo

	
35 wo

	
70 wo

	
8 wo

	
20 wo

	
8 wo

	
20 wo

	
70 wo

	
20 wo

	
Avg = 38.4 yo (rg = 18–62)




	
Relative protein levels vs. WT

	
GDE

	
↑

	
↔

	
↔

	
n.d

	
n.d

	
↔

	
↔

	
n.d

	
↔

	
n.d

	
↔

	
↔




	
GS

	
↓

	
↔

	
↓

	
↔

	
↔

	
↓

	
↔

	
↔

	
↔

	
↑

	
↑

	
↑




	
pGS

	
↑

	
↔

	
↑

	
↑

	
↑

	
↑

	
↔

	
n.d

	
↑

	
↑

	
↑

	
↑




	
GBE

	
↔

	
↔

	
↑

	
n.d

	
n.d

	
↑

	
↔

	
n.d

	
↔

	
n.d

	
↑

	
↑




	
pAMPK

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↑

	
n.d

	
↑

	
↔




	
pAKT

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↓

	
n.d

	
↔

	
n.d

	
↔

	
↔




	
pGSK3

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↔

	
↔




	
pTBC1D1

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↓

	
n.d

	
↔

	
↔




	
pTBC1D4

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↑

	
↔




	
Glut4

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↑

	
↑




	
Hexokinase II

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↔

	
↑




	
F6PK

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↔

	
↑




	
pCaMKII

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↓

	
↑




	
pPKA

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↔

	
↑




	
PHKA

	
n.d

	
↔

	
n.d

	
n.d

	
n.d

	
n.d

	
↔

	
n.d

	
↔

	
n.d

	
↑

	
↑
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Table 3. List of therapeutic approaches tested in the different preclinical research models, and if further tested in humans, data are also shown.
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Pygb/Pygl Upregulation

	
Gene Therapy

	
Read-Through




	
Notexin

	
VPA

	
AdV5/AAV2

	
rAAV2/8

	
RTAs






	
In vitro




	
Mouse myotubes

	
Not tested

	
Dose dependent increase of Pygb expression. Dose dependent reduction of glycogen levels [67].

	
Not tested

	
Not tested

	
No p.R50X Pygm read-through was observed [73].




	
In vivo




	
Bovine model

	
Not tested

	
Not tested

	
Not tested

	
Not tested

	
Not tested




	
Ovine model

	
Re-expression of Pygb/Pygl. Reduction in glycogen content. Increase in contraction strenght [46].

	
Presence of GP positive fibers. No significant improvement in exercise capacity [68].

	
Presence of GP positive fibers. Decrease in glycogen content. PYGM expression decreased with time [74].

	
Not tested

	
Not tested




	
Mouse model

	
Not tested

	
Not tested

	
Not tested

	
Re-expressión of Pygm (0.5–21% of control values). Decreased glycogen levels. Increased voluntary wheel running. Lack of improvement in hang wire exercise capacity [75].

	
Not tested




	
Zebrafish model

	
Not tested

	
Not tested

	
Not tested

	
Not tested

	
Not tested




	
Human patients

	
Not tested

	
No significant clinical benefits were observed [76].

	
Not tested

	
Not tested

	
No p.R50X Pygm read-through was observed [77].
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