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Summary

Malignant hyperthermia susceptibility (MHS) designates individuals at risk of developing a hypermetabolic reaction

triggered by halogenated anaesthetics or the depolarising neuromuscular blocking agent suxamethonium. Over the past

few decades, beyond the operating theatre, myopathic manifestations impacting daily life are increasingly recognised as

a prevalent phenomenon in MHS patients. At the request of the European Malignant Hyperthermia Group, we reviewed

the literature and gathered the opinion of experts to define MHS-related myopathy as a distinct phenotype expressed

across the adult lifespan of MHS patients unrelated to anaesthetic exposure; this serves to raise awareness about non-

anaesthetic manifestations, potential therapies, and management of MHS-related myopathy. We focused on the clinical

presentation, biochemical and histopathological findings, and the impact on patient well-being. The spectrum of

symptoms of MHS-related myopathy encompasses muscle cramps, stiffness, myalgias, rhabdomyolysis, and weakness,

with a wide age range of onset mainly during adulthood. Histopathological analysis can reveal nonspecific abnormalities

suggestive of RYR1 involvement, while metabolic profiling reflects altered energy metabolism in MHS muscle. Myopathic

manifestations can significantly impact patient quality of life and lead to functional limitations and socio-economic

burden. While currently available therapies can provide symptomatic relief, there is a need for further research into

targeted treatments addressing the underlying pathophysiology. Counselling early after establishing the MHS diagnosis,

followed by multidisciplinary management involving various medical specialties, is crucial to optimise patient care.
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Editor’s key points

� Malignant hyperthermia susceptible (MHS) patients

are at risk of myopathic manifestations that signifi-

cantly impact daily life.

� The spectrum of symptoms of MHS-related myop-

athy unrelated to anaesthetic exposure encompasses

muscle cramps, stiffness, myalgias, rhabdomyolysis,

and weakness, with a wide age range of onset.

� Evidence suggests RYR1 involvement, with altered

energy metabolism in MHS muscle.

� Although currently available therapies can provide

symptomatic relief, there are a number of promising

targeted therapies in the pipeline.

� Newly diagnosed MHS patients should be counselled

to monitor the appearance and progress of

myopathic symptoms, with counselling and multi-

disciplinary management established early after the

MHS diagnosis.
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Background and definitions

The diagnosis of malignant hyperthermia susceptibility (MHS)

designates patients at risk of developing a hypermetabolic

reaction, triggered upon exposure to halogenated anaesthetics

or a depolarizing neuromuscular blocking agent, known as a

malignant hyperthermia event or crisis (MH).1 MHS is diag-

nosed by phenotypic characterisation of surgically excised

skeletal muscle fascicles and their contracture response to

halothane and caffeine in vitro. MHS predisposition can also be

diagnosed by the presence of one or more pathogenic or likely

pathogenic variants in the RYR1, CACNA1S, or STAC3 genes.

Pathogenic or likely pathogenic variants predisposing to MH

can be found in patients with a personal or family history of

suspected MH under anaesthesia, but increasingly also as

incidental findings on genetic investigation of other condi-

tions.2 Here, we use the termMHS to encompass both patients

characterised phenotypically as predisposed to MH (by

contracture testing) and those with genetically determined

increased MH risk.

MHS-related myopathy

A myopathy is a clinical disorder with symptoms caused by a

primary structural or functional abnormality of skeletal

muscle. The United States National Institute of Neurological

Disorders and Stroke considers muscle weakness as the pri-

mary symptom of myopathy.3 Nevertheless, for MHS-related

myopathy, we adopted a broader definition including symp-

toms such as muscle cramps, stiffness, myalgias, episodic

rhabdomyolysis (e.g. exertional, virally induced, spontaneous,

or without an identifiable trigger), and weakness, plausibly

thought to result from the same skeletal muscle defect that

predisposes an individual to develop an MH event (Fig. 1).

Widespread adoption of contracture testing led to the com-

mon use of MHS to describe all patients whosemuscle showed

increased in vitro sensitivity to halothane or caffeine. However,

because ‘abnormal’ in vitro contracture responses can also be

found in patients with a range of other neuromuscular disor-

ders,4,5 we excluded from our definition patients with
‘positive’ contracture test and primarily myopathic manifes-

tations suggestive of another neuromuscular disorder but with

no personal or family history suggestive of an MH event. Our

clinical definition overlaps with that of RYR1-related myopa-

thies (e.g. MHS patients with myopathic symptoms who

harbour an RYR1 variant). However, not all RYR1-related my-

opathies are associated with MHS, not all RYR1 variants pre-

dispose to MH, and not all MHS patients harbour RYR1

variants.6e8

Our definition excludes asymptomatic individuals with

incidental histopathological findings associated with MHS

(e.g. cores, minicores, oxidative staining unevenness, and

fibre type grouping). Although they could represent a con-

tinuum, patients with delayed diagnosis of congenital my-

opathies associated with MH that might not be recognised

until late childhood or adult life are also beyond our scope.9

For instance, myopathic manifestations might be elicited

during functional inquiry, or muscle weakness revealed by

physical examination, in patients with no previous history

of myopathy referred for MHS investigations following an

anaesthetic reaction, who believed until then that their

physical capabilities were within the normal function

spectrum.10 A 10-year retrospective review at a major

neuromuscular clinic in North America identified 44 patients

with congenital myopathy diagnosed during adulthood, 16

of whom harboured pathogenic or likely pathogenic RYR1

variants.11 Thus, we define MHS-related myopathy as a

distinct clinical entity thus far unspecified predominantly

manifesting during adult life unrelated to anaesthetic

exposure in patients with a primary diagnosis of MHS, in

contrast to patients with primarily myopathic manifesta-

tions and structural abnormalities distinctive of other

congenital and early-childhood onset myopathies associated

with MH.
Clinical presentation of MHS-related
myopathy

Onset

Age of onset of musculoskeletal symptoms in MHS individuals

has a wide range.12 Among 12 patients harbouring RYR1 vari-

ants pathogenic or likely pathogenic for MHS who presented

with recurrent rhabdomyolysis, myalgia with hyperCKaemia,

or both, the median age of onset was 27 yr.13 However, in a 25-

yr retrospective study involving 164 MHS patients with

myopathic manifestations who received oral dantrolene for

symptom relief, the median age at the start of therapy was 60

yr.14 In a series of 11 adult patients from eight unrelated

families presenting between 20 and 70 yr old with axial

(lumbar hyperlordosis, camptocormia, and scapula alata) or

proximal muscle weakness associated with RYR1 variants,

Løseth and colleagues6 identified a 40-yr-old patient with no

history of exposure to anaesthetics who carried the RYR1

variant p.Val4849Ile pathogenic for MHS, corroborating previ-

ous observations of adult-onset paraspinal muscle weakness

inMHS patients.15We favour the adjective ‘adult-onset’ rather

than ‘late-onset’ when referring to MHS-related myopathic

manifestations.16
Clinical manifestations

Symptoms and signs of MHS-related myopathy can appear

spontaneously or be triggered by identifiable stimuli (Table 1).
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Fig 1. Sustained RyR1 calcium leak is the mechanism underlying MHS-related myopathic manifestations exacerbated by pharmacological

or environmental stimuli (e.g. heat and exercise). Downstream effects of chronic myoplasmic calcium elevation include increased

mitochondrial electron transport chain activity, increased oxidative stress, and RyR1 posttranslational modifications that further impairs

calcium homoeostasis. Cav1.1, voltage-dependent L-type calcium channel alpha 1S subunit encoded by the CACNA1S gene; MCU, mito-

chondrial calcium uniporter; MHS, malignant hyperthermia susceptibility; RyR1, skeletal muscle calcium release channel ryanodine re-

ceptor type 1; SERCA, sarcoendoplasmic reticulum calcium ATPase; red dots, calcium ions.
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Myalgia and muscle cramps are the most common episodic

symptoms appearing at a younger age, worsening in intensity

and frequency of acute exacerbations or becoming continuous

later in life.13 Unlike general fatigue, characterised by a feeling

of overall tiredness, muscle fatigue manifests as a decreased

ability to perform over time leading to a state of exhaustion.

MHS patients describe muscle weakness affecting all activities

or appearing after iterative or continuous effort despite having

seemingly preserved muscle strength at the start of

exercise.12,14

MH is the hallmark syndrome with skeletal muscle mani-

festations triggered by specific general anaesthetic drugs.17

However, MHS individuals can also have increased risk of

developing rhabdomyolysis with or without myoglobinuria,

induced by exercise, heat, or both; more rarely, MHS patients

may experience episodes of rhabdomyolysis with no apparent

exposure to a known precipitant of rhabdomyolysis.13 A single

case has been reported of a patient harbouring a likely path-

ogenic RYR1 variant for MHS (p.Pro4973Leu) presenting with

recurrent compartment syndrome.18 A prospective cross-

sectional study showed a higher proportion of patients with

RYR1-related exertional rhabdomyolysis and MHS patients

suffering from cramps and myalgias at rest or induced by ex-

ercise compared with healthy controls.13 The Medical

Research Council Sum Score for evaluating muscle weak-

ness,19 spirometry, and other functional measurements were

normal in most patients. Three of 40 patients (7.5%) had onset
of muscle weakness when they were aged in their 50s, most

prominently in the proximal lower extremities, in line with

previous descriptions of axial myopathy as a late manifesta-

tion of MHS.6,15

Although the association between MHS and exertional

rhabdomyolysis is established, few published cases have a

personal or family history suggestive of an MH event. In a

report by Dlamini and colleagues,20 only one among 14 fam-

ilies had confirmedMH, two families harboured a RYR1 variant

pathogenic for MHS (p.Gly2434Arg), and one family carried a

variant likely pathogenic for MHS (p.Arg4737Gln). Eight fam-

ilies had RYR1 variants now categorised as benign for MHS,

and three families harboured variants of uncertain signifi-

cance. Viral illness, exercise in hot environments, or exercise

with alcohol intake were identified as potential triggers in

several individuals. Kraeva and colleagues21 reported 16

additional patients investigated for rhabdomyolysis, of which

only four had a family history suggestive of MH. The report

included a child presenting with rhabdomyolysis triggered by

a viral infection. Moreover, a retrospective case review per-

formed at five MH referral centres identified 41 patients with

MHS confirmed by genetics or contracture testing, with a

history of intense exercise or pyrexia preceding an MH reac-

tion triggered by anaesthesia, suggestive of a clinical contin-

uum encompassing MHS, exertional rhabdomyolysis, and

heat illness.22 In another report, a survivor of a confirmed MH

episode died years later from exertional heat illness.23



Table 1 Clinical manifestations of MHS-related myopathy.
MHS-related myopathic manifestations can be sporadic or
continuous with acute exacerbations. MHS, malignant hy-
perthermia susceptibility.

Inclusion criteria
1. MHS diagnosis confirmed by the following:

i. Personal or family history of malignant hyperthermia
caused by anaesthesia AND positive contracture test
phenotype

OR

ii. Genotype: pathogenic or likely pathogenic variant for
MHS

AND

2. Adult onset myopathic manifestations unrelated to
anaesthesia, spontaneous or triggered by heat, exercise, or
illness.

� Cramps
� Myalgias
� Stiffness
� Muscle spasms
� Weakness
� Muscle fatigue
� Episodic rhabdomyolysis with or without

myoglobinuria
� Severe or recurrent exertional heat illness, heat

exhaustion, or heat stroke
� HyperCKaemia

Exclusion criteria
� Congenital myopathies
� No history of malignant hyperthermia or no MHS-

causative gene variant
� Neuromuscular disorder not associated with MHS
� Incidental histopathological findings with no

confirmation of MHS diagnosis
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Although some groups have reported a high incidence of

abnormal contracture test results in survivors of exertional

heat illness, which also demonstrates an association with

RYR1 and CACNA1S variants,24e28 it is difficult to estimate the

risk of MHS individuals to develop exertional heat illness

accurately. MHS individuals might avoid activities that pose a

risk for exertional heat illness, although some suggest they

compensate for increased heat production through adaptive

increases in heat dissipation.29

Other symptoms in MHS patients include muscle cramps,

stiffness, and myalgias that can appear spontaneously or be

induced by exercise. MHS individuals can report muscle

cramps or myalgia following statin medication, but there are

insufficient data to assert whether these symptoms are more

commonwithMHS comparedwith the general population.30,31

We did not find any reports of statin-induced rhabdomyolysis

in patients with a personal or family history of MH.

On physical examination, although most MHS patients

have normal strength at a younger age, some develop muscle

weakness later in life.12 Muscle hypertrophy is a common

finding in patients with a history of exertional rhabdomyolysis

or MHS who harbour RYR1 variants, many of whom report

increased muscle tone and frequent cramps. These in-

dividuals are often perceived to be physically fitter than their

peers.13,20,32

Recent observations in patients andMH-susceptible animal

models suggest that individuals with MHS have increased risk

of developing hyperglycaemia and diabetes mellitus,33

pancreatitis,34 and bleeding abnormalities.35 Although some
studies suggest plausible molecular mechanisms,36,37 more

preclinical and epidemiological evidence is needed to ascer-

tain MHS association with such disorders.
Biochemical and histopathological findings

MHS-related myopathy has no pathognomonic laboratory

findings. In a cross-sectional study, 48% of patients with

RYR1-related rhabdomyolysis or MHS-related myopathic

symptoms had hyperCKaemia, although 81% of their muscle

biopsies showed nonspecific histopathological abnormal-

ities.12 Untargeted metabolomic profiling of skeletal muscle

from 68 MHS patients and 25 non-MHS controls revealed

significant accumulation of acylcarnitines, diacylglycerols,

various phospholipids, phosphoenolpyruvate, histidine

pathway metabolites, and oxidative stress markers, and

decreased levels of monoacylglycerols, indicating a shift from

carbohydrate to lipid utilisation for energy production and

faster protein turnover in the MHS group.38 Metabolic im-

pairments in MHS skeletal muscle present an attractive target

for discovering diagnostic biomarkers and for developing

personalised therapies to alleviate myopathic MHS

manifestations.

A multicentre review of muscle biopsies from 50 European

patients harbouring RYR1 variants and diagnosed with MHS

(31 patients) or exertional rhabdomyolysis (19 patients) sug-

gests MHS patients share a histopathological spectrum

ranging from mild myopathic changes to cores and other

features of RYR1-related congenital myopathies.39 Including

some cases from a previous cohort,12 their analysis revealed

histopathological features of myopathy in 90% of patients,

such as increased fibre size variability, increased number of

fibres with internal nuclei, and type I fibre predominance.

Central cores, multi-minicores, and oxidative staining un-

evenness were observed in 52% of biopsies. In another study

involving 46 Japanese patients referred because of personal or

family history of MH, cores were seen on oxidative staining in

13 of 27 (48.1%) biopsies from MHS patients who harboured

RYR1 variants.40 Hence, myopathic histopathology findings in

MHS patients can suggest RYR1 involvement.
Life impact of MHS-related myopathy

MHS-related myopathic manifestations have implications

across the lifespan of affected patients. An online survey

involving 72 participants with RYR1-related disorders, 33 with

congenital myopathy, and 39 with MHS or exertional rhabdo-

myolysis revealed that their functional impairments were

worse compared with healthy controls, with half of them

reporting severe fatigue.41 Although fatigue, pain, and phys-

ical impairments were more pronounced in patients with

congenital myopathies, MHS patients with rhabdomyolysis

scored higher in all relevant categories compared with healthy

controls and reported that their impairments had been absent

during childhood and developed only later in life. Thus, rela-

tively mild clinical features of MHS-related myopathy are

associated with fatigue and functional limitations constituting

a persistent burden that adversely affects quality of life. Pa-

tients with MHS-related myopathy may face socioeconomic

consequences owing to a lack of awareness of their limitations

at their workplace, prompting recurrent sick leave or early

retirement from physical jobs and sports.42 Therefore, MHS
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individuals should be counselled about the possibility of

developing myopathic symptoms that might warrant follow-

up after the initial diagnosis.

After MH triggered by anaesthesia, exertional heat illness

and rhabdomyolysis triggered by exercise or viral infection are

the main episodic acute events associated with MHS,43e45 and

myalgia, cramps,muscle fatigue, andmuscle weakness are the

most common chronic complaints.10,14 Hot environments and

strenuous physical activities involving heavy gear that impair

heat exchange (e.g. ice hockey, skiing, and firefighting) appear

to favour muscle injury in MHS patients, compromising per-

formance in sports and physical professions.25,46 Despite con-

troversy about the accuracy of in vitro contracture testing to

assess theMH risk after heatstroke, it is pertinent to undertake

workup for MHS and other myopathies in patients with

recurrent or severe exertional heat illness.43 In a review of 166

patients referred for MHS risk assessment between 1980 and

2002 owing to exertional heat illness during military service or

competitive sports, 53% had positive contracture test results.47

Accordingly, reports from MH diagnostic centres across conti-

nents indicate that half of patients referred after heatstroke or

exertional rhabdomyolysis had positive contracture test re-

sults, and a third had RYR1 variants pathogenic for

MHS.27,28,48,49 Compared with healthy subjects, MHS patients

have increased serum free fatty acids, cortisol, lactate,50 and

myoglobin,29 decreased aerobic and anaerobic capacity, and

compromised oxidative ATP production after standardised

physical activity.51 Hence, MHS patients are advised to avoid

strenuous exercise in hot environments or when sick. Other-

wise, they should implement adequate hydration, heat accli-

matisation, an individualised exercise schedule, and a

treatment plan for heat- or exercise-related emergencies.43Out

of concern, some countries consider MHS a disqualifying con-

dition for military service.52,53
Therapeutic interventions and prevention

There is currently no established therapy for MHS-related

myopathy. Hereunder, we discuss different drugs repurposed

to alleviatemyopathic symptoms inMHS patients, followed by

ongoing research on candidate treatments.
Dantrolene

Dantrolene is theonly specific treatment available forMHduring

anaesthesia. Dantrolene interferes with excitationecontraction

coupling, antagonizing calcium release from the sarcoplasmic

reticulum in cardiac and skeletal muscle.54 The spectrum of

MHS-relatedmyopathicmanifestations is reasonably presumed

to originate from chronic RYR1 dysfunction. Clinical observa-

tions suggest that oral dantrolene relievesmyopathic symptoms

in MHS patients by restoring myoplasmic calcium homoeo-

stasis.55 According to a recent database review of 164 MHS pa-

tients who received oral dantrolene 25e400 mg day�1 for

myopathic symptom relief, most patients adhered to therapy

and reported improvement ofmyalgia, fatigue, rhabdomyolysis,

and hyperCKaemia, especially those with personal or family

history ofMH.14Threepatients developed liver enzymes three to

four timesabove the uppernormal limit,whichnormalisedafter

discontinuing dantrolene, but no serious adverse events were

reported. Although the study provided valuable dosing and side-

effect data, efficacy of oral dantrolene for symptom relief in

MHS-related myopathy awaits assessment in a randomised

controlled clinical trial.
Adrenergic agents

Salbutamol, a b2-adrenergic agonist used as a bronchodilator, is

known to increase muscle strength.56 Salbutamol increases

expression of the sarcoplasmic reticulum calcium ATPase

SERCA1 (fast-twitch isoform), which can ameliorate chronic

myoplasmic calcium elevation in MHS muscle and its oxidative

stress consequences downstream. Functional improvements

and enhanced muscle strength have been observed in patients

with RYR1-related congenital myopathies after receiving daily

salbutamol alone or in combination with a regimen of aerobic

exercise.57,58 In contrast, carvedilol, a b-adrenergic blocker

suppressing RYR2-mediated store overload-induced calcium

release in cardiomyocytes, shows promising similar effects in

non-muscle HEK293 cells expressing MH/CCD-associated RYR1

variants.59 Repurposing approved adrenergic agents for symp-

tom relief in adult MHS patients presenting with muscle

weakness is worthy of investigation.
N-Acetylcysteine

N-Acetylcysteine (NAC) is the rate-limiting precursor of the

antioxidant glutathione. Chronic myoplasmic calcium eleva-

tion in MHS results in increased mitochondrial calcium up-

take, increased electron transport chain activity, increased

reactive by-products, persistent oxidative stress, and post-

translational modifications of RYR1 that further impair cal-

cium homoeostasis.51,60,61 NAC reduced oxidative stress and

improved survival of myotubes derived from RYR1-related

myopathy patients, restored muscle function in relatively

relaxed zebrafish,62 and rescued lipid peroxidation, improved

skeletal muscle function, and decreased the number of core

structures in heterozygous RYR1 Y522S mice.63,64 In a rando-

mised double-blinded placebo-controlled trial in 33 patients

with RYR1-related myopathy, a 6-month course of oral NAC

neither decreased oxidative markers nor improved physical

endurance on a 6-min walk test.65 It was suggested that larger

doses might be required to produce a clinical benefit.
Novel therapies and future directions

Exercise interval training

Sustained RYR1 calcium leak is the mechanism underlying

MHS-related myopathic manifestations.66 Although prolonged

large increases in myoplasmic calcium are associated with

deleterious changes, recent findings suggest that modest in-

creases in resting myoplasmic calcium after exercise trigger

mitochondrial biogenesis and improve respiratory function,

leading to increased fatigue resistance. In mice, muscle adap-

tations induced by exercise involve upregulation of SERCA1,

downregulation of STIM1, and stabilisation of RYR1ecalstabin1

binding, resulting in optimised calcium homoeostasis.67 In rec-

reationally active individuals, short bouts of vigorous exercise

cause acute transient sarcoplasmic reticulum calcium leak due

to RYR1 fragmentation by reactive oxygen species. RYR1 post-

translational changes were associated with improved mito-

chondrial function.68 In healthy human muscle and in vitro

models, a single session of sprint interval training triggers RYR1

protein oxidation and nitrosylation, calstabin-1 dissociation,

decreased sarcoplasmic reticulum calcium content, increased

mitochondrial oxidative phosphorylation proteins, super-

complex formation, and enhanced NADH-linked mitochon-

drial respiratory capacity.69 Countering calcium leak or pre-

venting mitochondrial calcium uptake with a 1,4-
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benzothiazepine derivative known as a Rycal blunts sprint in-

terval training adaptations. Putting those findings together, in

contrast to sustained myoplasmic calcium leakage observed in

RYR1-related myopathies, myocyte adaptations to acute tran-

sient RYR1 calcium leak after high-intensity interval exercise in

healthy subjects appear beneficial. High-intensity interval ex-

ercise stands as a time-efficient intervention seemingly

adequate for the less fit to counteract the deleterious effects of

physical inactivity. Whether a tighter control in calcium

homoeostasis after exercise interval training is also beneficial

forMHS-relatedmyopathypatientsappeals for further research.
Sodium 4-phenylbutyrate

Sodium4-phenylbutyrate (4PBA) is a low-molecular-weight fatty

acid prodrug converted to phenylbutyryl-CoA and metabolised

by mitochondrial beta-oxidation to phenylacetate, a nitrogen

scavenger excreted in urine after glutamine conjugation,

providingadisposalpathwayalternative to theureacycle to treat

hyperammonaemia.70 As a chemical chaperone, 4PBA aids traf-

ficking and stabilisation of misfolded proteins, reducing endo-

plasmic reticulumandoxidative stress.Although it failed to fully

restore sarcoplasmic reticulum Ca2þ homoeostasis, myopathic

ryr1-I4895T knock-in mice improved their skeletal muscle func-

tion after 4PBA treatment, likely by reducing endoplasmic retic-

ulum stress unfolded protein response, decreasing

mitochondrial reactive oxygen species and muscle protein

ubiquitination.71
Rycals

Rycals are benzothiazepine-derived compounds that stabilise

RYRs’ closed state in skeletal and cardiac muscle by restoring

calstabin binding, compromised by excessive oxidative stress

present in several myopathies.72,73 In August 2018, the Food

and Drug Administration awarded Rycals Orphan Drug Desig-

nation for RYR1-related myopathies. S107, a RYR-stabilising

Rycal molecule, decreased the excessive calcium leak and

protease activity ex vivo when applied to muscle from patients

with RYR1-related myopathy, providing the rationale for a

clinical trial.74 No serious adverse events were reported among

seven patients with RYR1-related myopathies who received

daily doses of Rycal S48168 (ARM210) for 29 days in a phase 1

dose-escalation trial. Moreover, three of four participants who

received the higher dose exhibited objective improvements in

muscle strength and fatigue at the end of the trial.75
Compound 1: 6,7-(methylenedioxy)-1-octyl-4-quinolone-3-
carboxylic acid

Compound 1 (Cpd1) is a novel oxolinic acid derivative that

selectively inhibits RYR1, preventing MH and heat stroke in

several MHmousemodels (ryr1-R2509C, R163C, and G2435R). It

has better water solubility and faster clearance than dan-

trolene. Cpd1 rescuedanimals fromenvironmental heat illness

and MH triggered by anaesthesia by reducing resting intracel-

lular Ca2þ, inhibiting Ca2þ release induced by halogenated an-

aesthetics, suppressing caffeine-induced skeletal muscle

contracture, and reducing sarcolemmal cation influx.76
5-Aminoimidazole-4-carboxamide ribonucleoside

5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR) is

an analogue of adenosine monophosphate (AMP) that
activates AMP-dependent protein kinase, a cellular energy

sensor that protects cells against environmental heat stress by

switching off biosynthetic pathways.77 AICAR decreased Ca2þ

leak and reactive oxygen and nitrogen species generation in

ryr1-Y524S mice. Death after heat exposure was prevented by

AICAR treatment, suggesting its potential use forMHS patients

with exercise or heat intolerance.78 However, the optimal

route of administration and dose of AICAR that proved effec-

tive in rodents (600 mg kg�1 s.c.) would be impractical in

humans.
High-throughput drug screening

High-throughput pipelines for large-scale drug screens

combining various biological models (Caenorhabditis elegans

worms,79 relatively relaxed zebrafish mutants,80 time-lapse

Ca2þ fluorescence in HEK293 cells,81 patient-derived myo-

tubes, and ryr1 knock-in mice82,83) were recently introduced

to weigh the potential efficacy of candidate drugs to treat

RYR1-related disorders. Agents with therapeutic potential

identified so far include inhibitors of p38 mitogen-activated

protein kinases, oxolinic acid, 9-aminoacridine, alexidine,

and dantrolene.
Gene therapy

Adenovirus-mediated gene therapy is not currently feasible

for RYR1-related myopathies because RYR1 exceeds the pack-

aging capacity of recombinant adenovirus vectors, limiting the

delivery of a full-length therapeutic protein.84 In vitro gene-

directed therapy consisting of pseudo-exon skipping forced

by a lentiviral vector restored normal sarcoplasmic reticulum

calcium release in primary myoblasts obtained from a child

with severe central core disease caused by two recessive RYR1

variants, resulting in inclusion of an in-frame pseudo-exon,

leading to instability and minimal expression of the RYR1

protein.85
Conclusions

MHS-related myopathy is a spectrum of skeletal muscle man-

ifestations highly prevalent among MHS patients in the

absence of anaesthetics, including episodic muscle cramps,

stiffness, myalgias, rhabdomyolysis, and, less frequently,

muscle weakness, which can become persistent with acute

exacerbations. Currently, only supportive treatments are

available for MHS patients experiencing myopathic symptoms.

Newly diagnosed MHS patients should be counselled to

monitor the appearance and progress of myopathic symptoms.

We propose that prevalence of myopathic symptoms and the

infrequent occurrence of axial myopathy later in life should be

part of this counselling. Limited evidence suggests that dia-

betes mellitus and bleeding abnormalities are also prevalent

among MHS patients. Similar to patients suffering from other

myopathies, MHS patients would benefit from management

tailored by a multidisciplinary team involving primary care

providers, neuromuscular specialists, geneticists, and physical,

psychological, and occupational therapists. The potential ben-

efits of non-pharmacological interventions such as sprint in-

terval exercise or off-label therapy with oral dantrolene merit

further consideration for randomised clinical trials. Promising

emerging investigational drugs await toxicity studies and

phase 1 safety and dosage trials.
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