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Learning Objectives

ÅCompare and contrast clinicopathologic features of 
mitochondrial myopathies, glycogen storage myopathies, and 
acquired / toxic autophagic vacuolar myopathies

ÅExplain how block of autophagic flux leads to autophagic 
vacuolar myopathy phenotype

ÅOutline the role of electron microscopy and ancillary 
immunohistochemical studies in pathologic diagnosis of 
metabolic and toxic myopathies 



Outline: Select Metabolic and Toxic Disorders

ÅMitochondrial myopathies

ÅGlycogen storage myopathies

ÅAutophagic vacuolar myopathies (AVMs)



MITOCHONDRIAL MYOPATHIES



Clinical Findings

ÅVariable clinical presentations with regard to age of onset, organ 
system involvement, severity of symptoms, and prognosis
ÅTypical clinical syndromes:
ïChronic progressive external ophthalmoplegia (CPEO)
ïSensorineural hearing loss
ïShort stature
ïCardiomyopathy with conduction deficits
ïPeripheral neuropathy (including optic neuropathy)
ïEncephalopathy with or without seizures
ïDiabetes



Molecular Genetics

ÅUnderlying genetic alterations:
ïmtDNApoint mutations (most commonly in 1 of 22 tRNAs); maternally inherited or 

sporadic
ïmtDNAdeletions; maternally inherited or sporadic
ïmutations in nuclear genes required for mtDNAreplication and maintenance; autosomal 

dominant or autosomal recessive

ÅComplex genotype/phenotype relationship: a single mutation can cause different 
clinical syndromes, while each syndrome can be caused by different genetic 
alterations

ÅHeteroplasmy: mutant and wild-type mtDNAcan coexist in a single cell, with 
proportion of functional and dysfunctional mitochondria differing among 
different cells and tissues

ÅMuscle biopsy is a test of choice even if there is no weakness
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GLYCOGEN STORAGE MYOPATHIES



Disorders of 
Glycogen/Glucose Utilization

ÅMany subtypes; single gene defects 
resulting in impaired carbohydrate 
metabolism (AR or X-linked)

Å Clinical presentation:
ïExercise intolerance: exercise-induced pain; 

rhabdomyolysis
ïExercise avoidance leads to secondary health 

issues
ïAdditional features (gene defect-specific): 

dysmorphic features, hemolysis, liver 
disease, neurologic findings, skin lesions, 
cardiomyopathy

ÅMuscle pathology: accumulation of free 
intersarcomericand subsarcolemmal 
glycogen

Disorder of 
Lysosomal Glycogen Degradation

Å Acid h -glucosidase (acid maltase) 
deficiency: GSD II (AR)
ï Infantile onset Pompedisease (IOPD; <1% of 

residual enzyme activity)
ï Late onset Pompedisease (LOPD; up to 30% 

of residual enzyme activity)

Å Clinical presentation:
ïHypertrophic cardiomyopathy and hypotonia 

(IOPD)
ïWeaknessand muscle atrophy; respiratory 

insufficiency; scoliosis (LOPD)
ïCramps, elevated CK
ïOther organ system involvement: CNS, PNS, 

GI, urinary tract, bones

ÅMuscle pathology: autophagic vacuolar 
myopathy; lysosomal glycogen



From Godfrey R, QuinlivanR. Skeletal muscle 
disorders of glycogenolysis and glycolysis. Nat Rev 
Neurol. 2016 Jul;12(7):393-402
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https://neuromuscular.wustl.edu/pathol/phosphorylase.htm

D{5 ± όaŎ!ǊŘƭŜΩǎ 5ƛǎŜŀǎŜύΥ ƳǳǎŎƭŜ ƎƭȅŎƻƎŜƴ ǇƘƻǎǇƘƻǊȅƭŀǎŜ όmyophosporylasedeficiency)



AUTOPHAGIC VACUOLAR MYOPATHIES



Autophagy (macroautophagy) is a catabolic process in which the 
cytoplasm and organelles in a cell are sequestered within double 
membrane vacuoles (autophagosomes), and then delivered to the 
lysosome for degradation.

AuTophagy Genes (ATGs), which regulate autophagy in yeast, are 
conserved in mammals.

Two ubiquitin-like conjugation systems are required for early 
autophagosome formation.

Autophagy



Macroautophagy
steps

From: Margeta M. Autophagy 
Defects in Skeletal Myopathies.  
AnnuRev Pathol2020;15:261-285. 
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Defect of Cargo Degradation
(Step 6)

ÅX-linked myopathy with excessive autophagy (XMEA)

ïmutations in VMA21, a chaperone that is critical for the proper assembly of 
the vacuolar ATPase

ÅChloroquine / hydroxychloroquinemyopathy

ÅNeuronal ceroid lipofuscinosis type 3 (CLN3 disease; other NCLs?)

ÅPompedisease (acid h-glucosidase deficiency)

ÅShared mechanism: Impairment of lysosome acidification



Defect of Autophagosome-Lysosome Fusion
(Step 5)

Danondisease
ïX-linked disease (female carriers are also affected, but the 

phenotype is milder)

ïInitially classified as άƭȅǎƻǎƻƳŀƭ ƎƭȅŎƻƎŜƴ ǎǘƻǊŀƎŜ ŘƛǎŜŀǎŜ 
ǿƛǘƘ ƴƻǊƳŀƭ ŀŎƛŘ ƳŀƭǘŀǎŜέ

ïLoss-of-function mutations in LAMP2 gene, resulting in 
deficiency of LAMP2B protein (which is required for 
autophagosome / lysosome fusion)
ÅLack of LAMP2 staining is a key diagnostic feature

ïCardiac phenotype is more severe than skeletal muscle 
phenotype



Defect of Autophagosome Maturation
(Step 4)

Colchicine myopathy
ïColchicine prevents microtubule 

polymerization; this blocks 
autophagosome maturation by interfering 
with autophagosometransport

ïVincristine and other microtubule blocking 
agents have the same effect

ïTypical AVM features + patchy myofibrillar
disorganization on EM



General AVM Histologic Features

ÅVacuolization: basophilic (dusty) cores // rimmed vacuoles // autophagic 
vacuoles with sarcolemmalfeatures (AVSFs) // ill-defined vacuoles that can be 
mistaken for artifactual changes

ÅBasophilic stippling and increased acid phosphatase staining

ÅCoarse LC3+ and p62+ puncta, often clustered in the vacuolated central core

ÅEM:
ïautophagic vacuoles

ïcurvilinear bodies (CQ/HCQ myopathy; CLN3 myopathy)

ïglycogen accumulation (Pompedisease, Danondisease)

ÅMHC-1 and complement can be positive in sarcolemma, but there is no 
lymphocytic inflammation

ÅCan be necrotizing (if severe)
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