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ÖZ

Kalıtsal metabolik miyopatiler (KMM), kas hücresi enerji metabolizmasında rol oynayan enzimatik yolların kalıtsal kusurları ile karakterize heterojen 
bir hastalık grubudur. Dünya çapında genetik miyopatilerin insidansı yaklaşık 1/3500, ancak gerçek KMM insidansı bilinmemektedir. Yenidoğan 
tarama programlarının yaygınlaşması ve yeni nesil dizileme genetik yöntemlerinin artması ile diğer genetik miyopatilerle kıyaslandığında nadir 
olduğu düşünülse de, sıklığın tahmin edilen oranın üzerinde olduğu tahmin edilmektedir. KMM, glikojen katabolizması (glikojenoliz ve glikoliz), 
yağ asidi oksidasyonu, Krebs döngüsü veya mitokondriyal solunum zinciri ve oksidatif fosforilasyondaki kusurları içeren gruba verilen isim olarak 
özetlenmektedir. Yaşamın herhangi bir anında farklı şiddette semptomlarla ortaya çıkabilen geniş bir klinik yelpazeye sahiptirler. Kendine özgün 
klinik bulgulara sahip olmaları, spesifik laboratuvar tanı yöntemlerine ihtiyaç duymaları ve özgün tedavi şekilleri olmasıyla diğer miyopatilerden 
farklılık gösterirler.

Bu derlemenin amacı, metabolik miyopatilerin diğer yapısal miyopatilerden ayırıcı tanısını yapmak ve güncel tanı ve tedavi yaklaşımlarını 
sunmaktır.
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ABSTRACT

Inherited metabolic myopathies (IMMs) are a heterogeneous group of diseases characterized by inherited defects of enzymatic pathways 
involved in muscle cell energy metabolism. The worldwide incidence of genetic myopathies is about 1/3500, but the incidence of IMMs is 
unknown. Although it is considered rare compared with other hereditary myopathies, the expansion of neonatal screening programs and the 
increase in next-generation sequencing genetic methods for diagnosis have shown that the frequency is above the predicted rate. IMM is 
summarized as the name given to the group that includes defects in glycogen catabolism (glycogenolysis and glycolysis), fatty acid oxidation, 
Krebs cycle, or mitochondrial respiratory chain and oxidative phosphorylations. They have a broad clinical spectrum that can present symptoms 
of different severity at any stage of their lifetime. It differs from other myopathies in that they have unique clinical findings. Hence, it requires 
specific laboratory diagnostic methods and has specific treatments.

This review aims to make the differential diagnosis of metabolic myopathies from other structural myopathies and present current diagnosis and 
treatment approaches.
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INTRODUCTION
Myopathies include the clinical disorders of the abnormalities 
of muscle cell structure or metabolism that lead to 
dysfunction. Disruption of muscle cells’ structural integrity 
and metabolic status can result from inherited congenital 
abnormalities, external/internal toxins, inflammation, 
infection, and electrolyte imbalances. In addition, they can 
develop due to acquired or hereditary causes. Although 
they have a broad etiological spectrum, they are classified 
as the underlying causes (Table1).

Metabolic myopathies are a heterogeneous group of 
diseases with inherited defects of enzymatic pathways and 
signaling disorders involved in muscle cell metabolism (1). 
Furthermore, metabolic myopathies have only isolated 
muscle involvement and metabolic myopathies that 
may be associated with other system involvements (2). 
Metabolic myopathies have severe early manifestations in 
early childhood as well as late-onset adult types with mild 
symptoms. Both skeleton and cardiac muscle are high 
energy-consuming tissues. Exercise intolerance, muscle 
pain, muscle weakness and stiffness, rhabdomyolysis, 
myoglobinuria, cardiomyopathy (dilated, hypertrophic, 
restrictive) constitute general findings (3). Other 
accompanying involvements can also be related to liver, 
brain, eye, and glucose hemostasis with high energy 
requirements.

Energy Metabolism Physiology of Muscle
To understand the clinical findings of metabolic muscle 
diseases, explaining which substrates and enzymatic 

pathways the muscle uses during rest and exercise will 
facilitate understanding its pathology and preparing 
treatment protocols: Glucose, free fatty acids, and some 
amino acids and muscle creatine form the energy resources 
of the muscle (4). During the resting phase, the primary 
energy source is the mitochondrial beta-oxidation of free 
fatty acids (5). In the first phase of the exercise, glycogen 
stored in the muscle is used only for the muscle itself, 
unlike the liver. In the first few minutes of exercise, sufficient 
blood flow cannot be achieved yet. Energy is obtained by 
anaerobic destruction of muscle glycogen (6). Therefore, 
muscle glycogen, local blood glucose, high energy 
phosphate compounds are used in the intense short-term 
exercise. At the same time, free fatty acids are the main 
energy source in prolonged exercise and fasting.

Defects in any of these pathways glycogen catabolism 
(glycogenolysis and glycolysis), fatty acid oxidation, Krebs 
cycle, or mitochondrial respiratory chain and oxidative 
phosphorylation may cause myopathy (7,8).

Glycogen Storage Diseases
Glycogen storage diseases (GSDs) are a large group 
of inherited metabolic diseases with abnormal storage 
or utilization of glycogen. Of the fifteen, GSD II (acid 
alpha-glucosidase, Pompe), III (amylo-1,6 glucosidase, 
Cori, Forbes), V (myophosphorylase deficiency, Mc 
Ardele), VII [phosphofructokinase (PFK) deficiency, Tarui 
disease], VIII (phosphorylase b kinase deficiency), and X 
(phosphoglycerate mutase deficiency) are named “muscle 
glycogenosis” (9,10).

GSD II: (Pompe disease) is a kind of lysosomal storage 
disorder caused by an accumulation of glycogen in the 
lysosome due to a deficiency of the acid alpha-glucosidase 
enzyme. The incidence of the disease is about 1/40,000 
according to the identified cases but is estimated to be 
more common than is detected by the widespread use of 
newborn screenings (11). It is classified in classic (infantile 
form), childhood, juvenile, and adult (late-onset forms) (12). 
Enzyme replacement therapy (ERT), which is a recombinant 
human GAA (rhGAA), has given a reasonable positive 
response (13,14). The histopathological diagnostic findings 
are the vacuolization and autophagy in the muscle. The 
diagnosis of Pompe disease can be implemented by dried 
blood spot screening in suspected patients with high 
creatine kinase with or without cardiac involvement (15). In 
addition to ERT, positive, supportive effects of diet (high 
protein and branched-chain amino acids diets have been 
used as alternative energetic substrates) and benefits of the 
antioxidant treatments have also been reported (16).

Table 1. Classification of myopathies

Metabolic myopathies Muscular dystrophies

Glycogen storage diseases Duchenne and Becker MD

Fatty acid oxidation defects  

Respiratory chain disorders  

Congenital myopathies Inflammatory myopathies

Central-core disease Dermatomyositis

Nemaline myopathy Polymyositis

Centronuclear (myotubular) 
myopaty Inclusion body myositis

Congenital dystrophyies Necrotizing myopathy

Muscle fiber (tybe 1-2) 
Distribution disorder Eosinophilic myositis

  Granulomatous myositis

Endocrinological and toxic 
myopathies

Myopathies associated with 
periodic paralysis
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GSDV: GSDV (Mc Ardel) is characterized by exercise 
intolerance, muscle cramps, fatigue, weakness, with onset in 
late childhood. In half of the patients, muscle exercise results 
in massive creatine kinase elevation and rhabdomyolysis, 
leading to acute kidney failure. A block of muscle glycogen 
causes the disease to glucose-6- phosphate due to muscle 
glycogen phosphorylase deficiency (17).

After a few minutes of rest, patients with GSDV experience 
muscle pain and fatigue called the “second wind 
phenomenon.” As indicated in the energy metabolism 
of muscle, fatty acids, the incapable of activating muscle 
glycogen stores, and patients’ continuation of exercise are 
the leading causes of the “second wind phenomenon.” The 
second wind does not occur in patients with other disorders 
associated with exercise intolerance (18). A recommended 
activity management targets to increase both capacity 
and muscle strength with the moderate-intensity exercise 
of 150 minutes per week distributed over 5 days per week 
to increase heart rate by 60%-70% (19,20). The diagnosis is 
based on the clinical features, subsarcolemmal vacuoles, 
and glycogen storage with absent myophosphorylase in the 
muscle biopsy.

Glucose or sucrose intake before exercise ameliorates 
symptoms in McArdle disease because the metabolic block 
is upstream of glucose catabolism, whereas it exacerbates 
muscle symptoms (21). Benefits from diets with high protein 
or a ketogenic diet, creatine monohydrate supplementation 
have been reported (22). Since myophosphorylase binds to 
vitamin B6, pyridoxine with fortified branched-chain amino 
acids diet may benefit GSDV (23).

GSD VII: GSDVII is characterized clinically by exercise 
intolerance, muscle cramps, weakness and stiffness in 
muscles, rhabdomyolysis as seen in GSDV, and an additional 
finding is a hemolysis (24). The deficiency of the muscle 
isoform of PFK results in loss of muscle cells and red cell PFK 
activity, respectively. Although it is generally diagnosed at 
advanced ages and with mild findings, it has been reported 
that it has a rare, rapidly progressive, fatal infantile form (25). 
Unlike GSDV, it is essential for the patient to listen to their 
body and avoid intense exercise and a diet containing high 
protein instead of glucose and fructose (26).

Respiratory Chain Disorders (Mitochondrial Myopathies)
Mitochondrial myopathies are the specific myopathies 
manifested by disruption in ATP synthesis due to genetic 
reasons that cause dysfunction of oxidative phosphorylation 
(OXPHOS) (27). The respiratory chain comprises four subunit 
enzymatic complexes (I, II, III, and IV), which generate a 
proton gradient across the inner mitochondrial membrane 

that drives ATP synthesis by complex V (28). CoQ10 and 
riboflavin are critical components of the mitochondrial 
respiratory chain, serving as “electron shuttles” between 
the complexes (29,30). Mitochondrial function is under the 
control of two genomes; mitochondrial genome (mtDNA) 
and nuclear genome (nDNA); there may be mitochondrial 
myopathy caused by pathogenic genetic variants found 
in any of these genomes. This dual genetic control causes 
different inheritance patterns [maternal (mtDNA), X-linked, 
autosomal recessive, autosomal dominant]. In addition, 
some common mitochondrial myopathies occur de novo 
(31).

Isolated muscle disease is rare in mitochondrial myopathies. 
It may affect one or more organs and systems with high 
energy consumption, such as the central nervous system, 
heart, liver, and eyes. Muscular findings of the patients can 
create different clinical phenotypes:

Chronic progressive external ophthalmoplegia (CPEO) 
can usually be associated with progressive ptosis and 
ophthalmoplegia with or without double vision and 
“myopathic face” appearance. CPEO can be seen as an 
isolated symptom or proximal myopathy, endocrinopathy, 
as in a Kearns-Sayre syndrome (32).

Proximal myopathy is the most common form of 
mitochondrial myopathy. Muscle weakness is variable and 
associated with fatigue. While some patients have a static 
course, in some patients, this weakness can progress 
gradually and affect the diaphragm and respiratory muscles, 
which can be life-threatening.

Exercise-induced muscle pain is a common finding and limits 
exercise tolerance. Unfortunately, this clinical variability 
is often confused with other types of muscle diseases by 
causing rhabdomyolysis.

Fatigue is one of the most common symptoms reported 
by patients. These cases constitute the most difficult group 
to diagnose. Disruption in performing simple everyday 
activities such as cutting with a knife, dressing, hair combing. 
This can cause psychiatric findings to accompany the clinic 
in individuals who had fatigue without myopathy.

It may also appear as a part of mitochondrial syndromes 
with combined system involvement such as Kearns-Sayre 
syndrome, Mitochondrial encephalomyopathy lactic 
acidosis, and stroke-like episodes syndrome, myoclonus 
epilepsy with ragged red fibers (33-35).

Diagnosis of mitochondrial myopathies requires a 
multidisciplinary approach. After history and physical 
examination, it includes routine biochemical tests, 
semi-specific metabolic tests, histopathological and 
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immunohistochemical tests, enzyme levels of complexes, 
and genetic tests involved in specific oxidative 
phosphorylation. One of the hallmarks of mitochondrial 
myopathies is physiological tests, including oxygen 
production, consumption, and redox measurements (32). In 
addition, 31P nuclear magnetic resonance spectroscopy can 
measure decreased basal levels of high energy phosphate 
compounds. Today, for patients who cannot be diagnosed 
with targeted next-generation sequence analysis, gene tests 
for definitive diagnosis, WES or WGS tests are preferred.

Antioxidant effective coenzimq10, idebenone, riboflavin, 
nicotinamide, vitamins C and E, lipoic acid, dichloroacetate, 
and ketogenic diet are applied the treatment with 
appropriate exercise programs. However, their effectiveness 
is limited, except for coenzimQ10 deficiency.

Fatty Acid Oxidation Disorders
Fatty acid oxidation (FAO) disorders are inborn lipid 
metabolism disorders caused by a deficiency of the 
enzymes needed to utilize fatty acids in mitochondria 
(36). The five types of FAO disorders present myopathic 
symptoms are primary carnitine deficiency, defects of beta-
oxidation and carnitine transport, multiple acyl-coenzyme 
A dehydrogenase deficiency, neutral lipid storage disease 
with ichthyosis (NLSD-I), and neutral lipid storage disease 
with myopathy (NLSD-M) carnitine palmitoyltransferase 
deficiency (CPT-II deficiency) (37,38). Carnitine and 
acylcarnitine profiles include diagnostic findings in 
tandem MS-MS spectrophotometry for FAO disorders. Its 
association with dicarboxylic aciduria (suberic, sebacic, 
adipic acid) in the organic acid profile supports suspicion.

Systemic primary carnitine deficiency: Primary systemic 
carnitine deficiency is due to a defect in the carnitine 
transporter (OCTN2) expressed in muscle, heart, kidney, 
and fibroblasts. This results in impaired FAO in skeletal 
and heart muscle in the foreground. In addition, renal 
and bowel wasting of carnitine results in low serum levels 
and diminished hepatic uptake of carnitine by passive 
diffusion, which impairs ketogenesis (39). Hypotonia, 
myopathy, cardiomyopathy (dilated, hypertrophic, or both), 
and hypoketotic hypoglycemia are the main symptoms. 
It is diagnosed with a markedly low level of free carnitine 
in tandem MS. However, it should not be confused with 
the nutritional carnitine deficiency in preterm and vegan 
mothers’ babies. Carnitine replacement provides complete 
improvement of clinical findings. According to other FAO 
disorders, carnitine dosage may have to be increased up 
to 400-500 mg/kg/day. It is necessary to follow up with 
routine echocardiography to prevent heart failure due to 
cardiomyopathy.

Defects of beta-oxidation: Inborn errors of FAO result 
in energy failure, especially in the heart and skeletal 
muscle, by causing urinary excretion of acyl-carnitine and 
acyl-glycine conjugates resulting in secondary carnitine 
deficiency. Four acyl-CoA dehydrogenases are involved 
in mitochondrial FAO: short-chain, medium-chain, long-
chain, and very-long-chain acyl-CoA-dehydrogenases 
(SCAD, MCAD, LCAD, VLCAD) (40). Patients usually 
present an acute clinical attack with severe hypoketotic 
hypoglycemia, Reye-like acute liver and cardiac failure, 
and myoglobinuria due to rhabdomyolysis. In some cases, 
symptoms of muscle cramps, fatigue, and weakness can be 
observed without an acute metabolic attack. During acute 
metabolic decompensation, affected individuals should 
receive an intravenous glucose infusion at the rate of 
physiological glucose release by the liver according to the 
patient’s age. It has been shown that carnitine intravenous 
replacement treatment can prevent secondary deficiency. 
Avoid prolonged fasting and excessive muscle egzersize 
in long-term treatment and provide energy with a dietary 
therapy based on fractionated meals rich in carbohydrates 
and medium-chain triglyceride (MCT) enriched low in fat. It 
is important for neurological development to supplement 
the patient with fish oil and walnut oil to avoid essential fatty 
acid deficiency (41).

Multiple acyl-coenzyme a dehydrogenase deficiency 
(MADD; glutaric aciduria type 2, GA2): MADD is an 
autosomal recessively inherited disorder of fatty acid, 
amino acid, and choline metabolism caused by mutations 
in 3 different genes: ETFA, ETFB, and ETFDH, which are 
involved in electron transfer in the mitochondrial respiratory 
chain. Certain type of FAO defect is also considered a 
mitochondrial disease. MADD is divided into 3 different 
groups depending on the heterogeneity of clinical findings: 
the neonatal-onset form with congenital anomalies; the 
neonatal-onset form without congenital anomalies; the late-
onset form (42). Some of the neonatal-onset conditions can 
be lethal. Symptoms and age at presentation of late-onset 
MADD are highly variable and characterized by recurrent 
episodes of lethargy, vomiting, hypoglycemia, metabolic 
acidosis often preceded by metabolic attacks. Muscle 
involvement in the form of pain, weakness, and lipid storage 
myopathy occurs (43).

Riboflavin (vitamin B2) and CoenzimQ10 supplement often 
marked improvement of clinical weakness (100 mg 2-3 times 
daily, 15 mg/kg/day 2 times daily, respectively). A diet high 
in carbohydrates and low in fat and protein, with carnitine 
and MCT supplementation, avoiding long fasting periods 
are the long-term treatment targets.
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Carnitine palmitoyltransferase deficiency (CPT-II 
deficiency): CPT-II deficiency is the most commonly 
diagnosed disorder of fatty acid metabolism, in which 
a wide age range and spectral findings are detected. 
Although it is expected, many cases cannot be analyzed 
due to difficulties in diagnosis. The symptomatology usually 
consists of recurrent myalgias and muscle stiffness attacks 
with weakness and often associated with rhabdomyolysis. 
The patients are generally asymptomatic between attacks. 
Clinical symptoms usually are triggered by prolonged 
exercise or fasting, high fat intake, exposure to cold, viral 
infections, and even emotional stress, general anesthesia, 
or medications such as diazepam and ibuprofen. Besides 
carnitine and diet therapy, Triheptanoin, most likely, can 
correct the shortage of anapleurotic intermediates to the 
Krebs cycle (44).

Neutral lipid storage diseases (NLSDs): Refer to two 
different inherited disorders characterized by the enzymatic 
deficiencies affecting the lipase adipose triglyceride 
lipase and its coactivator CGI58 (45). NLSD-I (NLSD with 
ichthyosis) and NLSD-M (NLSD with myopathy) result in 
massive lipid accumulation in the leukocytes, skin, muscle, 
liver, bone marrow, and intestine. NLSD-I presents early-
onset ichthyosis associated with mild myopathy, while 
NLSD-M presents with muscle weakness and muscular 
atrophy in advanced cases (46). The effects of this defect are 
the alteration of energy production and the involvement of 
skeletal muscle that causes progressive myopathy and rarely 
cardiomyopathy. Muscle weakness is triggered by exercise, 
fasting, or infections. Unfortunately, no effective treatment 
exists to date for both NLSD-M and NLSD-M.

Diagnosis in inherited metabolic myopathies: Metabolic 
myopathies have a broad clinical spectrum, from infantile 
severe multisystemic disorders to adult-onset myopathies. 
To suspect these disorders, clinical features such as 
exercise intolerance and recurrent myoglobinuria need 
investigation while another group presents fixed weakness 
and cardiomyopathy as a clinical pattern. Therefore, when 
presented with such patients, it is most important to “think 
metabolic.”

Before laboratory experiments, an exhaustive individual 
and family history, a neurological exam, exercise test, and 
neurophysiological exams are required. The inborn errors 
of metabolic disorders often present with muscle, heart, 
and central nervous system involvement. Therefore, their 
diagnostic workup includes sophisticated techniques 
ranging from simple biochemical tests to semi-specific and 
specific metabolic tests (Table 2).

However, now invasive procedures have been replaced 
by new-generation genetic (next-generation sequencing) 
diagnostic methods. In cases where structural and metabolic 
myopathies cannot be distinguished, next-generation 
sequencing-based “myopathy panels” that include many 
structural and metabolic genes can be studied.

Using algorithms in diagnosis will speed up the diagnosis 
and provide the rational use of expensive and time-
consuming genetic tests (Figure 1).

Table 2. Diagnostic workup in inherited metabolic myopathies

First-line tests
- Glucose, urea, creatinine, 
LDH, CK, ALP, ALT, AST, 
phosphate, calcium, 
magnesium
- Thyroid function tests
- Myoglobin (urine)
- Free and acylcarnitines (dry 
blood)
- Lactate, pyruvate, ammonia
- Amino acids (serum)
- Organic acids (urine)

Second-line tests (functional 
tests)
- Ischemic exercise test
- Exercise or bike ergometry 
test
- Fasting tests
Third-line tests
- EMG
- Thorax radiography
- ECG, ECHO
- Muscle biopsy
Genetic tests (NGS, WES, WGS)

ALP: Alkaline phosphatase, ALT: Alanine aminotransferase, AST: Aspartate 
aminotransferase, CK: Creatine kinase, ECG: Electrocardiography, 
ECHO: Echocardiography, EMG: Electromyogram, LDH: Lactate 
dehydrogenase, NGS: Next-Generation Sequencing, WES: Whole exome 
sequencing, WGS: Whole-genome sequencing

Figure 1. Diagnostic algorithm in inherited metabolic myopathies
CK: Creatine kinase, CPT: Carnitine palmitoyltransferase, FAO: 
Fatty acid oxidation, GSD: Glycogen storage disease, LCHAD: 
Long-chain L-3 hydroxyacyl-CoA dehydrogenase deficiency, LDH: 
Lactate dehydrogenase, MADD: Multiple acyl-CoA dehydrogenase 
deficiency, PCD: Primary carnitine deficiency, PGK: Phosphoglycerate 
kinase deficiency, PGM: Phosphoglucomutase, VLCAD: Very long-
chain acyl-CoA dehydrogenase
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CONCLUSION
Metabolic myopathies should be considered in the 
differential diagnosis of exercise intolerance. A detailed 
clinical approach will help to determine which of the three 
main disorders (glycogenosis, lipid-related disorders, or 
mitochondrial diseases) is the underlying cause. Metabolic 
screening evaluates the second wind phenomenon and 
other related events, such as fasting, infections, and other 
catabolic situations. Further pre-exercise carbohydrate 
intake may provide additional clues to restrict the differential 
diagnosis. After “think metabolic” in diagnosis, metabolic 
screening tests should be included in the evaluation.

Treatment of metabolic myopathies primarily relies on 
avoiding precipitating factors and dietary supplements to 
bypass the metabolic block.
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