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Abstract

Background: Pure exercise intolerance associated with exclusive affection of skeletal muscle is a very rare phenotype
of patients with mitochondrial myopathy. Moreover, the exercise intolerance in these rare patients is yet not well
explored, as most of known cases have not been assessed by objective testing, but only by interview. We report a
patient with a mitochondrial DNA (mtDNA) mutation that gives rise to an exclusive myopathy associated with exercise
intolerance and ophthalmoplegia. We quantified the patient’s exercise intolerance through detailed exercise testing.

Case presentation: A 39-year-old man presented with exercise intolerance and chronic progressive external
ophthalmoplegia. Sequencing of the entire mtDNA identified a m.12,294G > A mutation in the MT-TL2 gene. The
mutation was heteroplasmic in skeletal muscle (75%) while undetectable in blood, urinary sediment, and buccal
mucosa as well as in tissues from the patient’s mother. The mutation affected a highly conserved site in the anticodon
stem of the mitochondrial transfer RNA Leucine (CUN) molecule and lead to a severe combined respiratory chain defect.
Exercise physiological studies in the patient demonstrated a significantly reduced maximal oxygen uptake of 20.4 ml
O2 × min−1 × kg−1 (about half of normal) as well as threefold elevated lactate/pyruvate ratios.

Conclusion: The findings of our study support that the m.12,294G > A mutation is pathogenic. Likely, the mutation
arose sporadically in early embryogenesis after differentiation of the mesoderm into muscle progenitor cells, leading to a
pure myopathic phenotype.
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Background
Point mutations in mitochondrial DNA (mtDNA) trans-
fer RNA (MT-T) genes are associated with a wide variety
of disorders that can affect virtually every tissue in the
body. In the vast majority of cases, multiple tissues are
affected simultaneously causing a multisystemic disease
presentation, usually affecting highly oxidative tissues,
such as the central nervous system and skeletal muscle,

the most [1]. However, rarely a phenotype of isolated
organ involvement is observed. In less than 1% of all
cases of mtDNA point mutations, the phenotype is ex-
clusively present in skeletal muscle, and presents as ex-
ercise intolerance and chronic progressive external
ophthalmoplegia (CPEO) [2]. In most of these rare cases,
the exercise intolerance has not been assessed by object-
ive testing, but only by interview. Exercise intolerance
can be quantified by measuring the maximal oxygen up-
take (VO2max) as well as assessing resting and peak
exercise-induced serum lactate levels and lactate/pyru-
vate ratios (L/P).
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In this case report, we describe a patient with a previ-
ously reported m.12,294G > A mutation in the MT-TL2
gene, who presents with pure exercise intolerance and
CPEO. We performed detailed clinical, laboratory, and
exercise physiological testing to describe the condition
and present evidence that supports the pathogenicity of
the mutation.

Case presentation
Patient
A 39-year-old man presented with a history of exercise
intolerance that could be traced back to the first decade
of his life. For example, during physical education classes
in school he could not keep up with his classmates re-
stricted by shortness of breath, muscle pain, fatigue,
nausea, and even on some occasions vomiting from ex-
haustion. At age 39, he still complained of intolerance to
physical exertion, and complained of persistent fatigue
in his daily life, but was still able to perform all activities
of daily living and work full-time as a maintenance en-
gineer – a job of manually repairing industrial machin-
ery. He had longstanding (> 15 years) bilateral ptosis
that progressed and led to recent eyelid elevation sur-
gery on his right eye. At the time of surgery, he was
found to have external ophthalmoplegia and therefore
referred to our mitochondrial clinic for further investiga-
tion for a possible mitochondrial disorder. He com-
plained of no other symptoms than the fatigue and
exercise intolerance. He had a past medical history of
uncomplicated surgery for both umbilical hernia and bi-
lateral tonsillitis in childhood. Family history was unre-
markable. In particular, his mother, aged 64, was fully
active with no signs of exercise intolerance or ptosis.
On examination, he had moderate, constant, and

asymmetrical ptosis that was most evident on the left
non-operated eye. There was prominent bilateral gaze
palsy to 30° horizontally, 15° upwards, while downwards
gaze was almost normal. He presented with generalized
reduced muscle bulk, but without overt muscle wasting
or weakness and with a height of 179 cm and weight of
73 kg. Neurological exam including motor, sensory, and
coordination assessments, was otherwise normal. Resting
serum creatine kinase (CK) was elevated at 1290 U/L
(normal < 400) while acylcarnitine profile, and lactate,
glucose, electrolytes, transaminases levels were normal.
Furthermore, electrocardiogram and transthoracic echo-
cardiogram were both normal.

Muscle histology and enzyme histochemistry
Based on his medical history and clinical presentation as
well as laboratory findings we suspected a mitochondrial
myopathy. After informed consent, a needle muscle bi-
opsy of the vastus lateralis muscle was performed using

a 5 mm Bergstrom needle. Standard histological and
histochemical analyses were executed on fresh-frozen
10 μm sections according to established protocols [3].
Standard histology with hematoxylin and eosin (H&E)
(Fig. 1a) and Oil Red O (Fig. 1b) stains revealed a myo-
pathic picture involving enhanced variability in fiber size,
multiple central nuclei, subsarcolemmal eosinophilic ac-
cumulation, and increased amount of lipid droplets. The
fibers showing subsarcolemmal eosinophilic accumulation
were found to be ragged-red fibers in Gomori tri-
chrome stain (data not shown). Cytochrome c oxidase
(COX) (Fig. 1c) and succinate dehydrogenase (SDH)
(Fig. 1d) enzyme histochemistry revealed 32% COX-
negative fibers and multiple ragged-blue fibers, respectively.

Biochemical assay
Respiratory chain enzyme biochemistry was performed
on muscle homogenate to assess the activities of the re-
spiratory chain enzymes, following standard procedures
[4]. This assay demonstrated a severe combined respira-
tory chain defect with significantly reduced activities of
complexes I, III, and IV (residual activities 17%, 43%,
and 32%, respectively) relative to citrate synthase (CS)
when compared to 29 healthy age-matched controls
(Table 1) [5]. In addition, CS showed a significantly in-
creased activity of 205%.

Molecular studies
To investigate the molecular basis of the combined re-
spiratory chain defect, total genomic DNA including
mtDNA was extracted from muscle as well as peripheral
blood, buccal mucosa, and urinary sediment using stand-
ard methods [6]. The entire mtDNA was polymerase
chain reaction (PCR) amplified in two fragments as pre-
viously described [7]. The fragments were then subjected
to next generation sequencing with a mean coverage of
> 1000 using updated chemistry and software described
elsewhere [8]. Sequence analysis of mtDNA isolated
from muscle identified a G-to-A transition at nucleotide
position 12,294 in the MT-TL2 gene that was present at
a mutation load of 75% (Fig. 2a). The mutation was con-
firmed by direct Sanger sequencing (primers and condi-
tions are available upon request). The mutation could
not be detected in DNA isolated from urinary epithelial
cells, buccal mucosa epithelial cells or leukocytes (NGS
analysis to a mean coverage of >10,000). To investigate
whether the mutation was maternally inherited or had
arisen sporadically, the patient’s asymptomatic mother
who requested testing was examined. After informed
consent, the mother had a needle muscle biopsy per-
formed as described for the patient, and investigated by
PCR and direct Sanger sequencing of the muscle derived
mtDNA. The mutation was not detected in the mother.
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Cycle ergometry
To measure the patient’s maximal oxygen uptake
(VO2max), we had the patient perform an incremental
cycle test to exhaustion as earlier described [9]. In order
to assess the patients resting and peak exercise-induced
serum lactate levels and lactate/pyruvate ratios (L/P), we
drew 4 blood samples from the patient in relation to the
cycle test and analyzed samples for serum concentra-
tions of lactate and pyruvate. The first sample was
drawn before the test with the patient sitting quietly at
rest. The second sample was drawn when the patient be-
came exhausted and could no longer pedal the bike. The
third and fourth samples were drawn 5 and 10 min after
the end of the test, respectively. The highest serum lac-
tate concentration and highest fraction of concomitant
serum lactate and pyruvate concentrations of the last
three blood samples were considered the peak exercise-

induced serum lactate and L/P, respectively. VO2max was
20.4 ml O2 × min−1 × kg−1 and significantly reduced com-
pared to sex- and age-matched healthy controls (~ 40 ml
O2 ×

−1 min × kg−1 ± ~ 12, mean ± 2SD) [10]. Resting
serum lactate was 1.7 mmol × l−1, which was normal (0.7–
2.1 mmol × l−1) and peak exercise-induced serum lactate
was 9.4 mmol × l−1, which was similar to that found in 13
age-matched controls (10.4 mmol × l−1 ± 2.8, mean ± SD)
[11]. Resting L/P was 30 and peak exercise-induced L/P
was 71, which were highly elevated compared to 10
healthy individuals (< ~ 10 and < ~ 30, respectively) [12].

Discussion
Pure exercise intolerance associated with exclusive affec-
tion of skeletal muscle is a very rare phenotype of pa-
tients with mitochondrial myopathy [2]. Such patients
are often mistaken for having cardiopulmonary diseases
due to the limitations in exercise performance. Here, we
describe a patient who presented with exercise intoler-
ance and CPEO associated with a m.12,294G > A muta-
tion in the MT-TL2 gene. In accordance with the
exercise intolerance reported by the patient, VO2max was
reduced to about half of normal, indicating severely im-
paired aerobic capacity in skeletal muscle. In line with a
perturbed aerobic metabolism, both resting and peak
exercise-induced L/P were elevated threefold compared
to normal. Resting serum CK was highly elevated, which
is rare in mitochondrial myopathies [13], but a sign of
significant limitation of mitochondrial function in

Fig. 1 Muscle histology and histochemistry. a H&E stain revealing an enhanced variability in fiber size and some fibers showing internalized nuclei or
increased subsarcolemmal eosinophilic accumulation. b Oil-Red-O stain revealing increased amount of lipid droplets. c COX histochemistry
demonstrating a significant number of COX-deficient fibers. d SDH histochemistry showing multiple ragged-blue-fibers with subsarcolemmal
accumulation of abnormal mitochondria

Table 1 Activities of mitochondrial enzymes in muscle

Patient Controls mean ± SD [range] (n = 29)

Complex I/CS 0.06 0.34 ± 0.09 [0.18–0.58]

Complex II/CS 0.35 0.39 ± 0.07 [0.32–0.62]

Complex III/CS 0.51 1.20 ± 0.21 [0.75–1.71]

Complex IV/CS 1.2 3.8 ± 0.7 [2.5–5.7]

CS 634 309 ± 83 [181–468]

Enzyme activity is expressed as milliunits per milliunits citrate synthase (CS).
CS activity is expressed as milliunits per milligrams protein. Reference values
are from 29 age-matched controls and expressed as mean ± SD with ranges
in brackets
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skeletal muscle along with muscle morphology showing
myopathic changes with damaged fibers, ongoing regen-
eration, mitochondrial proliferation, intra-muscular lipid
accumulation, and abundant COX-negative fibers.
It is inherently difficult to distinguish pathogenic

mtDNA mutations in MT-T genes from neutral poly-
morphisms, because they do not produce alterations in
polypeptide sequences and at the same time the nature
of mtDNA is highly polymorphic. In fact, recent studies
have stressed that many reported mtDNA mutations af-
fecting MT-T genes are likely to be neutral, polymorphic
variants [14, 15]. Thus, it is important to assign definite
pathogenicity to reported mutations by using the revised
pathogenicity scoring system that evaluates the patho-
genicity of mtDNA mutations affecting MT-T genes
based on a list of canonical criteria [15]. In this case,
there is substantial evidence that the m.12,294G > A mu-
tation is pathogenic in regard to aforementioned scoring
system and causes exercise intolerance and CPEO in the
patient. Firstly, the biochemical assay of the respiratory
chain enzymes showed significant impairment of com-
plex I, III, and IV activities and CS activity was sig-
nificantly increased as a measure of compensatory
mitochondrial proliferation. Secondly, the mutation was

heteroplasmic and most likely sporadic as it was
present in post-mitotic tissue and undetectable in mi-
totic cells and in the mother. These two characteristics
are in fact very common features of pathogenic mtDNA
mutations [16, 17]. Thirdly, the mutation disrupts a
Watson-Crick base pair that is phylogenetically highly
conserved (Fig. 2b) in the anticodon stem of the mito-
chondrial transfer RNA (mt-tRNA) Leucine (CUN)
molecule (Fig. 2c) and thus causes a conformational
change of the molecule. Actually, a recent study found
that this exact position in the anticodon stem of the
mt-tRNA molecules is generally across all 22 mt-tRNA
molecules associated with mutations that fulfill the ca-
nonical criteria for pathogenicity [18]. Fourthly, the
mutation has been reported previously in a 45-year-old
woman with the very same phenotype as our patient
[19]. On histochemistry and biochemical assay she too
had a large amount of COX-negative fibers and a severe
combined deficiency of the respiratory chain com-
plexes. Her mutation load was 59.8% in muscle, but 0%
in blood and primary myoblasts. Additionally, single-fiber
PCR analysis demonstrated that the mutation segregated
with COX-negative fibers. Based on these findings the
researchers concluded that the mutation most likely had

Fig. 2 Molecular genetic investigation and functional consequence of the m.12,294G > A mutation. a Sanger sequencing electropherograms of
MT-TL2 from muscle (top panel) and buccal mucosa (bottom panel) encompassing the heteroplasmic m.12,294G > A mutation. The arrow in the
upper panel marks the mutation. The mutation is not identified in the bottom panel and was likewise not detected in blood and urinary sediment.
b Phylogenetic conservation of the anticodon stem and in between the anticodon loop of the mt-tRNA Leucine (CUN) sequence showing the high
preservation of the affected base-pair throughout species. c Schematic representation of the mt-tRNA Leucine (CUN) cloverleaf structure showing the
mutation in the anticodon stem and the affected G-C base-pair
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arisen sporadically. Further support for pathogenicity of
the mutation comes from the finding of a mutation af-
fecting the neighboring nucleotide namely m.12,293G >
A, which was reported to be sporadic with an occur-
rence exclusively in skeletal muscle at a mutation load
of 41% giving rise to an axial myopathy in a 69-year-old
woman [20]. Exercise capacity was not examined in
these two other cases.
Considering our patient in relation to the two other

cases it is striking that the mutations appear to be spor-
adic in origin, while at the same time only affect skeletal
muscle. This suggests that these mutations are not ma-
ternally inherited, but arise sporadically in early embryo-
genesis after the differentiation of the mesoderm into
muscle progenitor cells. This lack of transmission, and
at the same time isolated organ involvement, is rare for
mtDNA point mutations, but is often seen for mtDNA
single, large-scale deletions that is a major cause of iso-
lated CPEO and myopathy [21]. Sporadic mtDNA point
mutations affecting only skeletal muscle have been pre-
viously observed in a few cases [22–24].
After our patient was diagnosed with his mitochon-

drial myopathy he was included in a randomized,
double-blinded case-control study evaluating the safety
of the drug omaveloxolone at various doses in patients
with mitochondrial myopathies (clinicaltrials.gov). He
was advised on following a fixed exercise regimen. He
was not treated with any other drugs beside omaveloxo-
lone or any supplements. At present, he is about to be
included in another drug trial.

Conclusion
Our study, together with the two previously reported pa-
tients affected in the same anticodon stem, adds to the
evidence that the m.12,294G > A mutation is pathogenic
in human mitochondrial disease. Likely, the mutation
arose sporadically in early embryogenesis after differenti-
ation of the mesoderm into muscle progenitor cells,
leading to a pure myopathic phenotype.

Abbreviations
CK: Creatine kinase; COX: Cytochrome c oxidase; CPEO: Chronic progressive
external ophthalmoplegia; CS: Citrate synthase; H&E: Hematoxylin and eosin;
L/P: Lactate/pyruvate ratio; mtDNA: Mitochondrial DNA; MT-T: Mitochondrial
transfer RNA (gene); mt-tRNA: Mitochondrial transfer RNA (molecule);
PCR: Polymerase chain reaction; SDH: Succinate dehydrogenase;
VO2max: Maximal oxygen uptake

Acknowledgements
None.

Funding
No funding was received.

Availability of data and materials
All the data supporting our findings is contained within the manuscript.

Authors’ contributions
PS Drafted the manuscript, performed the cycle ergometry test and
interpreted the acquired data. KLM Designed the study, performed the cycle
ergometry test and interpreted the acquired data. AEB Performed the cycle
ergometry test and interpreted the acquired data. MD Performed the
molecular studies and interpreted the acquired data. FW Performed the
biochemical assay and interpreted the acquired data. JV Designed and
supervised the study, corrected and revised the manuscript critically for
important intellectual content, performed the histological and histochemical
examination and interpreted the acquired data. All authors read and approved
the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Informed written consent was obtained from the patient and his mother to
publish their case-related information.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Faculty of Health and Medical Sciences, University of Copenhagen,
Copenhagen, Denmark. 2Department of Neurology, Copenhagen
Neuromuscular Center, Rigshospitalet, Copenhagen, Denmark. 3Department
of Clinical Genetics, Rigshospitalet, Copenhagen, Denmark.

Received: 19 December 2016 Accepted: 12 October 2017

References
1. Taylor RW, Turnbull DM. Mitochondrial DNA mutations in human disease.

Nat Rev Genet. 2005;6(5):389–402.
2. Lott MT, Leipzig JN, Derbeneva O, Xie HM, Chalkia D, Sarmady M, Procaccio

V, Wallace DC. mtDNA Variation and Analysis Using Mitomap and
Mitomaster. Curr Protoc Bioinformatics. 2013;44:1 23 21–6.

3. Old SL, Johnson MA. Methods of microphotometric assay of succinate
dehydrogenase and cytochrome c oxidase activities for use on human
skeletal muscle. Histochem J. 1989;21(9–10):545–55.

4. Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder
HD, Boushel R, Helge JW, Dela F, et al. Biomarkers of mitochondrial content
in skeletal muscle of healthy young human subjects. J Physiol.
2012;590(14):3349–60.

5. Rafiq J, Duno M, Ostergaard E, Ravn K, Vissing CR, Wibrand F, Vissing J.
Exercise intolerance and Myoglobinuria associated with a novel maternally
inherited MT-ND1 mutation. JIMD Rep. 2016;25:65–70.

6. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res. 1988;16(3):1215.

7. Kleinle S, Wiesmann U, Superti-Furga A, Krahenbuhl S, Boltshauser E,
Reichen J, Liechti-Gallati S. Detection and characterization of mitochondrial
DNA rearrangements in Pearson and Kearns-Sayre syndromes by long PCR.
Hum Genet. 1997;100(5–6):643–50.

8. Parson W, Strobl C, Huber G, Zimmermann B, Gomes SM, Souto L, Fendt L,
Delport R, Langit R, Wootton S, et al. Evaluation of next generation mtGenome
sequencing using the ion torrent personal genome machine (PGM). Forensic
Sci Int Genet. 2013;7(5):543–9.

9. Jeppesen TD, Schwartz M, Olsen DB, Vissing J. Oxidative capacity correlates
with muscle mutation load in mitochondrial myopathy. Ann Neurol.
2003;54(1):86–92.

10. Jeppesen TD, Duno M, Risom L, Wibrand F, Rafiq J, Krag T, Jakobsen J,
Andersen H, Vissing J. A novel de novo mutation of the mitochondrial
tRNAlys gene mt.8340G>a associated with pure myopathy. Neuromuscul
Disord. 2014;24(2):162–6.

11. Jeppesen TD, Schwartz M, Olsen DB, Wibrand F, Krag T, Duno M, Hauerslev
S, Vissing J. Aerobic training is safe and improves exercise capacity in
patients with mitochondrial myopathy. Brain. 2006;129(Pt 12):3402–12.

Soldath et al. BMC Musculoskeletal Disorders  (2017) 18:419 Page 5 of 6

http://clinicaltrials.gov


12. Wasserman K, Beaver WL, Davis JA, Pu JZ, Heber D, Whipp BJ. Lactate,
pyruvate, and lactate-to-pyruvate ratio during exercise and recovery. J Appl
Physiol (1985). 1985;59(3):935–40.

13. Jackson MJ, Schaefer JA, Johnson MA, Morris AA, Turnbull DM, Bindoff LA.
Presentation and clinical investigation of mitochondrial respiratory chain
disease. A study of 51 patients. Brain. 1995;118(Pt 2):339–57.

14. McFarland R, Elson JL, Taylor RW, Howell N, Turnbull DM. Assigning
pathogenicity to mitochondrial tRNA mutations: when “definitely maybe” is
not good enough. Trends Genet. 2004;20(12):591–6.

15. Yarham JW, Al-Dosary M, Blakely EL, Alston CL, Taylor RW, Elson JL, McFarland
R. A comparative analysis approach to determining the pathogenicity of
mitochondrial tRNA mutations. Hum Mutat. 2011;32(11):1319–25.

16. Yarham JW, Elson JL, Blakely EL, McFarland R, Taylor RW. Mitochondrial tRNA
mutations and disease. Wiley Interdiscip Rev RNA. 2010;1(2):304–24.

17. Elson JL, Swalwell H, Blakely EL, McFarland R, Taylor RW, Turnbull DM.
Pathogenic mitochondrial tRNA mutations–which mutations are inherited
and why? Hum Mutat. 2009;30(11):E984–92.

18. Blakely EL, Yarham JW, Alston CL, Craig K, Poulton J, Brierley C, Park SM,
Dean A, Xuereb JH, Anderson KN, et al. Pathogenic mitochondrial tRNA
point mutations: nine novel mutations affirm their importance as a cause of
mitochondrial disease. Hum Mutat. 2013;34(9):1260–8.

19. Pulkes T, Liolitsa D, Nelson IP, Hanna MG. Classical mitochondrial phenotypes
without mtDNA mutations: the possible role of nuclear genes. Neurology.
2003;61(8):1144–7.

20. Hiniker A, Wong LJ, Berven S, Truong CK, Adesina AM, Margeta M. Axial
mitochondrial myopathy in a patient with rapidly progressive adult-onset
scoliosis. Acta Neuropathol Commun. 2014;2:137.

21. Moraes CT, DiMauro S, Zeviani M, Lombes A, Shanske S, Miranda AF, Nakase
H, Bonilla E, Werneck LC, Servidei S, et al. Mitochondrial DNA deletions in
progressive external ophthalmoplegia and Kearns-Sayre syndrome. N Engl J
Med. 1989;320(20):1293–9.

22. Vissing J, Salamon MB, Arlien-Soborg P, Norby S, Manta P, DiMauro S,
Schmalbruch H. A new mitochondrial tRNA(Met) gene mutation in a patient
with dystrophic muscle and exercise intolerance. Neurology. 1998;50(6):1875–8.

23. Vissing CR, Duno M, Olesen JH, Rafiq J, Risom L, Christensen E, Wibrand F,
Vissing J. Recurrent myoglobinuria and deranged acylcarnitines due to a
mutation in the mtDNA MT-CO2 gene. Neurology. 2013;80(20):1908–10.

24. Born AP, Duno M, Rafiq J, Risom L, Wibrand F, Ostergaard E, Vissing J. A
mitochondrial tRNA(Met) mutation causing developmental delay, exercise
intolerance and limb girdle phenotype with onset in early childhood. Eur J
Paediatr Neurol. 2015;19(1):69–71.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Soldath et al. BMC Musculoskeletal Disorders  (2017) 18:419 Page 6 of 6


	Abstract
	Background
	Case presentation
	Conclusion

	Background
	Case presentation
	Patient
	Muscle histology and enzyme histochemistry
	Biochemical assay
	Molecular studies
	Cycle ergometry

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

