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“The main conclusions are that the ageing atrophy begins as early as around 25 years of age
and thereafter accelerates and, for this muscle, is caused mainly by a loss of fibers and to a
lesser extent by a reduction in fiber size [1].”

Lexell, Taylor, and Sjöström, 1988

In their manuscript, Anagnostou and Hepple declare, “it may be time to retire the idea that
mtDNA mutation accumulation in muscle is causally related to atrophy [2].” The authors conflate
the global reductions in fiber size with the segmental intrafiber atrophy caused by mtDNA deletions
that leads to fiber loss. The “ageing atrophy” described by Lexell et al. encompasses two distinct
processes (i.e., the loss of fibers and reductions in fiber size). We operationally define intrafiber atrophy
as segments of fibers with a cross-sectional area (CSA) ratio <0.5. The CSA ratio is determined by
measuring the area of single muscle fibers at 100um intervals along 1 mm of fiber length. The minimum
cross-sectional area is then divided by the average CSA of that same fiber [3,4]. The longest electron
transport chain (ETC)-deficient fiber segments have the highest accumulations of mtDNA deletion
mutations, exhibit intrafiber atrophy, and activate cell death [3–5]. Other ETC-deficient fibers with
short segments have not yet expanded sufficiently to activate cell death pathways and thus do not
exhibit intrafiber atrophy. Comparing the segmental intrafiber atrophy to global fiber atrophy is
inappropriate, as the cellular mechanism(s) and outcomes are different. Intracellular mtDNA deletion
mutation accumulation, the ablation of ETC activity, and intrafiber atrophy are parts of a process that
results in fiber loss, not global fiber atrophy. 80% of the muscle fibers undergoing cell death in aged
rats contain focal accumulations of mtDNA deletion mutations [5]. Further, when mtDNA deletion
mutations were experimentally increased in aged rats, the fiber loss increased [6]. The review by
Anagnostou and Hepple misinterprets our data, showing that only 5% of Cox-deficient fibers are
atrophic. They suggest that the other 95% of Cox-deficient fibers in aged rats will not become atrophic,
activate apoptosis, become necrotic, and undergo fiber loss. Their interpretation ignores the basic
premise of our model [5] that they accurately summarized, “The prevailing hypothesis put forward is
that dysfunctional mitochondria expand along the length of the muscle fiber, resulting in impairment
of normal cellular homeostasis, increased oxidative damage, and activation of apoptotic and necrotic
cell death pathways that precipitates segmental (our clarification added) atrophy and loss of the muscle
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fiber.” According to this model, at the time of histological examination, each Cox-negative fiber is at a
different point in this process. Our model predicts that all Cox-negative, non-atrophic fibers in aged
rats will eventually develop segmental atrophy and die. ETC-deficient fibers undergoing segmental
intrafiber atrophy, breakage, and death have been caught in the act [7].

Anagnostou and Hepple reference work from their laboratory which found that less than 1% of the
gastrocnemius fibers in a single histochemically stained section were cytochrome c oxidase-deficient [8].
Curiously, they used an unconventional dual histochemical approach to detect ETC-deficient fibers,
wherein the succinate dehydrogenase (SDH) stain was performed prior to a cytochrome c oxidase
(COX) stain. Conventionally, COX is stained prior to SDH [9–12]. As others have noted, the dual
stain must be interpreted cautiously [10]. Even if the dual staining approach used is accurate, a single
histological section cannot quantitate the number of events in a volume of tissue [13]. Volume density
measurements, which account for the length of these segments, suggest the steady-state abundance of
muscle fibers harboring an ETC deficient segment approached 15% in 38-month old rat quadriceps
muscle. The frequency of deletion mutations and ETC-deficient fibers increase exponentially with
age [14]. In the human vastus lateralis, the fiber number decreases ~50% between 50 and 80 years of
age, a number that translates to the loss of 25 fibers/day (0.008%) [15]. The relatively slow progression
of fiber loss distinguishes this aging process from disease processes. The cumulative loss of cells in
muscle and other tissues irreversibly contributes to the aging process.

Anagnostou and Hepple state, “patients with primary mitochondrial disease have much higher
burdens of mtDNA mutation than seen with normal aging, yet their primary muscle phenotype is
one of severe exercise intolerance and weakness rather than atrophy.” Neither of the references [16,17]
used to support this statement provides data on muscle atrophy. Muscle atrophy is a feature of
mitochondrial diseases. In subjects with mitochondrial disease, the body mass index, fat free mass
index, skeletal muscle mass index, and appendicular muscle mass index (APMI) were significantly
lower than in healthy controls, and the lower APMI was correlated with increased disease severity [18].
Magnetic resonance imaging of the thigh found decreased muscle size, fat infiltration, variable fiber size,
and necrosis in mitochondrial myopathy patients [19,20]. Extraocular muscles (EOMs) are particularly
vulnerable to ETC-deficient fibers arising in mitochondrial disease [21] and also with age [22] as
compared with other post-mitotic tissues. In addition, the genetic induction of mtDNA deletion
mutations clearly induces progeroid phenotypes, including decreased muscle mass, in mice [23,24].
The suggestion by Anagnostou and Hepple that deletions are not sufficient to contribute to aging
ignores the devastating consequences of deletions on the lifespan [25,26].

We remain inspired by the data collected by Lexell and colleagues that carefully quantitated
the muscle parameters in healthy Swedish men across the lifespan [1]. As such, we have looked for
molecular and cellular phenomena that might underlie the loss of cells with age. Studies in rats,
rhesus macaques, and humans have identified mitochondrial DNA deletion mutations as contributors
to age-induced fiber loss [3,9,27,28]. The etiology of aging is understood to be multifactorial [29]
and, in muscle, this likely manifests from mechanisms that induce general fiber atrophy as well as
mechanisms that induce fiber loss.

Funding: This research was funded by the National Institute on Aging at the National Institutes of Health (grant
numbers R56AG060880, R01AG055518, and R21AR072950).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Cells 2020, 9, 1796 3 of 4

References

1. Lexell, J.; Taylor, C.C.; Sjostrom, M. What is the cause of the ageing atrophy? Total number, size and
proportion of different fiber types studied in whole vastus lateralis muscle from 15- to 83-year-old men.
J. Neurol. Sci. 1988, 84, 275–294. [CrossRef]

2. Anagnostou, M.E.; Hepple, R.T. Mitochondrial mechanisms of neuromuscular junction degeneration with
aging. Cells 2020, 9, 197. [CrossRef] [PubMed]

3. Bua, E.A.; McKiernan, S.H.; Wanagat, J.; McKenzie, D.; Aiken, J.M. Mitochondrial abnormalities are more
frequent in muscles undergoing sarcopenia. J. Appl. Physiol. 2002, 92, 2617–2624. [CrossRef]

4. Bua, E.; McKiernan, S.H.; Aiken, J.M. Calorie restriction limits the generation but not the progression of
mitochondrial abnormalities in aging skeletal muscle. FASEB J. 2004, 18, 582–584. [CrossRef] [PubMed]

5. Cheema, N.; Herbst, A.; McKenzie, D.; Aiken, J.M. Apoptosis and necrosis mediate skeletal muscle fiber loss
in age-induced mitochondrial enzymatic abnormalities. Aging Cell 2015, 14, 1085–1093. [CrossRef] [PubMed]

6. Herbst, A.; Wanagat, J.; Cheema, N.; Widjaja, K.; McKenzie, D.; Aiken, J.M. Latent mitochondrial DNA
deletion mutations drive muscle fiber loss at old age. Aging Cell 2016, 15, 1132–1139. [CrossRef] [PubMed]

7. Herbst, A.; Pak, J.W.; McKenzie, D.; Bua, E.; Bassiouni, M.; Aiken, J.M. Accumulation of mitochondrial DNA
deletion mutations in aged muscle fibers: Evidence for a causal role in muscle fiber loss. J. Gerontol. 2007, 62,
235–245. [CrossRef]

8. Rowan, S.L.; Purves-Smith, F.M.; Solbak, N.M.; Hepple, R.T. Accumulation of severely atrophic myofibers
marks the acceleration of sarcopenia in slow and fast twitch muscles. Exp. Gerontol. 2011, 46, 660–669.
[CrossRef]

9. Bua, E.; Johnson, J.; Herbst, A.; Delong, B.; McKenzie, D.; Salamat, S.; Aiken, J.M. Mitochondrial DNA-deletion
mutations accumulate intracellularly to detrimental levels in aged human skeletal muscle fibers. Am. J. Hum.
Genet. 2006, 79, 469–480. [CrossRef]

10. Ross, J.M. Visualization of mitochondrial respiratory function using cytochrome c oxidase/succinate
dehydrogenase (COX/SDH) double-labeling histochemistry. J. Vis. Exp. 2011, 10, e3266. [CrossRef]

11. Pfeffer, G.; Chinnery, P.F. Diagnosis and treatment of mitochondrial myopathies. Ann. Med. 2013, 45, 4–16.
[CrossRef] [PubMed]

12. Taylor, R.W.; Schaefer, A.M.; Barron, M.J.; McFarland, R.; Turnbull, D.M. The diagnosis of mitochondrial
muscle disease. Neuromuscul. Disord. 2004, 14, 237–245. [CrossRef] [PubMed]

13. Wanagat, J.; Lopez, M.; Aiken, J.M. Alterations of the mitochondrial genome. In Handbook of The Biology of
Aging, 5th ed.; Masoro, E., Austad, S., Eds.; Academic Press: San Diego, CA, USA, 2001; pp. 114–131.

14. Herbst, A.; Widjaja, K.; Nguy, B.; Lushaj, E.B.; Moore, T.M.; Hevener, A.L.; McKenzie, D.; Aiken, J.M.;
Wanagat, J. Digital PCR quantitation of muscle mitochondrial DNA: Age, fiber type, and mutation-induced
changes. J. Gerontol. 2017, 72, 1327–1333. [CrossRef] [PubMed]

15. Lexell, J.; Downham, D.; Sjostrom, M. Distribution of different fibre types in human skeletal muscles.
Fibre type arrangement in m. vastus lateralis from three groups of healthy men between 15 and 83 years.
J. Neurol. Sci. 1986, 72, 211–222. [CrossRef]

16. Jacobs, H.T. The mitochondrial theory of aging: Dead or alive? Aging Cell 2003, 2, 11–17. [CrossRef]
17. Taivassalo, T.; Jensen, T.D.; Kennaway, N.; DiMauro, S.; Vissing, J.; Haller, R.G. The spectrum of exercise

tolerance in mitochondrial myopathies: A study of 40 patients. Brain 2003, 126, 413–423. [CrossRef]
18. Hou, Y.; Xie, Z.; Zhao, X.; Yuan, Y.; Dou, P.; Wang, Z. Appendicular skeletal muscle mass: A more sensitive

biomarker of disease severity than BMI in adults with mitochondrial diseases. PLoS ONE 2019, 14, e0219628.
[CrossRef]

19. Olsen, D.B.; Langkilde, A.R.; Orngreen, M.C.; Rostrup, E.; Schwartz, M.; Vissing, J. Muscle structural changes
in mitochondrial myopathy relate to genotype. J. Neurol. 2003, 250, 1328–1334. [CrossRef]

20. Theodorou, D.J.; Theodorou, S.J.; Kakitsubata, Y. Skeletal muscle disease: Patterns of MRI appearances.
Br. J. Radiol. 2012, 85, e1298–e1308. [CrossRef]

21. Greaves, L.C.; Yu-Wai-Man, P.; Blakely, E.L.; Krishnan, K.J.; Beadle, N.E.; Kerin, J.; Barron, M.J.; Griffiths, P.G.;
Dickinson, A.J.; Turnbull, D.M.; et al. Mitochondrial DNA defects and selective extraocular muscle
involvement in CPEO. Investig. Ophthalmol. Vis. Sci. 2010, 51, 3340–3346. [CrossRef]

http://dx.doi.org/10.1016/0022-510X(88)90132-3
http://dx.doi.org/10.3390/cells9010197
http://www.ncbi.nlm.nih.gov/pubmed/31941062
http://dx.doi.org/10.1152/japplphysiol.01102.2001
http://dx.doi.org/10.1096/fj.03-0668fje
http://www.ncbi.nlm.nih.gov/pubmed/14734641
http://dx.doi.org/10.1111/acel.12399
http://www.ncbi.nlm.nih.gov/pubmed/26365892
http://dx.doi.org/10.1111/acel.12520
http://www.ncbi.nlm.nih.gov/pubmed/27561813
http://dx.doi.org/10.1093/gerona/62.3.235
http://dx.doi.org/10.1016/j.exger.2011.03.005
http://dx.doi.org/10.1086/507132
http://dx.doi.org/10.3791/3266
http://dx.doi.org/10.3109/07853890.2011.605389
http://www.ncbi.nlm.nih.gov/pubmed/21867371
http://dx.doi.org/10.1016/j.nmd.2003.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15019701
http://dx.doi.org/10.1093/gerona/glx058
http://www.ncbi.nlm.nih.gov/pubmed/28460005
http://dx.doi.org/10.1016/0022-510X(86)90009-2
http://dx.doi.org/10.1046/j.1474-9728.2003.00032.x
http://dx.doi.org/10.1093/brain/awg028
http://dx.doi.org/10.1371/journal.pone.0219628
http://dx.doi.org/10.1007/s00415-003-0206-1
http://dx.doi.org/10.1259/bjr/14063641
http://dx.doi.org/10.1167/iovs.09-4659


Cells 2020, 9, 1796 4 of 4

22. Yu-Wai-Man, P.; Lai-Cheong, J.; Borthwick, G.M.; He, L.; Taylor, G.A.; Greaves, L.C.; Taylor, R.W.; Griffiths, P.G.;
Turnbull, D.M. Somatic mitochondrial DNA deletions accumulate to high levels in aging human extraocular
muscles. Investig. Ophthalmol. Vis. Sci. 2010, 51, 3347–3353. [CrossRef] [PubMed]

23. Kujoth, G.C.; Hiona, A.; Pugh, T.D.; Someya, S.; Panzer, K.; Wohlgemuth, S.E.; Hofer, T.; Seo, A.Y.; Sullivan, R.;
Jobling, W.A.; et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging.
Science 2005, 309, 481–484. [CrossRef] [PubMed]

24. Trifunovic, A.; Hansson, A.; Wredenberg, A.; Rovio, A.T.; Dufour, E.; Khvorostov, I.; Spelbrink, J.N.;
Wibom, R.; Jacobs, H.T.; Larsson, N.G. Somatic mtDNA mutations cause aging phenotypes without affecting
reactive oxygen species production. Proc. Natl. Acad. Sci. USA 2005, 102, 17993–17998. [CrossRef] [PubMed]

25. Garcia-Cazorla, A.; De Lonlay, P.; Nassogne, M.C.; Rustin, P.; Touati, G.; Saudubray, J.M. Long-term follow-up
of neonatal mitochondrial cytopathies: A study of 57 patients. Pediatrics 2005, 116, 1170–1177. [CrossRef]

26. Barends, M.; Verschuren, L.; Morava, E.; Nesbitt, V.; Turnbull, D.; McFarland, R. Causes of death in adults
with mitochondrial disease. JIMD Rep. 2016, 26, 103–113. [CrossRef] [PubMed]

27. Wanagat, J.; Cao, Z.; Pathare, P.; Aiken, J.M. Mitochondrial DNA deletion mutations colocalize with segmental
electron transport system abnormalities, muscle fiber atrophy, fiber splitting, and oxidative damage in
sarcopenia. FASEB J. 2001, 15, 322–332. [CrossRef]

28. Lopez, M.E.; Van Zeeland, N.L.; Dahl, D.B.; Weindruch, R.; Aiken, J.M. Cellular phenotypes of age-associated
skeletal muscle mitochondrial abnormalities in rhesus monkeys. Mutat. Res. 2000, 452, 123–138. [CrossRef]

29. Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153,
1194–1217. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1167/iovs.09-4660
http://www.ncbi.nlm.nih.gov/pubmed/20164450
http://dx.doi.org/10.1126/science.1112125
http://www.ncbi.nlm.nih.gov/pubmed/16020738
http://dx.doi.org/10.1073/pnas.0508886102
http://www.ncbi.nlm.nih.gov/pubmed/16332961
http://dx.doi.org/10.1542/peds.2004-2407
http://dx.doi.org/10.1007/8904_2015_449
http://www.ncbi.nlm.nih.gov/pubmed/26354038
http://dx.doi.org/10.1096/fj.00-0320com
http://dx.doi.org/10.1016/S0027-5107(00)00059-2
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

