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Musculoskeletal disorders and age-related musculoskeletal decline are major contributors
to the burden of ill health seen in older subjects. Despite this increased burden, these
chronic disorders of old age receive a relatively small proportion of national research
funds. Much has been learned about fundamental processes involved in ageing from basic
science research and this is leading to identification of key pathways that mediate ageing
which may help the search for interventions to reduce age-related musculoskeletal decline.
This short review will focus on the role of reactive oxygen species in age-related skeletal
muscle decline and on the implications of this work for potential nutritional interventions
in sarcopenia. The key physiological role of reactive oxygen species is now known to be in
mediating redox signalling in muscle and other tissues and ageing leads to disruption of
such pathways. In muscle, this is reflected in an age-related attenuation of specific
adaptations and responses to contractile activity that impacts the ability of skeletal muscle
from ageing individuals to respond to exercise. These pathways provides potential targets
for identification of logical interventions that may help maintain muscle mass and
function during ageing.
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Chronic conditions associated with musculoskeletal
ageing are a major burden experienced by rapidly ageing
populations in all countries. The two most common
chronic musculoskeletal disorders, osteoarthritis (OA)
and osteoporosis contribute significantly to the high
prevalence of disability in older adults and together with
age-related loss of skeletal muscle mass and function
(commonly described as sarcopenia), affect 30–60% of
people over 65 years of age in the UK(1,2). The greatest
risk factor for OA, osteoporosis and sarcopenia is age
and the number of older people in countries such as the
UK continues to increase dramatically(1). There is
therefore a clear need to identify and test new strategies

to reduce the incidence and consequences, of common
age-related chronic disease. This is particularly true for
debilitating age-related disorders of the musculoskeletal
system since these have major adverse effects on
independence and quality of life of older individuals
and limit physical activity, amplifying age-related risks
of multiple cardio-metabolic diseases, major cancers and
neurodegenerative diseases(3,4).

Ageing of skeletal muscle is characterised by loss of
mass and contractile force and has a profound impact on
the quality of life of older people. Loss of skeletal muscle
begins in middle age and continues until the end of life(5).
In older people, declining muscle mass and function
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causes instability and increased risk of falls with a loss of
independence(6). By age 70, the cross-sectional area of
skeletal muscle is reduced by 25–30% and muscle
strength by 30–40%(7). Both a decrease in the number
of muscle fibres and atrophy and weakening of those
fibres remaining(8–10) appear to contribute to the
reduction in muscle mass and function with age in
humans and rodents. This is termed sarcopenia and the
intrinsic and extrinsic changes regulating muscle ageing
in humans occur in rodents, indicating that ageing mice
and rats are relevant models of human sarcopenia(11,12).
While there is undoubtedly a major effect of the ageing
process on the loss of muscle mass and weakness seen in
elderly populations, multiple other factors play a role in
individuals, including lack of exercise, increased seden-
tary behaviour, sub-optimal nutrition, social isolation
and sub-optimal health care(13).

There have been dramatic advances in understanding
the fundamental mechanisms underlying the ageing
process in non-mammalian and mammalian models(14,15)

and this information is also informing investigations of
the mechanisms underlying age-related degeneration of
single tissues, including the musculoskeletal tissues, such
as skeletal muscle, bone and cartilage and of interven-
tions to ameliorate such degeneration(16). The focus of
this review will be on one of these fundamental
mechanisms, redox regulation and the role of redox
changes in age-related loss of skeletal muscle mass and
function (sarcopenia).

Reactive oxygen species (ROS) in ageing

A factor clearly associated with loss of function during
ageing in numerous tissues is oxidative damage and
experimental evidence from humans and rodents
indicates that skeletal muscles and other musculoskel-
etal tissues show age-dependent increases in the
products of oxidative damage to biomolecules includ-
ing proteins, lipids and nucleic acids(17–20). Various
reports have attributed the positive correlation between
age and oxidative damage to age-related changes in
reactive oxygen species (ROS) production, with skeletal
muscles from old mice exhibiting a higher intracellular
ROS generation in comparison to muscles from young
mice(21,22). The loss of muscle that occurs with ageing
occurs in parallel with loss of motor units in both
humans and rodents(23,24). A 25–50% reduction in the
number of motor neurons occurs in both man and
rodents with ageing(25,26). Loss of innervation of
individual fibres occurs in muscles of aged humans
and animals and our study which indicated that ∼15%
of muscle fibres from old mice are completely dener-
vated and ∼80% of neuromuscular junctions (NMJs)
showed some disruption(27). Recent data indicate that
this loss of innervation may play a fundamental role in
in the changes in ROS generation that occur in ageing
skeletal muscle(28,29)providing evidence for important
inter-tissue interactions affecting muscle viability dur-
ing ageing(30).

Roles of ROS in physiology of the musculoskeletal system

The term oxidative stress as it related to oxidative damage to
cells and tissues was coined byHelmut Sies and colleagues in
1985(31) and is defined as “a disturbance of the pro-oxidant-
antioxidant environment in favour of the former”. The
implications of this definition were originally that oxidative
stress was potentially deleterious to tissues and cells and that
inhibition or reversal of the stress on cells and tissues would
generally be beneficial. This could be potentially achieved by
a reduction in the promotors of oxidation (usually free
radicals or ROS), or an increase in substances or pathways
that decrease oxidation (antioxidant substances or regula-
tory proteins). These assumptions underlined many of the
original studies to investigate the roles of ROS and
antioxidants in skeletal muscle and in exercise(32–35).
Particularly prominent in these studies was the assumption
that nutritional antioxidants would be beneficial and many
of the early studies included a component to examine the
possibility that antioxidant supplementation would suppress
effects to demonstrate the possible negative role of free
radicals or ROS(32,34). As further studies were undertaken, it
rapidly became clear that skeletal muscle could not only
generate ROS, but also that it could respond to that
generation by upregulation of regulatory pathways(36,37)

which prevented the potential for subsequent oxidative
damage to the tissue. Thus, ROS in this situation were not
necessarily damaging but inducing adaptive changes in
tissues. These apparent contrasting roles of ROS have
subsequently been described as redox signalling effects
compared with oxidative stress and damage and described
more specifically byHelmut Sies and colleagues as oxidative
eustress and oxidative distress(38)).

Redox signalling in skeletal muscle

Signalling by ROS is mainly achieved by targeted
modifications of specific residues in proteins(39,40). Muscle
fibres respond to contractions by an increase in the
intracellular generation of superoxide and nitric oxide
(NO) with the formation of secondary ROS and reactive
nitrogen species(41–43). This leads to activation of a number
of transcription factors, including NF-κB, AP-1 and
HSF-1(36,44–46) and an increased expression of regulatory
enzymes and cytoprotective proteins(37,47,48). Redox-regu-
lation is also apparent for genes associated with
catabolism(49–51) and mitochondrial biogenesis(52,53).
Identification of the specific redox mediated steps in
adaptive pathways to exercise has proven difficult to define
in skeletal muscle. Studies in humans and animals using
very high levels of antioxidants have provided evidence that
these interventions inhibited cytoprotective responses (e.g.,
exercise-induced increase in heat shock and other stress
proteins)(54), reduced mitochondrial biogenesis(55–57), pre-
vented an increase in muscle insulin sensitivity(55) and
inhibit the release of cytokines and inflammatory
mediators(58). These antioxidant supplementation studies
have been controversial(59,60), but additional adaptations
potentially activated by ROS have been identified in
genetic knockout mouse models, designed to delete
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ROS-generating enzymes. For instance, NADPH oxidase
2 (Nox2) knockout mice show reductions in post-exercise
glucose uptake via impaired GLUT4 translocation(61,62),
Nox4 knockout in mice was found to lead to development
of insulin resistance(63) and specific endothelial Nox4
knockout leads to impaired metabolic adaptations to
chronic exercise(64). Thus, together these studies indicate
that the range of adaptive pathways activated during
exercise and regulated by redox pathways is likely to be
extensive. Key processes involved in muscle adaptations to
exercise have been intensively studied for a number of years
and among these, multiple pathways have been identified
where redox regulation appears important including the
key pathways leading to the adaptations described
above(65).

Is redox signalling disrupted during ageing in the
musculoskeletal system?

It now seems clear that the level of ROS generation and
oxidative damage is not a fundamental determinant of
lifespan although some authors have argued that the age-
related changes in ROS activities and oxidative damage
are important mediators of age-related disorders(66).
Several of the ROS-stimulated responses to exercise are
attenuated in old mice including increased stress
responses(46) and mitochondrial biogenesis(67,68).
Mitochondrial peroxide generation has also been repeat-
edly reported to be increased in skeletal muscle during
ageing(69,70). In order to decipher the effects of ROS in
musculoskeletal ageing, a number of studies have
examined the effects of deletion of regulatory enzymes
for ROS in mammalian models. Despite frequent
observations of increased oxidative damage in these
models of dysregulated ROS homeostasis, no clear
relationship with skeletal muscle ageing was seen(70).
Studies of muscle ageing in mice predominantly use the
C57Bl strain of laboratory mice which reach maturity at
4–6 months of age and in many laboratory animal
facilities they show age-related loss of muscle force
production and loss of muscle mass from approximately
22 months of age. In the relevant studies described here,
mice were examined at 6–8months of age (adult mice) and
22–26 months of age (old mice).

Mice with a whole body deletion of SOD1 (Cu, Zn
superoxide dismutase) differed from all of the other
models studied and showed an increase in tissue oxidative
damage associated with neuromuscular changes with
ageing. This was described by the discoverer as “accel-
erated age-related loss of muscle mass”(71,72). Adult
Sod1KO mice show a decline in skeletal muscle mass,
loss of muscle fibres and a decline in the number of motor
units, loss of motor function and contractility, partial
denervation and mitochondrial dysfunction by 8 months
old(73,74)(75). The fibre loss in Sod1KOmice is accompanied
by degeneration of NMJs(73). These changes are also seen
in old control wild type (WT) mice, but not until after 22
months of age. These mice also show the attenuation of
redox-mediated responses to contractile activity that is
seen in ageing mice(46). Hence, Sod1KO mice have been

proposed as a useful model to examine the potential role
of ROS in skeletal muscle ageing(76). The only known
function of Sod1 is to catalyse the dismutation of
superoxide to hydrogen peroxide, a reaction that also
occurs chemically in the absence of Sod1 but at a much
slower rate(77). Superoxide also reacts rapidly with nitric
oxide (NO) to generate peroxynitrite, a reaction that is
approximately 3 times faster than the chemical dismuta-
tion of superoxide to hydrogen peroxide (Fig. 1).
Furthermore, the muscle cytosolic concentration of NO
is many fold higher than superoxide. We have demon-
strated increased generation of peroxynitrite in muscles of
Sod1KO mice providing a potential mechanism by which
the lack of this protein specifically leads to accelerated
muscle loss(77).

The Sod1KO mouse shows many of the muscle
phenotypes of old WT mice at a much earlier age and
the major effect of the lack of Sod1 appears to be through
effects at the level of the motor neuron. This model has
also been proposed as a useful experimental model of
frailty since Sod1KOmice exhibit four characteristics that
have been used to define human frailty: weight loss,
weakness, low physical activity and exhaustion. In
addition, Sod1KO mice show increased inflammation
and sarcopenia, which are strongly associated with human
frailty(78). A series of tissue-specific Sod1KO mice have
been generated to establish the key tissue and cellular
locations at which the lack of Sod1 exerts an effect to lead
to skeletal muscle loss. In recent studies, we have
examined in detail the changes in motor neurons and
the NMJ, which occur in inducible neuron-specific
Sod1KO mice (i-mnSod1KO mice) which present with
an early onset of muscle loss(79). Surprisingly no specific
effect of a lack of neuronal Sod1 was seen, but rather all of
the changes seen in ageing were accelerated. We
concluded that neuronal deletion of Sod1 induced
exaggerated loss of muscle in old mice and this deletion
leads to a reduced axonal area, increased proportion of
denervated NMJ and reduced acetylcholine receptor
complexity and other changes in nerve andNMJ structure
that are also seen in WT mice at a more advanced age(79).
Thus, the Sod1KO mouse model and its tissue specific
derivatives have provided a great deal of valuable
information on the tissue interactions and mechanisms
that lead to muscle loss in ageing. It is clear that a simple
lack of Sod1 does not occur during ageing in WT animals
or humans but the detailed analogies in phenotype and
mechanisms seen in ageing WT mice and Sod1KO mice
provide confidence in the relevance and utility of
this model.

The current data therefore suggest that aberrant ROS
generation and subsequent defective redox signalling and
is a feature of ageing in skeletal muscle and contributes to
attenuated responses to contractile activity and dimin-
ished efficacy of adaptations to contractile activity. This
appears to be an important component in maintenance of
muscle mass and function during ageing since studies in
mice have shown that restoration of some stress responses
helps maintain muscle mass and function in aged
cohorts(80,81) although comparable human studies have
not been undertaken.
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Potential role of skeletal muscle mitochondria in aberrant
redox signalling in ageing

Studies in ageing models suggest that early in the ageing
process mitochondria show a change to a phenotype
reflecting modified fusion, together with a change in
orientation more perpendicular to the fibre axis(82) in
association with other changes in mitochondrial
dynamics(83). Mitochondria play a central role in
regulation of muscle protein synthesis and degradation
through multiple signalling pathways, including energy
production, generation of ROS, modified calcium han-
dling and cytochrome C release initiating apoptotic
pathways(84,85). Mitochondrial signalling to activate these
various pathways has been linked to failure of protein
homeostasis in muscle atrophy through, for example,
altered mitochondrial ATP generation leading to energy
dependent dephosphorylation of AMPK(86), increased
ubiquitination due to increased ROS generation(87,88) and
activation of apoptotic pathways due to increased
cytochrome c release(89,90). The role of mitochondria as
a potential master regulator of muscle mass and function
in a variety of different models seems clear, but due to the
varying aetiologies of the onset of different conditions
leading tomuscle loss, common initiating factors that lead
to mitochondrial disruption have not been recognised.
The loss of muscle with ageing occurs with loss of motor
units in both humans and rodents(23,24), and loss of
innervation of individual fibres has been reported in aged
muscles. We found that∼15% of muscle fibres in old mice
were completely denervated and ∼80 % of NMJs showed
disruption(27). Studies of mice lacking Sod1 (a model of
accelerated skeletal muscle ageing)(91–95) have highlighted
the role of disruption of neuromuscular integrity in
regulation of muscle mitochondrial ROS generation.
These data, combined with studies of transection of the
innervating nerve, which also caused a large increase in
muscle mitochondrial peroxide generation(91), identified a
key role formotor neuron andNMJ integrity in regulation
of muscle mitochondrial ROS generation in old mice. We
examined the effect of partial denervation of the mouse
tibialis anterior (TA) muscle and found a substantial
increase in mitochondrial peroxide generation in the
denervated fibres and also in neighbouring innervated
fibres (Fig. 2)(28). These data suggest that loss of

innervation in fibres contributes to increased mitochon-
drial ROS generation(28) and associated mitochondrial
degeneration(96) in ageing.

We have linked the attenuation of responses to
contractile activity seen in both aging and the Sod1KO
mice to an increase in muscle mitochondrial hydrogen
peroxide production in both situations. We speculated that
the increase in mitochondrial hydrogen peroxide would
lead to an increased expression of regulatory enzymes for
reactive oxygen species (Prx, GPx, TrX etc) which would
suppress the likelihood of oxidation of critical cysteines in
signalling proteins during contractions(65). Furthermore
since cycles of localised denervation and re-innervation
appear to occur throughout life and may contribute to
disrupted mitochondrial peroxide generation(65) and mito-
chondrial structure and function(96), we speculated that the
focal denervation seen in both adult Sod1KO and old WT
mice leads to the increased mitochondrial peroxide
production in both the denervated and neighbouring
innervatedmuscle fibres which would drive the attenuation
of redox-regulated adaptive mechanisms(65) (Fig. 3). This
provides a testable mechanism by which focal and
intermittent denervation during aging have a deleterious
effect in suppressing key responses of muscle to exercise.

Implications for nutritional interventions

Most of the current interest in nutritional interventions to
ameliorate or prevent age-related loss of muscle mass and
function is concerned with the protein content or
composition of the diet and potential protein
supplements(97). Such approaches offer considerable prom-
ise in helping maintain muscle bulk in the elderly(98).
Interventions that affect the ageing process per se also
appear a potential route to preservation of muscle, but
currently these are focussed on experimental models and
primarily involve pharmacological approaches(99). There
has been considerable speculation and preliminary studies
examining whether “antioxidant” nutrients may be
beneficial in prevention or treatment of sarcopenia, but
intervention studies have been disappointing (e.g. see recent
reviews on vitamins E and C(100–102)). Epidemiological data
also support a potential beneficial effect of aMediterranean
diet high in antioxidants as protective against sarcopenia.

Fig. 1. Schematic illustrating the reactions of superoxide to generate hydrogen peroxide via Sod1-catalysed dismutation and the chemical reaction
with NO to generation peroxynitrite. Data presented in Sakellariou et al., (2011) indicate increased peroxynitrite generation occurs inmuscle fibres in
the Sod1KO mice(77).

4 M. J. Jackson

https://doi.org/10.1017/S0029665124004877 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124004877


A recent systematic review concluded that Mediterranean
diet adherence had a positive effect in maintaining muscle
mass and muscle function in older subjects, although the
results were less clear with regard to muscle strength(103).

Themechanistic data described above also indicate that
aberrant mitochondrial ROS generation and defective
redox signalling are features of ageing in skeletal muscle
and contribute to attenuated responses of skeletal muscle
to contractile activity and diminished adaptations to
exercise(104). The scheme shown in Fig. 3 suggests multiple
sites at which pharmacological or nutritional interven-
tions may interact to prevent or reverse the changes in
redox signalling mechanisms that occur with ageing in
skeletal muscle.

Restoration of redox homeostasis

It is tempting to speculate that antioxidant supplements
may be beneficial is restoring redox homeostasis in
skeletal muscle, but intervention studies have been

disappointing and evidence from supplementation studies
in exercising humans indicate that high dose supplemen-
tation with vitamins E and C suppress adaptive responses
of muscle to exercise(54–57). These studies were contro-
versial in that the same suppression of training effects was
not seen by all investigators(59,60), but no clear beneficial
effects of the supplements were seen in any studies. Since
similar effects of low dose supplements or changes in diet
have not been observed, it is interesting to speculate
whether this reflects a “U” shaped response curve with
high dose antioxidant supplements having a deleterious
effect at high concentrations. In spite of this, these data do
provide an important insight into range of the physio-
logical roles of redox signalling in muscle(105).

In contrast our data indicate that targeted antioxidant
administration aimed at suppression of a chronic increase
specifically in mitochondrial ROS may offer an alter-
native approach. While this topic is still relatively
underexplored, a number of compounds have been
described that may specifically reduce mitochondrial

Fig. 2. (a) Effect of partial denervation of the Tibialis Anterior (TA) muscle on peroxide generation by mitochondria from different regions of the
muscle. The four regions identified contained fibres that were either fully innervated (RegionR1), fully denervated (RegionR3) or partially denervated
(Regions R2 and R4) and small bundles of fibres were obtained from each region. (b) These fibres were permeabilised and state 1 mitochondrial
peroxide generation examined at 7 d post-surgery in comparisonwith sham-operated controlmuscles; *P< 0.05 comparedwith fibres from the same
region of sham-operated muscles. Modified from reference(28).

Fig. 3. Schematic illustrating the outline mechanism by with contractile activity in skeletal muscle leads to increased cytosolic hydrogen peroxide,
thiol oxidation and activation of adaptive signalling pathways. In ageing or denervation, a chronic increase in mitochondrial hydrogen peroxide
generation leads to attenuation of these responses by inducing a chronic upregulation of expression of various regulatory proteins for hydrogen
peroxide. See text for further details.
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ROS. In many cases these compounds are within the
classification of pharmaceutics, but might also include
some dietary components that have affinity for mitochon-
drial membranes(106). Examples of these latter compounds
include Astaxanthin and vitamin E which are reported to
preferentially localise to plasma and mitochondrial
membranes in skeletal muscle(107–109).

Synthetic mitochondrial antioxidants

Several synthetic antioxidant compounds have been
developed that specifically target mitochondria. These
include SS peptides, such as SS-31 which concentrates up
to 1000 fold in mitochondria and is thought to interact
with cardiolipin in the inner mitochondrial membrane
(IMM)(110). Whilst this compound does not appear to
directly scavenge ROS, an indirect effect to reduce
mitochondrial ROS levels has been shown(111) and
beneficial effects on models of muscle atrophy have been
reported(111,112).

An alternative approach has been to link a lipophilic
cation, such as tetraphenylphosphonium, to a small
molecular weight antioxidant to generate compounds
that accumulate in mitochondria up to 100–1000 fold(113).
This has resulted in a number of agents such as
MitoQ(113,114), SkQ1/SkQR1(115) and XJB-5-131(116).
None of these compounds have any tissue specificity,
but positive effects onmuscle function(117) and no effect on
muscle ageing(118) have been reported.

In conclusion our research has demonstrated that
ageing is associated with a disruption of redox signalling
of beneficial adaptations to contractile activity in skeletal
muscle. Studies with basic models of muscle loss in ageing
indicate that maintenance of these pathways is an
important factor in maintain muscle in ageing. Previous
studies utilising antioxidant supplements have been
disappointing in terms of prevention or treatment of
sarcopenia, but mechanistic studies suggest that inter-
ventions targetted at restoring muscle mitochondrial
redox status may hold promise to help maintain muscle
mass and function during ageing.

Acknowledgements

The author would like to thank his many co-workers and
collaborators who have contributed to this work over
many years and to acknowledge the continued generous
financial grant support from UKRI (MRC and BBSRC),
US National Institute on Aging and UK Space Agency.

References

1. Leveille SG (2004) Musculoskeletal aging. Curr Opin
Rheumatol 16, 114–118.

2. Murray CJ, Richards MA, Newton JN et al. (2013) UK
health performance: findings of the global burden of
disease study 2010. Lancet 381, 997–1020.

3. Lee IM, Shiroma EJ, Lobelo F et al. (2012) Effect of
physical inactivity on major non-communicable diseases

worldwide: an analysis of burden of disease and life
expectancy. Lancet 380, 219–229.

4. Laurin D, Verreault R, Lindsay J et al. (2001) Physical
activity and risk of cognitive impairment and dementia in
elderly persons. Arch Neurol 58, 498–504.

5. Larsson L (1983) Histochemical characteristics of
human skeletal muscle during aging. Acta Physiol
Scand 117, 469–471.

6. Young A & Skelton DA (1994) Applied physiology of
strength and power in old age. Int J Sports Med 15,
149–151.

7. Porter MM, Vandervoort AA & Lexell J (1995) Aging of
human muscle: structure, function and adaptability. Scand
J Med Sci Sports 5, 129–142.

8. Brooks SV & Faulkner JA (1988) Contractile properties of
skeletal muscles from young, adult and aged mice. J
Physiol 404, 71–82.

9. Lexell J, Downham D & Sjöström M (1986) 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 72,
211–222.

10. Lexell J, Taylor CC & SjöströmM (1988) 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 84, 275–294.

11. Demontis F, Piccirillo R, Goldberg AL et al. (2013)
Mechanisms of skeletal muscle aging: insights from
Drosophila and mammalian models. Dis Model Mech 6,
1339–1352.

12. Cobley JN, Sakellariou GK, Owens DJ et al. (2014)
Lifelong training preserves some redox-regulated adaptive
responses after an acute exercise stimulus in aged human
skeletal muscle. Free Radic Biol Med 70, 23–32.

13. Liu J, Zhu Y, Tan JK et al. (2023) Factors associated with
sarcopenia among elderly individuals residing in commu-
nity and nursing home settings: a systematic review with a
meta-analysis. Nutrients 15, 4335.

14. Lees H, Walters H & Cox LS (2016) Animal and human
models to understand ageing. Maturitas 93, 18–27.

15. da Costa JP, Vitorino R, Silva GM et al. (2016) A synopsis
on aging-theories, mechanisms and future prospects.
Ageing Res Rev 29, 90–112.

16. Loeser RF, Collins JA & Diekman BO (2016) Ageing and
the pathogenesis of osteoarthritis. Nat Rev Rheumatol 12,
412–420.

17. Broome CS, Kayani AC, Palomero J et al. (2006) Effect of
lifelong overexpression ofHSP70 in skeletal muscle on age-
related oxidative stress and adaptation after nondamaging
contractile activity. FASEB J 20, 1549–1551.

18. Reid MB & Durham WJ (2002) Generation of reactive
oxygen and nitrogen species in contracting skeletal
muscle: potential impact on aging. Ann N Y Acad Sci
959, 108–116.

19. Vasilaki A, SimpsonD,McArdle F et al. (2007) Formation
of 3-nitrotyrosines in carbonic anhydrase III is a sensitive
marker of oxidative stress in skeletal muscle. Proteomics
Clin Appl 1, 362–372.

20. Mecocci P, Fano G, Fulle S et al. (1999) Age-dependent
increases in oxidative damage to DNA, lipids, and
proteins in human skeletal muscle. Free Radic Biol Med
26, 303–308.

21. Palomero J, Vasilaki A, Pye D et al. (2013) Aging
increases the oxidation of dichlorohydrofluorescein in
single isolated skeletal muscle fibers at rest, but not during

6 M. J. Jackson

https://doi.org/10.1017/S0029665124004877 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124004877


contractions. Am J Physiol Regul Integr Comp Physiol
305, R351–8.

22. Vasilaki A, Mansouri A, Remmen H et al. (2006) Free
radical generation by skeletal muscle of adult and oldmice:
effect of contractile activity. Aging Cell 5, 109–117.

23. Campbell MJ, McComas AJ & Petito F (1973)
Physiological changes in ageing muscles. J Neurol
Neurosurg Psychiatry 36, 174–182.

24. Sheth KA, Iyer CC, Wier CG et al. (2018) Muscle strength
and size are associatedwithmotor unit connectivity in aged
mice. Neurobiol Aging 67, 128–136.

25. Rowan SL, Rygiel K, Purves-Smith FM et al. (2012)
Denervation causes fiber atrophy and myosin heavy chain
co-expression in senescent skeletal muscle. PLoS One 7,
e29082.

26. Tomlinson BE & Irving D (1977) The numbers of limb
motor neurons in the human lumbosacral cord throughout
life. J Neurol Sci 34, 213–219.

27. Vasilaki A, Pollock N, Giakoumaki I et al. (2016) The
effect of lengthening contractions on neuromuscular
junction structure in adult and old mice. Age (Dordr)
38, 259–272.

28. Pollock N, Staunton CA, Vasilaki A et al. (2017)
Denervated muscle fibers induce mitochondrial peroxide
generation in neighboring innervated fibers: Role inmuscle
aging. Free Radic Biol Med 112, 84–92.

29. Staunton CA, Owen ED, Pollock N et al. (2019) HyPer2
imaging reveals temporal and heterogeneous hydrogen
peroxide changes in denervated and aged skeletal muscle
fibers in vivo. Sci Rep 9, 14461.

30. Staunton CA, Owen ED, Hemmings K et al. (2022)
Skeletal muscle transcriptomics identifies common path-
ways in nerve crush injury and ageing. Skelet Muscle 12, 3.

31. Cadenas E & Sies H (1985) Oxidative stress: excited
oxygen species and enzyme activity. Adv Enzyme Regul
23, 217–237.

32. Brady PS, Brady LJ&Ullrey DE (1979) Selenium, vitamin
E and the response to swimming stress in the rat. J Nutr
109, 1103–1109.

33. Davies KJ, Quintanilha AT, Brooks GA et al. (1982) Free
radicals and tissue damage produced by exercise. Biochem
Biophys Res Commun 107, 1198–1205.

34. Dillard CJ, Litov RE, Savin WM et al. (1978) Effects of
exercise, vitamin E, and ozone on pulmonary function and
lipid peroxidation. J Appl Physiol Respir Environ Exerc
Physiol 45, 927–932.

35. Jackson MJ, Jones DA & Edwards RH (1983) Vitamin E
and skeletal muscle. Ciba Found Symp 101, 224–239.

36. Jackson MJ, Papa S, Bolanos J et al. (2002) Antioxidants,
reactive oxygen and nitrogen species, gene induction and
mitochondrial function. Mol Aspects Med 23, 209–285.

37. McArdleA, Pattwell D, Vasilaki A et al. (2001) Contractile
activity-induced oxidative stress: cellular origin and
adaptive responses. Am J Physiol Cell Physiol 280,
C621–627.

38. Sies H, Berndt C& JonesDP (2017) Oxidative Stress.Annu
Rev Biochem 86, 715–748.

39. Janssen-Heininger YM, Mossman BT, Heintz NH et al.
(2008) Redox-based regulation of signal transduction:
principles, pitfalls, and promises. Free Radic Biol Med 45,
1–17.

40. Sobotta MC, Liou W, Stocker S et al. (2015)
Peroxiredoxin-2 and STAT3 form a redox relay for
H2O2 signaling. Nat Chem Biol 11, 64–70.

41. Palomero J, Pye D, Kabayo T et al. (2008) In situ detection
andmeasurement of intracellular reactive oxygen species in

single isolated mature skeletal muscle fibers by real time
fluorescence microscopy. Antioxid Redox Signal 10,
1463–1474.

42. Powers SK & Jackson MJ (2008) Exercise-induced
oxidative stress: cellularmechanisms and impact onmuscle
force production. Physiol Rev 88, 1243–1276.

43. Pye D, Palomero J, Kabayo T et al. (2007) Real-time
measurement of nitric oxide in single mature mouse
skeletal muscle fibres during contractions. J Physiol 581,
309–318.

44. Ji LL, Gomez-Cabrera MC, Steinhafel N et al. (2004)
Acute exercise activates nuclear factor (NF)-kappaB
signaling pathway in rat skeletal muscle. FASEB j 18,
1499–1506.

45. RistowM, Zarse K, Oberbach A et al. (2009) Antioxidants
prevent health-promoting effects of physical exercise in
humans. Proc Natl Acad Sci U S A 106, 8665–8670.

46. Vasilaki A, McArdle F, Iwanejko LM et al. (2006)
Adaptive responses of mouse skeletal muscle to contractile
activity: the effect of age. Mech Ageing Dev 127, 830–839.

47. Hollander JM, Lin KM, Scott BT et al. (2003)
Overexpression of PHGPx and HSP60/10 protects against
ischemia/reoxygenation injury. Free Radic Biol Med 35,
742–751.

48. McArdle F, Spiers S, Aldemir H et al. (2004)
Preconditioning of skeletal muscle against contraction-
induced damage: the role of adaptations to oxidants in
mice. J Physiol 561, 233–244.

49. Bar-Shai M, Carmeli E & Reznick AZ (2005) The role of
NF-kappaB in protein breakdown in immobilization,
aging, and exercise: from basic processes to promotion
of health. Ann N Y Acad Sci 1057, 431–447.

50. Peterson JM & Guttridge DC (2008) Skeletal muscle
diseases, inflammation, andNF-kappaB signaling: insights
and opportunities for therapeutic intervention. Int Rev
Immunol 27, 375–387.

51. Van Gammeren D, Damrauer JS, Jackman RW et al.
(2009) The IkappaB kinases IKKalpha and IKKbeta are
necessary and sufficient for skeletal muscle atrophy.
FASEB J 23, 362–370.

52. Bakkar N, Wang J, Ladner KJ et al. (2008) IKK/NF-
kappaB regulates skeletal myogenesis via a signaling
switch to inhibit differentiation and promote mitochon-
drial biogenesis. J Cell Biol 180, 787–802.

53. Irrcher I, Ljubicic V & Hood DA (2009) Interactions
between ROS and AMP kinase activity in the regulation of
PGC-1alpha transcription in skeletal muscle cells. Am J
Physiol Cell Physiol 296, C116–123.

54. Venditti P, Napolitano G, Barone D et al. (2014)
Vitamin E supplementation modifies adaptive responses
to training in rat skeletal muscle. Free Radic Res 48,
1179–1189.

55. RistowM, Zarse K, Oberbach A et al. (2009) Antioxidants
prevent health-promoting effects of physical exercise in
humans. Proc Natl Acad Sci U S A 106, 8665–8670.

56. Paulsen G, Cumming KT, Holden G et al. (2014) Vitamin
C and E supplementation hampers cellular adaptation to
endurance training in humans: a double-blind, rando-
mised, controlled trial. J Physiol 592, 1887–1901.

57. Gomez-Cabrera MC, Domenech E, Romagnoli M et al.
(2008) Oral administration of vitamin C decreases muscle
mitochondrial biogenesis and hampers training-induced
adaptations in endurance performance.Am J Clin Nutr 87,
142–149.

58. Wuyts WA, Vanaudenaerde BM, Dupont LJ et al. (2003)
N-acetylcysteine reduces chemokine release via inhibition

Reactive oxygen species in age-related musculoskeletal decline 7

https://doi.org/10.1017/S0029665124004877 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124004877


of p38 MAPK in human airway smooth muscle cells. Eur
Respir J 22, 43–49.

59. Gomez-Cabrera MC, Ristow M & Viña J (2012)
Antioxidant supplements in exercise: worse than useless?
Am J Physiol Endocrinol Metab 302, E476–477.

60. Higashida K, Kim SH, Higuchi M et al. (2011) Normal
adaptations to exercise despite protection against oxidative
stress. Am J Physiol Endocrinol Metab 301, E779–784.

61. Henriquez-Olguin C, Renani LB, Arab-Ceschia L et al.
(2019) Adaptations to high-intensity interval training in
skeletal muscle require NADPH oxidase 2. Redox Biol 24,
101188.

62. Henríquez-Olguin C, Knudsen JR, Raun SH et al. (2019)
Cytosolic ROS production by NADPH oxidase 2 regulates
muscle glucose uptake during exercise.Nat Commun 10, 4623.

63. Xirouchaki CE, Jia Y, McGrath MJ et al. (2021) Skeletal
muscle NOX4 is required for adaptive responses that
prevent insulin resistance. Sci Adv 7, eabl4988.

64. Specht KS, Kant S, Addington AK et al. (2021) Nox4
mediates skeletal muscle metabolic responses to exercise.
Mol Metab 45, 101160.

65. Jackson MJ (2020) On the mechanisms underlying
attenuated redox responses to exercise in older individuals:
a hypothesis. Free Radic Biol Med 161, 326–338.

66. Hamilton RT, Walsh ME & Van Remmen H (2012)
Mouse models of oxidative stress indicate a role for
modulating healthy aging. J Clin Exp Pathol 4, 005.

67. Viña J, Gomez-Cabrera MC, Borras C et al. (2009)
Mitochondrial biogenesis in exercise and in ageing. Adv
Drug Deliv Rev 61, 1369–1374.

68. Cobley JN, Moult PR, Burniston JG et al. (2015) Exercise
improves mitochondrial and redox-regulated stress
responses in the elderly: better late than never!
Biogerontology 16, 249–264.

69. Vasilaki A,Mansouri A, VanRemmenH et al. (2006) Free
radical generation by skeletal muscle of adult and oldmice:
effect of contractile activity. Aging Cell 5, 109–117.

70. Jang YC & Van Remmen H (2009) The mitochondrial
theory of aging: insight from transgenic and knockout
mouse models. Exp Gerontol 44, 256–260.

71. Muller FL, Song W, Liu Y et al. (2006) Absence of CuZn
superoxide dismutase leads to elevated oxidative stress and
acceleration of age-dependent skeletal muscle atrophy.
Free Radic Biol Med 40, 1993–2004.

72. Deepa SS, Van Remmen H, Brooks SV et al. (2019)
Accelerated sarcopenia in Cu/Zn superoxide dismutase
knockout mice. Free Radic Biol Med 132, 19–23.

73. Jang YC, Lustgarten MS, Liu Y et al. (2010) Increased
superoxide in vivo accelerates age-associated muscle
atrophy through mitochondrial dysfunction and neuro-
muscular junction degeneration. FASEB J 24, 1376–1390.

74. Larkin LM, Davis CS, Sims-Robinson C et al. (2011)
Skeletal muscle weakness due to deficiency of CuZn-
superoxide dismutase is associated with loss of functional
innervation. Am J Physiol Regul Integr Comp Physiol 301,
R1400–1407.

75. Vasilaki A, van derMeulen JH, Larkin L et al. (2010) The
age-related failure of adaptive responses to contractile
activity in skeletal muscle is mimicked in young mice by
deletion of Cu,Zn superoxide dismutase. Aging Cell 9,
979–990.

76. Jackson MJ (2006) Lack of CuZnSOD activity: a pointer
to the mechanisms underlying age-related loss of muscle
function, a commentary on “absence of CuZn superoxide
dismutase leads to elevated oxidative stress and

acceleration of age-dependent skeletal muscle atrophy”.
Free Radic Biol Med 40, 1900–1902.

77. Sakellariou GK, Pye D, Vasilaki A et al. (2011) Role of
superoxide-nitric oxide interactions in the accelerated age-
related loss of muscle mass in mice lacking Cu,Zn
superoxide dismutase. Aging Cell 10, 749–760.

78. Deepa SS, Bhaskaran S, Espinoza S et al. (2017) A new
mouse model of frailty: the Cu/Zn superoxide dismutase
knockout mouse. Geroscience 39, 187–198.

79. Pollock N, Macpherson PC, Staunton CA et al. (2023)
Deletion of Sod1 in motor neurons exacerbates age-related
changes in axons and neuromuscular junctions in Mice.
eNeuro 10, ENEURO.0086-22.2023.

80. McArdle A, Dillmann WH, Mestril R et al. (2004)
Overexpression of HSP70 in mouse skeletal muscle
protects against muscle damage and age-related muscle
dysfunction. FASEB J 18, 355–357.

81. Kayani AC, Close GL, Dillmann WH et al. (2010)
Overexpression of HSP10 in skeletal muscle of transgenic
mice prevents the age-related fall in maximum tetanic force
generation and muscle cross-sectional area. Am J Physiol
Regul Integr Comp Physiol 299, R268–276.

82. Del Campo A, Contreras-Hernandez I, Castro-Sepulveda
M et al. (2018) Muscle function decline and mitochondria
changes in middle age precede sarcopenia in mice. Aging
(Albany NY) 10, 34–55.

83. Sharma A, Smith HJ, Yao P et al. (2019) Causal roles of
mitochondrial dynamics in longevity and healthy aging.
EMBO Rep 20, e48395.

84. Romanello V, Guadagnin E, Gomes L et al. (2010)
Mitochondrial fission and remodelling contributes to
muscle atrophy. Embo J 29, 1774–1785.

85. Hyatt HW & Powers SK (2021) Mitochondrial dysfunc-
tion is a common denominator linking skeletal muscle
wasting due to disease, aging, and prolonged inactivity.
Antioxidants (Basel) 10, 588.

86. Shenkman BS (2020) How postural muscle senses disuse?
Early signs and signals. Int J Mol Sci 21, 5037.

87. Dodd SL, Gagnon BJ, Senf SM et al. (2010) Ros-mediated
activation of NF-kappaB and Foxo during muscle disuse.
Muscle Nerve 41, 110–113.

88. Hyatt H, Deminice R, Yoshihara T et al. (2019)
Mitochondrial dysfunction induces muscle atrophy during
prolonged inactivity: a review of the causes and effects.
Arch Biochem Biophys 662, 49–60.

89. Hyatt HW & Powers SK (2020) Disturbances in calcium
homeostasis promotes skeletal muscle atrophy: lessons
from ventilator-induced diaphragm wasting. Front Physiol
11, 615351.

90. Siu PM, Pistilli EE & Alway SE (2005) Apoptotic
responses to hindlimb suspension in gastrocnemiusmuscles
from young adult and aged rats.Am J Physiol Regul Integr
Comp Physiol 289, R1015–1026.

91. Muller FL, Song W, Jang YC et al. (2007) Denervation-
induced skeletal muscle atrophy is associated with
increased mitochondrial ROS production. Am J Physiol
Regul Integr Comp Physiol 293, R1159–1168.

92. Bhaskaran S, Pollock N, P CM et al. (2020) Neuron-
specific deletion of CuZnSOD leads to an advanced
sarcopenic phenotype in older mice. Aging Cell 19,
e13225.

93. Sakellariou GK, Davis CS, Shi Y et al. (2014) Neuron-
specific expression of CuZnSOD prevents the loss of
muscle mass and function that occurs in homozygous
CuZnSOD-knockout mice. FASEB J 28, 1666–1681.

8 M. J. Jackson

https://doi.org/10.1017/S0029665124004877 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124004877


94. Sakellariou GK, McDonagh B, Porter H et al. (2018)
Comparison of whole body SOD1 knockout with muscle-
specific SOD1 knockout mice reveals a role for nerve redox
signaling in regulation of degenerative pathways in skeletal
muscle. Antioxid Redox Signal 28, 275–295.

95. ZhangY,Davis C, SakellariouGK et al. (2013) CuZnSOD
gene deletion targeted to skeletal muscle leads to loss of
contractile force but does not causemuscle atrophy in adult
mice. FASEB J 27, 3536–3548.

96. Scalabrin M, Pollock N, Staunton CA et al. (2019) Redox
responses in skeletal muscle following denervation. Redox
Biol 26, 101294.

97. Campbell WW, Deutz NEP, Volpi E et al. (2023)
Nutritional interventions: dietary protein needs and
influences on skeletal muscle of older adults. J Gerontol
A Biol Sci Med Sci 78, 67–72.

98. Mathewson SL, Azevedo PS, Gordon AL et al. (2021)
Overcoming protein-energy malnutrition in older adults in
the residential care setting: a narrative review of causes and
interventions. Ageing Res Rev 70, 101401.

99. Moskalev A, Guvatova Z, Lopes IA et al. (2022) Targeting
aging mechanisms: pharmacological perspectives. Trends
Endocrinol Metab 33, 266–280.

100. Khor SC, Abdul KarimN, NgahWZ et al. (2014) Vitamin
E in sarcopenia: current evidences on its role in prevention
and treatment. Oxid Med Cell Longev 2014, 914853.

101. Chung E, Mo H, Wang S et al. (2018) Potential roles of
vitamin E in age-related changes in skeletal muscle health.
Nutr Res 49, 23–36.

102. Liu S, Zhang L & Li S (2023) Advances in nutritional
supplementation for sarcopenia management. Front Nutr
10, 1189522.

103. Papadopoulou SK, Detopoulou P, Voulgaridou G et al.
(2023) Mediterranean diet and sarcopenia features in
apparently healthy adults over 65 years: a systematic
review. Nutrients 15, 1104.

104. Jackson MJ, Pollock N, Staunton C et al. (2022) Redox
control of signalling responses to contractile activity and
ageing in skeletal muscle. Cells 11, 1698.

105. Close GL & JacksonMJ (2014) Antioxidants and exercise:
a tale of the complexities of relating signalling processes to
physiological function? J Physiol 592, 1721–1722.

106. Kubat GB, Bouhamida E, Ulger O et al. (2023)
Mitochondrial dysfunction and skeletal muscle atrophy:
causes, mechanisms, and treatment strategies.Mitochondrion
72, 33–58.

107. Shibaguchi T, Yamaguchi Y, Miyaji N et al. (2016)
Astaxanthin intake attenuates muscle atrophy caused by
immobilization in rats. Physiol Rep 4, e12885.

108. Sun L, Miyaji N, Yang M et al. (2021) Astaxanthin
prevents atrophy in slow muscle fibers by inhibiting
mitochondrial reactive oxygen species via a mitochon-
dria-mediated apoptosis pathway. Nutrients 13, 379.

109. Magalhães J, Ascensão A, Soares JM et al. (2005) Acute
and severe hypobaric hypoxia increases oxidative stress
and impairs mitochondrial function in mouse skeletal
muscle. J Appl Physiol (1985) 99, 1247–1253.

110. Szeto HH& Birk AV (2014) Serendipity and the discovery
of novel compounds that restore mitochondrial plasticity.
Clin Pharmacol Ther 96, 672–683.

111. Min K, Smuder AJ, Kwon OS et al. (2011) Mitochondrial-
targeted antioxidants protect skeletal muscle against
immobilization-induced muscle atrophy. J Appl Physiol
(1985) 111, 1459–1466.

112. Powers SK, Hudson MB, Nelson WB et al. (2011)
Mitochondria-targeted antioxidants protect against
mechanical ventilation-induced diaphragm weakness.
Crit Care Med 39, 1749–1759.

113. Smith RA & Murphy MP (2010) Animal and human
studies with themitochondria-targeted antioxidantMitoQ.
Ann N Y Acad Sci 1201, 96–103.

114. Pin F, Huot JR & Bonetto A (2022) The mitochondria-
targeting agentMitoQ improvesmuscle atrophy, weakness
and oxidative metabolism in C26 tumor-bearing mice.
Front Cell Dev Biol 10, 861622.

115. Isaev NK, Stelmashook EV, Genrikhs EE et al. (2016)
Neuroprotective properties of mitochondria-targeted anti-
oxidants of the SkQ-type. Rev Neurosci 27, 849–855.

116. Robinson AR, Yousefzadeh MJ, Rozgaja TA et al. (2018)
Spontaneous DNA damage to the nuclear genome
promotes senescence, redox imbalance and aging. Redox
Biol 17, 259–273.

117. Javadov S, Jang S, Rodriguez-Reyes N et al. (2015)
Mitochondria-targeted antioxidant preserves contractile
properties andmitochondrial function of skeletal muscle in
aged rats. Oncotarget 6, 39469–39481.

118. SakellariouGK, Pearson T, Lightfoot AP et al. (2016) Long-
term administration of the mitochondria-targeted antioxi-
dant mitoquinone mesylate fails to attenuate age-related
oxidative damage or rescue the loss of muscle mass and
function associated with aging of skeletal muscle. FASEB J
30, 3771–3785.

Reactive oxygen species in age-related musculoskeletal decline 9

https://doi.org/10.1017/S0029665124004877 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124004877

	Reactive oxygen species in age-related musculoskeletal decline: implications for nutritional intervention
	Reactive oxygen species (ROS) in ageing
	Roles of ROS in physiology of the musculoskeletal system
	Redox signalling in skeletal muscle
	Is redox signalling disrupted during ageing in the musculoskeletal system?
	Potential role of skeletal muscle mitochondria in aberrant redox signalling in ageing
	Implications for nutritional interventions
	Restoration of redox homeostasis
	Synthetic mitochondrial antioxidants

	Acknowledgements
	References


