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Abstract

The ability of muscles to regenerate successfully following damage diminishes with age and this
appears to be a major contributor to the development of muscle weakness and physical frailty.
Successful muscle regeneration is dependent on appropriate re-innervation of regenerating muscle.
Age-related changes in the interactions between nerve and muscle are poorly understood but may
play a major role in the defective regeneration. During aging there is defective redox homeostasis
and an accumulation of oxidative damage in nerve and muscle that may contribute to defective
regeneration. The aim of this review is to summarise the evidence that abnormal Reactive Oxygen
Species (ROS) generation in nerve and/or muscle may be responsible for the defective
regeneration that contributes to the degeneration of skeletal muscle observed during aging.
Identifying the importance of ROS generation in skeletal muscle during aging could have
fundamental implications for interventions to prevent muscle degeneration and treatments to
reverse the age-related decline in muscle mass and function.
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Introduction
Physical frailty is a key aspect of aging

Sarcopenia is an age-related condition associated with a progressive decline of muscle mass,
strength and quality [1]. Sarcopenia plays a major role in the pathogenesis of frailty.
Increasing physical frailty results in a substantial reduction of the quality of life for older
people. The motor unit is the functional unit for contraction of muscles and comprises the
motor neuron, neuromuscular junctions and the muscle fibers innervated by the motor
neuron (Figure 1). Age-related changes in nerves, muscle cells and the interactions between
nerves and muscles are responsible for the loss of strength [2]. The reduction in muscle
strength with age in mammals is due to a decrease in muscle cell (fiber) number and a
reduction in the size and force generation of the remaining muscle fibers. The remaining
muscle fibers of older individuals are further compromised showing an increased
susceptibility to damage in comparison with muscles of younger adults and a reduced ability
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to fully regenerate following damage [3]. There is increasing evidence that the failure of old
muscle to regenerate successfully following forms of damage that occur during routine use
of muscles is an important mechanism by which weakness and further loss of muscle fibers
develops [4, 5].

The fundamental processes leading to loss of muscle mass and function with age are still
unclear, but in all species, tissues (including skeletal muscle) of aged organisms contain
increased oxidative damage to lipids, DNA and proteins [6-8] and recent data from our
laboratory has demonstrated that isolated skeletal muscle fibers from old mice at rest
showed an increase in ROS activities compared with isolated skeletal muscle fibers from
young mice at rest [9]. The hypothesis that a chronic increase in the generation of ROS plays
a key role in the development of age-related muscle dysfunction has received considerable
attention. Therefore, the purpose of this review is to summarise the roles of ROS in motor
nerve function and muscle regeneration and how this is modified during aging.

Complete skeletal muscle regeneration depends on functional innervation

Skeletal muscle regenerates following damage due to the presence of undifferentiated,
mononuclear satellite cells (tissue-specific stem cells) found under the basement membrane
of muscle fibers (Figure 2A). These become activated and proliferate to become myogenic
precursor cells (mpc’s otherwise known as myaoblasts) following injury (Figure 2B; [10]).
Proliferating myoblasts migrate to the damaged region of the muscle, fuse to form myotubes
and differentiate to form muscle fibers (Figure 2C-D). Full regeneration and recovery of
damaged muscle is dependent upon appropriate functional re-innervation of the regenerating
muscle fiber and it appears that this occurs relatively late in the process of maturation of the
regenerated fiber (Figure 2E). This requirement for reinnervation is apparent since
denervated skeletal muscle is unable to regenerate fully following damage [11] and
maturation of developing immature muscle fibers is critically dependent upon innervation
[12].

Defective regeneration of damaged muscle contributes to loss of muscle mass and may be
caused by defective re-innervation

In muscle from old rodents and humans, the process of regeneration is defective and this
inability to fully recover from damage appears to play a major role in age-related loss of
muscle mass [13-15]. The mechanisms underlying the failure of recovery from damage in
muscles of old animals have been the subject of previous studies (for reviews see [4, 5]).
Conboy and Rando [13] concluded that “failure of muscle maintenance and repair in aged
rodents may be caused by an age-related decline in environmental cues rather than a decline
in satellite cell function or potential’. Data from our laboratory examining in vivo models of
muscle regeneration indicate that muscles of old mice do not regenerate fully following
damage caused by lengthening contractions [16], a form of damage that is frequently
observed during day-to-day use of some muscles. Muscles of old mice initially showed the
same pattern of force loss and recovery as adult mice following the damaging contraction
protocol, but did not achieve a full recovery (Figure 2F-J), maintaining a 40-50% deficit in
maximum force generation at 28 days following damage [16], a deficit which appears to be
permanent [3]. Data also indicate that the age-related defect predominately affects the latter
phases of the processes of muscle regeneration, when successful innervation is critical [16].

The potential role of defective re-innervation of the regenerating muscle fibers in the
incomplete recovery seen following muscle damage in old mice has not been extensively
examined, although the aging process clearly influences motor nerve function and plasticity.
Several studies have reported both atrophy and loss of axons in older individuals and a loss
of myelination of some axons in motor nerves. Skeletal neuromusclular junctions (NMJs)
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are also extensively affected during aging. For example, data from Valdez et al [17] has
demonstrated that NMJs in aged mice show a variety of age-related structural alterations,
including axonal swellings, sprouting, synaptic detachment, partial or complete withdrawal
of axons from some postsynaptic sites, and fragmentation of the postsynaptic specialization.
The function of the terminal Schwann cells that produce myelin, cover the neuromuscular
junctions and act as a guide for regenerating axons during reinnervation has also been
reported to be reduced leading to reduced myelin production (for a review see [18]. Most
data on the effect of aging on regeneration and repair of damaged motor neurons has been
obtained from studies of the processes following direct nerve injury which have shown that
the capacity for axonal regeneration and re-innervation is reduced in nerves from older
rodents. Kawabushi et al [19] examined motor neuron function and repair following
experimental sciatic nerve section in both young and old rats and found a greater incidence
of immature axonal terminals in muscles of old compared with young rats. In addition, the
rate of re-innervation of muscle was reduced in the muscles of old rats and the axonal
terminals were not associated with Schwann cells. In other studies, the same group
demonstrated a reduced rate of re-growth of axons and formation of new functional
neuromuscular junctions following crush injury to peripheral nerves of old compared with
young rodents [20].

In summary, although age-related changes in the interactions between nerve and muscle are
still poorly understood, they appear to play a major role in the defective regeneration of
skeletal muscle during aging.

ROS generation by skeletal muscle

Muscle generates superoxide and nitric oxide (NO) with the secondary formation of
peroxynitrite, hydrogen peroxide and other ROS [21]. Physical exercise is associated with a
dramatic increase in oxygen consumption in the working muscles. Most of the oxygen is
utilised in the mitochondrial electron transport chain, where it is reduced to water [22]. Early
studies suggested that in the mitochondrial electron transport chain, 2-5% of oxygen is
converted to ROS, primarily superoxide radical and for that reason mitochondria are
commonly considered as the predominant source of ROS in skeletal muscle cells. However,
more recent data by several groups (for example see [23, 24]) argue against this and recent
assessments of the rate of superoxide production by mitochondria indicate that only
approximately 0.15% of the total oxygen consumed is reduced to superoxide. There is now
considerable data demonstrating that mitochondria are not the only source of ROS
production in skeletal muscle and that are other sources of ROS production within muscle
cells including nicotinamide adenine dinucleotide phosphate (NADPH) oxidases [25] as
well as Phospholipase A2 (PLA2) dependent processes (For an extensive review see [26]).
In addition, data from Vifia’s laboratory has demonstrated that superoxide anion is also
generated by xanthine oxidase (XO) in contracting rat skeletal muscles cells [27]. In skeletal
muscle, superoxide radicals are also found in the extracellular fluid and are produced at a
relatively low rate with a significant increase during contractile activity [28-30].

Nitric oxide is also generated continuously in skeletal muscle. Resting muscles produce low
levels of NO and the production of NO is increased during contractile activity [31, 32]. In
contrast to the harmful effects of other ROS, generation of nitric oxide is thought to be
useful (see section below). However, excess levels of nitric oxide can be cytotoxic and
overproduction is thought to be involved in several inflammatory diseases [33]. Nitric oxide
can also react with superoxide to form peroxynitrite (ONOQO™) that is far more reactive than
either of the parent radicals [21].

Due to the complex methods necessary for measuring ROS directly, only very few studies
have attempted to monitor ROS activity in intact skeletal muscle during contractions and
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aging. We have previously demonstrated that contractile activity increased extracellular
skeletal muscle ROS generation in both adult and old mice with no evidence for an age-
related exacerbation of ROS generation [30]. More recently, we have demonstrated that
isometric contractions to isolated skeletal muscle fibers from old mice resulted in no
increase in oxidation of the non-specific, fluorescent probe for reactive oxygen and nitrogen
species, dichlorodihydrofluorescein (CM-DCFH) compared with isolated skeletal muscle
fibers from old mice at rest [9]. However, in the same study we demonstrated that skeletal
muscle fibers from old mice have increased DCFH oxidation compared with skeletal muscle
fibers from young mice at rest. This is in agreement with previous studies showing that the
production of ROS is elevated is skeletal muscle of old rodents [34]. These changes impact
negatively on muscle fiber homeostasis [35] and some genetic manipulations that reduce
ROS activities preserve muscle function during aging (see below). Chronic inactivity of
muscle is also associated with increased ROS generation [36]. It is therefore possible that
the increased ROS production seen in muscles during aging may be related to the decreased
physical activity of older individuals and may contribute to the age-related increase in redox
imbalance within the muscle fibers.

ROS play a fundamental signalling role during muscle regeneration and re-innervation

Regulated changes in ROS formation are important in maintaining the normal sequence and
development of myogenic processes. For example, changes in nitric oxide (NO) production
facilitate fusion of cultured single myoblasts to myotubes and NO is a messenger in synaptic
signalling in nerve-myotube co-cultures. Crucially, myotubes respond to nerve-muscle
contact by localisation of the muscle isoform of neuronal nitric oxide synthetase (nNOS) to
the acetylcholine receptor with an increase in NO formation that may act to prevent
unwanted duplication of innervation of the myotube. There is less information on the effects
of other ROS on myogenesis and regeneration although ROS activity due to NAD(P)H
oxidase activity increases dramatically (~8 fold) in myoblasts from adult mice during
differentiation [37]. Both excessive formation or a reduction in ROS during differentiation
have also been shown to prevent formation of mature myotubes [37, 38]. In addition, data by
Hansen et al indicated that excessive ROS activities inhibited myogenesis in muscle
cultures, while treatment of the muscle cells with a ROS scavenger produced a more
reductive cellular redox potential and enhanced myoblast differentiation [39]. We have
demonstrated that myoblasts derived from glutathione peroxidase 1 knockout (Gpx1~/7)
mice had decreased proliferation and increased apoptosis compared with wild-type cells and
differentiated poorly with many residual mononuclear cells and the formation of only few,
immature myotubes [40].

ROS play a key role in the loss of skeletal muscle mass observed during aging

ROS activities in many tissues increase with age and there is evidence that increased ROS
generation may be the underlying reason for several age-related pathologies. Skeletal muscle
has a substantial protective system and can enhance this system by increasing the production
of cytoprotective proteins such as Heat Shock Proteins (HSPs) and antioxidant defence
enzymes such as the superoxide dismutase enzymes, CuZnSOD and MnSOD, via activation
of the transcription factors NFxB and AP-1 [28, 41]. Although it was originally reported that
CuznSOD is only expressed in the cytosol of cells, there is now evidence that a substantial
part of cellular CuzZnSOD is localized to the mitochondrial inter-membrane space (IMS)
[42]. During aging, there is an accumulation of oxidative damage in muscle and an inability
to activate these cytoprotective responses particularly following contractile activity [8, 41].
Interventions that maintain adaptive responses prevent the accumulation of oxidative
damage and preserve some aspects of age-related muscle dysfunction [8, 16].
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A further clear link between age-related muscle loss and increased ROS production has been
indicated by studies of mice lacking CuZnSOD (Sod1~/~ mice). These mice have an
accelerated decline in muscle mass and function [43]. A major effect of aberrant ROS
generation is oxidative damage to proteins [44—-46] and previous work from our laboratory
has shown that muscles of old wild-type mice and adult mice lacking CuZnSOD have an
elevated content of 3-nitrotyrosine residues in the major cytosolic protein, carbonic
anhydrase I11 in comparison with muscles from adult wild type mice (Figure 3; [7]). In our
laboratory we have also examined whether mice lacking SOD1 show the lack of adaptation
to contractile responses that is seen in old WT mice. Data indicate that, in contrast to adult
WT mice, but in common with old WT mice, Sod1 ™/~ mice demonstrated a constitutive
activation of NFkB with increased production of pro-inflammatory cytokines and a
constitutive increase in the content of HSPs in muscle at rest and failed to activate
cytoprotective adaptive responses to contractile activity [47]. In addition, adult Sod1~/~
mice show loss of motor function and contractility, decline in the number of motor units,
partial denervation, degeneration of NMJs and mitochondrial dysfunction [47-51].

There is little direct data on the roles of ROS or effects of ROS on the structure and function
of peripheral motor nerves, although aging leads to an increase in oxidative damage to
proteins, lipids and nucleic acids in the central nervous system [52] and the age-related
decrease in CNS function has been associated with an increase in markers of oxidative stress
[53]. Schwann cells are rich in fatty acids and serve as a major substrate for ROS, therefore
they can be particularly vulnerable to the accumulation of oxidative damage seen during
aging [54]. Data from Opalach et al [55] demonstrated that aged animals had an
accumulation of ubiquitinated and oxidatively damaged proteins within myelinated
peripheral nerves and that this pronounced age-related oxidative damage is associated with
the activation of proinflammatory events. Increased production of ROS are also thought also
play an important role in age-related neurodegenerative diseases such as Alzheimer’s
disease, motor neurone disease and Parkinson’s disease by damaging macromolecules
within the nervous system (see [56] for a review).

Implications of defective ROS and oxidative damage for regeneration in skeletal muscle

There is increasing evidence that ROS are actively involved in controlling muscle
differentiation. In previous collaborative studies we have demonstrated that when myoblasts
from Gpx1~/~ mice are induced to differentiate into fused multinucleated myotubes, they
show significant impairment and form only a few immature myotubes compared to wild-
type cells. In vivo, muscle fiber areas are also decreased in Gpx1~~ mice compared with
wild-type mice [40]. These data strongly support the idea that ROS are crucial during
myogenic differentiation and play a key role during muscle regeneration and repair.

ROS are also known to play a central role in a variety of muscle pathologies including
muscle cachexia [57] and Duchenne muscular dystrophy [58, 59]. In addition, increased
ROS production in skeletal muscles significantly contributes to inactivity-induced muscle
atrophy (for an extensive review see [60]). However, there is little data on ROS and
regeneration during aging. Studies from our laboratory have demonstrated that the inability
to produce HSPs plays a critical role in the development of functional deficits that occur
with aging in skeletal muscle. Studies using transgenic mice overexpressing HSP70 have
shown that increased muscle content of HSP70 provided protection against the fall in
specific force associated with aging, and facilitated rapid and successful regeneration
following contraction-induced damage in muscles of old HSP70 overexpressor mice
compared with the impaired regeneration and recovery normally observed in old wild type
mice [16]. More recently, we have also demonstrated that overexpression of HSP10, a
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mitochondrial chaperone protein, can also preserve muscle function during aging in mice
[61].

The redox sensitive transcription factor NFxB also plays a crucial role in the proliferation,
differentiation and regeneration of muscle cells. Results obtained using C2C12 myoblast cell
line have demonstrated that NFxB is constitutively active in proliferating myoblasts and that
NFkB can inhibit myogenesis by inhibiting the synthesis of MyoD, which is a muscle-
specific transcription factor involved in muscle development and repair or via transcriptional
regulation of cyclin D1 which is an important regulator of cell cycle progression [62, 63]. In
addition, it has been shown that systemic administration of curcumin, a pharmacological
inhibitor of NFxB, stimulates muscle regeneration after traumatic injury [64]. Moreover,
muscle specific NFkB inhibition in mice, through targeted deletion of the activating kinase
inhibitor of NFxB kinase 2 (IKK2) has also been shown to facilitate skeletal muscle
regeneration through enhanced satellite cell activation and reduced fibrosis in response to
muscle damage [65]. We have previously demonstrated that the NFxB DNA binding activity
is increased in quiescent muscles from old wild-type mice compared with adult mice [41]
suggesting that the constitutive activation of NFxB may be functioning as an inhibitor of
myogenic differentiation and regeneration during aging.

Since ROS have been found to be involved in controlling muscle regeneration, several
studies have been focused on the properties and efficacy of antioxidants such as vitamin C
and vitamin E to scavenge ROS and therefore to decrease oxidative damage in muscle.
However, these studies, the majority of which were exercise related, investigated indirect
indicators of muscle damage (for example plasma creatine kinase [66]) rather than specific
markers of muscle regeneration. In addition, due to the variable study designs and
differences in the type and amounts of the antioxidants, results from supplementation studies
are highly inconsistent and/or not adequate, especially in human models. However, there is
some evidence suggesting that vitamin E supplementation can promote myocyte plasma
membrane repair in culture and in intact muscles in situ when exposed to an oxidant
challenge suggesting that vitamin E is essential for maintenance of skeletal muscle
homeostasis [67].

Several studies have also been conducted on the effectiveness of different polyphenols. For
example dietary apple polyphenols have been shown to enhance muscle function in rats [68]
and have preventive effects against lengthening contraction-induced muscle injuries [69].
Regarding muscle regeneration, treatment of C2C12 myaoblasts with resveratrol, which is a
unique grape wine polyphenol, results in initiation of differentiation [70]. The beneficial
effects of polyphenols have also been demonstrated in vivo in studies using grape seed-
derived proanthocyanidolic oligomer (PCO) supplementation which had the ability to
accelerate muscle regeneration when taken as a preventative strategy before injury [71] or
short-term post-injury [72]. Red wine phenolic extract intake has also been shown to prevent
age-related impairment in skeletal muscle mitochondrial function through decreased ROS
production [73]. However, further studies are needed to determine whether other
polyphenols might exert the same protective effects particularly in regeneration during aging
and whether these might be translated to human physiology.

Conclusions and Future directions

Identifying the importance of ROS generation during muscle re-innervation and
regeneration could have fundamental implications for interventions to prevent muscle
degeneration during aging and treatments to reverse the age-related decline in muscle mass
and function. More specifically, by identifying which particular ROS disrupt the normal
processes of re-innervation and muscle regeneration, it will be possible to identify targeted
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treatments to minimise these deleterious effects. These interventions will be aimed at
decreasing the loss of skeletal muscle that occurs with age and ultimately improving the
quality of life of older individuals.
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Abbreviations

AP-1 activator protein-1
CNS central nervous system
CuznSOD copper, zinc superoxide dismutase GPx1, glutathione peroxidase 1
GSH reduced glutathione
HSPs heat shock proteins
MnSOD manganese superoxide dismutase
mpc's myogenic precursor cells
NAD(P)H reduced nicotine adenine dinucleotide phosphate
NF«xB nuclear transcription factor xappa B
NMJs neuromuscular junctions
nNOS neuronal nitric oxide synthase
NO nitric oxide
ROS reactive oxygen species
SOD superoxide dismutase
SOD1 copper, zinc superoxide dismutase
WT wild type
XO xanthine oxidase.
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Organization of a motor unit (a) Bundle of muscle fibers innervated by a motor neuron (b)
Neuromuscular junction on a single muscle fiber (c) Fluorescent image of neuromuscular
junctions and peripheral axons from the Tibialis Anterior (TA) muscle of a young thyl-YFP
mouse. The underlying muscle fibers are stained with phalloidin.
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Fig. 2.

Muscle cell regeneration following damage. (A) Quiescent young muscle cell with
peripheral nuclei and satellite cells. (B) Following damage, satellite cells are activated and
start to proliferate. Satellite cells differentiation and fusion with (C) each other and (D) with
the damaged muscle fiber. (E) Newly regenerated muscle fiber with central nuclei and
renewed satellite cells. (F) Quiescent aged muscle cell with peripheral nuclei and satellite
cells. (G) Following damage, satellite cells are activated to proliferate but proliferation is
slower. Satellite cell differentiation and fusion with (H) each other and (1) with the damaged
muscle fiber happens at a slower rate. (J) Incomplete regeneration of aged muscle fiber.
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Relative 3-nitrotyrosine content of carbonic anhydrase 111 in skeletal muscle of adult wild
type, old wild type and adult Sod1~/~ mice (redrawn from [7]). Muscles of old wild type
mice and adult mice lacking SOD1 have an elevated content of 3-nitrotyrosine residues in
carbonic anhydrase 111 in comparison with muscles from adult wild type mice. Data are
presented as a percentage of values from muscles of adult wild-type mice. *P<0.05 cf. adult
wild type.
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