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Interactions Between Reactive Oxygen Species Generated
by Contractile Activity and Aging in Skeletal Muscle?
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Abstract

Significance: Aging leads to a loss of skeletal muscle mass and function that causes instability, increased risk of
falls, and need for residential care. This is due to a reduction in the muscle mass and strength that is primarily
due caused by a decrease in the number of muscle fibers, particularly, type Il fibers, and atrophy and weakening
of those remaining. Recent Advances: Although increased oxidative damage was originally thought to be the key
to the aging process, data now indicate that reactive oxygen species (ROS) may be one of the several components
of the degenerative processes in aging. The skeletal muscle shows important rapid adaptations to the ROS
generated by contractions that are attenuated in aged organisms and transgenic studies have indicated that
overcoming these attenuated responses can prevent the age-related loss of muscle mass and function. Critical
Issues: Elucidation of the mechanisms by which the skeletal muscle adapts to the ROS generated to contractions
and the way in which these processes are attenuated by aging is critical to the development of logical approaches
to prevent age-related loss of muscle mass and function. Future Directions: Future studies are likely to focus on
the redox regulation of adaptive pathways and their maintenance during aging as an approach to maintain and

improve muscle function. Antioxid. Redox Signal. 19, 804-812.

Introduction
Effects of aging on skeletal muscle

IN OLDER PEOPLE, declining muscle mass and function lead
to instability, increased risk of falls, and need for residential
care. By the age of 70, the cross-sectional area of skeletal
muscle is reduced by 25%-30% and muscle strength is re-
duced by 30%—-40% (40). The reduction in muscle mass and
function with age in humans and rodents is primarily due to a
decrease in the number of muscle fibers, particularly, type II
fibers, and atrophy and weakening of those fibers that remain
(8, 29). The loss of muscle fibers and other changes in muscles
during aging shows considerable similarities between man
and rodents (35). Figures 1 and 2 show typical data from ro-
dent models of the changes that occur in muscles with aging.
These data show a reduction in muscle mass in addition to
reduced maximum force generation and maximum specific
force generation (Fig. 1). This latter measure provides an in-
dication of the reduced strength of the fibers remaining in
muscles of these old mice. Figure 2 illustrates the shift in fiber

types that occurs in rodent muscle with aging. There are also a
number of other functional changes in the remaining muscle
fibers in old rodents and humans, including a slowing of the
muscle phenotype (11), an attenuation of important responses
to contractions that include acute stress responses (49), mito-
chondrial biogenesis (30), and anabolic responses (10). These
functional changes in the remaining fibers appear to be im-
portant in the limitations of muscle function that affect the
elderly. Thus, for instance, changes in neuromuscular control
lead to slowed reactions and a lack of ability to fine tune
movements, while correction of specific attenuated responses
to contractions is associated with preservation of muscle force
generation (9, 25).

Aging Is Associated with Loss of Whole Motor Units

In man, a 25% reduction in the number of ¢-motor neurons
occurs with aging. The causes of this loss are unknown, but
small motor neurons (which tend to innervate type I fibers)
are preserved relative to large motor neurons. Over time, the
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loss of large motor neurons is partially compensated by a
sprouting phenomenon through which small motor neurons
innervate those type II fibers that have become temporarily
denervated, and hence, these fibers acquire a slower pheno-
type. This process is incomplete and eventually, the new giant
motor units are lost (11). Studies to determine whether the
age-related loss of muscle fibers is associated with loss of
motor units in man and rodents indicate that substantial net
loss of whole motor units occurs with increasing age in both
species (28). Data indicate that in both species, net motor
neuron loss occurs in parallel with muscle fiber loss and loss
of muscle function (29), but it is unclear which of these is the
primary event (14, 28, 52).
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Aberrant Reactive Oxygen Species Generation
Appears to Play an Important Role in Processes
of Muscle Aging

In all species, skeletal muscle of aged organisms contains
oxidative damage to macromolecules in comparison with
levels found in young organisms (50), and the hypothesis that
increased oxidative damage plays a key role in age-related
tissue dysfunction has been extensively examined. In non-
mammalian models, some interventions designed to reduce
the activities of reactive oxygen species (ROS), such as over-
expression of CuZn, superoxide dismutase (SOD1), catalase,
or both in Drosophila (38) or treatment with a MnSOD and
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catalase mimetic in Caenorhabditis elegans (33) extended life-
span and thus support the hypothesis, but these effects are
not universally observed and are controversial (15). In
mammals, only few genetic manipulations designed to re-
duce ROS activities have resulted in an increased lifespan
[e.g., see Refs. (46, 54)]. A consensus has therefore recently
developed that increased ROS generation is not the fun-
damental cause of aging (or more precisely, the funda-
mental determinant of lifespan) (38). Many studies have
reported that mitochondrial ROS generation is increased in
skeletal muscle during aging and that this occurs in asso-
ciation with impaired mitochondrial function and oxidative
damage to mitochondrial components (23). There are some
studies that indicate manipulation of ROS activities can
preserve muscle function during aging (9, 46) and increased
mitochondrial ROS generation has also been proposed to
play a key mediating role in pathological changes, in
muscle, in conditions such as disuse atrophy (41).

ROS Play a Crucial Role in Muscle Physiology
Through Redox-Signaling Pathways
and Are Mediators of Adaptations to Contractions

Early studies indicated that ROS were deleterious to cells
causing oxidative damage to lipids, DNA, and proteins (16),
but it is now recognized that, in normal physiology, ROS
mediate many adaptive processes. ROS are important physi-
ological signaling molecules with regulatory functions that
modulate changes in cell and tissue homeostasis and gene
expression (13, 19). Signaling by these reactive molecules
appears to be mainly achieved by targeted modifications of
specific residues in proteins (23). Skeletal muscle fibers re-
spond to contractile activity by an increase in the intracellular
generation of superoxide and nitric oxide (NO) with the for-
mation of secondary ROS and reactive nitrogen species (41).
This leads to activation of a number of redox-regulated tran-
scription factors, including nuclear factor kappa-B (NFxB),
activator protein 1 (AP-1) and HSF-1 (19, 24, 51), and an in-
creased expression of regulatory enzymes and cytoprotective
proteins (17, 31). ROS also stimulate the expression of genes
associated with myogenesis (3), catabolism-related genes (5),
and mitochondrial biogenesis (18).

Does Defective Redox Signaling Play a Role
in Muscle Aging?

Skeletal muscle from old mice shows an inability to activate
redox-sensitive transcription factors, such as NFxB or AP-1 in
response to contractile activity (49). This is characterized by
chronic activation of transcription factors at rest and an inability
to further activate these factors following an acute nondama-
ging muscle contraction protocol (49). This lack of activation of
redox-sensitive transcription factors with contractile activity is
associated with an inability to increase the expression of various
cytoprotective proteins (49) and influences the susceptibility of
skeletal muscle from old animals to oxidative damage. There is
also evidence that this attenuation is also seen in other redox-
regulated systems such as mitochondrial biogenesis (30) and
some neurotrophic factors (BDNF, GDNF) are also subject to
transcriptional regulation by NF«xB and other redox-sensitive
transcription factors. Hence, defective activation of redox-
regulated transcription factors may also underlie diminished
expression of these proteins in aging muscle.
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Redox-dependent processes occur in discrete cellular
compartments, such as cytosol, mitochondria, and nuclei, and
antioxidant systems are not distributed uniformly throughout
the cell. Understanding the processes of redox signaling and
how this is modified during aging is important since it may
help facilitate the development of novel targeted therapeutic
interventions. Cellular reactive thiol pools play a crucial role
in the regulation of redox signaling and recent attention has
focused on proteins that encompass thiol-disulfide regula-
tion, where the redox status depends on a redox-active site
that has an amino acid sequence containing one or two active
thiols. The major intracellular thiol /disulfide systems include
reduced glutathione/oxidized glutathione (GSH/GSSG) and
the thioredoxin (Trx) systems. These control diverse cellular
events through discrete redox pathways, which influence
redox signaling, are responsive to oxidative stress, and help
maintain intracellular redox homeostasis (53). Trx are a class
of small multifunctional proteins that are present in all pro-
karyotic and eukaryotic organisms and are characterized by
the invariant redox-active site sequence (Trp-Cys-Gly-Pro-
Cys-Lys) (42). The oxidized (inactive) form of Trx (Trx-52) has
two cysteines at its active site forming a disulfide bond that is
reduced by thioredoxin reductase and reduced nicotinamide
adenine dinucleotide phosphate (NADPH) to a di-thiol
[Trx(SH)2]. Thioredoxins appear to be key intracellular reg-
ulators of redox signaling and Trx1 isoform is found in the
nucleus and cytosol. Distinct pools are evident, since Trx1 can
be imported into the nucleus from the cytoplasm during
various forms of oxidative stress and Trx2 is localized in
mitochondria. Trx2 is encoded by a nuclear gene and localized
to the mitochondrial matrix by a mitochondrial leader
sequence (47).

Inrecent studies, we have examined the effects of aging and
contractile activity on the contents of Trx1, Trx2, and gluta-
thione in skeletal muscle in vivo (12). Aging was found to
increase the muscle Trx1 and Trx2 contents and to decrease
the glutathione content (Fig. 3), but contractions had no effect
on the content or redox status of Trx proteins. In contrast, the
contractile activity induced a decrease in the muscle gluta-
thione content in young mice, but had no effect on the muscles
of old mice. Thus, there is evidence of a discrepant effect of
aging on the two major cellular thiol proteins that regulate
cellular redox signaling pathways although the functional
effects of this pattern of changes in these proteins is unclear.

Is Aging Associated with Increased ROS Generation
During Contractile Activity?

Few studies have attempted to monitor ROS activities in
intact skeletal muscle during aging although the tissue from
aged rodents contains increased amounts of oxidative dam-
age [e.g., see Refs. (9, 50)]. There are a number of techniques
that may potentially address this issue and provide a non-
specific measure of ROS activities and Bejma and Ji (7) studied
ROS activities in homogenates of skeletal muscle and found
these to be elevated in tissues from old rats. They observed
increased 2, 7’-dichlorodihydrofluorescin (DCFH) oxidation
for tissue from old rats, but the data from such studies are
potentially influenced by the differential effects of the ho-
mogenization procedure on old compared with young tissue
and the probe used is nonspecific since DCFH is acknowl-
edged to react with a variety of ROS (e.g., hydrogen peroxide,
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organic peroxides, and hydroxyl radical), NO, and perox-
ynitrite (37).

Since there is a lack of a reliable approach to generally
monitor ROS activities in skeletal muscle during contractions
and the effects of aging on this, the question has been focused
on whether the major sources for ROS generation in muscle
are modified by aging. The sources of ROS that are activated
by contractions have been the subject of considerable dis-
cussion and will not be considered in detail here [for a review,
see Ref. (20)], but in essence, there is still no clear agreement
on the prime intracellular sources for superoxide production
in muscle during contractions. Although early studies sug-
gested that 2%-5% of the total oxygen consumed by mito-
chondria may undergo one electron reduction with the
generation of superoxide, recent data argue against such a
substantial formation of superoxide within mitochondria and
recent assessments of the rate of superoxide production by
mitochondria indicate that ~0.15% of the total O, consumed
is reduced to superoxide (47), a value that is an order of
magnitude lower than the original estimates. Recent studies
have also examined superoxide in the mitochondrial matrix
(2) or mitochondrial redox potential (34) and indicated that
mitochondria are unlikely to be the major source for the in-
creased fiber ROS generation observed during contractile
activity.

Additional extramitochondrial sites for superoxide pro-
duction within skeletal muscle have been proposed, including
NADPH oxidase enzymes (45), enzymes of the phospholipase
A, family, and xanthine oxidase (41), but their contribution
during contractile activity has not been fully evaluated.

As previously discussed, there are extensive data indicat-
ing that mitochondria from skeletal muscle of old rodents
have increased release of hydrogen peroxide [see Ref. (22)]
and we have previously reported an ~30% increase in mi-
tochondrial hydrogen peroxide generation in state 1 (48).
Thus, if mitochondria were the prime site of ROS generation

in muscle during contractions, these data are consistent with
an increased overall leak of ROS by mitochondria from aged
muscle tissue. The alternative possibility that contraction-
induced activation of NADPH oxidase(s) or xanthine oxidase
are exacerbated by aging does not appear to have been
evaluated.

Can Manipulation of Muscle ROS Activities Affect
Muscle Aging?

An alternative approach to examine the role of ROS and
contractile activity in skeletal muscle aging has been to de-
termine the effect of modification of regulatory proteins for
ROS and our previous studies have examined the effects of
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FIG. 4. Potential key intracellular reactions of superoxide.
In the presence of the usual very high content of SOD1, en-
zymatic dismutation of superoxide to hydrogen peroxide
predominates over the chemical reaction of superoxide with
nitric oxide (NO) despite the slower reaction rate. In the
SOD1 knockout mice and the presence of excess NO, the
formation of peroxynitrite (ONOO™) is facilitated. See Sa-
kellariou et al. (44), for details. SOD, superoxide dismutase.
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deletion of a number of regulatory enzymes for ROS. Despite
frequent observation of increased oxidative damage in these
models, no clear effects on skeletal muscle aging were seen,
with the exception being mice with a whole body deletion of
SOD1, which show neuromuscular changes with aging that
appear to reflect an accelerated skeletal muscle aging process
(36). Adult Sod1 '~ mice show a decline in the skeletal muscle
mass, loss of muscle fibers, and a decline in the number of
motor units, loss of motor function and contractility, partial
denervation, mitochondrial dysfunction, and a failure of
adaptive responses to contractions by 8 months of age (21, 27,
51). The fiber loss in Sod1~/~ mice is accompanied by de-
generation of neuromuscular junctions, (21). Such changes are
all seen in old wild-type (WT) mice, but not until 28-30
months of age.

SOD1 Knockout as a Model of Accelerated Muscle Aging

Although classic texts report that Cu,Zn SOD (SOD1) is ex-
pressed in the cytosol of cells [e.g., Ref. (16)], there is now
considerable evidence that SOD1 is also localized to the mito-
chondrial inter-membrane space (IMS), where it is likely to be
present at high concentration compared with cytosolic SOD1.
The implication of this is that lack of SOD1 may influence redox
homeostasis in the mitochondrial IMS in addition to the cyto-
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sol, and hence that disturbances in mitochondrial integrity or
metabolism may underlie the changes observed. In our studies,
we have examined the nature of the species that are generated
in excess in mice lacking SOD1. Superoxide and NO are the
primary radical species generated by skeletal muscle and their
activities increase during contractile activity (4, 26, 43). Super-
oxide and NO are the precursors for the generation of a number
of secondary species and muscle and other tissues have so-
phisticated enzymatic systems that control the cellular activi-
ties of these species. Intracellular superoxide is regulated by the
activities of the SODs. When superoxide and NO are both
present, their chemical reaction to form peroxynitrite is likely
and competes with the dismutation of superoxide to hydrogen
peroxide by SOD (6), (Fig. 4). In adult mice lacking SOD], the
loss of muscle fibers that contributes to the accelerated muscle
aging phenotype may therefore be associated with excess su-
peroxide within the muscle cells, but it is possible that alter-
native species play important roles in the initiation of
degeneration. Thus, peroxynitrite or a change in NO bioavail-
ability due to reaction with excess superoxide might both affect
tissue function in mice lacking SOD1. We demonstrated that
muscle fibers from adult SOD1 null mice showed an increase in
oxidation of the nonspecific intracellular ROS probe, DCFH, at
rest compared with fibers from WT mice (51), but surprisingly
showed no further increase in oxidation of the probe following
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FIG. 6. Changes in the glutathione content (A) and NFkB activation (B) in muscles from SOD1 null and wild-type mice
before and following exposure to an isometric contraction protocol. NF«xB activation was assessed by DNA binding
techniques. *p <0.05 compared with wild-type mice at rest, **p <0.05 compared with SOD1 null mice at rest. Data derived

from Vasilaki et al. (51). NF«B, nuclear factor kappa-B.
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contractile activity, whereas an increase in DCFH oxidation
was seen in fibers from adult WT mice following contractile
activity. DCFH is reported to be relatively insensitive to oxi-
dation by superoxide, but to be oxidized by hydrogen perox-
ide, hydroxyl radicals, peroxynitrite, and NO (37).

Monitoring of the amounts or activities of specific ROS in
cells is inherently difficult due to the labile and reactive nature
of these species. Using dihydroethidium (DHE) as a probe for
superoxide and monitoring hydroxyethidium (the specific
product of reaction between DHE and superoxide) and ethi-
dium fluorescence (nonspecific product of DHE and ROS), we
demonstrated that muscle fibers from adult Sod1~/~ mice did
not show the anticipated increase in cytosolic superoxide
availability at rest, but in a similar manner to muscles of old
mice, muscles from adult Sod1~/~ mice demonstrated evi-
dence for an increase in muscle peroxynitrite (Fig. 5). In
Sod1~/~ mice, this was modifiable by manipulation of muscle
NO synthase activity (44) and indicated by an increased 3-
nitrotyrosine content of muscle proteins and increased ex-
pression of the peroxynitrite reductase, peroxyredoxin 5.
Thus, we concluded that peroxynitrite may play an important
role in the phenotypic changes seen in SOD1 null mice and to
be an important mediator of the accelerated muscle aging
phenotype in this model.
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Does the SOD1 Knockout Mouse Show Defective
Redox Signaling in Muscle?

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 failed to activate
cytoprotective adaptive responses to contractile activity (51)
(Fig. 6). This results in diminished expression of heat shock
proteins (HSPs) and other cytoprotective proteins following
contractile activity. This could potentially occur through a
lack of induction of additional superoxide and/or hydro-
gen peroxide during contractile activity (43, 51). This lack of
contraction-induced changes was also associated with consti-
tutive activation of NF«xB with increased production of proin-
flammatory cytokines and constitutive increase in the content
of HSPs in muscle from adult Sod1™/~ that are also seen in
muscle from old WT mice at rest (51). Thus, a further effect of
the lack of SOD1 that mimics that seen in old WT mice is a
failure of redox-mediated signaling of adaptive responses to
contractile activity and an increased production of cytokines.

There is therefore evidence that manipulation of the activ-
ity of specific ROS through modified expression of SOD1 may
produce a phenotype that resembles accelerated aging in
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skeletal muscle. Figure 7 shows our current concept of the
mechanisms by which contraction-induced ROS lead to an
increased expression of cytoprotective proteins through
redox-regulated signaling pathways and Figure 8 illustrates
how the key steps in this scheme are modified in muscle from
aged mice or from the SOD1 null mouse. Clearly, although
both aging and/or the lack of SOD1 lead to some similar
phenotypic changes and to a failure of contraction-induced
upregulation of cytoprotective proteins, there are differences
in how they affect the proposed pathway.

Conclusions and Future Directions

Transgenic studies have identified that specific modifica-
tion of pathways of ROS regulation can lead to accelerated
aging of muscles that appear to be mediated by peroxynitrite
and acting, in part, through inducing a failure of adaptations
to contractile activity. Future studies will further examine the
relevance of this model to normal aging and the potential for
the model to identify sites for interventions targeted to
maintain adaptive responses to contractions. Understanding
of the role of redox regulation of adaptations to contractile
activity has the potential to lead to improvements in the
maintenance of muscle in aging and other situations where
loss of muscle mass occurs.
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Abbreviations Used

AP-1 = activator protein 1
CuZnSOD = copper, zinc superoxide
dismutase (SOD1)
DCFH =2’, 7’ dichlorodihydrofluorescein
DHE = dihydroethidium
HSP = heat shock protein
NADPH = reduced nicotinamide adenine

dinucleotide phosphate

NFxB = nuclear factor kappa-B
NIK = NF«B inducing kinase
NO = nitric oxide
Prx = peroxiredoxin
ROS = reactive oxygen species.
SOD = superoxide dismutase
TF = transcription factor
Trx1 = thioredoxin 1
Trx2 = thioredoxin 2
WT =wild type




