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Abstract

Significance: The increased activities of free radicals or reactive oxygen species in tissues of exercising humans
and animals were first reported ~30 years ago. A great deal has been learned about the processes that can
generate these molecules, but there is little agreement on which are important, how they are controlled, and
there are virtually no quantitative data. Superoxide and nitric oxide are generated by skeletal muscle and their
reactions lead to formation of secondary species. A considerable amount is known about control of superoxide
generation by xanthine oxidase activity, but similar information for other generation systems is lacking. Recent
Advances: Re-evaluation of published data indicates potential approaches to quantification of the hydrogen
peroxide concentration in resting and contracting muscle cells. Such calculations reveal that, during contractions,
intracellular hydrogen peroxide concentrations in skeletal muscle may only increase by ~100nM. The primary
effects of this modest increase appear to be in “redox” signaling processes that mediate some of the responses
and adaptations of muscle to exercise. These act, in part, to increase the expression of cytoprotective proteins
(e.g., heat shock proteins and antioxidant enzymes) that help maintain cell viability. During aging, these redox-
mediated adaptations fail and this contributes to age-related loss of skeletal muscle. Critical Issues and Future
Directions: Understanding the control of ROS generation in muscle and the effect of aging and some disease
states will aid design of interventions to maintain muscle mass and function, but is dependent upon develop-
ment of new analytical approaches. The final part of this review indicates areas where such developments are

occurring. Antioxid. Redox Signal. 15, 2477-2486.

Introduction

FOR MANY YEARS, REACTIVE OXYGEN SPECIES (ROS) and re-
active nitrogen species (RNS) were generally thought to
exert their major functions in biology though causing (oxi-
dative) damage to DNA, proteins, and lipids (31). Re-
cognition of these deleterious actions of ROS and RNS led
to the general idea that intervention strategies to quench
their activities would be beneficial to humans and animals
(31). The report that exercise (which is acknowledged to
have multiple health benefits) induced formation of ROS in
tissues such as skeletal muscle and liver (19) was one of the
first observations that cast doubt on this universal negative
view of ROS, and it is now widely accepted that ROS play
important roles in many physiological processes (60). The
tissue sources of the ROS generated by exercise are still
under investigation, but numerous studies now indicate
that skeletal muscle generates multiple ROS and RNS, both
at rest and during contractile activity (see ref. 60 for a
comprehensive review). Elucidation of the nature of the
ROS generated by skeletal muscle, the sites of their gener-

ation, and the potential actions of the ROS has involved
studies of multiple cell, tissue, and whole animal models,
and relied on a number of different analytical, pharmaco-
logical, and (more recently) genetic approaches.

The aims of this review are to describe briefly the various
ROS and RNS that are generated by skeletal muscle, the po-
tential sites for their generation, and the sparse published data
that address the control of ROS generation in skeletal muscle.
A detailed understanding of the functions of contraction-
induced ROS will require quantitative assessment of their
concentrations and activities and a further part of this review
describes potential approaches to this. These quantitative
considerations illustrate the relatively small increases in in-
tracellular hydrogen peroxide concentration that appear to
be induced by contractions in skeletal muscle, and a discus-
sion of potential actions and functions of such low levels of
ROS is presented. Aging appears to represent a situation
where the control of skeletal muscle ROS activities and ac-
tions is modified, and evidence for this will be reviewed.
Finally, potential new approaches to monitoring ROS in
different subcellular locations in skeletal muscle will be
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presented as part of a discussion of potential future direc-
tions for study.

Nature of the Free Radicals and ROS
That Are Generated by Skeletal Muscle

The nature of the molecules generated by skeletal muscle
that are known as ROS or RNS, and which include various
free radicals, has been extensively reviewed in recent years
(38, 60). In brief, skeletal muscle fibers generate superoxide
and nitric oxide (NO) as the primary species and these parent
molecules lead to formation of several secondary ROS and
RNS. Both superoxide and NO are generated from various
sources within muscle fibers, and in addition superoxide (49,
63), hydrogen peroxide (77), and NO (6, 45) are released into
the interstitial space from muscle fibers (or generated on the
extracellular side of the muscle plasma membrane).

The intracellular content or activity of superoxide, hydrogen
peroxide, and NO appears to be increased by contractile ac-
tivity (57, 61, 63, 66) and superoxide, hydrogen peroxide, hy-
droxyl radical activity, and NO are increased in the muscle
interstitial space by contractile activity (49, 58, 74). Since the
initial observations in the 1980s (19), most authors have as-
sumed that the ROS generated by contractions are predomi-
nantly generated by mitochondria, but recent data argue
against this possibility (for discussion, see later and ref.
60). Nonmitochondrial sources for the generation of ROS
within skeletal muscle have not been extensively studied, but
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some potential nonmitochondrial sources, including NAD(P)H
oxidase(s), have been described in skeletal muscle (60).
NAD(P)H oxidases localized to skeletal muscle plasma
membrane (42), sarcoplasmic reticulum (78), and T-tubules
(24) have been reported. The activity of the T-tubule local-
ized enzyme has also been claimed to be activated by
contractions (24).

The sources of the extracellular ROS that are released from
skeletal muscle cells in culture or isolated muscle preparations
are also relatively obscure. Both hydrogen peroxide and NO
can theoretically diffuse through the plasma membrane, and
hence intracellular sources for these species may play a role
(but see later for a further discussion of hydrogen peroxide).
Although superoxide has been frequently detected in the ex-
tracellular medium surrounding muscle cells and isolated
muscles (49, 63), substantial diffusion of this species (or its
protonated form) through a plasma membrane seems ex-
tremely unlikely (31). In intact muscle preparations, it appears
that xanthine oxidase enzymes in the endothelium associated
with the muscle play an important role in contraction-induced
release of superoxide (28). This source for ROS generation has
been claimed to play important roles in adaptations of muscle
to contractile activity (27) but has been relatively sparsely
studied in recent years. In studies of isolated muscle fibers and
myotubes, the role of xanthine oxidase is unclear. Javesghani
et al. have reported release of ROS derived from a plasma
membrane-localized NAD(P)H oxidase (42). Other NAD(P)H
dependent systems have also been implicated (for discussion,
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see ref. 40). An updated scheme depicting the various sites
that have been identified for generation of ROS and NO in
skeletal muscle is presented in Figure 1.

Control of ROS Production by Skeletal Muscle

Relatively little is known about the factors that control ROS
production by skeletal muscle. Initial studies suggested that
superoxide generation by skeletal muscle was essentially a
by-product of oxygen consumption by mitochondria, and
many early authors quoted reports that 2%-5% of the total
oxygen consumed by mitochondria undergoes one electron
reduction and generates substantial amounts of superoxide
(8, 48). This assumption was related to exercise with the belief
that the increased ROS generation that occurs during con-
tractile activity was directly related to the elevated oxygen
consumption that occurs with increased mitochondrial ac-
tivity, implying potentially a 50- or 100-fold increase in su-
peroxide generation by skeletal muscle during aerobic
contractions (44, 72). As recently reviewed (38, 60), data now
argue against such a substantial formation of superoxide
within mitochondria. In particular, Brand and colleagues (10)
reassessed the rate of production of reactive oxygen species by
mitochondria and indicated that the upper estimate of the
proportion of the electron flow giving rise to ROS was an
order of magnitude lower than the original minimum esti-
mate (71) and this rate of production appears to be further
reduced by intrinsic control mechanisms and the metabolic
state of the mitochondria (9, 10, 21, 35). Our data indicate that
intracellular ROS activity in skeletal muscle cells only in-
creased by a modest 2—4 fold during contractions (50, 74)
which appears to support these more recent assessments. In
very recent data, investigators have targeted redox-sensitive
probes to mitochondria of muscle fibers and have been unable
to demonstrate any change in mitochondrial redox potential
during contractile activity, which they argue implies a lack of
mitochondrial ROS generation during contractions (52), al-
though since the probe was not directly responsive to ROS,
the direct relevance of these data remains unclear.

The control of superoxide production by putative
NAD(P)H oxidase sources in skeletal muscle is unknown. In
neutrophils and other phagocytic cells, the NAD(P)H oxidase
complex is assembled on membranes following a stimulus for
activation, but different mechanisms apply in many non-
phagocytic cells (3). Since the major NAD(P)H oxidase(s)
present in skeletal muscle have not been fully characterized,
little is known about how superoxide generation by these
sources might be controlled. Espinosa et al (24) hypothesized
that the T-tubule-localized NAD(P)H oxidase might be acti-
vated by depolarization of the T-tubules but this has not been
confirmed.

The only source of muscle ROS for which there is infor-
mation on the control of activity is xanthine oxidase. This
enzyme has been recognized to contribute to superoxide
generation in ischemia and reperfusion, but recent data also
indicate that the xanthine oxidase pathway is important in
superoxide formation in the extracellular fluid following a
non-damaging protocol of muscle contractions (28). It has
been suggested that muscle contraction alters the shear
stresses applied to the vascular bed of the muscle, and that
this latter stimulus induces superoxide formation and release
(67). However, most studies argue that in relatively hypoxic
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tissues, anaerobic metabolism leads to proteolytic modifica-
tion of xanthine dehydrogenase to form xanthine oxidase (55)
and to the increased availability of the xanthine oxidase
substrates, hypoxanthine and xanthine (56). This has led some
researchers to argue that superoxide generation by contract-
ing muscle during exercise is greatest at exhaustion (77).

How Much ROS Is Generated by Contracting
Skeletal Muscle?

There have been few studies that have attempted to
quantify (other than in relative terms) the amounts of different
ROS that are generated by skeletal muscle at rest or during
contractions. This is because of the labile nature of ROS and
difficulties in achieving any true quantification in analyses.
Hydrogen peroxide is relatively stable, and recent attempts
have been made to quantify the amounts of this ROS in
skeletal muscle at rest and during contractions:

Palomero et al. (57) applied a protocol of electrically stim-
ulated, isometric contractions to single isolated fibers from the
mouse flexor digitorum brevis (FDB) muscle using a con-
traction protocol that had been previously shown (i) to induce
release of superoxide and nitric oxide from muscle cells in
culture and muscles of mice in vivo (49), (ii) to lead to a fall in
muscle glutathione and protein thiol content (75), and (iii) to
stimulate redox-regulated adaptive responses (76) when ap-
plied to intact muscles in vivo. The increase in intracellular
dichlorofluorescein (DCF) fluorescence induced by the con-
traction protocol was less than that following exposure of the
fibers to 1 uM hydrogen peroxide (Fig. 2). Palomero et al. (57)
calculated that the likely change in intracellular hydrogen
peroxide following addition of 1 uM to the extracellular me-
dium was ~0.1 uM. Thus it can be inferred that the absolute
increase in cytosolic ROS activity in muscle fibers that was
achieved following contractile activity was potentially
equivalent to ~100nM hydrogen peroxide (see ref. 57 for
detailed calculations). Previous studies of intracellular hy-
drogen peroxide concentrations in nonmuscle cells had re-
ported resting concentrations of 10-100nM (1, 12). Thus, the
magnitude of the increase in intracellular hydrogen peroxide
concentration calculated to occur during this form of con-
tractile activity is entirely in accord with previous indepen-
dent calculations in other cell types.

In parallel studies, Vasilaki ef al. (75) had previously used
microdialysis techniques to examine hydrogen peroxide con-
centrations in the interstitial fluid of skeletal muscle at rest and
following a period of muscle contractions. They measured di-
alysate hydrogen peroxide concentrations of ~1.5 uM at rest.
Calculations of true interstitial concentrations of analytes from
microdialysis experiments depend upon knowledge of the re-
covery of specific analytes across the microdialysis membrane;
Vasilaki and colleagues calculated this to be ~15% in their
experimental model. Thus, they calculated interstitial hydro-
gen peroxide concentrations to be in the range 10-12 uM at rest
and their data indicated that this may increase by ~100%
during contractions (Fig. 3). Using alternative approaches,
other studies have reported extracellular hydrogen peroxide
concentrations to be 2—4 uM (70) or 5-8 uM (68, 69). Thus, local
interstitial concentrations of hydrogen peroxide may be slightly
higher than those observed in the peripheral circulation, but
again the values calculated are in the same order of those ob-
served by independent analyses in other tissues.
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Hz0, (1 pM) FIG. 2. Comparison of the

rate of increase in CM-DCF
fluorescence from single iso-
lated fibers from mouse flex-
or digitorum brevis muscles
subjected to either a 15min
period of electrically stimu-
lated isometric contractions
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* drogen peroxide for 15min
(B). The increase in CM-DCF
fluorescence from contracting
fibers was less than 50% of
that seen following exposure
to hydrogen peroxide. Data
redrawn from Palomero et al,

15 30
Time (min)

A comparison of these calculated muscle intracellular and
interstitial hydrogen peroxide concentrations at rest and fol-
lowing contractile activity is shown in Figure 4 and illustrates
the order of magnitude of difference between intracellular
and extracellular hydrogen peroxide. The major enzymes for
hydrogen peroxide metabolism (glutathione peroxidases,
catalase, and peroxiredoxins) are all found at intracellular
sites and undoubtedly contribute to this large concentration
gradient that is apparently present in muscle cells. It is also
clear from these data that simple diffusion of hydrogen per-
oxide from muscle fibers to the interstitial space cannot occur
due to the large adverse concentration gradient. In some
previous studies, release of hydrogen peroxide from mito-
chondria to the cytosol and hence to the muscle interstitial
space was postulated as an explanation for data observed (14,
75) but this does not appear feasible. Previous reviews of the
sources for ROS generation within muscle have also assumed
that this diffusion could readily occur (40, 60).

These data do not preclude skeletal muscle as an important
source of the systemic increases in oxidative stress that are seen
during some forms of exercise. Muscle is able to release ROS
from the plasma membrane or generate ROS on the external
face of the plasma membrane (76) and to release superoxide to
the extracellular space from endothelium-localized xanthine
oxidase (28) in response to contractions. These ROS appear
capable of leading to an increased systemic oxidation and ox-
idation in noncontracting tissues such as the liver (14).

What Physiological Roles May Be Mediated
by the Low Concentrations of H,O, and Other
ROS Generated by Contractions in Skeletal Muscle?

While it is clear that oxidative damage to lipids, DNA, and
protein may contribute to tissue dysfunction in various situ-
ations, it seems likely that oxidative damage is not induced to
any substantial extent by the modest changes in ROS con-
centrations/activities that occur during normal contractions
but would be likely to require higher concentrations/activi-
ties or more sustained exposure. There has been increasing
recognition that ROS mediate physiological processes in tis-
sues, and these molecules have been recognized as important
signaling molecules with regulatory functions that modulate
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changes in cell and tissue homeostasis and gene expression
(23, 32, 39). Signaling by these reactive molecules is mainly
carried out by targeted modifications of specific residues in
proteins (41).

We and others have obtained evidence that ROS modulate
a number of physiological responses in skeletal muscle. A
single period of contractile activity in mouse muscle was
found to increase the activity of muscle antioxidant defense
enzymes such as superoxide dismutase (SOD) and catalase,
together with HSP60 and HSP70 content (49), changes that
were replicated in human muscle studies in our laboratory.
We have also characterized the changes in gene expression
that occur following an acute period of contractile activity in
comparison with those induced by exposure of skeletal
muscle cells to hydrogen peroxide. This has identified a
number of changes in gene expression that may be regulated
directly by the hydrogen peroxide produced during contrac-
tile activity in vivo (51). In addition, other studies have im-
plicated redox signaling in diverse processes in muscle such
as maintenance of force production during contractions, glu-
cose uptake, and insulin signaling (60).

ROS have become increasingly recognized to mediate
some adaptive responses of skeletal muscle to contractile
activity through the activation of redox-sensitive transcrip-
tion factors (29, 39, 43, 64). NF«B is one such factor, along
with Activator Protein-1 (AP-1) and Heat Shock Factor 1
(15). NF«B is a redox-regulated factor, and ROS have been
proposed to be principal regulators of NF«xB activation in
many situations (53). NFxB family members expressed in
skeletal muscle play critical roles in modulating the speci-
ficity of NF«xB (7, 34). In skeletal muscle, NFxB modulates
expression of a number of genes associated with myogen-
esis (4, 18), catabolism-related genes (7, 59, 73), and cyto-
protective proteins during adaptation to contractile activity
(76). Moreover, skeletal muscle has been identified as an
endocrine organ producing cytokines via NFxB activation
following a number of stresses including systemic inflam-
mation or physical strain (25, 46). The specificity of the
responses of skeletal muscle cells to NFxB activation is
unclear but it is likely to be largely due to subtle differences
in NFxB activation such as kB binding sequences and NFxB
dimer formation that regulate expression of specific genes
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FIG. 3. The concentration of hydrogen peroxide in mi-
crodialysates from the gastrocnemius muscles of mice over
five 15min collections at rest, followed by 15min of iso-
metric contractions and a further 15min at rest (A). A
schematic diagram of the microdialysis probe is also shown (B),
together with the calculation of interstitial hydrogen perox-
ide from microdialysate values and the values for the re-
covery of hydrogen peroxide across the probe obtained in
preliminary studies. Data derived from Vasilaki ef al. (76).

(4). Activation of NFxB by ROS appears to involve oxida-
tion of key cysteine residues in the upstream activators of
NFxB and in many situations the process is inhibited by
antioxidants or reducing agents (33).

Thus, the increased ROS generated by skeletal muscle during
contractions appear to stimulate various adaptive responses
inthe muscle. Activation of redox-sensitive transcription factors
such as NF«B is one pathway by which these changes occur,
but many others are feasible (39, 60). Activation of these re-
sponses is one of the key functions of the ROS generated during
contractions and is essential for maintenance of muscle cell
homeostasis during repeated episodes of contractile activity.

Failure of ROS-Mediated Redox Signaling in Skeletal
Muscle During Aging

Loss of skeletal muscle mass and function is an important
limiting factor in the maintenance of health and well-being in
the elderly and a major contributor to frailty (75, 76). A
number of publications have reported that the ability of cells
and tissues from old mammals to respond to a variety of
stresses (including contractile activity) by an increased con-
tent of HSPs and an increase in the activity of antioxidant
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FIG. 4. Schematic representation of the concentrations of
hydrogen peroxide calculated to occur in the cytosol of
muscle fibers ([H,O,l;) and interstitial space ([H>O;l..)of
fibers at rest and following the period of 15min contrac-
tions. See text for details of calculations. CAT, catalase; ECS,
extracellular space; GPx, glutathione peroxidase; Prx:
peroxiredoxins.

defense enzymes is severely attenuated. The increase in HSP
content and antioxidant defense enzyme activity that is evi-
dent in muscles of adult rodents following isometric con-
tractions has been shown to be abolished in muscles of old
rodents and this inability to adapt was shown to be due to the
lack of complete activation of the appropriate transcription
factors (76). Further studies from our laboratory have dem-
onstrated that this age-related 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 in skeletal muscle, demonstrated
that increased muscle content of this protein provided pro-
tection against the fall in specific force associated with aging
and facilitated rapid and successful regeneration following
contraction-induced damage in muscles of old mice compared
with the impaired regeneration and recovery normally ob-
served in old mice. This protection was associated with
maintenance of the ability of muscles of old HSP70 over-
expressor mice to activate NF«xB following contractions (11).

Activation of redox-responsive transcription factors is ab-
errant in muscles of old humans and mice. These muscles
demonstrate both chronic constitutive activation of redox-
sensitive transcription factors (17, 76) and an inability to fur-
ther activate these transcription factors following an acute
non-damaging contraction protocol (76). The chronic activa-
tion of transcription factors such as NF«xB in muscles of old
mice is associated with chronic increases in the expression of a
number of genes. For example, increased content and activi-
ties of antioxidant defense enzymes such as the superoxide
dismutases and catalase (11), increased content of HSPs (20,
76), and increased production of pro- and anti-inflammatory
cytokines and chemokines by muscle cells (25).

The inability to activate NFxB in response to an acute
contraction protocol is associated with severe attenuation of
normal changes in expression of cytoprotective genes (36, 47,
62, 76). We have shown that the increases in HSP content and
antioxidant enzyme activities stimulated by isometric con-
tractions in muscles of adult rodents were abolished in mus-
cles of old rodents (76).

A diminished ability to respond to the stress of contractions
has been reported to play an important role in other
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age-related defects in muscle function and adaptation. Lju-
bicic and Hood (47) have reported a severe attenuation of the
signaling pathways involved in mitochondrial biogenesis in
fast muscle fibers of old rats following contractions compared
with that seen in fibers from young rats. ROS are known to
play an important role in the activation of signaling cascades
(37). These authors suggest that ROS affect mitochon-
drial biogenesis via the upregulation of transcriptional regu-
lators such as peroxisome proliferator-activated receptor-y
coactivator-1 protein-o (PGC-1x), suggesting that an aberrant
activation of ROS generation following contractions may be
responsible for the diminished mitochondrial biogenesis in
muscles of old rats. This blunted or absent adaptation to stress
in muscle of old humans and mice is not limited to the exercise
response. Skeletal muscle of healthy elderly humans demon-
strates a reduction in anabolic sensitivity and responsiveness
of muscle protein synthesis pathways. Cuthbertson et al. (17)
demonstrated a reduction in the phosphorylation of mTOR
and downstream translational regulators in response to es-
sential amino acid (EAA) ingestion when compared with the
young despite greater plasma EAA availability in elderly
subjects. The authors concluded that the nutrient signal was
not sensed or transduced as well by muscle in the elderly
compared with muscle in the young, resulting in a lower
protein synthesis response to the same nutrient stimulus.
Thus, a modification of redox-regulated adaptive re-
sponses to contractile activity is seen in aging and may un-
derlie various critical defects in function that occur in the
elderly. Although there are published data that indicate aging
is associated with an increased generation of ROS by muscle
mitochondria (75), few studies have examined the generation
of ROS by muscle of aged animals or man. Vasilaki ef al. (75)
examined a number of aspects of ROS and RNS generation by
muscle from old compared with adult mice (Fig. 5) and found
that the contraction-induced release of superoxide was re-
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FIG. 5. Comparison of the effects of contraction on su-
peroxide release from gastrocnemius muscles of old (black
bars) compared with muscles of adult mice (open bars).
Data are from microdialysis studies and show results from
15min collections at rest, followed by 15min of isometric
contractions. *P <0.05 compared with the superoxide content
in microdialysate from adult mice prior to contractions. Data
derived from Vasilaki et al. (76).
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duced from the muscles of old mice. Thus, taken together,
these data on redox-sensitive transcription factor activation
and ROS activities suggest that the control of ROS is modified
in muscle from old animals, although current data do not
allow a precise evaluation of where this defect occurs.

Potential Future Directions for the Study

of Physiological Generation of ROS and Modification
of Subcellular Redox Potentials in Cell

Signaling Pathways

The previous discussion of likely intracellular concentra-
tions of hydrogen peroxide relied extensively on consider-
ations of the sensitivity of a nonspecific indicator of ROS
(DCFH). In this area, most studies have used indirect ap-
proaches to assess ROS activities in contracting skeletal
muscle and traditional biochemical analyses to study the re-
dox couples for glutathione etc. have utilized whole tissues. In
order to understand the manner in which ROS regulate redox-
sensitive processes and cellular adaptations in discrete com-
partments of the cell, it is necessary to develop approaches
that permit analyses of ROS in single cells and cell organelles
and of the redox potential in single cells and organelles. This
section describes some new analytical approaches that may
permit these analyses to be undertaken in skeletal muscle.

Assessment of intracellular ROS activities
in single muscle fibers

Several authors have examined the superficial fibers of limb
muscles and diaphragm as a means of undertaking single
fiber measurements, and others have laboriously dissected
single fibers from small rodent muscles (60). We and others
have developed approaches to monitor ROS activities in sin-
gle intact muscle fibers that are readily isolated by collagenase
digestion (57, 61) and in single myotubes. To date, these
studies have used general indicators of ROS activities (50, 57,
61, 74). The single intact mature fiber preparation has a variety
of advantages over other approaches since these fibers are
mature in comparison with cultured myotubes and the
preparation is relatively uncontaminated with nonmuscle
cells. In our studies, fibers have been isolated from the mouse
flexor digitorum brevis (FDB) and used to monitor in real-
time the changes in ROS activities in skeletal muscle cells, but
isolation from other small rodent muscles is also entirely
feasible (57, 61). We have demonstrated the use of this prep-
aration with DAF-FM (to monitor NO) and DCFH (or CM-
DCFH), an indicator which has been used for a number of
years and shown to be sensitive to a number of ROS and
reactive nitrogen species including hydrogen peroxide, su-
peroxide, nitric oxide, and peroxynitrite (2, 54). More recent
studies have utilized dihydroethidium (DHE) as a probe for
superoxide in the single intact mature FDB fibers (see below).

Superoxide activity in cytosol and mitochondria

To permit analyses of primary ROS species, a number of
new probes have been developed. Measurements of ethidium
fluorescence following DHE loading of isolated cells have been
used as an assay for intracellular superoxide (80). In the stan-
dard technique, oxidation of DHE within all parts of the cell
leads to the formation of ethidium that intercalates into nu-
clear DNA and fluorescence measurements have previously
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FIG. 6. Images of single
isolated fibers from mouse
FDB muscles loaded with
ROS sensitive probes. (A)
Brightfield image, bar=>50
micron; (B) fiber loaded with
DHE; (C) the same fiber as in
B stained with DAPI nuclear
stain; (D) fiber loaded with
DCEFH. (To see this illustration
in color the reader is referred
to the web version of this
article at www.liebertonline
.com/ars).

been made from either the cytosol or nuclei of muscle cells (Fig.
6) (80). Our unpublished data illustrate that this technique can
be applied to isolated skeletal muscle fibers. A development of
this assay to improve specificity involves analysis of the spe-
cific product of the reaction of superoxide and 2-hydro-
xyethidium (DHE) (79) through HPLC approaches or use of an
alternative excitation wavelength (maximum 396nm) for
fluorescence microscopy (65).

A modification of the above approach potentially permits
the analyses of superoxide activity in mitochondria. DHE has
been linked through a hexyl carbon chain to a triphenylpho-
sphonium group to produce a compound that accumulates in
mitochondria in response to the negative membrane poten-
tial. This compound known as MitoSOX or Mito-HE (65) can
be used to monitor mitochondrial superoxide generation. In a
similar manner to the analysis of 2-hydroxyethidium, a fur-
ther development of this approach is analysis of the specific
product of the reaction of superoxide and MitoSOX (HO-
MitoSOX) (65, 79).

Probes to permit the monitoring of other ROS in specific cell
compartments have also been developed. In particular, a ge-
netically encoded specific probe for hydrogen peroxide (Hy-
Per) that can be targeted to cytosol, mitochondria, or nuclei is
now commercially available (5).

Analysis of subcellular redox couples

In order to understand how ROS interact with signaling
processes in specific subcellular sites, it will be necessary to
monitor local subcellular redox potentials (26, 33). Analyses of
the total cellular reduced and oxidized glutathione content
provide an index of the global redox potential of tissues, but
do not allow assessment of these in the subcellular organelles
that regulate redox signaling pathways. A modification of
Western blot analysis (redox Western blotting) allows quan-
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tification of reduced and oxidized TRx1 in the cytoplasm and
nuclei of cells and TRx2 in mitochondria (26). These very
specific techniques provide a measure of the redox potential
in cytosol, nuclei, and mitochondria of cells. In addition, new
redox-sensitive probes have been developed to monitor the
redox potential of specific thiol couples in single cells and at
subcellular sites. These include redox-sensitive green fluores-
cent protein (ro-GFP) (22) and glutaredoxin-tagged ro-GFP (30),
both of which can be targeted to different organelles in cells.

Conclusions

Research over the last 30 years has allowed a great deal to
be learned about ROS generation by skeletal muscle at rest
and during contractions, but there remain big gaps in our
understanding of this area that particularly relate to any
detailed understanding of the factors controlling muscle
ROS generation. New techniques and approaches such as
the development of quantitative sensitive ROS or redox-
specific probes that can be targeted to specific intra- and
extracellular sites are now becoming available (see refs. 5,
30, 65) and should allow these important questions to be
answered in the near future with the potential to improve
our ability to optimize muscle function during exercise
and in a variety of pathological disorders affecting muscle
including aging.
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Abbreviations Used

AP-1 = activator protein 1
CAT = catalase
CM-DCFH = 5-(and-6)-chloromethyl-2’,
7’-dichlorodihydrofluorescein
CuZnSOD = copper, zinc superoxide dismutase (SOD1)
DAF-FM = 4-amino-5-methylamino-2,
7-difluorofluorescein
DCF = 2’,7’-dichlorofluorescin
DCFH = 2’,7’-dichlorodihydrofluorescein
DHE = dihydroethidium
EAA = essential amino acid
ecSOD = extracellular superoxide dismutase (SOD3)
FDB = flexor digitorum brevis
GPx = glutathione peroxidase
HSP = heat shock protein
NAD(P)H = reduced nicotinamide adenine
dinucleotide phosphate
NF«xB =nuclear factor x-B
NO = nitric oxide
NOS =nitric oxide synthase
PGC-1a = proliferator activated receptor-y
coactivator-1 protein-o
PLA2 = phospholipase A2
PM = plasma membrane
ro-GFP = redox-sensitive green fluoresecnt protein
ROS = reactive oxygen species
SOD = superoxide dismutase
SR = sarcoplasmic reticulum




