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Muscular exercise results in an increased production of radicals and other forms of reactive
oxygen species (ROS). Recent evidence suggests that radicals and other ROS are an underlying
aetiology in exercise-induced disturbances in muscle redox status. These exercise-induced redox
disturbances in skeletal muscle are postulated to contribute to both muscle fatigue and/or exercise-
induced muscle injury. To defend against ROS, muscle cells contain complex cellular defence
mechanisms to reduce the risk of oxidative injury. Two major classes (enzymic and non-enzymic)
of endogenous protective mechanisms work together to reduce the harmful effects of oxidants in
the cell. Primary antioxidant enzymes include superoxide dismutase (EC 1.15.1.1; SOD), GSH
peroxidase (EC 1.11.1.9; GPX), and catalase (EC 1.11.1.6); these enzymes are responsible for
removing superoxide radicals, H2O2 and organic hydroperoxides, and H2O2 respectively.
Important non-enzymic antioxidants include vitamins E and C, β-carotene, GSH and ubiquinones.
Vitamin E, β-carotene and ubiquinone are located in lipid regions of the cell, whereas GSH and
vitamin C are in aqueous compartments of the cell. Regular endurance training promotes an
increase in both total SOD and GPX activity in actively-recruited skeletal muscles. High-intensity
exercise training has been shown to be generally superior to low-intensity exercise in the
upregulation of muscle SOD and GPX activities. Also, training-induced upregulation of
antioxidant enzymes is limited to highly-oxidative skeletal muscles. The effects of endurance
training on non-enzymic antioxidants remain a relatively uninvestigated area.

Oxidative stress: Exercise: Skeletal muscle: Free radicals: Reactive oxygen species

Regular muscular exercise is associated with many positive
health benefits, including the reduced risk of coronary artery
disease. Nonetheless, it is now clear that muscular activity
results in an increased production of radicals and other
forms of reactive oxygen species (ROS; Davies et al. 1982;
Jackson et al. 1985; Reid et al. 1992a,b; Borzone et al.
1994; O’Neil et al. 1996). This increase is significant
because growing evidence indicates that ROS are an under-
lying aetiology in exercise-induced disturbances in muscle
homeostasis (e.g. redox status) which are associated with
muscle fatigue (Novelli et al. 1990; Shindoh et al. 1990;
Barclay & Hansel, 1991; Nashawati et al. 1993; Reid et al.
1994), and may also contribute to the late phase of exercise-
induced muscle injury (for review, see Jackson, 1998).
Given this potential role of ROS in contributing to a distur-
bance in muscle homeostasis, it seems logical that skeletal
muscle myocytes would contain defence mechanisms to
minimize oxidative damage. Indeed, two major classes of

endogenous protective mechanisms (i.e. enzymic and non-
enzymic antioxidants) work as a unit to reduce the harmful
effects of ROS in cells. The purpose of the present review is
to provide a brief overview of the effects of regular
muscular exercise on skeletal muscle antioxidant systems.
Other aspects of this topic have been covered in several
recent comprehensive reviews (Ji, 1995a,b; Powers et al.
1999; Powers & Sen, 1999).

Cellular antioxidant defences

Both enzymic and non-enzymic antioxidants exist in the
intracellular and extracellular environments to detoxify
ROS; these antioxidants work as a complex team to
remove various types of ROS. To maximize intracellular
protection, these scavengers are located throughout the cell
and provide protection against ROS toxicity using different
approaches. Primary strategies include conversion of ROS
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into less-active molecules (i.e. scavenging), and prevention
of the transformation of less-reactive ROS into more
damaging forms (i.e. prevention of the transformation of
H2O2 to the damaging hydroxyl radical).

Primary antioxidant enzymes

Primary antioxidant enzymes in cells include superoxide
dismutase (EC 1.15.1.1; SOD), GSH peroxidase (EC
1.11.1.9; GPX) and catalase (EC 1.11.1.6; CAT). Each of
these antioxidant enzymes performs a reduction of a
particular ROS. Table 1 summarizes the cellular location
and antioxidant function of each of these enzymes

Superoxide dismutase.Cellular defence against super-
oxide radicals is provided by SOD. SOD dismutates
superoxide radicals to form H2O2 and O2. Two isozymes of
SOD exist in mammalian skeletal muscle. These isoforms
differ in both cellular location and the metal cofactor bound
to its active site. The Cu-ZnSOD isoform is located
primarily in the cytosol, whereas the MnSOD isoform is
found in the mitochondria (Grisham & McCord, 1986; Ohno
et al. 1994; Ji, 1995a). According to Ohno et al. (1994) both
enzymes catalyse the dismutation of superoxide anions with
similar efficiency.

Variation exists in the distribution of the SOD isoforms
across tissues; for example, in skeletal muscle 65–85 % total
SOD activity exists in the cytosol, whereas 15–35 % total
SOD activity is in the mitochondria (Ji et al. 1992). Also, it
should be noted that SOD activity is greatest in muscles with
a high oxidative capacity (i.e. high percentage of type I
(slow) fibres) compared with muscles with low oxidative
capacity (i.e. high percentage of type IIb (fast) fibres;
Criswell et al. 1993; Powers et al. 1994a).

GSH peroxidase. GPX is an enzyme responsible for
reducing H2O2 or organic hydroperoxides to water and
alcohol respectively. This enzyme uses GSH as the electron
donor and requires Se as a cofactor (Halliwell & Gutteridge,
1989). GPX is highly specific for its electron donor (GSH),
but this enzyme has a low specificity for substrates; i.e. GPX
will reduce a wide range of hydroperoxides, from H2O2 to
complex organic hydroperoxides (Halliwell & Gutteridge,
1989). This characteristic makes GPX an important cellular
protectant against ROS-mediated damage to membrane
lipids and other molecules sensitive to oxidation.

Similar to SOD, GPX activity varies across muscle fibre
types, with type I (slow) fibres containing the highest
activity and type IIb (fast) fibres possessing the lowest
activity (Ji et al. 1988; Powers et al. 1994a). GPX is located
in both the cytosol and the mitochondria. In skeletal muscle
with mixed fibre types approximately 45 % of the GPX
activity is found in the cytosol, with the remaining 55 %
located in the mitochondria (Ji et al. 1988). This fact allows

GPX to remove H2O2 and hydroperoxides in both the
cytosol and the mitochondria (Ji, 1995a).

In order to function, GPX requires the electron donor,
GSH. Since GSH is oxidized by GPX to form GSSH, cells
require a method of regenerating GSH. Regeneration of
GSH is accomplished by the enzyme GSSG reductase (EC
1.6.4.2; GR) which uses NADPH to provide the reducing
power. In tissues other than skeletal muscle NADPH is
largely produced by glucose-6-phosphate dehydrogenase
(EC 1.1.1.49) via the pentose pathway (Halliwell &
Gutteridge, 1989). In contrast, NADPH in skeletal muscle is
primarily produced by isocitrate dehydrogenase (EC
1.1.1.42; Lawler et al. 1993).

GR has a cellular distribution which is similar to GPX,
and its activity is higher in oxidative muscles compared with
muscles with low oxidative capacity. Although GR is not
considered to be a primary antioxidant enzyme, it is an
essential enzyme for the normal antioxidant function of
GPX.

Catalase. As an antioxidant enzyme, CAT catalyses the
breakdown of H2O2 to form water and O2. To maintain
catalytic activity, CAT requires Fe3+ as a cofactor (Halliwell
& Gutteridge, 1989).

While there is overlap between the function of CAT and
GPX, the two enzymes differ in their affinity for H2O2 as a
substrate. Mammalian GPX has a much greater affinity for
H2O2 at low concentrations compared with CAT. Thus,
when cellular levels of H2O2 are low GPX is more active
than CAT in removing H2O2 from the cell.

Although CAT is widely distributed in the cell, high
concentrations are found in both peroxisomes and
mitochondria (Halliwell & Gutteridge, 1989). Similar to
other primary antioxidant enzymes, CAT activity is greatest
in muscle fibres with high oxidative capacities and lowest in
muscle fibres with low oxidative capacities (Powers et al.
1994a).

Non-enzymic antioxidants

Many non-enzymic antioxidants exist in cells. Important
non-enzymic defences include vitamin E, vitamin C,
α-lipoic acid (LA), GSH, carotenoids, bilirubin and
ubiquinone (Table 2). In the following section we provide a
brief overview of each of these non-enzymic antioxidants.

Vitamin E. Vitamin E is an important antioxidant in cell
membranes and other lipid components of the cell (Burton
& Ingold, 1989; Janero, 1991; Packer, 1991). The term
‘vitamin E’ refers to at least eight structural tocopherol or
tocotrienol isomers. Of these isomers, α-tocopherol is the
most investigated and contains the most potent antioxidant
activity in biological systems (Burton & Ingold, 1989;
Burton & Traber, 1990; Janero, 1991; Packer, 1991).

Table 1. Cellular location and antioxidant properties of primary antioxidant enzymes in cells

Enzymic antioxidants Cellular locations Antioxidant properties

Mn superoxide dismutase (EC 1.15.1.1)
Cu-Zn superoxide dismutase
GSH peroxidase (EC 1.11.1.9)
Catalase (EC 1.11.1.6)

Mitochondria
Cytosol
Cytosol and mitochondria
Cytosol and mitochondria

Dismutates superoxide radicals
Dismutates superoxide radicals
Removes H2O2 and organic hydroperoxides
Removes H2O2
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Vitamin E is a particularly important antioxidant because
of its capacity to convert superoxide, hydroxyl and lipid
peroxyl radicals to less-reactive forms. Importantly, vitamin
E can also break lipid peroxidation chain reactions which
occur during ROS-mediated damage to cell membranes
(Janero, 1991). However, it should be noted that the
interaction of vitamin E with a radical or other ROS results
in a reduction of functional vitamin E and the creation of a
vitamin E radical. It follows that oxidative stress
significantly reduces tissue vitamin E levels (Burton &
Ingold, 1989; Janero, 1991; Packer, 1991). Nonetheless, the
vitamin E radical can be ‘regenerated’ to its native state by
several other antioxidants (Janero, 1991; Packer, 1991).
Thus, it is postulated that the ability of vitamin E to serve as
an antioxidant is tied to other antioxidants that are capable
of recycling vitamin E during periods of oxidative stress.
This point is discussed in more detail in the subsequent
sections on vitamin C and LA.

Vitamin C. Vitamin C (ascorbic acid) is hydrophilic
and its antioxidant function is more suited to aqueous
environments than vitamin E. At physiological pH ascorbic
acid exists as the ascorbate anion which is widely distributed
in mammalian tissues (Yu, 1994).

The antioxidant roles of vitamin C are numerous. For
example, vitamin C can directly scavenge superoxide,
hydroxyl and lipid hydroperoxide radicals. Furthermore,
vitamin C plays a key role in recycling vitamin E (Packer
et al. 1979). Nonetheless, while recycling vitamin E,
native vitamin C is converted to a vitamin C (semi-
dehydroascorbate) radical (Packer et al. 1979). This radical
can be reduced back to native vitamin C by NADH semi-
dehydrascorbate reductase (EC 1.6.5.4), or cellular thiols
(e.g. GSH; Packer et al. 1979).

a-Lipoic acid. LA is an endogenous intracellular thiol
that acts as a cofactor for α-dehydrogenase complexes
(Packer, 1994). LA is generally present in limited quantities
(5–25 nmol/g) in animal tissues, and is normally bound to an
enzyme complex; LA in this bound form is not active as an
antioxidant. Nonetheless, when consumed in the diet, free
unbound LA can be an effective antioxidant and can assist in
the recycling of vitamin C (Kagan et al. 1992; Packer,
1994). LA can be consumed in the diet and is available as a
dietary supplement. When taken in recommended doses as a
dietary supplement LA has no known toxic side effects
(Packer, 1994). After entering the cell LA is reduced to
dihydrolipoic acid, which is a powerful antioxidant against
several radical species (Packer, 1994).

GSH. GSH is a tripeptide and is the most abundant non-
protein thiol in mammalian cells (Meister & Anderson,
1983). Synthesis of GSH occurs primarily in the liver;
following synthesis GSH is released into the circulation for
transport to peripheral tissues.

Tissue levels of GSH vary widely. For instance, the two
highest GSH levels in the body are found in the lens of the
eye (10 mM) and the liver (5–7 mM; Ji, 1995a). These high
levels of GSH are not surprising considering the fact that
these organs are exposed to high levels of ROS and other
oxidants. Other key organs such as the lung, kidney, and
the heart also contain relatively high levels of GSH
(approximately 2–3 mM; Ji, 1995a). Skeletal muscle GSH
concentration varies depending on muscle fibre type and
animal species; for example, (slow) type I fibres contain
600 % higher GSH content (approximately 3 mM) compared
with (fast) type IIb fibres (0·5 mM; Ji et al. 1992).

GSH has several antioxidant functions. First, GSH
readily interacts with a variety of radicals including
hydroxyl and carbon radicals, by donating an H (Yu, 1994).
Another important antioxidant function of GSH is to act as a
co-substrate with GPX in the elimination of both H2O2 and
other organic peroxides. In this reaction GSH donates a pair
of H and two GSH molecules are oxidized to form GSSG.
The regeneration of GSH is achieved by the reduction of
GSSG; this reaction is catalysed by GR, with NADPH
providing the reducing power (Ji et al. 1992; Ji, 1995a; Vina
et al. 1995).

Furthermore, GSH has been shown to be involved in
reducing a variety of cellular antioxidants. Indeed, GSH has
been reported to reduce vitamin E (α-tocopheroxyl) radicals
that are formed during chain-breaking reactions with
alkoxyl or lipid peroxyl radicals (Packer, 1991). Also, GSH
is used to reduce the semidehydroascorbate radical (vitamin
C radical) generated during the vitamin C-mediated
recycling of vitamin E. Finally, GSH has also been reported
to reduce LA to dihydrolipoate. It has been argued that this
reaction is important in the recycling of ascorbic acid
(Packer, 1994).

Carotenoids. Carotenoids (e.g. β-carotene) are lipid-
soluble antioxidants located in cellular membranes. The
antioxidant properties of carotenoids are derived from their
chemical structure, which consists of long chains of
conjugated double bonds. This structural arrangement
permits the scavenging of several ROS (e.g. superoxide
radicals and peroxyl radicals; Yu, 1994). In general, most
carotenoids exhibit useful biological antioxidant activity, as

Table 2. Cellular location and antioxidant properties of important non-enzymic antioxidants

Non-enzymic antioxidants Cellular locations Antioxidant properties

Vitamin E
Vitamin C (ascorbic acid)

GSH

Lipoic acid

Ubiquinones
Carotenoids

Lipid-soluble phenolic compound; located in membranes
Water-soluble; located in cytosol

Non-protein thiol in cells; located in both cytosol and 
mitochondria

Endogenous thiol; located in both lipid and aqueous
phase of cell

Lipid-soluble quinone derivatives; located in membranes
Lipid soluble; located primarily in membranes of tissues

Major lipid peroxidation chain-breaking antioxidant
Quenches a wide variety of aqueous-phase ROS; 

regenerates vitamin E from its oxidized product

Effective as an antioxidant and in recycling vitamin C; 
may also be an effective GSH substitute

Reduced forms are efficient antioxidants
Antioxidant; reduces lipid peroxidation.

ROS, reactive oxygen species.
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indicated by their ability to reduce the rate of lipid
peroxidation induced by radical-generating systems
(Krinsky & Deneke, 1982).

Ubiquinones. Ubiquinones are quinone derivatives that
contain an isoprene tail. Ubiquinone homologues containing
one to twelve isoprene units occur in nature. Reduced forms
of ubiquinones, ubiquinols, are lipid soluble and are
efficient antioxidants. Specifically, when compared with
ubiquinones, ubiquinols are better antioxidants by several
orders of magnitude (Mellors & Tappel, 1966).

The major form of ubiquinone in human subjects is
ubiquinone-10. The concentration of ubiquinone-10 in
human plasma varies between 0·4 and 1·0µmol/l; approx-
imately 80 % is present in the reduced state (Aberg et al.
1992). In human tissue ubiquinone-10 is found in relatively
high levels in heart, liver, and kidney, 70–100 % of which is
in the reduced state (Aberg et al. 1992). In terms of intra-
cellular location, approximately 50 % of the total cellular
ubiquinone is located within the mitochondria, 30 % in the
nucleus, with the remaining 10 % located in the
endoplasmic reticulum and the cytoplasm (Aberg et al.
1992).

The antioxidant properties of ubiquinones were first
described by Mellors & Tappel (1966). Since this early
report, numerous papers have concluded that the antioxidant
properties of ubiquinones are due to their phenol ring
structure (Halliwell & Gutteridge, 1989). Ubiquinones react
with ROS (e.g. oxygen radicals and singlet oxygen) to
prevent lipid peroxidation in lipid structures in the cell
(Halliwell & Gutteridge, 1989). Importantly, some
ubiquinones may also play a key role in the recycling of
vitamin E during periods of oxidative stress (Kagan et al.
1990).

Exercise training and skeletal muscle antioxidant 
enzyme activity

The antioxidant capacity of animal cells is designed to
match the rates of radical production. Furthermore, it is well
known that the rates of radical production are highly
correlated with the cellular levels of O2 consumption. Thus,
it is not surprising that tissues with the highest rates of
resting O2 consumption (e.g. liver, brain, and kidney) have
the greatest antioxidant enzyme activity. Also, skeletal
muscles with high oxidative capacities contain greater
antioxidant capacities compared with those muscles with
lower oxidative potential.

Growing evidence indicates that the antioxidant defence
systems of mammalian tissues are capable of adaptation in
response to chronic exposure to oxidants. Indeed, it has been
shown that exposure of mouse heart to superoxide radicals
results in an increased expression of MnSOD (Oberly et al.
1987). Following this logic, since prolonged exercise results
in an increased production of oxidants in skeletal muscle,
chronic exercise training should upregulate muscle anti-
oxidant enzyme activities. In this regard, there is convincing
evidence that endurance exercise training results in an
increase in antioxidant enzyme activity in active skeletal
muscles. An overview of the major findings regarding the
effects of endurance exercise training on the activities of

primary antioxidant enzymes in skeletal muscle is
presented.

Superoxide dismutase

While a few studies suggest that endurance training does not
elevate SOD activity in skeletal muscles (Alessio &
Goldfarb, 1988; Ji et al. 1988; Laughlin et al. 1990), most
studies indicate a training-induced increase in total SOD
activity (Jenkins, 1983; Higuchi et al. 1985; Powers et al.
1992; Criswell et al. 1993; Leeuwenburgh et al. 1994, 1997;
Powers et al. 1994a,b; Oh-ishi et al. 1997a,b).

A concrete explanation for the lack of agreement among
studies is not available. Nonetheless, differences in the
techniques used to assay SOD activity, varying types of
exercise training programmes, and a difference in fibre
composition of the muscles investigated could be important
factors. With regard to assay techniques, the relative
sensitivity to detect SOD activity varies between assays.
Indeed, when comparing seven common assays to estimate
SOD activity, Oyanuagui (1984) concluded that a 10-fold
difference in sensitivity exists between methods. Hence,
investigations using SOD procedures with low sensitivity
could fail to observe small-to-moderate training-induced
changes in tissue SOD activity due to a limited sensitivity of
the assay.

A second possible explanation for the variable SOD
findings is the difference in exercise training protocols used
by investigators. For example, investigations that have
reported training-induced increases in muscle antioxidant
enzymes have generally used high-intensity exercise
training programmes. This observation implies that intense
exercise training programmes are needed to elevate anti-
oxidant enzyme activity in skeletal muscle. To evaluate the
effect of exercise intensity and duration on induction of
skeletal muscle SOD activity, Powers et al. (1994a)
evaluated the relationship between the magnitude of the
training stimulus (i.e. exercise intensity and daily duration)
and the activity of SOD in locomotor skeletal muscles. The
experimental design required groups of rats to run at varying
daily durations (i.e. 30, 60, 90 min/d) and different exercise
intensities (i.e. 55, 65, 75 % maximum O2 intake). At the
completion of 10 weeks of training, locomotor skeletal
muscles were removed and assayed to determine SOD
activity. The results for the soleus muscle are illustrated in
Fig. 1. In short, these data indicate that high-intensity
exercise training is superior to low-intensity exercise in the
up regulation of skeletal muscle SOD activity.

A cross-sectional analysis of exercise training studies
indicates that exercise induction of SOD is fibre-type
specific, with highly oxidative muscles being most
responsive (Ji et al. 1988; Laughlin et al. 1990; Criswell
et al. 1993; Powers et al. 1994a). Fig. 2 illustrates the
effects of a 10-week exercise training programme (60 min/d
at approximately 75 % maximum O2 intake) on SOD
activity in the soleus, red gastrocnemius, and white gastroc-
nemius muscles obtained from adult rats. It should be noted
that training promoted an increase in SOD activity in both
the soleus and red gastrocnemius. In contrast, SOD activity
in the white gastrocnemius was not altered by training. This
finding is notable because the soleus (primarily type I fibres)
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and red gastrocnemius (primarily type IIa fibres) contain
highly-oxidative fibres, while the white gastrocnemius
(primarily type IIb fibres) is composed of highly-glycolytic
fibres (Armstrong & Phelps, 1984).

It seems likely that differences in muscle fibre
recruitment patterns may account for these training-induced
differences. Nonetheless, the direct influence of exercise
intensity and fibre recruitment on the up regulation of SOD
activity in individual muscle fibres is difficult to appraise, as
the effects of exercise on a muscle fibre is determined by a
variety of complex factors (Pette & Dusterhoft, 1992;
Vandenburgh, 1992). Thus, it is unclear as to whether the
exercise-induced up regulation of antioxidant enzyme
activity in highly-oxidative muscles is due to ordered fibre
type recruitment alone or due to fibre type-regulated
differences in antioxidant gene expression.

At present, confusion exists regarding which SOD
isoforms are up regulated in skeletal muscle following

endurance exercise training. For instance, research by both
Higuchi et al. (1985) and Vincent et al. (1999) suggests that
exercise training results in an increase in the activity of
MnSOD with no increase in the Cu-Zn isoform of SOD.
In contrast, Leeuwenburgh et al. (1997) reported
that endurance training promotes an increase in only the
Cu-Zn isoform of SOD in skeletal muscle. Finally, two
contemporary studies have provided new evidence that
intense exercise training can result in an up regulation of
both MnSOD and Cu-ZnSOD in rat skeletal muscle. For
example, studies at the University of Florida (Powers & Sen,
1999), recently examined the effects of intense endurance
training on the activity of SOD isoforms in skeletal muscles
of rats. These investigators reported that regular endurance
training increases the activity of both MnSOD and
Cu-ZnSOD in rat oxidative skeletal muscles (i.e. red
gastrocnemius). Similar findings have been reported by
Oh-ishi et al. (1997a,b).

Endurance training promotes an increase in the activity of
both oxidative enzymes and SOD; however, the increase in
oxidative capacity does not appear to be matched by a
proportional increase in SOD activity. Indeed, several
reports indicate that endurance training does not result in
parallel increases in both oxidative and antioxidant enzymes
as the training-induced increase in antioxidant enzyme
activity is generally lower than the increase in oxidative
enzyme activity (Hammeren et al. 1992; Criswell et al.
1993; Powers et al. 1994a). The physiological significance
of this oxidative v. antioxidant mismatch is unclear and
warrants additional experimental attention.

GSH peroxidase

In general, the literature concerning the effects of endurance
training on skeletal muscle GPX activity is consistent, with
most studies indicating that regular endurance exercise
training results in increased GPX activity in active skeletal
muscles (Ji et al. 1988, 1992; Laughlin et al. 1990; Sen et al.
1992; Criswell et al. 1993; Leeuwenburgh et al. 1994, 1997;
Powers et al. 1994a,b; Hellsten et al. 1996; Venditti & Di
Meo, 1996, 1997). It appears that exercise training promotes
an increase in both cytosolic and mitochondrial GPX
activity, with the greater increase occurring in the
mitochondria (Ji et al. 1988). This type of adaptation is
physiologically important in that GPX would be available to
remove hydroperoxides from both the mitochondria and
cytosol.

The magnitude of the training-induced increase in muscle
GPX activity is influenced by both the intensity and (daily)
duration of exercise; for example, when compared with low-
to-moderate intensity exercise, high-intensity exercise
promotes a greater increase in muscle GPX activity
(Criswell et al. 1993; Powers et al. 1994a). Also, long-
duration exercise training is preferred to short-duration
exercise training with respect to the up regulation of GPX
activity in skeletal muscles (Powers et al. 1994a,b; Fig. 3).

Similar to SOD, the endurance training-induced up
regulation of GPX activity appears to be limited to skeletal
muscles with high oxidative capacities (Criswell et al. 1993;
Powers et al. 1994a). Furthermore, training does not result
in parallel and predictable increases in oxidative enzyme

Fig. 1. Effects of the intensity (high, (u); medium, (n); low, (l)) and
daily duration of exercise training on superoxide dismutase (EC
1.15.1.1; SOD) activity (units/mg protein per min) in the rat soleus
muscle. It should be noted that skeletal muscle SOD activity
increased as a function of both the duration and intensity of exercise
training. Mean value was significantly different from those for both
medium- and high-intensity-exercise training groups: *P < 0·05. (Data
from Powers et al. 1994a.)

Fig. 2. Effects of skeletal muscle fibre type on exercise-induced
increases in superoxide dismutase (EC 1.15.1.1; SOD) activity
(units/mg protein per min). Trained, (%); untrained, ($). It should be
noted that exercise training resulted in an up regulation of SOD
activity in both the soleus (primarily type I fibres) and red gastroc-
nemius (type IIa fibres) muscles. Also, training did not alter SOD
activity with the white gastrocnemius (primarily type IIb fibres). Mean
values were significantly different from those for the untrained
controls: *P < 0·05. (Data from Powers et al. 1994a.)
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activity and GPX activity (Hammeren et al. 1992). As
mentioned earlier, the physiological significance of this
mismatch between oxidative v. antioxidant capacity is
worthy of study.

Catalase

There is little evidence to suggest that exercise training
promotes an increase in CAT activity in skeletal muscle
(Higuchi et al. 1985; Leeuwenburgh et al. 1994; Powers
et al. 1994a,b). In fact, numerous studies have shown that
exercise training may result in reduced CAT activity in
some locomotor muscles (Alessio & Goldfarb, 1988;
Laughlin et al. 1990; Leeuwenburgh et al. 1997). The
explanation for why endurance training may result in
lowered CAT activity in muscle remains unclear.

Exercise training and non-enzymic antioxidants

GSH

There is growing evidence that regular endurance exercise
training promotes an increase in GSH content in oxidative
skeletal muscles. Specifically, high-intensity long-duration
endurance training has been shown to increase GSH content
in the hindlimb muscles of dogs (Sen et al. 1992; Marin
et al. 1993) and rats (Leeuwenburgh et al. 1994, 1997). The
mechanism to explain this training-induced elevation in
muscle GSH is unknown. In theory the increase in GSH
content in trained muscles may be explained by increased
synthesis and/or the ability of the tissue to take up greater
amounts of GSH from the blood. The increased tissue
uptake may be due to increased activities of γ-glutamyl-
transferase (EC 2.3.2.2), whereas the increase in GSH
synthesis may occur due to increases in γ-glutamylcysteine
synthase (EC 6.3.2.2) and GSH synthase (EC 6.3.2.3) (Sen
et al. 1992; Marin et al. 1993).

Critical examination of the literature reveals that training
adaptation of GSH in muscle is fibre-type specific. The
explanation for this muscle fibre-type variation in
adaptation could be tied to the rate of GSH utilization v. the
capacity of GSH uptake within different fibre types. In this

regard, activities of the γ-glutamyl cycle enzymes may play
an important role. For instance, endurance training results in
significant increases in GSH within the deep vastus
laterialis muscle in rats, whereas the GSH levels in the
soleus muscle were not elevated in response to training
(Leeuwenburgh et al. 1994, 1997). A possible explanation
for these findings is that compared with the soleus muscle
the deep vastus laterialis muscle has superior γ-glutamyl-
transferase activity (Leeuwenburgh et al. 1997). However,
no differences existed in γ-glutamylcysteine synthase
activity between these skeletal muscles. This observation
implies that the translocation of amino acids across the cell
membrane may be the limiting factor in the intracellular
assembly of GSH (Ji, 1995a).

While it appears clear that endurance training promotes
increased skeletal muscle GSH content, results on the
effects of training on GR activity (required to recycle GSSG
back to GSH) are less convincing. Whereas some studies
indicate that endurance training results in a decrease or no
change in GR activity in locomotor muscles (Sen et al.
1992; Leeuwenburgh et al. 1994, 1997), other studies have
shown that training promotes an increase in GR activity in
skeletal muscle of trained rats (Venditti & Di Meo, 1997).
The explanations for these different findings are unclear.

Vitamin E and other non-enzymic antioxidants

Studies that examine the effects of endurance training on
tissue levels of non-enzymic antioxidants are few. Of the
non-enzymic antioxidants, GSH, vitamin E and ubiquinone-
10 are the only non-enzymic antioxidants that have received
significant experimental attention. With regard to vitamin E,
several studies have examined the effects of both chronic
exercise (i.e. endurance training) and acute exercise on
tissue levels of vitamin E in rodents. Unfortunately, the
findings are not consistent. While some investigations have
indicated that acute or chronic exercise in young adult
rodents is associated with a significant reduction in skeletal
muscle vitamin E levels (Gohil et al. 1986; Bowles et al.
1991), other studies have shown no change (Salminen &
Vihko, 1983; Starnes et al. 1989; Tiidus & Houston, 1993).
The explanation for the divergent findings is not clear, and
additional experiments are warranted to clarify this issue.

Currently, only one published report exists regarding the
effects of acute exercise on vitamin E levels in human
skeletal muscle. These investigators reported that a bout of
eccentric exercise resulted in a small but significant
decrease (P< 0·05) in skeletal muscle vitamin E concen-
trations when expressed per g wet weight (Meydani et al.
1993). Nonetheless, if muscle vitamin E levels were
expressed per mg arachidonic acid, exercise did not alter
muscle vitamin E levels.

On a related topic, Packer et al. (1989) have postulated
that acute exercise results in an inter-organ transport of
vitamin E. Support for this concept can be found in studies
indicating that plasma levels of vitamin E are elevated post-
exercise (Meydani et al. 1993). This increase could occur
due to a release of vitamin E from adipose tissue, liver and
other tissues (Packer et al. 1989). This type of inter-organ
transport could be important in maintaining skeletal muscle

Fig. 3. Effects of exercise duration on the up regulation of GSH
peroxidase (EC 1.11.1.9; GPX) activity (µmol substrate/min per
100 mg protein) in the red gastrocnemius muscle. Mean values were
significantly different from that for the control: *P < 0·05. (Data from
Powers et al. 1994a.)
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vitamin E concentrations during acute exercise and/or
chronic exercise training.

In summary, more research is required to clarify the
effects of acute and chronic exercise training on vitamin E
levels in skeletal muscle. Furthermore, the possibility that
exercise results in inter-organ transport of vitamin E is
important and should receive additional research attention.

Studies investigating the effects of endurance exercise
training on the ubiquinone content of rat skeletal muscle all
indicate that chronic training results in a significant increase
(P< 0·05) in ubiquinone levels in oxidative muscles (Beyer
et al. 1984; Gohil et al. 1987; Karlsson et al. 1996).
Furthermore, compared with sedentary controls, the
ubiquinone content in human skeletal muscle is higher in
physically-active subjects (Karlsson et al 1996). This
training-induced increase in skeletal muscle ubiquinone
content could be important in protecting membranes from
exercise-induced lipid peroxidation.

Summary

Muscular exercise results in an increased production of
radicals and other forms of ROS. Furthermore, growing
evidence implicates cytotoxic ROS as an underlying factor
in exercise-induced disturbances in muscle redox status;
these changes could result in muscle fatigue and contribute
to the late phase of exercise-induced muscle injury.

To defend against ROS, muscle cells contain complex
cellular defence mechanisms to reduce the risk of oxidative
injury. Two major classes of endogenous protective mech-
anisms work together to reduce the harmful effects of
oxidants in the cell: (1) antioxidant enzymes; (2) non-
enzymic antioxidants. Key antioxidant enzymes include
SOD, GPX and CAT; these enzymes are responsible for
removing superoxide radicals, H2O2 and organic hydro-
peroxides, and H2O2 respectively. Important non-enzymic
antioxidants include vitamins E and C, β-carotene, GSH and
ubiquinones.

It is generally agreed that regular endurance training
promotes an increase in both total SOD and GPX activity in
active skeletal muscles. Furthermore, high-intensity
exercise training is superior to low-intensity exercise with
respect to the up regulation of muscle SOD and GPX
activities. Also, training-induced up regulation of anti-
oxidant enzymes is limited to highly-oxidative skeletal
muscles. In contrast to the observations indicating that SOD
and GPX are up regulated, it appears that training does not
result in an increase in muscle CAT activity.

Limited information exists regarding the effects of
exercise on non-enzymic antioxidants. Nonetheless,
mounting evidence indicates that regular endurance training
increases GSH levels in skeletal muscle by elevating GSH
concentrations in selected fibres. Although several studies
have examined the effects of both chronic exercise training
and acute exercise on tissue levels of vitamin E in rodents,
the results are not consistent.
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