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Summary

 

Oxidative modification of cellular components may
contribute to tissue dysfunction during aging. In skeletal
muscle, contractile activity increases the generation of
reactive oxygen and nitrogen species (ROS). The question
of whether contraction-induced ROS generation is further
increased in skeletal muscle of the elderly is important
since this influences recommendations on their exercise
participation. Three different approaches were used to
examine whether aging influences contraction-induced
ROS generation. Hind limb muscles of adult and old mice
underwent a 15-min period of isometric contractions and
we examined ROS generation by isolated skeletal muscle
mitochondria, ROS release into the muscle extracellular
fluid using microdialysis techniques, and the muscle
glutathione and protein thiol contents. Resting skeletal
muscle of old mice compared with adult mice showed
increased ROS release from isolated mitochondria, but no
changes in the extracellular levels of superoxide, nitric
oxide, hydrogen peroxide, hydroxyl radical activity or
muscle glutathione and protein thiol contents. Skeletal
muscle mitochondria isolated from both adult and old
mice after contractile activity showed significant in-
creases in hydrogen peroxide release compared with pre-
contraction values. Contractions increased extracellular
hydroxyl radical activity in adult and old mice, but had
no significant effect on extracellular hydrogen peroxide
or nitric oxide in either group. In adult mice only, con-
tractile activity increased the skeletal muscle release of
superoxide. A similar decrease in muscle glutathione and
protein thiol contents was seen in adult and old mice

following contractions. Thus, contractile activity increased
skeletal muscle ROS generation in both adult and old mice
with no evidence for an age-related exacerbation of ROS
generation.
Key words: gastrocnemius muscle; GTN; hydrogen pero-
xide; hydroxyl radical; microdialysis; nitric oxide; superoxide.

 

Introduction

 

Muscle wasting and loss of skeletal muscle strength are inevit-

able concomitants of aging and result from the loss of muscle

fibers and atrophy of the remaining fibers (Porter 

 

et al

 

., 1995).

Old organisms contain increased levels of products of oxidative

damage to biomolecules such as lipids, DNA and proteins (Nohl,

1993; Schoneich, 1999) and decreased levels of reductants such

as glutathione (Cho 

 

et al

 

., 2003). These changes have been

attributed to an increase in generation of reactive oxygen and

nitrogen species (ROS) by mitochondria in tissues of old organ-

isms. Mitochondria from skeletal muscles of old animals contain

greater amounts of damage than those from young or adult

animals (Melov 

 

et al

 

., 1995), although alternative approaches

indicate that mitochondrial function in skeletal muscles of phys-

ically active old animals is unimpaired (Hansford, 1983; Rasmus-

sen 

 

et al

 

., 2003; Rembert 

 

et al

 

., 2004).

An increase in ROS activity in tissues, indicated by an increase

in end-point indicators of the reactions of ROS, has also been

associated with exercise (Dillard 

 

et al

 

., 1978; Davies 

 

et al

 

., 1982;

Jackson 

 

et al

 

., 1985) and appears to be in major part due to

generation by contracting skeletal muscle. The primary ROS

generated by skeletal muscle during contractions are superoxide

and nitric oxide (NO) with rapid dismutation of the superoxide

to hydrogen peroxide (McArdle & Jackson, 2000). Increased

amounts of superoxide anion have been detected in the per-

fusion fluid surrounding isolated strips of diaphragm (Reid 

 

et al

 

.,

1992) and in the extracellular fluid of limb muscles (McArdle

 

et al

 

., 2001, 2004b) during muscle contractions. Mitochondria

have also been frequently cited as the major site of superoxide

generation during contractile activity (Davies 

 

et al

 

., 1982), but

recent data indicate that skeletal muscle has additional sources

of generation of superoxide (McArdle 

 

et al

 

., 2004b) that may

include NAD(P)H oxidases (Javesghani 

 

et al

 

., 2002) and other

muscle plasma membrane oxidoreductases (Pattwell & Jackson,

2004).

Skeletal muscle has well developed systems regulating ROS

and preventing potentially deleterious effects of ROS, including

both mitochondrial and cytosolic isoforms of superoxide dis-

mutase (MnSOD and CuZnSOD, respectively), catalase and glu-

tathione peroxidase enzymes and a number of direct scavengers

of ROS including glutathione, vitamin E and ascorbate. Aging
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has been reported to be associated with an increase in the rest-

ing SOD, catalase, glutathione peroxidase and glutathione

reductase activities in the muscle of aged compared with adult

mice (Leeuwenburgh 

 

et al

 

., 1994). Total glutathione levels have

been reported to decrease with age in many tissues of rodents

(Stio 

 

et al

 

., 1994; Cho 

 

et al

 

., 2003; Wang 

 

et al

 

., 2003), but data

from skeletal muscle are more variable. Leeuwenburgh 

 

et al

 

.

(1994) reported that the glutathione content of the oxidative

soleus muscle increased with age in rats, but found no age-

related effect on the vastus lateralis muscle, while Bejma & Ji

(1999) similarly found no effect of age on muscle mitochondrial

glutathione content.

Few publications have examined the possibility that contrac-

tile activity in muscle from old mice is associated with an

increase in ROS generation in comparison with muscle from

adult or young subjects, although this is an important question

with implications for participation in exercise by elderly human

subjects. A study by Bejma & Li (1999) claimed that exercise

produced a greater increase in intracellular ROS generation in

muscle of old compared with young rats, but the techniques

used by these investigators involved homogenization of tissue

and may be subject to artifact due to greater iron delocalization

in the aged tissue (Halliwell & Gutteridge, 1989).

In order to clarify the relationship between the increased oxi-

dative damage to muscle associated with aging and the ROS

generation during exercise, we have examined these processes

in mice prior to and following a demanding 225 isometric con-

traction protocol. Three distinct approaches were followed in

order to obtain a comprehensive view of the process: (i) meas-

urement of ROS generation by mitochondria isolated from skel-

etal muscle; (ii) analysis of ROS in muscle extracellular fluid by

microdialysis techniques; (iii) determination of the muscle con-

tents of thiols (glutathione and protein thiols). We tested the

following three hypotheses: (i) At rest there would be increased

ROS release from isolated skeletal muscle mitochondria of old

mice associated with increased ROS in microdialysates and a

decrease in muscle glutathione and protein thiols in comparison

with adult mice; (ii) Following contractile activity in both adult

and old mice, there would be an increased ROS release from

isolated skeletal muscle mitochondria, an increase in the ROS

detected in microdialysates, and a decrease in muscle thiols con-

tent compared with values at rest; (iii) Contractile activity would

induce a greater ROS release from isolated skeletal muscle mito-

chondria, a greater increase in the ROS detected in micro-

dialysates and a larger decrease in skeletal muscle thiols content

in muscle from old mice in comparison with adult mice.

 

Results

 

Despite the lack of any significant change in body weight (adult:

29.4 

 

±

 

 1.1 g cf. old: 27.0 

 

±

 

 0.8 g), the old (26–30 months) mice

had a significant reduction in the weight of several muscles

compared with the adult (5–11 months) group. Gastrocnemius

(GTN) (adult: 132.1 

 

±

 

 3.9 mg cf. old: 118.4 

 

±

 

 11.7 mg;

 

P

 

 < 0.05), extensor digitorum longus (adult: 9.9 

 

±

 

 0.3 mg vs.

old: 7.8 

 

±

 

 0.3 mg; 

 

P

 

 < 0.05), and soleus (adult 9.0 

 

±

 

 0.3 mg vs.

old 7.4 

 

±

 

 0.3 mg; 

 

P

 

 < 0.05) muscles all showed an 18–26%

decline in weight in the old mice.

 

Effect of isometric contractions on generation of force

 

The mean maximum force generated by the plantar-flexor mus-

cles of the adult mice was 3384 

 

±

 

 183 mN compared with

2934 

 

±

 

 374 mN for the old mice. Despite the mean reduction

in the maximum force seen in old mice the values were not

significantly different. The protocol of 225 maximum isometric

contractions with one contraction every 4 s constituted a major

metabolic challenge for the muscles of mice in adult and old

age groups and considerable fatigue was observed (Fig. 1). The

isometric contraction protocol produced a rapid 

 

∼

 

40% loss of

force during the first 2 min and then a more gradual 25%

decline during the next 13 min in both adult and old mice. No

significant difference in initial force production or in force pro-

duction at any time was observed between the adult and old

mice during the 15-min contraction protocol. For the plantar-

flexor muscles of both adult and old mice, the force generated

at the end of the protocol was 

 

∼

 

35% of the initial force (Fig. 1).

 

Superoxide dismutase and catalase activities of adult 
and old muscle

 

The total superoxide dismutase (SOD) and catalase activities

showed no significant differences between the muscles from

adult and old mice (Table 1).

 

ROS generation by isolated mitochondria

 

The hydrogen peroxide production by isolated mitochondria is

shown in Fig. 2. Data shown are mean 

 

±

 

 SEM for measurements

from five animals. These data reflect measurements of hydrogen

peroxide production in State 1 (without exogenous substrate)

and show that skeletal muscle mitochondria isolated from old

quiescent mice had a significantly greater rate of generation of

hydrogen peroxide than mitochondria from adult mice

(

 

P <

 

 0.05). Rates of hydrogen peroxide generation from skeletal

muscle mitochondria isolated at the end of the contraction pro-

tocol had increased significantly for both adult and old muscle

although the resulting values did not differ significantly

between the adult and old groups.

Table 1 Total superoxide dismutase and catalase activities for GTN muscles 

of adult and old mice*

SOD activity

(U mg−1 protein)

Catalase activity

(U mg−1 protein)

Adult 15.9 ± 2.5 6.0 ± 1.5

Old 17.1 ± 1.1 5.2 ± 0.6

*There were no significant differences between values for adult and old mice.
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Microdialysate analyses

 

Each of the four ROS, superoxide, NO, hydrogen peroxide and

hydroxyl radical activity, were detected in the microdialysates

from GTN muscles of adult and old mice at each of the seven

sampling periods before, during and after the demanding iso-

metric protocol (Figs 3 and 4).

Baseline values of superoxide in the microdialysates from GTN

muscles of old mice were unchanged compared with those from

the adult mice (Fig. 3A). In the microdialysates from muscle of

adult mice, the period of contractile activity was associated with

a significant increase in extracellular superoxide. No significant

increase in superoxide detected was seen in the microdialysates

from old mice during contractions.

The total nitrate and nitrite content of the microdialysates did

not differ between adult and old mice, although at each sam-

pling period the values for muscles of adult mice were higher

than those from old mice (Fig. 3B). The contraction protocol had

no effect on the nitrate or nitrite content of the microdialysates

from either adult or old mice.

For quiescent muscles during the first two 15-min sampling

periods, the 2,3-DHB content was higher in the microdialysates

of muscles from old mice than from those of adult mice

(Fig. 4A), but this difference was not evident during the sub-

sequent three 15-min baseline collections. The 15-min contraction

protocol increased the formation of 2,3-DHB from salicylate for

both adult and old muscles, although no significant difference

existed between the two.

The hydrogen peroxide content of the microdialysates for the

muscles of adult and old mice was 

 

∼

 

1.7 

 

µ

 

M

 

, with no difference

between the two groups (Fig. 4B). During the period of con-

tractile activity, the concentration of hydrogen peroxide tended

to increase in the microdialysates of the muscles of both adult

and old mice although in neither case were the increases

statistically significant, nor were there any significant differences

between the two groups.

Fig. 1 Maximum forces generated by the plantar-
flexor group of muscles of adult (�) and old (�) 
mice during a demanding contraction protocol. 
Values for adult and old mice did not differ 
significantly throughout the protocol. Data are 
shown as the mean ± SEM.

Fig. 2 Production of hydrogen peroxide by isolated skeletal muscle 
mitochondria prior to (�), and following (�) isometric contractions. 
Measurements of hydrogen peroxide production in State 1 (no added 
substrate) were undertaken using Amplex Red as described in the 
Experimental procedures section. Hydrogen peroxide production is calculated 
based on a standard curve generated using known concentrations of 
hydrogen peroxide and is expressed as pmoles hydrogen peroxide per minute 
per mg protein. Data shown are mean ± SEM (n = 5). *P < 0.05 compared 
with quiescent muscle; †P < 0.05 compared with adult mice prior to 
contractile activity.
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Glutathione and protein thiol content of adult and old 
muscle

 

The total glutathione content of the quiescent GTN muscles

from adult and old mice was not significantly different (Fig. 5)

and by 15 min after the contraction protocol, the total glutath-

ione content of muscles from both groups had decreased sig-

nificantly. At this time point there was no significant difference

between the values from the two groups. A similar pattern of

changes was seen in the muscle total protein thiol content;

values for quiescent muscles did not differ between adult and old

mice and both groups showed a significant decrease following

contractile activity (Fig. 5B). The protein thiol contents of mus-

cles from old mice postexercise were not significantly different

to those from muscles of adult mice.

 

Discussion

 

This paper has examined whether exercise of skeletal muscle

from old mice induced a greater generation of ROS compared

with that in muscle from adult mice following an identical con-

traction protocol. The data obtained from each of the three

approaches were consistent in indicating that contractile activity

in muscle from old mice was not associated with an increased

ROS generation or release in comparison with adult mice.

 

ROS generation by isolated mitochondria

 

Measurements of ROS generation by isolated mitochondria

have previously been used to demonstrate an increased release

of hydrogen peroxide by mitochondria associated with aging

in different species (Perez-Campo 

 

et al

 

., 1998; Capel 

 

et al

 

.,

2005) and in varying tissues of aging rodents (Cavazzoni 

 

et al

 

.,

1999). In skeletal muscle the amounts of hydrogen peroxide

generated may depend upon the fiber type composition of the

muscle studied (Capel 

 

et al

 

., 2005) and the location of the mito-

chondria (Judge 

 

et al

 

., 2005), but there is a general agreement

that isolated mitochondria from old organisms release increased

amounts of hydrogen peroxide deriving from superoxide

formed by electron ‘leakage’ from the mitochondrial electron

Fig. 3 The superoxide (A) and total nitrate and nitrite (B) content of 
microdialysates from the GTN muscles from adult (�) and old (�) mice. 
Muscles underwent 15-min periods of demanding contractile activity during 
the period shown. Data are shown as the mean ± SEM. *P < 0.05 compared 
with microdialysates from the same group of mice at the previous time point.

Fig. 4 2,3-DHB content (A) and hydrogen peroxide content (B) of 
microdialysates from the GTN muscles from adult (�) and old (�) mice. 
Muscles underwent 15-min periods of demanding contractile activity during 
the period shown. Data are shown as the mean ± SEM. *P < 0.05 compared 
with content in microdialysates from adult muscle at the same time point; 
†P < 0.05 compared with microdialysates from the same group of mice at 
the previous time point.
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transport chain (Raha & Robinson, 2000). The data reported

here confirm the increased release of hydrogen peroxide by

mitochondria isolated from the skeletal muscle of old mice com-

pared with adult mice at rest (Fig. 2).

No current techniques allow a direct measurement of the ROS

release from skeletal muscle mitochondria during or immedi-

ately following contractile activity since isolation of the mito-

chondria requires 1.5–2.0 h following removal of the muscle

tissue. We reasoned that measurements of hydrogen peroxide

generation by mitochondria isolated following the contraction

protocol would indicate whether the contraction protocol had

influenced the integrity (or fidelity) of the mitochondria or elec-

tron transport chain to a greater extent for old mice compared

with adult animals. In both groups, the values obtained from

the mitochondria isolated postexercise were significantly higher

than those pre-exercise indicating that the period of contractile

activity had influenced the ability of the mitochondria to regu-

late superoxide generation, but there were no differences

between the final values from adult and old mice. Hence there

is no evidence that contractile activity had a greater effect on

generation of ROS by mitochondria in muscle from old mice

compared with that from younger mice.

 

Microdialysate analyses

 

This study has utilized the microdialysis technique to evaluate

relative rates of ROS generation by muscles of adult and old

mice with and without a period of contractile activity. Previous

attempts to investigate this area have used techniques that

involved disruption of normal cellular structure (Bejma & Ji,

1999) and hence are susceptible to potential artifact due to iron

delocalization during the homogenization process (Halliwell &

Gutteridge, 1989). The microdialysis approach involves insertion

of the probe into the interstitial space and monitoring of extra-

cellular ROS. Although the microdialysis probe only provides

direct access to the extracellular space, there is evidence that

intracellular ROS directly affects some of the extracellular spe-

cies. Thus previous data indicate that hydrogen peroxide and

hydroxyl radical activity detected in the extracellular space

reflects the rate of intracellular generation of hydrogen peroxide

(Silveira 

 

et al

 

., 2003; McArdle 

 

et al

 

., 2004b) while NO is recog-

nized to readily cross the plasma membrane (Demple, 2004).

The microdialysis studies indicated that the period of contrac-

tile activity increased ROS generation in adult mice leading to

an increase in the extracellular superoxide and extracellular

hydroxyl radical activity as previously reported (McArdle 

 

et al

 

.,

2001, 2004b), but the data reported here do not support the

hypothesis that contractile activity leads to a greater increase

of ROS generation in muscle of old mice. Our recent data have

clarified that the placement of microdialysis probes in mouse

GTN muscle causes a transient increase in ROS generation, but

that levels stabilize within 45–60 min, after which time changes

in ROS stimulated by physiological interventions can be resolved

(Close 

 

et al

 

., 2005). This protocol was followed in the current study.

The superoxide detected in microdialysates did not differ in

the resting samples from old compared with adult mice. Super-

oxide levels were found to increase during contractile activity

in the adult mice in agreement with previous studies (McArdle

 

et al

 

., 2001, 2004b), but no significant increase occurred during

contractile activity in microdialysates from muscle of old mice.

Previous data indicate that the superoxide detected in micro-

dialysates does not originate from intracellular sites (McArdle

 

et al

 

., 2004b) and appears to be generated at the plasma mem-

brane of the muscle fiber by a poorly characterized system

(Pattwell & Jackson, 2004). The data presented here appear

to indicate that this system is not active in contracting muscle

from old mice.

Total nitrate and nitrite content of the microdialysates, meas-

ured as an index of NO release into the interstitial fluid, showed

no significant differences between adult and old animals

although mean values were always lower in the microdialysates

from old mice. No changes were seen for each group with con-

tractile activity, although previous data have indicated that con-

tractile activity increases NO release by skeletal muscle (Balon

& Nadler, 1994; Pattwell 

 

et al

 

., 2004). However, numerous

additional cell types (e.g. endothelial cells, smooth muscle cells)

may contribute to the NO released into interstitial fluid and

hence be detected in microdialyis measurements. NO released

from these sources may therefore dilute the effect of any NO

released from contracting skeletal muscle. NO release showed

considerable variability between muscles from individual animals

in common with some previous reports (Hirschfield 

 

et al

 

., 2000).

Fig. 5 Total glutathione content (A) and total protein thiol content (B) of GTN 
muscle from adult (�) and old (�) mice immediately prior to exercise 
(quiescent) and at 15 min post contractions. Data are shown as the 
mean ± SEM. *P < 0.05 compared with values prior to exercise for the same 
age of mice.
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Microdialysates from quiescent GTN muscles of both adult

and old mice contained 

 

∼

 

1.7 

 

µ

 

M

 

 hydrogen peroxide and the

levels tended to increase in both adult and old mice during

contractile activity although the changes were not significant

(Fig. 4). An evaluation of the true concentration of dialytes in

the muscle interstitial fluid is dependent upon the recovery

across the microdialysis probe. Our unpublished data indicate

that this is 12–15% for hydrogen peroxide with the micro-

dialysis probes used here and thus true interstitial hydrogen

peroxide concentrations are likely to be in the order of 10–15 

 

µ

 

M

 

at rest. Direct analyses of human blood have indicated hydrogen

peroxide levels of 

 

∼

 

7 

 

µ

 

M

 

 (Deskur 

 

et al

 

., 1998).

Hydroxyl radical activity in the muscle interstitial fluid of old

mice (assessed by formation of 2,3-DHB from salicylate) was

increased compared with adult mice during the first two base-

line collection periods. Values declined prior to the beginning

of the contraction protocol and during the final three baseline

periods the values were not significantly different to those seen

for adult mice. We interpret this to mean that the insertion of

the microdialysis probe caused relatively greater trauma to the

muscles in the old than in the adult mice since minor damage

to tissues can cause release of iron leading to increased local

generation of hydroxyl radicals (Halliwell & Gutteridge, 1989).

An increase in extracellular hydroxyl radical activity was seen

during contractile activity in both adult and old mice with no

significant differences between the two groups.

These data are therefore compatible with previous studies

indicating an increase in the ROS detected in muscle interstitial

space during contractile activity, but do not support the hypo-

thesis that this generation is increased in muscle from old mice.

 

Glutathione and protein thiol content

The muscle glutathione and protein thiol contents were

unchanged in old compared with adult mice at rest (Fig. 5). This

is in agreement with some previously published papers (Bejma

& Ji, 1999) although the effect of age may be dependent upon

the fiber type predominance of the specific muscle under study

(Leeuwenburgh et al., 1994). The muscle glutathione and protein

thiol contents in both old and adult mice were decreased by the

period of contractile activity in agreement with some previous

data (Ji et al., 1992; McArdle et al., 2001). Muscle from old mice

showed no greater loss of glutathione or protein thiols than muscle

from adult mice, such that after contractile activity the levels were

not significantly different. The mechanisms underlying the decrease

in muscle glutathione and protein thiol content that accom-

panies various forms of contractile activity are unclear, but many

authors assume that the thiol groups are oxidized by reaction

with ROS generated during activity (Ji et al., 1992; Sastre et al.,
1992). In this case, the data presented here indicate that a similar

level of oxidation of thiol groups occurs in muscle from old com-

pared with adult mice during the contractile protocol used here.

The primary reason for monitoring force generation by the

contracting mouse hind limb was to confirm maximal excitation

of the hind limb muscles throughout the contraction period.

Although some previous data indicate that skeletal muscles of

old mice display a substantial loss in their capacity to generate

absolute force (Brooks & Faulkner, 1988; McArdle et al.,
2004a), a significant impairment in the force development of

muscles in old mice was not observed. The plantar-flexor mus-

cles of both adult and old mice generated maximum forces of

over 2000 mN and several factors may have contributed to our

inability to find a significant difference in the maximum isometric

force developed by the two age groups. These include (i) the

inclusion of three muscles, GTN, plantaris and soleus muscles,

each with different fiber lengths inserting into the Achilles

tendon and (ii) the indirect activation by surface electrodes

rather than direct activation through the nerve. Although the

variance was greater for the plantar flexors than for the extensor

digitorum longus muscle that has been studied previously

(Brooks & Faulkner, 1988; McArdle et al., 2004a), the mean val-

ues for force generation were reasonably stable and the data

on a given preparation was stable over time. The difficulties arise

in accurately assessing the specific force generated by such rel-

atively large complex muscles. The contraction protocol pro-

duced a rapid loss of force generation by the plantar-flexor

muscles of both adult and old mice with no difference between

the two groups which demonstrates that our inability to find any

putative enhancement of ROS generation in muscles of old mice

was not due to a reduced activation of muscle in these animals.

Examination of the relative ROS generation induced by con-

tractile activity in skeletal muscle of adult and old mice in vivo
is inherently complex and all of the techniques used here have

acknowledged drawbacks. Hence, for example, it is not possible

to directly monitor hydrogen peroxide release from mitochon-

dria during contractions of intact muscle, the microdialysis

approach can only provide direct access to the extracellular

space, and measurements of total muscle thiols may not provide

a true reflection of site specific changes. Nevertheless in the

current study, the concurrence of data from the three distinct

approaches provides increased reassurance of the validity of the

overall finding. Thus, we have obtained no evidence that ROS

generation and activity is excessive in skeletal muscles of old

mice at rest or during a demanding isometric contraction pro-

tocol. These data have important implications for understanding

the involvement of skeletal muscle-derived ROS in aging-related

oxidant damage to tissues and, if demonstrated to be applicable

to humans, they support the view that exercise participation in

elderly subjects is to be encouraged without any increased risk

of oxidant damage to skeletal muscle.

Experimental procedures

Mice

The studies were carried out on 39 male and 47 female C57Bl/

6 mice, of which 42 were adult, aged 5–11 months, and 44

were old, aged 26–30 months. The mice were maintained under

barrier conditions in a temperature-controlled environment and

fed a commercial mouse chow (Teklad diet LM485) ad libitum.
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Each of the experimental procedures, including (i) insertion

of the microdialysis probe, (ii) preparation for the contraction

protocol and administration of the contraction protocol, and

(iii) sampling from the probes, was carried out with the mouse

under deep anesthesia. Mice were anesthetized with pentobar-

bitone sodium with an initial dose of 65 mg/100 g of body mass

via an intraperitoneal injection. Supplemental doses were

administered as required to maintain a depth of anesthesia suf-

ficient to prevent response to tactile stimuli. Upon completion

of an experiment on a given mouse, the mouse was euthanized

by an overdose of the anesthetic and muscles were removed

quickly for subsequent analyses.

Measurement of extracellular ROS

The superoxide anion content, hydrogen peroxide content,

nitrate and nitrite content and hydroxyl radical activity in the

interstitial fluid from quiescent muscles were obtained by sam-

pling the extracellular space with microdialysis probes placed in

the GTN muscles. Microdialysis probes (MAB 3.8.4, Metalant

AB, Stockholm, Sweden) with a molecular weight cut-off of

35 000 Da were placed into the GTN muscles of both limbs of

anesthetized animals using a 22G plastic introducer. Four

probes were placed into one (GTN) muscle and were either per-

fused with normal saline (for analysis of hydrogen peroxide and

nitrate and nitrite), 20 mM salicylate in normal saline (for detec-

tion of hydroxyl radical activity; McArdle et al., 2004b) or 50 µM

cytochrome c in normal saline (for analysis of superoxide levels,

McArdle et al., 2001) at a flow rate of 4 µL min−1 and allowed

to stabilize for 30 min. Samples were collected from the probes

over sequential 15-min periods.

Contraction protocol

Following collections of microdialysates from one GTN over five

consecutive 15-min periods, the knee of the other hind limb

was fixed to a base plate, the Achilles tendon was attached to

a force transducer and the musculature of both hind limbs was

stimulated to contract by surface electrodes placed around the

upper limbs and the ankles to induce isometric contractions under

in vivo conditions (McArdle et al., 2001). Fiber length was set at

the optimum length for force production. Maximum isometric

tetanic contractions were produced by square wave pulses of

0.2 ms duration, a voltage slightly greater than that required to

produce a maximum twitch (usually ∼70 V) and at a frequency

of 100 Hz (Brooks & Faulkner, 1988). Maximum isometric con-

tractions were held for 500 ms with a contraction every 4 s for

a total of 225 contractions during the 15 min of the contraction

protocol. Following completion of the contraction protocol,

microdialysis samples were collected for a further 15-min period.

Collection of muscle samples for biochemical analysis

Muscle samples were obtained from quiescent mice that were

euthanized by overdose of anesthesia and the GTN muscles

removed for biochemical analyses without undergoing the con-

traction protocol and from mice that were euthanized 15 min

after the completion of the contraction protocol. These muscles

were rapidly frozen in liquid nitrogen and stored at −70 °C until

analyzed.

A further four groups of five mice were used to obtain muscle

for isolation of mitochondria for measurement of ROS genera-

tion. All major muscles from the mouse hind limbs were rapidly

removed from groups of euthanized adult and old mice prior

to, and following, the contraction protocol and placed into cold

mitochondria isolation buffer.

Isolation of skeletal muscle mitochondria

All procedures for mitochondrial isolation were conducted

at 4 °C. Mitochondria were isolated from skeletal muscle

essentially as described by Lee et al. (1979). Briefly, rapidly

excised muscles were transferred into Chappel Perry isolation

buffer (100 mM KCl, 50 mM Tris-HCl, 5 mM MgCl2, 1 mM EDTA,

1 mM ATP, pH 7.4), minced with scissors and incubated for

5 min with protease (0.15 mg mL−1 Nagarse) (Sigma, St. Louis,

MO, USA). Muscles fragments were homogenized and the

resulting homogenates were centrifuged at 600 g for 10 min.

The supernatants were decanted, filtered through gauze

(Bellco Class Inc. Vineland, NJ, USA) and centrifuged at 14 000 g
for 10 min. The resulting pellets were resuspended in washing

buffer (100 mM KCl, 50 mM Tris-HCl, 1 mM MgCl2, 0.2 mM

EDTA, 0.2 mM ATP, pH 7.4) supplemented with 0.5% bovine

serum albumin (BSA) and centrifuged at 7000 g for 10 min.

The mitochondrial pellets were washed in buffer without BSA

and centrifuged at 3500 g for 10 min. The final mitochondrial

pellets were resuspended in 200 µL of 100 mM KCl, 50 mM

MOPS, pH 7.44, for measurement of hydrogen peroxide

production. Using this isolation technique for skeletal muscle

mitochondria and measuring respiration with a Clark electrode

as described by Estabrook (1974), the respiratory control ratio

(RCR) using substrates glutamate and malate was approximately

7.9.

Hydrogen peroxide production by isolated 
mitochondria

Mitochondrial hydrogen peroxide release was measured using

Amplex™ Red-horseradish peroxidase (Molecular Probes, Eugene,

OR, USA) as previously described (Muller et al., 2004). This assay

utilizes horseradish peroxidase (HRP) to catalyze the hydrogen

peroxide-dependent oxidation of the nonfluorescent compound

Amplex Red (80 µM) to fluorescent resorufin red. The assay

detects only hydrogen peroxide which has been released from

the mitochondria as the size of the HRP restricts it from entering

the mitochondria. CuZnSOD (Sigma) was added to convert any

superoxide present into hydrogen peroxide, preventing interac-

tion of the superoxide with the HRP directly. Briefly, 80 µM

Amplex™ Red reagent and 1 U mL−1 horseradish peroxidase

(HRP) were added to the mitochondria (100 µg protein) or to
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the hydrogen peroxide standard solution in 100 µL of reaction

buffer: 50 mM MOPS, 100 mM KCl (pH 7.44) and incubated in

Falcon 96-well microplates in the dark at 30 °C. Fluorescence

was followed at an excitation wavelength of 530 nm and an

emission at 590 nm for 10 min in an automatic microplate

reader equipped with a thermal-controlled compartment. The

slope of the increase in fluorescence is converted to the rate of

hydrogen peroxide production with a standard curve. The rates

of hydrogen peroxide production were determined in the

absence of substrate (State 1). Values were obtained from five

mice per group.

Analysis of microdialysates

2,3-Dihydroxybenzoic acid (2,3-DHB) generated from hydroxyl

radical reaction with salicylate in the microdialysis fluids was

measured as an index of hydroxyl radical activity by HPLC with

electrochemical detection as previously described (Pattwell

et al., 2001). Reduction of cytochrome c in the microdialysate

was used as an index of superoxide anion radical concentration

in microdialysates as previously described (McArdle et al., 2001).

The total nitrate and nitrite content of microdialysates was

measured as an index of total NO generation using a commer-

cial fluorometric assay (Cayman Chemical Co., Ann Arbor, MI,

USA) based on the method of Miles et al. (1995). The hydrogen

peroxide content of microdialysates was measured using a mod-

ification of the method of Lei et al. (1998).

Total glutathione and protein thiol content

The automated glutathione recycling method described by

Anderson (1996) was used to assess the total glutathione con-

tent of muscle samples, using a 96-well plate reader (Benchmark,

Bio-Rad, Hemel Hempstead, UK). The protein thiol content of

samples was analyzed by the method of Di Monte et al. (1984)

adapted for use on a 96-well plate reader.

Muscle total SOD activity

Total muscle SOD activity was measured according to the

method of Crapo et al. (1984).

Muscle catalase activity

Muscle homogenates were analysed for catalase activity by

following the kinetic decomposition of hydrogen peroxide

spectrophotometrically at 240 nm using the method described

by Claiborne (1985).

Statistical analyses

All data are presented as mean ± SEM. Statistical analyses for

potential differences between groups were undertaken by

ANOVA and where differences were indicated a modified (Bon-

ferroni) t-test was applied.
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