
INTRODUCTION

THE ANTIOXIDANT SYSTEM of mammalian cells involves
complex interactions between enzymatic and nonenzy-

matic compounds. Antioxidants play a central role in the reg-
ulation of the intracellular redox balance and provide a vital
defense against the potentially damaging effects of reactive
oxygen species (ROS). Important antioxidant enzymes in-
clude copper-zinc and manganese superoxide dismutase (Cu-

ZnSOD and MnSOD, respectively), catalase (CAT), and glu-
tathione peroxidase (GPX). Heme oxygenase-1 (HO-1), al-
though not a direct scavenger of ROS, degrades heme pro-
teins and thus facilitates the removal of reactive iron and
leads to the formation of the bile pigment, bilirubin (4). Addi-
tionally, glutathione is a major nonenzymatic antioxidant and
is the most prevalent intracellular nonprotein thiol (20).

Acute exercise (i.e., muscle contraction) results in elevated
intracellular ROS production (26) and release (27, 34) by
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ABSTRACT

Diaphragmatic antioxidant enzymes are upregulated following acute and long-term treadmill exercise, but
the effect of lifelong voluntary exercise (E) on diaphragmatic antioxidants is unknown. Therefore, 10-week
old Fisher 344 rats were assigned to either: (a) sedentary ad libitum (AL) fed (24AL; n = 6); (b) E + 8% caloric
restriction (24ECR; n = 9); or (c) sedentary + 8% caloric restriction (24CR; n = 9) groups. Diaphragms were
harvested from animals at 24 months of age. Heme oxygenase-1 (HO-1) mRNA in addition to catalase (CAT),
glutathione peroxidase (GPX), copper-zinc superoxide dismutase (Cu-ZnSOD) and manganese superoxide
dismutase (MnSOD) mRNA and protein levels were measured. Reduced glutathione (GSH) and citrate syn-
thase (CS) activity were measured to assess antioxidant status and oxidative capacity, respectively. The 24CR
group demonstrated increased GPX, HO-1, MnSOD, and CAT mRNA compared to 24AL and 24ECR. Inter-
estingly, the increased mRNA in 24CR animals did not result in elevated protein levels. No group differences
in Cu-ZnSOD mRNA, CS activity, or GSH were observed, although GSH was 30% greater in 24CR animals
(p = 0.085). In summary, although CR elevated the mRNA of key antioxidant enzymes in the diaphragm, life-
long CR alone or in combination with voluntary exercise did not alter diaphragm CS activity, antioxidant pro-
tein quantity, or GSH levels. Antioxid. Redox Signal. 8, 539–547.
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skeletal muscle. Importantly, the antioxidant status of skeletal
muscle can be upregulated by both short- and long-term exer-
cise. Moreover, increased skeletal muscle ROS formation is
generally thought to be a key mediator of exercise-induced
antioxidant upregulation (12). Therefore, the increased an-
tioxidant capacity of skeletal muscle observed following ex-
ercise is likely a protective adaptation to attenuate the poten-
tially damaging effects of exercise-induced ROS production.

The mammalian diaphragm is a unique and chronically ac-
tive skeletal muscle that exhibits an increased antioxidant sta-
tus following both short- (days) and long- (weeks-to-months)
term treadmill exercise (24, 36, 37) and swim training (23).
Most previous studies that have examined the impact of exer-
cise on the skeletal muscle antioxidant status have utilized
forced exercise (e.g., treadmill or swim training) for periods
ranging from days to a year (3, 8, 9, 14, 21, 23, 24, 36, 37).
Although several studies have investigated the impact of
short- and long-term voluntary exercise on the antioxidant re-
sponse in locomotor muscle (16, 28, 29), the effect of lifelong
voluntary exercise on the antioxidant response of the dia-
phragm is currently unknown. Additionally, only limited data
characterize the mRNA response of key antioxidant enzymes
in the diaphragm following exercise training (11, 22).

Therefore, the purpose of this experiment was to examine
the effects of lifelong wheel running exercise on key antioxi-
dant enzymes in the diaphragm. In these experiments we uti-
lized male Fisher 344 rats, a well-accepted model used to ex-
amine the skeletal muscle antioxidant response to both
exercise and aging. We imposed a moderate food restriction
(8% below ad libitum fed) on animals in the exercise group
since this has been shown to prevent the decline in sponta-
neous wheel running activity observed in rats fed ad libitum
(10). Additionally, we imposed the same degree of food re-
striction (8%) on a group of sedentary animals to serve as di-
etary intake controls. We hypothesized that lifelong voluntary
exercise would increase mRNA expression of key antioxi-
dants and elevate the antioxidant status of the diaphragm.
Specifically, we postulated that lifelong wheel running exer-
cise would increase the mRNA levels of Cu-ZnSOD,
MnSOD, CAT, GPX, and HO-1. Additionally, we postulated
that changes in mRNA levels would result in increased pro-
tein levels of Cu-ZnSOD, MnSOD, CAT, and GPX. Further-
more, we postulated that lifelong wheel running exercise
would elevate the level of reduced glutathione (GSH) in the
diaphragm, which would be indicative of an enhanced nonen-
zymatic antioxidant status.

Our results indicate that lifelong voluntary exercise com-
bined with moderate caloric restriction (CR) did not alter
diaphragmatic antioxidant mRNA expression or GSH lev-
els. In contrast, the diaphragms of sedentary rats consum-
ing lifelong calorie-restricted diets increased mRNA ex-
pression of several antioxidants and demonstrated a trend
towards elevated levels of GSH compared to sedentary ad
libitum fed animals. Nonetheless, protein levels of antioxi-
dant enzymes did not mirror changes in mRNA expression.
Our findings suggest that an enhanced antioxidant status
and upregulated gene expression of key antioxidant en-
zymes develops in the diaphragm following lifelong CR in
sedentary animals, but not when CR is combined with life-
long voluntary exercise.

MATERIALS AND METHODS

Experimental animals and design

Male Fisher 344 rats were obtained from Harlan (Indi-
anapolis, IN) and were assigned to one of three groups: (a)
sedentary ad libitum fed (24AL; n = 6); (b) sedentary with
8% caloric restriction (24CR; n = 9); and (c) lifelong wheel
running exercise with 8% caloric restriction (24ECR; n = 9).
Animals in the 24AL, 24CR, and 24ECR groups arrived at 10
weeks of age and were allowed to age in our facilities until
they were 24 months of age.

Since rats that are fed ad libitum tend to abruptly decrease
their running activity at approximately 6 months of age (10,
19), we applied a moderate food restriction (8% below ad li-
bitum fed) to 24ECR animals as this has been shown to pre-
vent the decline in spontaneous wheel running activity (10).
Animals in the 24CR group served as sedentary calorie-
restricted controls. Therefore, food intake for the 24CR and
24ECR groups was restricted by 8% below the ad libitum
food intake of 24AL group. Throughout the duration of the
study, food intake of the 24CR and 24ECR groups was ad-
justed accordingly each week (based on ad libitum food in-
take of the animals in the 24AL group from the previous
week). Animals were fed rat chow (Harlan Teklad Rodent
Diet #8604) and all animals had unrestricted access to water.

All animals were singly housed in a temperature (20 ±
2.5°C) and light-controlled (12:12-h light–dark cycle) envi-
ronment. All sedentary rats were housed in standard rodent
cages supplied by the University of Florida’s Animal Care
Services. Rats in the wheel running group were housed in
cages equipped with Nalgene Activity Wheels (1.081 meters
circumference) obtained from Fisher Scientific (Pittsburgh,
PA) and had free access to the wheels. Each wheel was
equipped with a magnetic switch and an LCD counter that
recorded the daily number of wheel revolutions. Animals
were euthanized with isoflurane (administered via inhalation
using a precision vaporizer at 5%), and diaphragms were
rapidly removed. Segments from the costal region were
rapidly frozen in liquid nitrogen and stored at �80°C for
subsequent analysis. All experimental procedures were ap-
proved by the University of Florida’s Institute on Animal
Care and Use Committee.

Isolation of total RNA

A portion of the costal diaphragm (∼60 mg) was homoge-
nized in 1.5 ml of Trizol reagent (Invitrogen, Carlsbad, CA)
and processed according to the manufacturer’s instructions.
Samples were homogenized with a Polytron blade homoge-
nizer on ice at medium speed and centrifuged at 12,000 g for
10 min (4°C) to remove insoluble material. The supernatant
was transferred and RNA was extracted with 120 µl of bro-
mochloropropane. Samples were vortexed briefly and cen-
trifuged at 13,000 g for 20 min (4°C). Following transfer of
the aqueous phase, RNA was precipitated with one volume of
isopropanol and washed twice with two volumes of 75%
ethanol. The RNA was pelleted via centrifugation and resus-
pended in RNase-free water (Sigma, St. Louis, MO). Concen-
tration and purity of the extracted RNA was measured spec-
trophotometrically at 260 nm and at 280 nm in 1� TE buffer
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(Promega, Madison, WI). The integrity of the extracted total
RNA was verified by gel electrophoresis of 1 µg RNA on a
1% agarose ethidium bromide-stained TBE gel. Total RNA
was stored at �80°C.

Reverse transcription and cDNA quantification

Reverse transcription (RT) was performed using the Su-
perscript III First-Strand Synthesis System for RT-PCR (Life
Technologies, Carlsbad, CA) according to the manufacturer’s
instructions. Reactions were carried out using 5 µg of total
RNA and 2.5 µM oligo(dT)20 primers. First strand cDNA was
subsequently treated with 2 units of RNase H. Following the
addition of 2 µl of GlycoBlue coprecipitant (Ambion) to the
RT product (21 µl), first strand cDNA was purified of RNA
and unincorporated nucleotides by treatment with an RNase
cocktail (Ambion), brought to a volume of 100 µl with
nuclease-free water (Sigma), and applied to a NucAway spin
column (Ambion). Samples were then mixed with
phenol:chloroform:isoamyl alcohol (pH = 7.9) and the aque-
ous phase recovered using a 1.5 ml heavy phase lock gel (Ep-
pendorf, Hamburg, Germany). The cDNA was precipitated by
adding one volume of 5.0 M ammonium acetate and two vol-
umes of 100% ethanol and stored at �20°C overnight. Fol-
lowing centrifugation at 14,000 g for 20 min (4°C) the cDNA
was washed with two volumes of 75% ethanol, centrifuged at
14,000 g for 10 min (4°C) and resuspended in 50 µl of 1� TE
buffer. The cDNA was subsequently quantified using the Oli-
green single strand DNA Quantitation Reagent and Kit ac-
cording to the manufacturer’s instructions (Molecular Probes,
Eugene, OR).

Quantitative real-time PCR

Quantitative real-time PCR was performed using the ABI
Prism 7000 Sequence Detection System (ABI, Foster City,
CA). The probes for all genes consisted of Taqman 5� labeled
FAM reporters and 3� nonfluorescent quenchers. Primers and
probes for Cu-ZnSOD (GenBank mRNA; M21060, Y00404,
BC082800, BC058148, X05634), MnSOD (GenBank
mRNA; Y00497, BC070913), CAT (GenBank mRNA;
BC081853, M11670), and GPX (GenBank mRNA; S41066,
BC058438, M21210, X12367, X07365) were obtained from
Applied Biosystems (Assays-on-Demand; ABI, Foster City,
CA). The sequences used by the manufacturer in the design
of primers and probes from this service are proprietary and
are therefore not reported. However, the context sequences
(i.e., the nucleotide sequence surrounding the probe) are
available and consist of the following: Cu-ZnSOD, 5�-
AGCAGAAGGCAAGCGGTGAACCAGT-3�; MnSOD, 5�-
CGGGCGGCGTGCAGCGCGGGCAGAA-3�; CAT, 5�-
CAGCGGGCCCCTCAGAAACCCGATG-3�; and GPX,
5�-AGTTCGGACATCAGGAGAATGGCAA-3�. The heme
oxygenase-1 (HO-1) and hypoxanthine guanine phosphori-
bosyl transferase (HPRT) primers and probes were obtained
from Applied Biosystems (Assays-by-Design). Primer and
probe sequences for HO-1 are: Forward, 5�-GGTACGT-
GACGTGTAGGTTGAC-3�; Reverse, 5�-GCACCAACCTC-
CCCATTAAACTATT-3�; Probe, 5�-CTTAAGCCCTGGGTAT-
ACC-3�. Primer and probe sequences for HPRT are: Forward,
5�-GTTGGATACAGGCCAGACTTTGT-3�; Reverse, 5�-

AGTCAAGGGCATATCCAACAACAA-3�; Probe, 5�-
ACTTGTCTGGAATTTCA-3�. Each 25 µl PCR reaction,
performed in duplicate, contained 3.0 ng of cDNA template.
Gene expression was calculated using the relative standard
curve method as described in the ABI, User Bulletin #2
(ABI, Foster City, CA). HPRT was selected as the appropri-
ate normalizer since the expression of this gene in the dia-
phragm was not significantly altered by the experimental
treatments (p = 0.46).

Western blot analysis

A section (50–75 mg) of the costal diaphragm was homog-
enized and assayed to quantitatively determine the protein lev-
els of Cu-ZnSOD, MnSOD, CAT, and GPX. Samples were ho-
mogenized 1:10 (w/v) (5 mM Tris HCl, pH = 7.5, 5 mM
EDTA) and centrifuged at 1500 g for 10 min (4°C). The super-
natant (cytosolic fraction) was centrifuged at 10,000 g for 10
min (4°C) followed by an additional spin of the supernatant at
100,000 g for 1 h (4°C). Protein content of the cytosolic frac-
tion was assessed by the method of Bradford (Sigma). Pro-
teins (36 µg) from the cytosolic fraction were then separated
by polyacrylamide gel electrophoresis via 10% gradient poly-
acrylamide gels containing 0.1% sodium dodecyl sulfate.
After electrophoresis, the proteins were transferred to nitro-
cellulose membranes (200 mA for 1.5 h). Membranes were
stained with Ponceau S and visually inspected for equal pro-
tein loading and transfer. The membranes were then washed
and blocked in PBS-Tween buffer containing 5.0% skim milk
and 0.05% Tween for 2 h and subsequently incubated with a
primary antibody directed against Cu-ZnSOD (SOD-101;
Stressgen, Victoria, Canada), MnSOD (SOD-111; Stressgen),
CAT (ab16731; Abcam; Cambridge, MA) or GPX (ab16798;
Abcam). Primary antibodies were diluted 1:1000 for Cu-
ZnSOD and 1:2000 for MnSOD, CAT, and GPX in blocking
buffer and applied to the membranes overnight at 4°C. This
step was followed by incubation with a horseradish peroxi-
dase-antibody conjugate (1:2,000) directed against the pri-
mary antibody for 1 h. The membranes were then treated with
chemiluminescent reagents (luminol and enhancer) and ex-
posed to light-sensitive film. Images of these films were cap-
tured and analyzed using the 440CF Kodak Imaging System
(Kodak, New Haven, CT).

Citrate synthase (CS) activity

Citrate synthase activity [CS Enzyme Commission no.
(EC) 2.3.3.1] was utilized as a marker of oxidative capacity
and was measured according to the method described by
Srere (32).

Reduced glutathione levels 

Reduced glutathione (GSH) levels were measured as an
indicator of antioxidant status using a commercially available
kit according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, MI).

Statistical methods

Data are presented as means ± standard error of the mean.
Statistical significance between groups for each dependent
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variable was determined by a one-way analysis of variance
with Scheffé post-hoc analysis. Significance was established
at p < 0.05.

RESULTS

Animal body weights and wheel running activity

The 24ECR animals (338.0 ± 6.8 g) weighed less (p <
0.05) than 24AL (407.0 ± 11.8 g) and 24CR animals (377.5 ±
6.6 g). The difference in body weight between the 24AL and
24CR groups did not reach statistical significance (p = 0.07).
Running activity of the 24ECR animals is illustrated in Fig-
ure 1. Running activity for this group averaged 677 m/day
during the first week and peaked at 3300 m/day at 6 months
of age. Running activity was approximately 1600 m/day at 1
year and declined slightly to approximately 1300 m/day for
the remainder of the study. Running data are not reported for
the final month since animals were sacrificed between days 7
and 12.

Diaphragmatic mRNA levels 
of antioxidant enzymes 

Table 1 contains diaphragmatic mRNA expression levels
for genes assessed by quantitative real-time PCR. The di-
aphragms of sedentary animals fed the food-restricted diet
(24CR) displayed elevated (p < 0.05) MnSOD, CAT, GPX,
and HO-1 mRNA expression levels compared to the seden-
tary ad libitum fed (24AL) and exercise + 8% caloric restric-
tion (24ECR) groups. No changes were detected in Cu-
ZnSOD mRNA expression between any of the experimental
groups.
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Diaphragmatic protein levels 
of antioxidant enzymes

Protein levels of CAT, Cu-ZnSOD, MnSOD, and GPX
were determined by Western blot (Fig. 2). No significant
change in the arbitrary optical density units for any of the
proteins examined was observed between the 24AL, 24ECR,
and 24CR groups.

Diaphragmatic reduced glutathione (GSH) levels
and citrate synthase (CS) activity

GSH levels are depicted in Figure 3A. The animals in the
sedentary calorie-restricted group (24CR) demonstrated a
32.3% increase in GSH levels compared to 24AL animals and
a 26.5% increase in GSH levels compared to 24ECR animals.
One-way ANOVA indicated a significant F-ratio between the
24AL, 24ECR, and 24CR groups (p = 0.042). However, the
difference between the 24CR and 24AL groups did not reach
statistical significance upon post-hoc analysis (p = 0.085).

Citrate synthase activity is illustrated in Figure 3B. No dif-
ference (p > 0.05) in the diaphragm CS activity was detected
between the 24AL, 24ERC, and 24CR groups.

DISCUSSION

Overview of principal findings

These experiments provide new and important informa-
tion regarding the impact of lifelong voluntary exercise and
moderate caloric restriction (8% below ad libitum intake) on
the antioxidant status of the rat diaphragm. To our knowledge,
no studies have previously reported the diaphragmatic antiox-
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FIG. 1. Running wheel activity data for animals in the exercise + 8% caloric restriction (24ECR) group. Wheel-running
activity is presented for each month and is expressed as average meters run per day.
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idant enzyme mRNA response of animals to lifelong exercise
training. Contrary to our hypothesis, lifelong voluntary exer-
cise did not increase diaphragmatic mRNA expression of key
antioxidant enzymes or elevate GSH levels of the costal dia-
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phragm. However, these experiments did reveal the novel
finding that antioxidant enzyme mRNA of the diaphragm is
upregulated by a modest reduction in lifelong caloric intake.
Moreover, when combined with lifelong voluntary wheel run-

TABLE 1. DIAPHRAGM ANTIOXIDANT MRNA ASSESSED BY QUANTITATIVE REAL-TIME PCR

mRNA 24AL 24ECR 24CR

Cu-ZnSOD 1.59 ± 0.10 1.24 ± 0.10 1.51 ± 0.08
MnSOD 0.25 ± 0.05 0.30 ± 0.03 0.46 ± 0.03*
CAT 0.48 ± 0.19 0.62 ± 0.09 1.35 ± 0.15*
GPX 0.57 ± 0.11 0.66 ± 0.06 0.92 ± 0.05*
HO-1 81.07 ± 41.03 120.48 ± 19.09 276.58 ± 44.62*
HPRT 3.47 ± 0.21 3.69 ± 0.17 3.76 ± 0.22

Values are means ± standard error of the mean. 
*Significantly different from 24AL and 24ECR groups (p < 0.05).
See Abbreviations list for definitions.

FIG. 2. Densiometric analysis and representative Western blots of antioxidant protein levels in the diaphragm. (A) Cata-
lase (CAT); (B) Copper-zinc superoxide dismutase (Cu-ZnSOD); (C) Manganese superoxide dismutase (MnSOD); (D) Glu-
tathione peroxidase (GPX). 24AL, 24-month-old sedentary ad libitum fed; 24ECR, 24-month-old exercise + 8% caloric restric-
tion; 24CR, 24- month-old sedentary + 8% caloric restriction.
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ning exercise, the effect of CR on the diaphragmatic antioxi-
dant response was abated.

Lifelong exercise with moderate caloric restriction
does not alter diaphragmatic antioxidant status

The costal diaphragm of young adult rats exhibits an in-
creased antioxidant status following short- and long-term
treadmill exercise (24, 36, 37) and swim training (23). How-
ever, in the current experiment no exercise-induced alter-
ations in the expression level of antioxidant mRNA or pro-
teins were observed. Moreover, the lack of unaltered citrate
synthase activity is indicative of an unchanged diaphragmatic
oxidative capacity. Therefore, the lack of response in the an-
tioxidant status of the diaphragm following lifelong voluntary
exercise may be the result of an age-related reduction in the
duration and intensity of voluntary exercise during the last
weeks of the experiment. Indeed, the failure to observe an ex-
ercise-induced increase in diaphragmatic citrate synthase in
these old animals is indicative of an unchanged oxidative ca-
pacity, which implies that the level of exercise training at the
conclusion of these experiments was below the threshold re-
quired for metabolic adaptation in the diaphragm. Nonethe-
less, it should also be noted that the skeletal muscle antioxi-
dant response of young animals to exercise training has been
shown to be greater than the response observed in aged ani-
mals (8, 15, 23). Therefore, this may contribute to the lack of
change in antioxidant enzyme expression levels of animals in
the lifelong exercise group. Furthermore, potential effects of
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moderate CR with and without lifelong voluntary exercise on
ventilation and respiratory mechanics were not examined.
The effects of severe CR (i.e., semi-starvation) for periods
ranging from 7 to 10 days has been reported to exert no effect
on ventilatory muscle strength and endurance (2) and de-
pressed hypoxic ventilatory drive (1, 5). It is unknown if such
effects would be observed following a more moderate degree
of calorie restriction, such as that utilized in the current
experiment.

Differences have been reported in the literature regarding
the skeletal muscle antioxidant response to voluntary exer-
cise. For example, short-term voluntary exercise was not as-
sociated with altered skeletal muscle CAT, GPX, or total SOD
activity (28). Moreover, 5 months of voluntary exercise re-
sulted in elevated CAT and GPX activities, but no change in
the activities of MnSOD or Cu-ZnSOD was observed (29).
Following lifelong voluntary exercise, increased activities of
MnSOD and GPX were observed in skeletal muscle, but ac-
tivities of CAT and Cu-ZnSOD were not altered (16). Clearly,
the antioxidant response of skeletal muscle to voluntary exer-
cise training is variable and has not been clearly defined.

In the present study, additional possibilities that may ex-
plain the lack of altered antioxidant expression following life-
long voluntary exercise training include alterations in the
rates of mRNA translation and/or altered rates of protein
turnover in this group of animals. However, as shown in pre-
vious investigations, altered activities of antioxidant enzymes
following exercise training can occur in the absence of
changes in the levels of antioxidant mRNA and/or protein
levels in the diaphragm (11, 22) and locomotor muscle (7);
which may reflect the occurrence of post-translational modi-
fications. Also, the time of animal sacrifice following the last
bout of exercise may also affect levels of mRNA expression.
For example, upregulation of HO-1 mRNA (+7-fold) in the
plantaris has been reported immediately following acute
treadmill exercise, but was not different (+1.8-fold) 24 h
post-exercise (6). In the present study, animals had free ac-
cess to the running wheels until the time of sacrifice.

Caloric restriction upregulates 
diaphragmatic antioxidant mRNA

A surprising and novel finding of this study is the obser-
vation of elevated antioxidant enzyme mRNA in the di-
aphragms of sedentary rats consuming a calorie-restricted
diet of only 8% below the caloric intake of sedentary, ad libi-
tum fed animals. In fact, caloric restriction of 5–15% below
ad libitum intake is often imposed on control animals to pre-
vent the development of obesity (25). We did not expect to
observe significant alterations in any of the dependent mea-
sures following this moderate reduction in caloric intake.
Typically, experiments investigating the effects of food re-
striction on the extension of maximal lifespan and other bio-
chemical and molecular markers implement larger reductions
in caloric intake (40% below ad libitum fed). Furthermore, a
caloric deficit of 8% below ad libitum intake has not been
shown to prolong mean and maximum lifespan of rodents
(10).

The ability of lifelong, moderate CR to enhance the di-
aphragmatic antioxidant status of the sedentary rats observed

FIG. 3. Reduced glutathione (GSH) levels and citrate syn-
thase (CS) activity in the diaphragm. (A) GSH levels; (B)
CS activity. 24AL, 24-month-old sedentary ad libitum fed;
24ECR, 24-month-old exercise + 8% caloric restriction; 24CR,
24-month-old sedentary + 8% caloric restriction.
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in the present experiment may be associated with changes in
the intracellular redox status. Importantly, reduced caloric in-
take to 60–70% of ad libitum fed animals has been shown to
reduce levels of skeletal muscle oxidative stress (13, 17, 38).
Moreover, the protective effects of CR against oxidant-
mediated damage in skeletal muscle may be conveyed
through reductions in mitochondrial oxidant production or
possibly through an alteration in the antioxidant status (13,
33); although across various tissues it has been noted that
there is no consistent pattern in the antioxidant enzyme re-
sponse to CR (30). Although the occurrence of oxidative
stress was not established in the present experiment, the in-
creased mRNA expression of several key antioxidant en-
zymes in the 24CR animals, in addition to an approximate
30% elevation in GSH levels (p = 0.085), is suggestive of an
enhanced antioxidant status in the diaphragms of calorie-
restricted rats. Nonetheless, despite the increased mRNA lev-
els of key antioxidant enzymes, the protein levels of these an-
tioxidants were not different following lifelong caloric
restriction. Even though CR (30–40% below ad libitum fed)
is generally believed to improve the intracellular oxidant sta-
tus, it may be possible that lifelong moderate CR actually in-
creased diaphragmatic oxidant production; whereby antioxi-
dant mRNA expression was increased but did not result in
elevated protein levels due to an impaired mRNA transla-
tional capacity or altered rate of protein turnover. Clearly, ad-
ditional knowledge of the diaphragmatic oxidative state in
response to lifelong moderate CR would assist in the elucida-
tion of the signaling mechanism(s) involved in the regulation
of altered antioxidant mRNA expression.

To our knowledge, the present study is the first to examine
the antioxidant enzyme mRNA response in the diaphragms
of moderate calorie-restricted animals. Studies that have re-
ported the effects of CR on locomotor skeletal muscle an-
tioxidant enzyme activities and mRNA expression have im-
posed caloric reductions on the order of 30–40% below ad
libitum intake levels (13, 18, 31). In the gastrocnemius of
rats subjected to 9 months of CR (i.e., 40% below ad libitum
intake), upregulated mRNA expression of Cu-ZnSOD (+2.8-
fold), MnSOD (+2.1-fold), and GPX (+2.1-fold) was de-
tected compared to ad libitum fed controls (31). Further-
more, 2 years of moderate CR (20% below ad libitum intake)
elevated GPX activity in the soleus muscle compared to the
ad libitum fed controls; however, no change was detected in
the activities of CAT or SOD (35). Importantly, the results of
the present experiment, in conjunction with those from loco-
motor muscle, are in general agreement that CR is associated
with altered regulation of key antioxidant enzymes in skele-
tal muscle.

Heme oxygenase-1 (a.k.a. HSP32), a member of the heat
shock protein family, is an inducible stress response protein
that appears to exhibit antioxidant properties (4). The upregu-
lated mRNA expression of HO-1 in the 24CR animals is a no-
table difference between data of the current study with those
obtained from locomotor skeletal muscle. Two years of mod-
erate CR (20% below ad libitum) has been shown to reduce
the protein expression of HO-1 in the rat soleus compared to
age-matched, ad libitum fed controls (35). However, in the
current experiment, upregulated HO-1 mRNA expression is
consistent with the notion that an upregulated antioxidant re-
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sponse in the diaphragm is observed in response to moderate
CR imposed throughout lifespan.

SUMMARY AND CONCLUSIONS

The mammalian diaphragm has the capacity to upregulate
the activities of several key enzymatic antioxidants following
both short- and long-term exercise. Surprisingly, lifelong vol-
untary exercise did not result in significantly altered di-
aphragmatic antioxidant mRNA, protein expression, or GSH
levels. The inability of lifelong voluntary exercise to elevate
citrate synthase activity, a marker of oxidative capacity, may
partly explain why lifelong voluntary exercise did not elevate
the diaphragmatic antioxidant status; although an unknown
interaction between moderate CR and lifelong exercise may
have also occurred. Unexpectedly, increased mRNA expres-
sion of several antioxidants and a trend in elevated GSH lev-
els were detected in diaphragms of animals consuming a
caloric intake 8% below the intake level of ad libitum fed
controls. Therefore, these findings are suggestive of an up-
regulated antioxidant status in the diaphragm in response to a
lifelong, moderate reduction in caloric intake.
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