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Abstract

This work deals with the antioxidant enzymatic response and the ultrastructural aspects of the skeletal muscle of young
and aged rats kept under hypoxic or hyperoxic normobaric conditions. It is in fact well known that the supply of oxygen at
concentrations higher or lower than those occurring under normal conditions can promote oxidative processes that can cause
tissue damage. The enzymes investigated were both those directly involved in reactive oxygen species (ROS) scavenging
(superoxide dismutase, catalase and selenium-dependent glutathione peroxidase), and those challenged with the detoxication
of cytotoxic compounds produced by the action of ROS on biological molecules (glutathione transferase, glyoxalase I,
glutathione reductase), in order to obtain a comparative view of the defence strategies used with respect to aging. Our results
support the hypothesis that one of the major contributors to the aging process is the oxidative damage produced at least in
part by an impairment of the antioxidant enzymatic system. This makes the aged organism particularly susceptible to
oxidative stress injury and to the related degenerative diseases, especially in those tissues with high demand for oxidative
metabolism. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) are produced either
by normal physiological processes, or because of the
in£uence of exogenous species that can occur natu-
rally in the biosphere or xenobiotics that are pro-
duced by man's activities. These metabolites are cy-
totoxic, being able to produce deleterious e¡ects on
biological macromolecules [1]. All organisms have

mechanisms to scavenge the oxidants or to repair
the damage caused by ROS, including superoxide
dismutases, catalases, peroxidases, glutathione, thio-
redoxin, heat shock proteins and DNA repair which
are quite conserved from prokaryotes to eukaryotes.
The expression of the genes coding for these proteins
(oxidative stress genes) is induced by changes in the
concentration of ROS, suggesting that cells have de-
veloped a mechanism to sense the ROS [2,3]. How-
ever, after an increase in the production of free rad-
icals or a decrease in the defense against toxic species
or both, oxidative stress can occur. Oxidative stress
re£ects the consequences of a mismatch between the
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rate of formation of free radicals and the ability of
the cell to transform them to less toxic species. It is a
metabolic feature of many physiological conditions
such as strenuous physical exercise, stimulation of
intracellular oxidases, hypoxia, hyperoxia, degenera-
tive diseases, and drug induced toxicity [4^8]. More-
over, the free radical theory of aging assumes that
the increase in peroxidative damage associated with
aging is one of the major causes of the age-related
cellular and molecular damage and is mainly due to a
widespread decline in physiological functions and to
a defective adaptive regulation of a number of en-
zymes [9^11].

One of the main consequence of this reduced age-
dependent homeostatic response is a progressive im-
pairment in the ability to adapt to environmental
changes and a greater susceptibility to oxidative
stress injury.

In previous works we studied the response of anti-
oxidant and detoxifying enzymes in the liver and
lung of young and aged rats after hypoxic or hyper-
oxic normobaric treatments, as models of oxidative
stress [12,13]. The results showed an age-dependent
biochemical adaptive behaviour to both hypoxic and
hyperoxic conditions.

We have now extended our study to rat skeletal
muscle, by investigating both the ultrastructural as-
pects and the antioxidant enzymatic response to hy-
poxic or hyperoxic treatments during the aging proc-
ess.

The enzymes investigated were both those directly
involved in active oxygen species scavenging (super-
oxide dismutase, catalase and selenium-dependent
glutathione peroxidase), and those challenged with
the detoxication of cytotoxic compounds produced
by the action of ROS on biological molecules (glu-
tathione transferase, glyoxalase I, glutathione reduc-
tase), in order to obtain a wide comparative view of
the defence strategies used with respect to aging.

2. Materials and methods

2.1. Hypoxic treatment

Experiments were performed on two groups of
male Wistar rats (250^400 g) of eight animals each.

One group (hypoxic group) was exposed to 10% oxy-
gen (76 Torr of oxygen) for 12 days in a large plex-
iglas chamber, as previously reported [12,13]. The
chamber was recirculated with a pump; CO2 was
removed from the chamber air with baralyme and
continuously monitored by a capnograph. Boric
acid was mixed with the litter to minimize the emis-
sion of urinary ammonia. The room and the cham-
ber temperature was maintained around 25³C. The
other group (control group) was maintained on
breathing air in the same room (21%, 156 Torr of
oxygen). Each of these groups was composed of four
aged rats (25 months) and four young rats (2
months).

2.2. Hyperoxic treatment

Experiments were performed on two groups of
male Wistar rats. One group of eight rats (250^400
g) was exposed to 98^100% oxygen (760 Torr) for
60 h in a large plexiglas chamber, as previously re-
ported [12,13]. All the other experimental conditions
were the same as for the hypoxic treatment. Each of
these groups was divided into two groups: one of
young rats (2 months) and the other of aged rats
(25 months).

2.3. Cytosol preparation

After hypoxic or hyperoxic treatment, rats were
anaesthetized with Nembutal (30 mg/kg i.p.) and
portions of anterior tibial muscle were immediately
removed. Excised muscles were quickly dissected free
of fat and tendon and maintained at 380³C until
analysis. Immediately prior to biochemical analysis,
tissues were thawed, minced and homogenized. The
homogenization was performed in 10 mM potassium
phosphate bu¡er pH 7.0 (1:10 w/v) made 1 mM with
respect to Triton X-100 (for catalase and superoxide
dismutase assays) or made 1 mM with respect to
dithiothreitol (for glutathione peroxidase, gluta-
thione transferase, glutathione reductase and glyox-
alase I assays) with a Potter homogenizer. The ho-
mogenate was centrifuged for 60 min at 105 000Ug
with a Spinco L-50 centrifuge. The supernatants were
recovered and used for enzymatic activity measure-
ments.
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2.4. Enzymatic assays

2.4.1. Catalase
Catalase (CAT; EC 1.11.1.6) activity was meas-

ured according to a spectrophotometric method
[14]. The reduction of H2O2 at 240 nm was followed
on a Perkin-Elmer spectrophotometer at 25³C. One
unit was de¢ned as 1 Wmole H2O2 reduced/min.

2.4.2. Superoxide dismutase
Superoxide dismutase (SOD; EC 1.15.1.1) activity

was determined by the epinephrine method as de-
scribed by Sun and Zigman [15]. The inhibitory e¡ect
of superoxide dismutase on the autoxidation of epi-
nephrine (0.1 mM) in 50 mM sodium carbonate buf-
fer pH 10.0 was assayed spectrophotometrically at
480 nm and 25³C. Percent inhibition values were
converted into activities using a puri¢ed Cu-Zn bo-
vine superoxide dismutase as a standard. One unit of
superoxide dismutase was de¢ned as the amount of
the enzyme required to halve the rate of substrate
autoxidation.

2.4.3. Glutathione peroxidase
Quanti¢cation of glutathione peroxidase (GSH-

Px; EC 1.11.1.9) activity was done by the method
of Paglia and Valentine [16] as modi¢ed by Di Ilio
et al. [17]. The activity of the Se-dependent GSH-Px
was measured with H2O2 (0.25 mM) as substrate.
The oxidation of NADPH was followed at 25³C on
a Perkin-Elmer spectrophotometer at 340 nm. One
unit was de¢ned as 1 Wmole of glutathione (GSH)
oxidized/min.

2.4.4. Glutathione reductase
Glutathione reductase (GSSG-Rx; EC 1.6.4.27)

activity was measured as described previously [18].
The assay mixture contained 50 mM potassium
phosphate bu¡er pH 7.4, 1 mM EDTA, 1 mM
GSSG and 0.16 mM NADPH. The blank did not
contain GSSG. The oxidation of NADPH was fol-
lowed at 25³C on a Perkin-Elmer spectrophotometer
at 340 nm. One unit was de¢ned as 1 Wmole of
NADPH oxidized/min.

2.4.5. Glutathione transferase
Glutathione transferase (GST; EC 2.5.1.18) activ-

ity was recorded at 340 nm and 25³C by the method

described by Habig and Jakoby [19]. The standard
assay mixture contained 0.1 M potassium phosphate
bu¡er pH 6.5, 1 mM EDTA, 2 mM GSH and 1 mM
1-chloro-2,4-dinitrobenzene. The conjugation reac-
tion was monitored at 25³C on a Perkin-Elmer spec-
trophotometer following the increase in absorbance
at 340 nm. One unit was de¢ned as 1 Wmole of GSH
conjugated/min.

2.4.6. Glyoxalase I
Glyoxalase I (GLXI; EC 4.4.1.5) activity was as-

sayed as described by Mannervik et al. [20]. The as-
say solution contained 0.1 M sodium phosphate buf-
fer pH 7.2, 2 mM methylglyoxal and 1 mM GSH.
The reaction was monitored at 25³C, on a Perkin-
Elmer spectrophotometer, following the increase in
absorbance at 240 nm. One unit was de¢ned as
1 Wmole of S-lactoylglutathione produced/min.

2.5. Protein assay

The protein concentration was determined by the
biuret method, using seroalbumin as standard.

2.6. Reagents and enzymes

Reagents and enzymes were purchased from Sigma
and were of the purest grade.

2.7. Statistical analysis

Statistical analysis was carried out using Student's
t-test. P6 0.05 was taken as the level of signi¢cance.

2.8. Electron microscopy

Tibialis anterior muscles were removed from ani-
mals of each of the six groups described above and
small samples were obtained. The pieces of muscle
tissue were immediately ¢xed with 3% glutaraldehyde
in 0.1 M cacodylate bu¡er, pH 7.2, for 2 h at 0^4³C
and post¢xed in 1% bu¡ered osmium tetroxide for
2 h at 0^4³C; then they were dehydrated in an etha-
nol series and embedded in Durcupan ACM resin.
Ultrathin sections were cut with a Sorvall Porter-
Blum MT2-B ultramicrotome, stained with 5% uran-
yl acetate in 70% ethanol and lead citrate and ob-
served with a JEOL JEM 100C electron microscope.
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3. Results

3.1. Biochemical analysis

Aging induces a variation of some antioxidant and
detoxifying enzymatic activities. In particular a sig-

ni¢cant increase in GSH-Px and SOD activities and a
signi¢cant decrease in GLX I activity can be ob-
served (Table 1).

Table 1
Antioxidant and detoxifying enzyme activities in young and aged rat skeletal muscle subjected to hypoxia and hyperoxia

Enzyme Control Hypoxia Hyperoxia

Young Aged Young Aged Young Aged

Catalase 2210 þ 143 (n = 8) 1780 þ 110* (n = 8) 2100 þ 67 (n = 8) 1360 þ 65*** (n = 8) 2445 þ 140 (n = 8) 2700 þ 74 (n = 8)
Superoxide
dismutase

670 þ 37 (n = 8) 2157 þ 53*** (n = 8) 540 þ 40 (n = 8) 1700 þ 17*** (n = 8) 610 þ 18 (n = 8) 2440 þ 74*** (n = 8)

Glutathione
peroxidase

32 þ 7 (n = 8) 135 þ 13*** (n = 8) 24 þ 3 (n = 8) 95 þ 3** (n = 8) 71 þ 5.6 (n = 8) 123 þ 38 (n = 8)

Glutathione
transferase

16 þ 0.33 (n = 8) 19 þ 4.0 (n = 8) 5 þ 0.3 (n = 8) 15 þ 0.5** (n = 8) 7.55 þ 1.1 (n = 8) 12 þ 0.6* (n = 8)

Glutathione
reductase

16 þ 1.00 (n = 8) 17 þ 1.0 (n = 8) 14 þ 1.00 (n = 8) 17 þ 0.0* (n = 8) 15.1 þ 1.6 (n = 8) 2.55 þ 0.15** (n = 8)

Glyoxalase I 836 þ 86 (n = 8) 463 þ 28** (n = 8) 751 þ 59 (n = 8) 588 þ 27 (n = 8) 35.8 þ 3.7 (n = 8) 41.4 þ 3.9 (n = 8)

Speci¢c activities expressed as International mUnits/mg protein. T = 25³C. n = sample dimension. Values are means þ S.E.M.
*P6 0.05 vs. young, using paired Student's t-test. **P6 0.005 vs. young, using paired Student's t-test. ***P6 0.0005 vs. young, using
paired Student's t-test.

Fig. 1. Ultrastructural appearance of skeletal muscle in young (A) and old (B) untreated rats. m, mitochondria; my, myo¢brillar ele-
ments; n, nucleus. Bar: 1 Wm.
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Fig. 2. Hypoxic treatment. Longitudinal (B,D,E) and transverse (A,C) sections of young (A,B) and old (C,D,E) rat skeletal muscle.
c, capillary; m, mitochondria; my, myo¢brillar elements; u, glycogen; R, lipofuscin granule; *, intermyo¢brillar space. Bar: 0.5 Wm.
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3.2. Age-dependent antioxidant and detoxifying
enzymatic activities after hypoxic treatment

Hypoxic treatment does not induce any peculiar
variations of the enzymatic activities considered, ei-
ther in the young or in the old individuals, with the
exception of the GST activity that decreases signi¢-
cantly in the young (Table 1).

3.3. Age-dependent antioxidant and detoxifying
enzymatic activities after hyperoxic treatment

Hyperoxic treatment drastically a¡ects the enzy-
matic pattern in an age-dependent fashion. In the
young GSH-Px doubles its values, while GST de-
creases signi¢cantly. In the old hyperoxic treatment
induces a strong increase in CAT activity and a dras-
tic reduction of GSSG Rx activity. Both in the young
and in the old rats GLX I strongly decreases under
hyperoxic conditions (Table 1).

3.4. Ultrastructural analysis

Ultrastructural investigation of the young control
anterior tibial muscle shows the typical organization
of the red muscle ¢bres with several mitochondria,
especially localized below the sarcolemma, near the
nucleus and endowed with a great number of cristae
(Fig. 1A). Only very few degenerating mitochondria
are evident and are probably representative of the
normal turn-over of the organelles (not shown). In
the old control, the peculiar di¡erence observable
with respect to the young is a great number of de-
generating and swollen mitochondria with altered
matrix and cristae (Fig. 1B).

Hypoxic treatment induces muscle ¢bre alterations
both in young and old rat muscles. In the young
individuals mitochondria appear swollen, in some
cases cristae are in degeneration (Fig. 2A). In the
old muscle the mitochondrial derangement is higher,
and a wide and spread vacuolization with traces of
inner membrane can be observed (Fig. 2C).

In the young rats, myo¢brillar elements appear
normal: numerous glycogen granules are present in
the intermyo¢brillar spaces, grouped especially near
the Z line and the triads (Fig. 2B).

The longitudinal sections of the old hypoxic
muscle show a marked increase in the intermyo¢bril-

lar space and loss of myo¢laments (Fig. 2D). More-
over, an anomalous myo¢lament assembly can be
observed that gives rise to irregular myo¢brillar ele-
ments (Fig. 2E).

Hyperoxic stress causes damage to the muscle
structure similar to that found after hypoxic stress,
but more marked both in young and in old subjects.
However, in the latter the damage appears higher.
The main alteration visible in the young muscle is
a strong mitochondrial degeneration, mainly at the
cristae and matrix levels. The sarcomeric and myo¢-
brillar organization maintains its normal arrange-
ment (Fig. 3A). In the old rats, hyperoxia induces,
on the contrary, a deep derangement of the myo¢-
brillar elements that, when observed in transversal
sections, seem to lose their individuality (Fig.
3B,C). In some cases it is possible to note, like under
hypoxic conditions, the absence of myo¢laments and
enlarged intermyo¢brillar spaces, together with triad
degeneration (Fig. 3B). Mitochondria appear swol-
len, with deranged cristae. Some myelinic ¢gures
are also present as an index of structural alteration
(Fig. 3B).

4. Discussion

The ultrastructural investigation shows that the
main damage induced by the aging process to the
rat skeletal muscle structure is a mitochondrial de-
rangement. These data are consistent with the ¢nd-
ings of an age-dependent decline of the respiratory
chain activity in human skeletal muscle, observed by
Bo¡oli et al. [21,22]. In fact, an impairment of the
respiratory chain activity may result in the produc-
tion of partially reduced oxygen species that, in turn,
may produce damage to mitochondrial structures.
On the basis of this hypothesis, the age-related mi-
tochondrial decay is mainly due to an oxidative dam-
age caused by cellular energy de¢cits. These defects
might be one of the reasons of the decrease in the
mass and functional capacity typical of aging, mostly
in those tissues, such as skeletal muscle, having a
high demand for oxidative phosphorylation [23,24].
Moreover, reactive oxygen species leakage from aged
mitochondria is also well documented [25,26]. In this
context, the signi¢cant increase in SOD and GSH-Px
speci¢c activity we ¢nd in the aged rats compared to
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the young ones (Table 1) may be indicative of an
adaptive mechanism aiming at a better scavenging
action towards the overproduction of partially re-
duced oxygen species. It is worth mentioning that
an age-dependent increase in GSH-Px activity was
previously found by us also in rat liver and lung
[13] and is probably able to counteract the decrease
in CAT activity that occurs in the aged rat skeletal
muscle, likewise in liver and lung [13]. Also the GLX
1 activity trend with respect to age parallels what we
already found in rat liver and lung [13]. In particular,
it dramatically decreases (Table 1), causing in the old
individuals a reduced e¤ciency in the detoxication
from various 2-oxoaldehydes and, ¢rst of all, from
the highly cytotoxic methylglyoxal, whose deleterious
e¡ects on biological molecules may result quite se-
vere in this tissue with high glycolytic activity, being
a natural by-product of this metabolic pathway [27].
The aging process does not a¡ect, on the contrary,
GST and GSSG-Rx activity levels.

To better understand how the organism is able to
protect itself from oxidative stress injury, we should
consider the ratios between the antioxidants en-
zymes, more than their single speci¢c activities [28].
When a CAT/SOD and GSH-Px/SOD ratio increase
occurs, this might indicate an activation of the anti-
oxidant enzyme defence against ROS, while a de-
crease in one or both ratios would be indicative of
a lower scavenging e¤ciency. In the latter case, oxi-
dative damage may occur. Another important ratio
is GSSG-Rx/GSH-Px, that shows how the system is
able to recycle reduced GSH. When this ratio in-
creases, the system would be able to keep the GSH
levels high and to provide protection to the cells ;
when this ratio decreases, the cell might not produce
enough GSH to get rid of organic and inorganic
peroxides or ROS.

Table 2 shows that aging induces in rat skeletal
muscle a signi¢cant decrease both in CAT/SOD
and in GSSG-Rx/GSH-Px ratio, strengthening the
hypothesis that the mitochondrial alterations shown
by ultrastructural analysis in the aged rat muscle are
imputable to oxidative damage. Further supports to
these ¢ndings are data from the literature speaking
about an age-dependent depletion of reduced gluta-
thione in the liver of rat and mice [29].

The biochemical response of the antioxidant en-
zymes to hypoxic oxidative stress in the young and

Fig. 3. Hyperoxic treatment. Longitudinal (A,B) and transverse
(C) sections of young (A) and old (B,C) rat skeletal muscle.
m, mitochondria; my, myo¢brillar elements; *, intermyo¢brillar
space; u, sarcoplasmic reticulum. Bar: 1 Wm.
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old muscle is quite similar, since in both cases a
decrease in these enzymatic activities occurs,
although more marked in the aged rats. However,
the old hypoxic muscle shows higher levels of SOD
and GSH-Px activities with respect to the young one,
as well as in the control groups. After hypoxic treat-
ment, the values of CAT/SOD and GSSG-Rx/GSH-
Px ratios in the old rat muscle are signi¢cantly lower
than in the young muscle, suggesting an age-depend-
ent reduced homeostatic ability towards physiologi-
cal and environmental stresses. The ultrastructural
investigation is consistent with these observations.
Hypoxia, in fact, causes profound structural altera-
tions in the muscle organization of the old subjects,
concerning not only mitochondria and ¢bre derange-
ment, as in young muscle, but also a wide loss of
myo¢brillar elements and a marked increase in the
intermyo¢brillar spaces (Fig. 2B,D). It is possible
that the marked mitochondrial degeneration present
in the old hypoxic muscle gives rise to a massive
leakage of partially reduced oxygen species that
causes a generalized damage to muscle structure
(Fig. 2D,E).

An age related antioxidant and detoxifying enzyme
variation occurs under hyperoxic oxidative stress,
showing that a good level of inducibility is main-
tained also in the old individuals. Nevertheless, if
we consider the CAT/SOD and GSH-Px/SOD ratios
as an index of the status and adaptation level of the
antioxidant enzymes, it might be argued that the
aged muscles are much more vulnerable to oxidative
stress (Table 2). Moreover, after hyperoxic treat-
ment, the strong decrease in GSSG-Rx activity found
in the old group would result in a much less e¤cient
recycling of GSH, although the GSSG-Rx/GSH-Px
ratio drastically diminishes also in the young muscle
(Table 2). The structural damage caused by hyper-
oxic oxidative stress is higher than that observed

after hypoxic oxidative stress both in young and in
old rat skeletal muscle, where, in any case, the dam-
age is more severe. The spread and wide injury in-
£icted by hyperoxic stress both to mitochondria and
to myo¢brillar and sarcomeric structures might prob-
ably also be due to the drastic reduction in GSH
turn-over, that might contribute to the extent of ox-
idative damage, especially in the old skeletal muscle
where the GSSG-Rx/GSH-Px ratio becomes very
low.

The high oxygen tension produces a drastic low-
ering of GLX I activity, not related to age. It is well
known that inhibition of glycolysis by respiration
and as a consequence a lowering of the glycolytic
intermediates should occur. The possible reduced
methylglyoxal concentration might negatively a¡ect
GLX I activity.

Both under hypoxic and hyperoxic oxidative stress
the rat skeletal muscle GST activity of the young
undergoes a signi¢cant lowering. It has been reported
that GST subunit 1 gene contains an antioxidant
responsive element (ARE), that allows eukaryotic
cells to respond to oxidative stress [30]. It is thus
possible that the observed variation in GST speci¢c
activity might re£ect a change in the expression pat-
tern of the GST subunits. Our previous ¢ndings of
an age-related alteration of GST subunit composi-
tion in rat liver after hypoxic and hyperoxic oxida-
tive stress [12], as well as those of Veera Reddy et al.
about the induction of speci¢c rat hepatic GST sub-
units after exercise-induced oxidative stress [31] are
coherent with this explanation.

In conclusion, our data further support the hy-
pothesis that one of the major contributors to the
aging process is oxidative damage produced at least
in part by an impairment of the antioxidant enzy-
matic system. This makes the aged organism partic-
ularly susceptible to oxidative stress injury and to the

Table 2
Values of the CAT/SOD, GSH-Px/SOD and GSSG-Rx/GSH-Px ratios in young and aged rat skeletal muscle subjected to hypoxia
and hyperoxia

Ratio Control Hypoxia Hyperoxia

Young Aged Young Aged Young Aged

CAT/SOD 3.30 0.82 3.90 0.80 4.00 1.11
GSH-Px/SOD 0.05 0.06 0.045 0.06 0.12 0.06
GSSG-Rx/GSH-Px 0.50 0.12 0.58 0.18 0.21 0.02
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related degenerative diseases, especially in those or-
gans and tissues with high demand for oxidative me-
tabolism. The possible occurrence of exercise induced
oxidative stress [32,33], as well as the protective e¡ect
of antioxidant dietary supplementation [4,34,35]
should also be taken into account in designing phys-
ical exercise schedules suitable for aged individuals.
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