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Abstract

Thiobarbituric acid-reactive substances (TBARS) level, as marker of lipid peroxidation,
and superoxide dismutase (SOD) activity, as endogenous antioxidant enzyme, were examined
in liver and soleus muscle tissue of young and old male Wistar rats. We established different
types of exercise running on a treadmill both for young and old rats, investigated the effect
of aging, exhaustion and training on these groups. The hepatic TBARS levels were raised in
the short-training young group and in the long-training old group. On the other hand, the
TBARS content decreased in soleus muscle in the short-training young group, and long-
training exercise enhanced lipid peroxidation in old rats. SOD activity increased in liver in
short-training group, while this activity showed the lowest values in long-training old rats.
With respect to soleus muscle tissue, SOD activity was elevated after exhaustive exercise in
young rats and old rats had the highest activity in the long-training old group. These findings
suggest that free radicals play a role in aging and that the different type, intensity and
duration of exercise modify the lipid peroxidation level and antioxidant enzyme activity.
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1. Introduction

Oxygen free radicals are involved in aging and exercise. Aging has been proposed
to be a result of continuous reactions of the cell components with oxygen free
radicals throughout the life span (Reznick et al., 1992).

Aging is a biological phenomenon described as a progressive loss of the physio-
logical functions, with resulting accumulation of tissue changes and increasing
susceptibility to disease and death (Harman, 1981). According to Miquel (1989) cell
aging is related to mitochondria damage resulting from free radical attack, and to
diminished effective mechanisms of cellular repair, and Nohl (1993) refers to aging
as a loss of organism homeostatic capacity. These concepts are related to the free
radical theory, proposed by Rebeca Gershman (1954), on the deleterious action of
the reactive oxygen species linked to aerobic metabolism. Accordingly, aging could
depend on the capacity of limiting the oxidative damage of DNA, and other
biomolecules.

On the other hand, antioxidant enzyme play an important role in defending the
cells against free radicals mediated oxidative damage. However, the relationship
between aging and antioxidant enzyme systems is still a controversial and unre-
solved subject (Ji et al., 1990). Two factors may interact and confound the search
for a consensus. First, aging is associated to a decline in protein synthesis and cell
proliferation, thereby affecting the turnover of antioxidant enzymes (Ji et al., 1988).
Second, age-related oxidative stress may cause adaptational changes in the antioxi-
dant enzyme status within the cell (Lawler et al., 1993). Thus, a systematic
approach to study all antioxidant enzymes in various cell compartments may be
required to provide better insight into the problem.

In the aging process, prooxidant status is involved due to increased oxygen free
radical generation and decreased antioxidant defenses. In the same way, it is widely
accepted that free radical production is increased during strenuous physical exercise
and this produces oxidative damage affecting various tissues as skeletal muscle,
liver, blood and other tissues (Duthie et al., 1990; Laughlin et al., 1990). However,
exercise training may induce antioxidant enzymatic defenses (Jenkins, 1988). Little
and controversial information exists to explain the relationship between oxidative
damage and antioxidant capacity, produced by exercise, both in young and old
animals (Hammeren et al., 1992). Ji (1993) explains how the antioxidant enzymatic
mechanisms showed a general decline in liver and an uniform increase in skeletal
muscle at older age. Ji and Fu (1992) report a significant increase in all enzymes
after exhaustion and it seems that, during exercise bouts, superoxide dismutase
(SOD) undergoes the highest rise, according to Lawler et al. (1994).

It is also widely acepted now that free radical generation is enhanced during
strenous exercise. This undoubtedly may cause alterations in cellular antioxidant
status, both acutely and in the form of chronic adaptation. In the last decade
evidence has been accumulated showing that antioxidant enzyme adaptation is one
of the fundamental changes of skeletal muscle in response to exercise training,
much the same as mitochondrial oxidative enzyme adaptations (Jenkins, 1988;
Sjodin et al., 1990). However, the significance of these findings has not been fully
appreciated by exercise physiologists.
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These experiments tested the hypothesis that the type, duration and intensity of
exercise affect biomarkers of free radicals and antioxidant activity, and the modifi-
cation with age.

2. Materials and methods
2.1. Animals

We employed 104 male Wistar rats; 43 animals were young rats (3—5 months)
and 61 old rats (24—27 months). They were divided into seven groups: rest young
(CY; n=16), exhausted young (EY; n=16), short-training young (STY; n=11),
rest old (CO; n = 24), exhausted old (EO; n = 15), short-training old (STO; n = 12)
and long-training old (LTO; n = 10). The animals were maintained under conven-
tional conditions and standard diet ad libitum in room temperature 22—-28°C on a
12:12 h light—dark cycle.

The animals were obtained from the Central Service of Experimental Animal
Department of the University of Cadiz, and all the experiments were approved by
the University Committee for Use of Animals in Research and followed guidlines
established by the European Regulation on animal treatment submitted to
experiment.

2.2. Exercise protocols

The different types of exercise were performed in a treadmill, with different speed
and slope. The group of the rest rats were considered as the control groups. These
animals were sedentary and were sacrificed without pre-exercise by decapitation.

The group of the exhausted rats (EY and EO) were in rest until they were
extenuated before their sacrifice. The protocol of extenuation was the following: the
exercise started at 10 m min~!, 0% grade, followed by gradual increases of
treadmill speed and grade every 5 min up to 30 m min—"', 15% grade. Average run
time to exhaustion for old rats (EO) was about 27 min. The young rats (EY) time
was about 55 min.

We also studied the training exercise. We established the protocols for short and
long-training. All animals were extenuated before decapitation, with a similar
protocol for extenuation without training. The group of short-training rats was
accustomed to running on a treadmill in a 4-week period during which intensity of
exercise was increased gradually to 20 m min ~!, 15% grade for 1 h each day, 5 days
per week. This intensity was maintained for another 8 weeks. The total time of
training was 3 months. The animals were extenuated before their sacrificie with the
same protocol of the other group. Average run time to exhaustion was about 40
min for the old rats (STO), and 80 min for the young rats (STY).

The protocol for long-training rats was as follows: the animals started this
protocol as 1 year olds. The group of long-training rats (LTO) was exercised with
the same protocol as the group of short-training, but the total time of training was
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1 year. The rats were extenuated and sacrificed when they were 27 months old. The
protocol of extenuation was the following: the exercise started at 10 m min !, 0%
grade, followed by gradual increases of treadmill speed and grade every 5 min up
to 30 m min~"', 15% grade. Average run time to exhaustion was about 55 min
(LTO).

Animals were considered exhausted when serum lactate was more than 6.1 mM.
This compound was determined according to the Wahlefeld method (Wabhlefeld,
1988).

2.3. Tissue preparation

All rats were killed by decapitation inmediatly after treadmill running. Control
groups were treated similarly. The time of the day when rats were killed was
consistent so that possible diurnal effects of the enzymes were eliminated.

After the rats were decapited and exanguinated, the abdominal cavity was
quickly opened and the liver was excised. The skeletal muscle soleus was then
dissected. All tissues were frozen in liquid N, as soon as possible, and kept under
— 80°C until analysis.

2.4. Assay methods

For analysis, a section of frozen liver or muscle tissue was tawed in a medium
containing sodium phosphate buffer 200 mM (pH 7.8) and homogenized at 4°C
inmediatly prior to assays.

The thiobarbituric acid-reactive substances (TBARS), as lipid peroxidation
marker, were assayed in homogenized tissues according to the Buege and Aust
method (Buege and Aust, 1978). The results were expressed as ymol/g tissue.

The superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed according to
Elstern’s method (Elstern et al., 1988) in supernatant. One unit enzyme is deter-
mined by the SOD units per gram of proteins in one mililiter of supernatant which
are able to reduce to half the value of maximal absorbance. The values were
expressed as U SOD/ g protein.

The protein concentration was determined using the Lowry et al. method, with
bovine serum albumin as the standard (Lowry et al., 1951).

2.5. Statistical analysis

Means and standard desviation (S.D.) were determined for all data, and analysis
of variance was used (ANOVA). Significance levels were set at P < 0.05.
3. Results

The TBARS levels in the liver and soleus muscle are shown in Table 1. OId rest
rats (CO) presented double the TBARS levels in liver with respect to young rest
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group (CY), and this difference was statistically significative. After extenuation, the
TBARS levels in liver were higher in old rats (EO) than young rats (EY) with
significant difference.

If we compare young and old rats, TBARS Ilevels were not modified in the liver
when the rats did short-training exercise (STY vs STO).

In soleus muscle, the young control rats (CY) had similar TBARS levels to the
old control group (CO). The young exhausted rats (EY) presented lower TBARS
levels than the old exhausted rats (EO), and this difference was significant. Also,
short-training young rats (STY) showed lower TBARS levels than short-training
old rats (STO), and the difference was significant.

For the different groups of young rats, STY had the highest TBARS values in
liver tissue (STY vs CY and STY vs EY). No significant difference was seen
between CY and EY. As shown in Table 1, lipid peroxidation level in soleus muscle
decreased in the short-training group, and the differences were significant between
this group and exhausted young rats (STY vs EY).

With respect to the old groups, LTO presented the TBARS levels higher than
other old rats, in both liver and soleus muscle (LTO vs CO, vs EO and vs STO).
TBARS levels in liver were similar on comparing the control group of old rats (CO)
with exhausted old rats (EO) and short-training old rats (STO). In soleus muscle,
the significant difference was shown between control and exhausted old rats (CO vs
EO) and between (EO vs STO).

The results of SOD activity are shown in Table 2. SOD activity was higher in rest
old rats (CO) than rest young (CY), in both liver and soleus muscle, and these

Table 1

TBARS levels in the liver and soleus muscle in control young (CY), control old (CO), exhausted young
(EY), exhausted old (EO), short-training young (STY), short-training old (STO) and long-training old
(LTO) groups

Groups TBARS in liver (#mol/g tissue) TBARS in soleus muscle (#mol/g tissue)

Young rats (3—5 months)

CY (n=16) 33.68 +£9.46 23.9445.27
EY (n=16) 35.03 +16.40 33.14 +£10.94*
STY (n=11) 46.74 4+ 15.36* 18.6 + 8.99

Old rats (24—-27 months)
CO (n=24) 66.37 4+ 18.79** 23.78 +5.44
EO (n=15) 54.47 +21.32%* 4591 + 14.61**P
STO (n=12) 57.03+6.45 27.33 4+ 5.59*
LTO (n=10) 101.61 4 10°¢ 74.08 £+ 4.3¢

Values are mean + S.D.

2 P<0.01 STY versus CY and STY versus EY; ® P<0.05 EO versus CO and EO versus STO; ¢ P<0.01
LTO versus CO, LTO versus EO and LTO versus STO.

** P<0.01 CY versus CO and EY versus EO; * P<0.05 STY versus STO.
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Table 2

SOD activity in the liver and soleus muscle in control young (CY), control old (CO), exhausted young
(EY), exhausted old (EO), short-training young (STY), short-training old (STO) and long-training old
(LTO) groups

Groups SOD activity in liver SOD activity in soleus muscle
(U SOD/g prot) (U SOD/g prot)
Young rats (3—5 months)
CY (n=16) 572.7+370.4 138.2 + 36.4¢
EY (n=16) 3511.9 +1199.2¢ 248.9 + 62.1
STY (n=11) 4262.9 +1207.6* 147.5 + 76.4°
Old rats (24—27 months)
CO (n=24) 2560.7 + 841.7** 335.4 + 110.2%*
EO (n=15) 2151.0 £+ 752.6*%* 153.5 4 73.3%*¢
STO (n=12) 1468.7 + 622.6%*4 62.2 4 24.8¢
LTO (n=10) 135.1 +20.2° 547.7+38.2"

Values are mean + S.D.

2 P<0.01 CY versus EY and CY versus STY; » P<0.01 EY versus STY; ¢ P<0.05 CY versus EY;
d P<0.01 CO versus STO; ¢ P<0.05 EO versus STO; ' P<0.01 LTO versus CO, versus EO and versus
STO.

** P<0.01 CY versus CO, EY versus EO and STY versus STO.

differences were statistically significant. In exhausted old rats, SOD activity de-
creased with respect to exhausted young rats in both liver and soleus muscle (EY
vs EO). The short-training young group (STY) presented higher values than the
short-training old group (STO), but the differences were only significant in liver
tissue.

On comparing the control group of young rats (CY) with exhausted young
rats (EY), the SOD values were higher in the exhausted than in the control
group of young rats. The short-training for young rats had bigger values in liver
than the other young groups, but the significant differences were with the control
young group (CY vs STY). In soleus muscle, the biggest SOD activity was in the
exhausted young rats (EY), showing a significant difference between short-train-
ing and exhausted young groups (EY vs STY). The exhausted young group (EY)
had a significant difference with respect to the control young group (CY).

The rest old animals (CO) presented the highest SOD activity in liver. Ex-
hausted old rats (EO) presented similar values. SOD activity decreased in short-
training old rats (STO) with respect to rest old group (CO vs STO). SOD
activity was the lowest in long-training old rats (LTO) in liver, when we com-
pared it with respect to the other old groups. In soleus muscle, the short-training
group (STO) had the lowest SOD activity The differences were significant in both
exhausted old rats (STO vs EO) and rest old rats (STO vs CO). However, SOD
activity in soleus muscle in long-training old rats (LTO) was higher than the
other groups.
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4. Discussion
4.1. Age-related changes

Lipid peroxidation secondary to free radicals is considered to be the best
indication of the amount of molecular lesions produced by ROS (Cutler, 1986; Ji et
al., 1990; Kretzschmar et al., 1990; Viani et al., 1991). The TBARS Ilevels in liver
tissue of old control rats showed a 2-fold increase. This data is in disagreement with
Barja de Quiroga et al. (1992) where they refer to TBARS levels greater in young
rats, however, we are in agreement with Liu and Mori (1993).

Literature concerning hepatic antioxidant enzyme response to aging is confusing.
Liver has one of the highest antioxidant enzyme activities in the body and is
involved in major detoxification functions. The difficulty in studying aged liver is
subject to numerous influences such as metabolic state and nutritional status. In our
experiences, liver SOD activity showed well grouped data and reveals a significant
increase in old control rats versus young control rats. These data are in agreement
with the results reported by Yen et al. (1994) and Ji et al. (1990).

These data can be interpreted as a purely aging-related effect. The possible
contribution of peroxidation to the aging process has been confirmed by the fact
that free radical-induced peroxidation promotes strong modifications of membrane
fluidity, lipid composition, and Na * /K *-ATPase activity just as aging does (Viani
et al., 1991). The SOD activity increase may be the expression of a self-protective
mechanism from superoxide-generated radicals operating in aging (Sawada and
Carlson, 1987).

In muscle tissue age-related changes in TBARS levels were not significant.
Age-related changes in muscular SOD activity, a well defined parameter in young
rats, showed in old control rats not only an increase in statistical mean but also a
very large standard deviation. So aging has a more variable effect on muscular
SOD activity levels without effects on normal limits of lipid peroxidation indexes.

The generation of oxygen radicals is directly related to the metabolic rate of the
cell. Liver and skeletal muscle tissues have different metabolic rate and protein
turnover, thus the influence of aging on the antioxidant enzymes in these two
tissues is to be expected different (Harman, 1986). Our results are in agreement with
this proposal.

4.2. Effects of maximal performance

Exhaustive exercise has metabolic correlates well defined in several studies but
secondary effects of sustained metabolic stress has seldom been reported (Rogers
and Evans, 1993; Cartee, 1994). Strenuous physical exercise has been shown to
impose an oxidative stress on the body due to oxygen free radical generation
including an increase of lipid peroxidation in various tissues (Ji and Fu, 1992; Leaf
et al., 1997). Young exhausted rats showed a 7-fold increase in liver SOD activity
levels, when compared to the control young group, and they also showed a lesser
significative increase in muscle SOD activity. This ability of liver tissue to generate
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a protective SOD response to exercise metabolic stress is seldom shown by the
muscular tissue. Our results are in agreement with the research of Ji and Fu (1992).
TBARS levels as liver as muscle are not modified in young exhausted rats with
respect to control group. Many investigators have reported increased lipoperoxida-
tion after strenuous exercise (Davies et al., 1982; Duthie et al., 1990; Ji et al., 1990)
but there is some controversy in the literature. Ji and Fu (1992) showed significant
lipid peroxidation in liver mitochondria but not in whole liver homogenate, and this
agrees with our results.

Thus, young exhausted rats are capable of inducing antioxidant enzymes under
oxidative stress (Fielding and Meydani, 1997). Storz et al. (1990) showed that
oxidative stress could upregulate a series of antioxidant enzymes. If these results
found in the prokaryotes could be extrapolated to the eukaryotes and mammalian
cells, the exercise-related increases in skeletal muscle and hepatic antioxidant
enzyme activities may be explained by a similar mechanism that reactive oxygen
species serve as inducers.

Recently, Oh-ishi et al. (1997) in a research about the effects of endurance
training on SOD activity, and content and mRNA expression in rat muscle, suggest
that adequate endurance training increases both the activity and content of
Mn-SOD and that untrained rats are rather susceptible to oxidative stress during
physical exercise. It thus appears that Mn-SOD provides a reliable index of physical
training.

In the old exhausted rats only the TBARS levels in muscle change, with respect
to the control group. Our results suggest the lack of capacity to adapt in old
animals, since as opposed to what occured in the young rats, an increase in
antioxidant activity is not induced and a greater muscular peroxidation appears.
This increase in lipoperoxidation could be thoght to contribute to the damage
shown by other factors in the skeletal muscle of old individuals after exhaustive
exercise, with modification to the microtubules, sarcoplasmic reticulum, and mito-
chondria, and also a reduction in various enzyme activities like the SOD (Cartee,
1994). And these would agree with the theory of the age threshold in exercise
suggested by Reznick et al. (1992).

4.3. Effects of short-training on exhaustion

Young short-training rats showed a significant increase in TBARS levels in liver
with respect to control and exhausted young rats. The SOD activity in liver is
increased with respect to the young control group. We can not compare our results
because we have not been able to find equivalent models in the consulted bibliogra-
phy. This increase in lipoperoxidation in this group as opposed to the exhausted
rats could be explain by the greater endurance time due to the fact that the animals
have been previously trained. This would lead to the production of lipoperoxidation
in spite of the increase of antioxidant SOD capacity.

In skeletal muscle, TBARS levels were not modified in young short-training rats,
with respect to the control group, but the levels were lower than in the young
exhausted rats. The SOD activity was similar to the control group, but lower than
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in young exhausted rats. There is a lack of data on the effects of training on
lipoperoxidation. Because training involves a chronic intermittent increased expo-
sure to oxygen it is of interest to know whether the SOD activity of the trained
subject is able to adapt. Alessio and Goldfarb (1988) and Alessio (1993) carried out
a study in rats to determine whether endurance training would influence the
production of lipoperoxides products at rest and after an acute exercise run. The
training programme increased oxidative capacity in skeletal muscle. After exercise,
the endurance trained group did not show an increase in lipoperoxidation. The
activity of SOD was unaffected by chronic exercise. Our results agree with these
authors, and disagree with Higuchi et al. (1985), Jenkins (1988), Criswell et al.
(1993). Our data suggest that training can result in a reduction of TBARS levels. It
might be suggested that these disparate results are related to differences in training
intensity, duration, or mode.

Old short-training rats showed a significant decrease of SOD activity levels, in
liver and muscle tissue, but TBARS levels were not modified in these tissues, when
we compared them with the old control group. Aging per se already caused a
significant elevation of basal antioxidant enzyme status, which might raise the
threshold of training adaptation. Moreover, we employed a rather conservative
training regime for the aged rats compared with the other authors.

Muscular tissue in short-training rats has a very similar response to exhaustion
protocol in old and young animals. In both groups a significative decrease in
lipoperoxidation effects of extenuated exercise was showed and a very similar
proportion of reduced SOD activity was evident. In old rats, the short-training
protocol prevents the TBARS elevation typical of this age group, and, in some
sense, they respond as if they were younger. In young rats, the training protocol
showed also the same reduction in lipoperoxidation produced by exercise, so the
effect of training on extenuation is the same for both ages, although its effects seem
to be different in older rats because, in this case, it prevents the otherwise inevitable
effects of strong metabolic stress in old muscle. The concomitant reduction of SOD
activities after previous training is not well explained and perhaps other free
radicals scavenger systems play some role. In either case training seems to protect
both age groups against muscular injury by oxidative stress, a most marked effect
in old rats.

4.4. Effects of long-training on exhaustion

Old rats subjected to a long-training protocol had been nearly half of their lives
under a chronic physical exercise, and they showed a very different response to
maximal performance. It is not possible to compare our results with other, as there
exists no study of training of old animals with such a long duration in the consulted
bibliography.

In the liver, lipoperoxidation effects of extenuation are very marked and they
showed a 2-fold increase in TBARS levels as compared with previously short-train-
ing rats of the same age. Chronic exercise protocol is much more lesive for hepatic
tissue metabolic response because of a very prolonged maximal performance. The
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same lipoperoxidation effects were noticed in muscular tissue where a 2-fold
increase of TBARS levels was evident also. Sustained training could result in a
more prolonged endurance and a substantial worsening of secondary molecular
lessions of exercise. An alternative, or perhaps complementary explanation, could
be the presumed aging effects of prolonged exercise.

More difficult is to explain the very low levels of hepatic SOD activity after
extenuation protocol in long-training rats, because they did not show a large
deviation and they obtain even lower values than normal resting young rats.
Muscular response of old rats after a very long-training is more surprising because
it showed a very large elevation of SOD activity that does not seem to protect
muscle cells from free radical metabolic damage. This unexplained elevation of
SOD is exactly opposed to the expected effect of training on exhaustion in muscular
cells of old rats. The muscle of long-training rats responds to exhaustion protocol
in an opposite way to old short-training animals, i.e. with a marked elevation of
TBARS and a very intense activity of SOD. Perhaps long term changes in muscular
fibre composition or metabolic adaptation to chronic exercise in these rats deserves
some explanation.

In summary, these findings suggest that free radicals play a role in aging and that
the different type, intensity and duration of exercise modify the lipid peroxidation
level and antioxidant enzyme activity.
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