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Abstract Changes in the concentrations of thiobar-
bituric acid-reactive substances (TBARS), an index of
lipid peroxidation in liver, heart and soleus muscle,
were studied in trained (T) and untrained (U) rats
throughout a period of 48—72 h following running until
exhaustion. Creatine kinase (CK) concentration in
serum was also determined. The running time till ex-
haustion in group T was significantly longer than in
group U [174.5 (SEM 9.8) vs 92.7 (SEM 8.3) min,
P(0.01]. In group U TBARS concentration in inves-
tigated tissues increased significantly (P(0.01) after
exercise with the peak values observed 3 h after run-
ning. The postexercise increase in the TBARS concen-
tration persisted longer in the soleus muscle (48 h) than
in the liver or heart (3 h). A postexercise increase of
TBARS was observed in group T only in the liver. The
influence of training on the TBARS content depended
on the kind of tissue. The TBARS concentrations in the
liver at rest and immediately after the exercise were
lower in group U than in group T. In contrast, TBARS
concentrations in the heart and soleus muscle were
higher in group U than in group T. The exercise result-
ed, in both groups, in a rise of serum CK concentration,
peak values being observed 3 h following the exercise.
Postexercise concentrations of CK were considerably
lower in group T than in group U [3 h postexercise:
1740 (SEM 170) vs 2750 (SEM 231) U · l~1P(0.01].
A positive correlation (r"0.66, P(0.05) between
TBARS content in muscle and serum CK concentra-
tion was found only in group U. The results obtained
indicated that the generation of lipid peroxidation
products in the soleus muscle was intensified for a rela-
tively long time after the exercise. Endurance training
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decreased the susceptibility of tissues to the action of
free radicals. However, this influence of training was
more pronounced in the heart and soleus muscle than
in the liver.
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Introduction

Numerous investigations have shown that if free oxy-
gen radicals appear in excess in relation to the protec-
tive capacity of the body damage occurs to various
cellular components (Davies et al. 1982; Rajguru et al.
1994; Singal et al. 1982; Smith et al. 1989). Intense
physical exercise, accompanied by a manyfold increase
of oxygen utilization in relation to resting conditions,
has been shown to elevate the probability of the
appearance of free radicals (Packer 1986). This phe-
nomenon has been found to be promoted by an exer-
cise-related increase in the concentration of hydrogen
ions (Singh 1982), by enhanced metabolism of catechol-
amines (Singal et al. 1982), and by periodic ischaemia of
certain tissues with subsequent reoxygenation and
muscle damage with infiltration of neutrophils (Smith
et al. 1989).

The existing reports on the formation of free oxygen
radicals during physical exercise show contradictory
results. Numerous investigations have documented in-
creased postexercise concentrations of the markers
of lipid peroxidation, such as malondialdehyde or
total thiobarbituric acid-reactive substances (TBARS;
Davies et al. 1982; Kanter et al. 1988; Maughan et al.
1989; Packer 1986). However, no changes in the levels
of these parameters, or even their decrease, have been
observed in other studies (Panczenko-Kresowska et al.
1991; Sahlin et al. 1991; Viinka et al. 1984). These
contradictions may have been related to differences in



the type, intensity and/or duration of the exercise ap-
plied (Lovlin et al. 1987) and to the degree of adapta-
tion to exercise (Kihlstrom 1990, 1992; Salminen and
Vihko 1983). On the other hand, it should be stressed
that there is no method of choice for measuring exer-
cise-induced lipid peroxidation. All commonly used
methods have certain limitations. For instance it has
been shown that TBARS, the most commonly used
though a nonspecific marker of lipid peroxidation, may
sometimes overestimate the extent of the measured
process (Janero 1990).

Exercise-induced generation of free oxygen radicals
has aroused considerable interest. Nonetheless, very
few publications have appeared in which the markers of
lipid peroxidation have been determined, and only in
serum, in the course of the postexercise recovery
(Maughan et al. 1989). No reports on changes in the
levels of lipid peroxidation markers in animal tissues,
such as heart, liver or muscle during the first days
following exercise have been found in the literature and
measuring them in human beings would hardly be
justifiable.

One of the results brought about by free oxygen
radicals appears to be the peroxidation of cell mem-
brane lipids. Numerous investigators have postulated
that this phenomenon is responsible for elevated activ-
ities of cellular enzymes in blood serum during exercise
and in the postexercise period (Davies et al. 1982;
Kanter et al. 1988; Maughan et al. 1989). Kanter et al.
(1988) and Panczenko- Kresowska et al. (1991) have
observed a relationship between the concentrations of
TBARS and creatine kinase (CK) in serum. The CK
concentration is the most commonly used marker of
skeletal muscle damage. In fact, this enzyme is located
mainly in skeletal muscles and heart. However, the
quantitatively similar ratios of total CK and its Car-
diospecific iso-enzyme (CK — MB) in the muscle and of
that in serum following exercise have suggested that the
postexercise elevation of CK concentration in serum is
largely of skeletal muscle origin (Kanter et al. 1988;
Kosano et al. 1986; Miles and Schneider 1993). On the
other hand, the assessment of lipid peroxidation in
skeletal muscles by the serum TBARS concentration is
rather difficult. It has been shown that the TBARS may
diffuse into serum from various sources and then may
be rapidly cleared by the liver (Jenkins et al. 1993).
However, in the literature available no reports have
been found on the relationships between concentra-
tions of lipid peroxidation markers in skeletal muscles
and serum concentrations of CK.

The principal aim of the present study was to exam-
ine the influence of exhausting exercise on the concen-
tration of TBARS in liver, heart and soleus muscle at
different times after completion of exercise. The second
aim was to determine the relationship between the
TBARS content in the soleus muscle and CK concen-
tration in blood serum. In addition, the effect of endur-
ance training on these parameters was studied.

Methods

Subjects and procedure

Male Wistar rats [mean body mass in untrained (U) group
275.0 (SEM 6.0) g and in trained (T) group 271.7 (SEM 7.3) g] were
used in the experiments. The animals were fed a pelleted standard
diet for rodents supplemented with micro-elements and vitamins
(MURIGRAN) ad libitum. The U rats were only briefly (2]10 min)
accustomed to working on the treadmill, while the T rats
were exercised for 4 weeks (1 h daily, 5 day a week). After having
completed the training, and following a 2-day rest all the animals
(groups U and T) were forced to run on the treadmill with electric
stimulation until exhaustion. Average running speed was
28 m·min~1 (range 27—29 m·min~1), at a gradient of 15%. Random-
ly selected animals from both groups (15 rats at each time)
were sacrificed by cervical dislocation immediately before, and
following the exercise, as well as 3 and 24 h there-after. Rats from
group U were also sacrificed 48 and 72 h after the exercise.
Samples of liver, heart and soleus muscle were collected from
every animal. The TBARS were determined using the method of
Ohkawa et al. (1979). In the blood serum collected by heart
puncture, the concentration of CK was determined spectro-
photometrically by using commercial diagnostic kits (Boehringer-
Mannheim).

Statistics

For selected variables Pearson’s coefficient of correlation was cal-
culated. Two-way analysis of variance was used to analyse the effect
of training and of exercise on various dependent variables. Dunnet’s
test was applied to detect significant differences between rest and
post-exercise states (Steel and Torrie 1960). Student’s t-test was
applied to detect differences between the U and T groups.

Results

The time of running until exhaustion in the U group
was 92.7 (SEM 8.3) min and was significantly (P(0.01)
shorter than that in T group [174.5 (SEM 9.8) min].
Figure 1 gives the concentrations of TBARS in the
tissues examined. The analysis of variance for TBARS
showed a significant (P(0.05) main effect of training
and of exercise and also a significant training-exercise
interaction. In liver, higher values of TBARS during
rest (P(0.05) and immediately after exercise
(P(0.01) were found in group T, while in the remain-
ing periods, the concentration of TBARS appeared to
be alike in both groups. In contrast, in heart muscle the
concentrations of TBARS were lower in group T both
at rest (P(0.05) and after the exercise (P(0.01). Sim-
ilarly in the soleus muscle. TBARS concentrations at
rest as well as at 3 and 24 h after the completion of
exercise were lower in group T (P(0.01). The exercise
resulted in a significant increase (P(0.01) in the
TBARS concentration in all tissues examined in the
animals from group U. It is to be emphasized the this
postexercise increase in TBARS in the U group persis-
ted longer in the soleus muscle (48 h), than in the liver
or heart (3 h). In the T group, the postexercise increase
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Fig. 1 Thiobarbituric acid-reactive substances (¹BARS) concentra-
tions in the liver, soleus muscle and heart before and after exercise in
untrained and trained animals (means and SEM). Significantly dif-
ferent from the respective value for untrained group: b P(0.05,
b* P(0.01. Significantly different from the respective rest value:
a P(0.01

Fig. 2 Serum creatine kinase (CK) concentration before and after
exercise in untrained and trained animals. Significantly different
from the respective value for untrained group: b P(0.05,
b* P(0.01. Significantly different from the respective rest value:
a P(0.05, a* P(0.01

in TBARS was seen only in the liver immediately after
exercise (P(0.01).

A significant (P(0.05) main effect of training, of
exercise and the training-exercise interaction was also
demonstrated for CK concentration. As presented in
Fig. 2, both the rest and postexercise values of serum

CK concentration in the animals of group T were
significantly lower than in those of group U. In both
groups an exercise-induced increase in CK concentra-
tion was observed, which peaked 3 h after the comple-
tion of the trial. A positive correlation between TBARS
content in the soleus muscle and CK concentration was
found in the U rats (r"0.66, P(0.05), while no signif-
icant correlation was found in the T rats (r"0.35).

Discussion

The results obtained showed that an exhausting exer-
cise led to a considerable increase in TBARS concen-
trations in the tissues of the U rats. This confirms the
earlier studies of other authors who have observed the
effects of intense exercise on the generation of free
oxygen radicals (Davies et al. 1982; Kanter et al. 1988;
Maughan et al. 1989; Packer 1986). However, some
authors have not found elevation of lipid peroxidation
markers during an intense physical effort (Panczenko-
Kresowska et al. 1991; Sahlin et al. 1991; Viinka et al.
1984). One of the possible reasons for these discrepan-
cies may be the degree of adaptation to physical effort.
This is supported by the differences shown in this study
between the T and U animals. It is worth pointing out
that lower TBARS concentrations in the T animals
were observed in spite of a correspondingly higher
work output (longer running time) compared with the
U animals. The results obtained confirmed earlier ob-
servations of Kihlstrom (1990, 1992) and Salminen and
Vihko (1983) on the influence of endurance training on
the susceptibility of tissues to the action of free radicals.

The results obtained showed that TBARS concentra-
tions in group U rose during the postexercise period.
Peak values tended to appear after 3 h, the increased
values persisting for a period of 3—48 h. Similar results
have been obtained by Maughan et al. (1989), who have
investigated TBARS concentrations in human serum.
These authors have found increased concentrations of
TBARS after exercise with peak values at 6 h postexer-
cise. Serum TBARS concentrations returned to normal
values after 72 h, similar to our investigations in the
soleus muscle.

It should be mentioned that TBARS formed as an
effect of lipid peroxidation has been reported to under-
go further metabolism. For instance in the study
performed by Siu and Draper (1982), 60%—70% of
malondialdehyde administered orally, was found to
have been metabolized to carbon dioxide within 12 h.
Moreover, as has been demonstrated by Jenkins et al.
(1993), TBARS may rapidly diffuse from exercising
muscle and pass into urine. Our results would thus
indicate that the process of formation of lipid peroxida-
tion products in the soleus muscle is intensified for
a relatively long time after the completion of exercise.
It has been suggested that this phenomenon may be
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related, to some extent, to a prolonged, exercise-in-
duced inflammatory response, reflected by the accumu-
lation of neutrophils and macrophages within the capil-
lary bed of damaged muscle tissue (Armstrong et al.
1983; Jones et al. 1986; Kuipers et al. 1983). It is
likely that those inflammatory cells, which are capable
of producing free oxygen radicals, may contribute to
lipid peroxidation (Romson et al. 1983; Smith et al.
1989).

An interesting phenomenon observed by us was the
diversified effect of training on TBARS concentration
in individual tissues. In group T the postexercise in-
crease in TBARS content occurred only in the liver
(immediately after the exercise) and TBARS concentra-
tions at rest and immediately after exercise were higher
than those in group U. Higher concentrations of
TBARS in the liver of the T animals might be explained
by increased generation of free radicals under the influ-
ence of repeated exercise during the training and by
accumulation of their metabolic products. Moreover,
the higher value of TBARS found in the T group might
have been related to the work time until exhaustion
being almost doubled, compared with the U group.
However, in contrast, significantly lower TBARS con-
centrations were found in the heart muscle in group
T throughout the study period. Also in soleus muscle,
TBARS concentrations in group T were lower than
those found in group U.

The observed phenomena may have been, to some
degree, connected with differences in the influence of
training on anti-oxidative enzymes in various tissues.
As has been shown by Ji (1993), endurance training
results in an increase in catalase and glutathione per-
oxidase activities in muscle tissue. Also other authors
(Higuchi et al. 1985; Quintanilha 1984) have shown
increases in the muscle catalase and superoxide dis-
mutase during the period of training. An increase in
glutathione peroxidase activity in rat muscles under the
influence of training has been demonstrated by Quin-
tanilha (1984) and Ji et al. (1988). However, according
to Criswell et al. (1993), training-induced increases in
superoxide dismutase and in glutathione peroxidase
activities are limited to skeletal muscles composed pre-
dominantly of type I fibres (soleus).

Contrary to skeletal muscles, in the liver no influen-
ces of training on the activities of anti-oxidative en-
zymes have been observed (Ji 1993; Ji et al. 1988) and in
the case of cytosolic and mitochondrial glutathione
peroxidase even a lowering of their activities has been
found (Ji 1993). The lower concentrations of free radical
products in the heart under the influence of training, as
found in our investigations, remains consistent with
earlier observations of Kihlstrom (1990, 1992). It is of
interest that in heart muscle, as in liver, no effect of
endurance training on the activity of anti-oxidative
enzymes has been observed (Kihlstrom 1990). How-
ever, as has been pointed out by Kihlstrom (1992), the
lowered susceptibility of heart muscle to free radicals,

visible in trained animals, may be related to an
increase in the concentration of a reduced form of
glutathione.

Increases in CK concentration, similar to those ob-
tained by us, have frequently been described in the
literature (Faff et al. 1988; Kanter et al. 1988; Maughan
et al. 1989; Panczenko-Kresowska et al. 1991). It has
been suggested that the release of cellular enzymes into
the extracellular environment may have been related to
mechanical injury of the cells, increase of body temper-
ature (Young 1974), lower content of high energy
substrates in the cells (Thomson et al. 1975) or an
exercise-induced increased influx of lymph and soluble
muscle cell proteins present in the interstitium into the
bloodstream (Komulainen and Vihko 1994). As has
been postulated by Davies et al. (1982), exercise-in-
duced damages of cell membranes may be associated
with the peroxidation of lipids. This suggestion is
supported by the correlation between the TBARS con-
centration in the soleus muscle and serum CK concen-
tration, as shown in our present study. A positive
correlation between TBARS and CK concentrations
has also been found in the serum of human beings by
Kanter et al. (1988) following a 80-km run and by
Panczenko-Kresowska et al. (1991) in exercised skaters.
In studies on the isolated rat heart following hypoxic
perfusion and reoxygenation, Gauduel et al. (1989)
have shown the concentration of TBARS in heart
muscle and CK release to be correlated with one an-
other. However, Van der Heide et al. (1987) have not
found such a correlation in the isolated rat heart fol-
lowing a chemically induced lipid peroxidation.

No increases in the TBARS concentrations in the
heart and the soleus muscle were observed by us in the
T animals. Nevertheless, a significant rise in serum CK
concentration took place. This rise reached a maximum
3 h after the exercise, as in the U animals. The increase
in CK concentration in group T was considerably
lower than in group U, which is in accordance with
reports of other authors on the influence of training on
postexercise concentrations of cellular enzymes in
serum (Schwane and Armstrong 1983). In group
T however, we did not observe a significant correlation
between TBARS content in soleus muscle and serum
CK concentration. It may be suggested that lipid per-
oxidation may, to some extent, enhance the permeabil-
ity of cell membranes leading to an increased leakage
of CK into the serum. However, the postexercise
increases in concentration of cellular enzymes in serum
may have resulted from factors other than free radical
generation.

References

Armstrong RB, Ogilvie RW, Schwane JA (1983) Eccentric exercise-
induced injury to rat skeletal muscle. J Appl Physiol 54:
80—93

473



Criswell D, Powers S, Dodd S, Lawler J, Edwards W, Renshler K,
Grinton S (1993) High intensity training-induced changes in
skeletal muscle antioxidant enzyme activity. Med Sci Sports
Exerc 25:1135—1140

Davies KJA, Quintanilha AT, Brooks GA, Packer L (1982) Free
radicals and tissue damage produced by exercise. Biochem
Biophys Res Commun 107:1198—1204

Faff J, Dudkiewicz J, Józefczak E (1988) Effect of NaHCO
3

treat-
ment on exercise induced rise of some serum enzymes levels. Biol
Sport 5:5—9

Gauduel Y, Menasche P, Duvelleroy M (1989) Enzyme release and
mitochondrial activity in reoxygenated cardiac muscle: relation-
ship with oxygen-induced lipid peroxydation. Gen Physiol
Biophys 8:327—340

Higuchi ML, Cartier J, Chen M, Holloszy JO (1985) Superoxide
dismutase and catalase in skeletal muscle: adaptive response to
exercise. J Gerontol 40:281—286

Janero DR (1990) Malondialdehyde and thiobarbituric acid-reactiv-
ity as diagnostic indices of lipid peroxidation and peroxidative
injury. Free Rad Biol Med 9:515—540

Jenkins RR, Krause K, Schofield LS (1993) Influence of exercise on
clearance of oxidant stress products and loosely bound iron. Med
Sci Sports Exerc 25:213—217

Ji LL (1993) Antioxidant enzyme response to exercise and aging.
Med Sci Sports Exerc 25:225—231

Ji LL, Stratman FW, Lardy HA (1988) Antioxidant enzyme system
in rat liver and skeletal muscle: influences of selenium deficiency
acute exercise and chronic training. Arch Biochem Biophys
263:150—160

Jones DA, Newham DJ, Round JM, Tolfree SEJ (1986)
Experimental human muscle damage: morphological changes in
relation to other indices of damage. J Physiol (Lond)
375:435—448

Kanter MM, Lesmes GR, Kaminski LA, Ham-Saeger JL, Nequin
ND (1988) Serum creatine kinase and lactate dehydrogenase
changes following an eighty kilometer race. Eur J Appl Physiol
57:60—63

Kihlstrom MT (1990) Protection effect of endurance training against
reoxygenation-induced injuries in rat heart. J Appl Physiol
68:1627—1678

Kihlstrom MT (1992) lipid peroxidation capacities in the myocar-
dium of endurance-trained rats and mice in vitro. Acta Physiol
Scand 146:177—183

Komulainen J, Vihko V (1994) Exercise-induced necrotic muscle
damage and enzyme release during a four-day period following
prolonged submaximal running in rats. Pflügers Arch
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