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Abstract The aim of this study was to evaluate whether
high-intensity endurance training would alleviate exer-
cise-induced oxidative stress. Nine untrained male sub-
jects (aged 19-21 years) participated in a 12-week
training programme, and performed an acute period of
exhausting exercise on a cycle ergometer before and
after training. The training programme consisted of
running at 80% maximal exercise heart rate for
60 min - day™', 5 days - week™! for 12 weeks. Blood
samples were collected at rest and immediately after
exhausting exercise for measurements of indices of
oxidative stress, and antioxidant enzyme activities
[superoxide dismutase (SOD), glutathione peroxidase
(GPX), and catalase (CAT)] in the erythrocytes. Maxi-
mal oxygen uptake (FOpmax) increased significantly
(P < 0.001) after training, indicating an improvement
in aerobic capacity. A period of exhausting exercise
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caused an increase (P < 0.01) in the ability to produce
neutrophil superoxide anion (O3 ") both before and after
endurance training, but the magnitude of the increase
was smaller after training (P < 0.05). There was a sig-
nificant increase in lipid peroxidation in the erythrocyte
membrane, but not in oxidative protein, after exhausting
exercise, however training attenuated this effect. At rest,
SOD and GPX activities were increased after training.
However, there was no evidence that exhausting exercise
enhanced the levels of any antioxidant enzyme activity.
The CAT activity was unchanged either by training or
by exhausting exercise. These results indicate that high-
intensity endurance training can elevate antioxidant
enzyme activities in erythrocytes, and decrease neutro-
phil O3~ production in response to exhausting exercise.
Furthermore, this up-regulation in antioxidant defences
was accompanied by a reduction in exercise-induced
lipid peroxidation in erythrocyte membrane.
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Introduction

During strenuous exercise, the metabolic rate in the
skeletal muscle is raised up to 100 times above resting
levels, reflected by markedly increased oxygen con-
sumption. This increase in oxygen consumption can lead
to an elevation of superoxide anion (O5") production in
the mitochondria (Davies et al. 1982; Jenkins 1988).
Subsequent reactions give rise to other reactive oxygen
species (ROS), i.e. hydrogen peroxide and extremely
reactive hydroxyl radical. The ROS has been shown to
induce damage in all cellular macromolecules, such as
lipids, proteins, and DNA (Sen 1995). Therefore, an
increase in the generation of ROS during exercise has
been considered to be an oxidative stress (Davies et al.
1982). Even moderate exercise may increase ROS pro-
duction exceeding the capacity of antioxidant defences
(Alessio 1993; Ji 1993). We showed that maximal exer-
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cise induced a larger increase in lipid peroxidation
compared to moderate exercise (Toshinai et al. 1998). In
addition, exhausting exercise has been shown to cause a
change in glutathione redox status in human blood
inducing an oxidative stress (Sastre et al. 1992).

Erythrocytes are susceptible to oxidative damage as a
result of the high polyunsaturated fatty acid content of
their membrane and the high cellular concentrations of
oxygen and haemoglobin (Hb), a potentially powerful
promoter of oxidative processes (Clemens and Waller
1987). Furthermore, neutrophils are the main sources of
extracellular ROS production in the blood. Neutrophils
have been shown to generate superoxide by activation of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase located on the plasma membrane (Pyne 1994).
The NADPH oxidase system has been shown to be ac-
tivated in response to various stimuli that can be pro-
voked by strenuous exercise (Suzuki et al. 1996). This is
especially important when superoxide is involved in the
initial oxidative injury since superoxide activates a
chemotactic factor that attracts polymorphonuclear
neutrophils. While this is a desirable reaction under most
circumstances, it may also provide a secondary source of
ROS production causing further tissue injury, including
erythrocytes, because erythrocytes in blood exist around
neutrophils, the number of the former being several times
as many as that of the latter. However, it is still unclear
whether superoxide production by neutrophils is relevant
to erythrocyte oxidative stress. Erythrocytes are exposed
to ROS that are constantly generated from both internal
and external sources even under normal conditions, and
they may be targeted for oxidative damage during exer-
cise. However, erythrocytes contain many antioxidant
enzymes such as superoxide dismutase (SOD), glutathi-
one peroxidase (GPX), and catalase (CAT), as well as
nonenzymatic antioxidants such as vitamin E, vitamin C,
glutathione and ceruloplasmin. These findings suggest
that erythrocytes maintain a high antioxidant defence
capacity. In a previous study, we have shown that
10 weeks of training increases CAT and total glutathione
reductase activities in erythrocytes (Ohno et al. 1988).
However, it is unclear whether a chronic adaptation of
the erythrocytes’ antioxidant enzymes can reduce oxi-
dative damage following exhausting exercise. It is also
unclear whether neutrophil O3~ production is altered by
acute exercise or chronic training.

Thus, the aim of this study was to investigate
whether high intensity endurance training reduces
exercise-induced oxidative stress in human erythrocytes,
and if so whether this reduction is causes by induction
of antioxidant enzymes, and/or attenuation of neutro-
phil oxidant production.

Methods

Subjects

Nine healthy male subjects participated in the study, aged 19—
21 years (Table 1). None was involved in a regular training pro-

Table 1 Effects of 12 weeks of
characteristics of the subjects (n = 9)

training on the physical

Before After

Mean SEM Mean SEM
Age (years) 19.4 0.2
Height (cm) 174 1 174 1
Body mass (kg) 70.5 2.6 70.4 2.7
Body mass index 23.4 0.6 23.3 0.7
Body fat (%) 15.3 0.7 15.5 0.7
Maximal O, uptake 449 1.5 49.7*¥*¥* 1.6

(ml kg™ min™")

*#%: P < 0.001 Compared to Before

gramme before the study. The subjects were informed of the proce-
dures involved and any possible risks and discomfort associated with
the experiment before giving written consent. This trial was con-
ducted following the guidelines of the Helsinki Declaration of 1975.

Experiment protocol

Before and after a 12 week training programme, the subjects per-
formed an incremental exercise test until exhaustion using a cycle
ergometer (Monark, Stockholm, Sweden) at a constant pedal speed
of 60 rpm with stepwise increments of 15 W every minute after a
warm-up at 15 W for 3 min. The gas exchange during exercise was
analysed from expired gases using an Oxycongamma (Mijnhardt,
Bunnik, Netherlands). Heart rate (HR) was continuously moni-
tored during the test. The endurance training programme consisted
of running at 80% maximal heart rate (HR ) for 60 min - day ™,
5 days - week™! for 12 weeks. Exercise intensity was adjusted as the
subject’s aerobic capacity increased. Subjects measured their own
HR during running exercise under the supervision of our techni-
cians. Percentage body fat was estimated by measuring skinfold
thickness. A Lange caliper (Eiyoken-type, Meikosha, Nagoya, Ja-
pan) was used to quantify skinfold thickness at the two sites (biceps
and subscapular), and percentage body fat was calculated using the
equation of Brozek et al. (1963).

Blood sampling and antioxidant enzymes assay

Heparinized blood samples were obtained from an antecubital vein
at rest and immediately after the exhausting exercise. The blood
(7 ml) was centrifuged (750g, 4 °C, 10 min), and erythrocytes were
separated. Erythrocyte fractions were resuspended and washed
three times with cold isotonic saline solution. Washed erythrocytes
were stored at —80 °C until analysis.

For measurement of the antioxidant enzyme activities, the
erythrocytes were haemolysed in 0.05% f-mercaptoethanol with
10% ethylenediaminetetra-acetic acid. The erythrocyte SOD [En-
zyme Commission no. (EC) 1.15. 1.1] activity was determined using
the method of Crapo et al. (1978). The GPX (EC 1.11.1.9) activity
was measured using the spectrophotometric assay described by
Tappel (1978). The CAT (EC 1.11.1.6) activity was assayed using
the method of Aebi (1984). All enzyme activities were expressed
relative to the Hb concentration.

Neutrophil isolation

Neutrophils were isolated from the peripheral blood by a one-step
centrifugal technique. Heparinized blood (5 ml) was decanted on to
the top of an equal volume of a Polymorphprep (NYCOMED, Oslo,
Norway) which separated monocytes and neutrophils, and was then
centrifuged at 500g for 30 min. The polymorphonuclear cell layer
was harvested using a Pasteur pipette, and its fraction was diluted by
adding one volume of 0.45% NaCl solution to restore normal



osmolality. The cell suspension was washed twice with Hank’s
balanced salt solution (HBSS) by centrifugation at 400g at 4 °C for
10 min. The cells were suspended to 1 x 10 cells mI™" in HBSS and
kept at 0 °C for no longer than 2 h prior to use.

Assay for the ability of O3~ production by neutrophils

The ability of neutrophils to produce O3~ was assessed by the in-
tensity of 2-methyl-6(p-methoxyphenyl)-3,7-dihydroimidazo[1,2-
a]pyrazine-3-one (MCLA; Tokyo Kasei, Tokyo, Japan)-dependent
chemiluminescence according to the method of Nakano et al. (1986)
with a slight modification. Zymosan (OZ; Sigma, St. Louis, Mo.,
USA) was opsonized in human serum at 37 °C for 30 min, and
opsonized OZ (final concentration: 20 mg ml™') was stored at
—80 °C until used, and used once after thawing. Some MCLA was
dissolved in distilled water and stored at —80 °C until needed. The
reaction mixture contained 1 x 10° neutrophils, 100 pl of OZ (2 mg
in2 ml),and 1 pM of MCLA in 2.0 ml of continuously stirred HBSS.
The intensity of luminescence was monitored using the luminescence
reader BLR-301 (Aloka Co., Tokyo, Japan) set at 37 °C. The reac-
tions were started with the addition of MCLA and OZ. Some Cu,Zn-
SOD (Wako, Tokyo, Japan) was added to stop the reaction. The
maximal intensity of OZ-stimulated neutrophils was measured as a
peak, and the reaction without OZ was monitored as a control. The
difference between the peak and control values was then defined as
the ability of neutrophils to produce O5 ™. The data were expressed as
percentages of each level at rest before training.

Oxidative damage of the erythrocyte membrane

The erythrocyte membrane was used to measure oxidative damage
such as lipid peroxidation and protein oxidation, and prepared by
centrifugation (20,000g, 4 °C, 30 min) three times with hypotonic
solution. Lipid peroxidation was estimated using the measurement
of thiobarbituric acid-reactive substance (TBARS) level according
to the method of Ohkawa et al. (1979). Reactive carbonyl deriva-
tive (RCD) contents as a marker of protein oxidation was mea-
sured using the method of Levine et al. (1990).

Statistical analysis

The statistical significance of the data was assessed by a two-way
analysis of variance (ANOVA) with repeated measure and Bon-
ferroni post hoc comparison. When applicable, the paired Student’s
t-test was used. A P < 0.05 level of significance was used.

Results
Physical characteristics

As shown in Table 1, ¥Oomay of the subjects increased
significantly (10.7%, P < 0.001) after 12 weeks of
training, indicating an improvement in aerobic capacity.
The time to reach exhaustion increased significantly after
endurance training from a mean of 14.4 (SEM 0.4) min
to a mean of 17.8 (SEM 0.3) min, and the mean exercise
intensity at the end of the exercise test also increased from
202 (SEM 6) W to 258 (SEM 6) W. There were no
changes in the other physical characteristics after training.

Neutrophil O3~ production

Exhausting exercise caused an increase in the ability of
the neutrophils to produce O3~ (P < 0.01) regardless of
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the running training. However, the magnitude of the
increase was smaller (P < 0.05) after training (Fig. 1).

Oxidative damage of the erythrocyte membrane

The TBARS levels as a index of lipid peroxidation were
increased (P < 0.05) in response to exhausting exercise
both before and after training. However, endurance
training decreased the amount of exercise-induced lipid
peroxidation (P < 0.05; Fig. 2). Meanwhile, RCD lev-
els, markers of oxidized protein, were unchanged either
by exhausting exercise or by training (Fig. 3).

Antioxidant enzyme activities

The activities of SOD and GPX increased by 17.1%
(P < 0.01) and 11.5% (P < 0.05), respectively, after
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Fig. 1 Effects of endurance training (7r) on the ability of
neutrophils to produce superoxide anion (O37). The data are
expressed as percentages of the concentrations measured at rest
before training. Values are means and SEM. Significantly different
from Rest 71: P < 0.01, f: P < 0.001, respectively, significantly
different from Before 7r *: P < 0.05
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Fig. 2 Effects of endurance training (7r) on exercise-induced lipid
peroxidation as measured by thiobarbituric acid reactive substanc-
es (TBARS) in the erythrocyte membrane. Values are means and
SEM. Significantly different from Rest {: P < 0.05, significantly
different from Before 7+ *: P < 0.05
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Fig. 3 Effects of endurance training (7r) on exercise-induced
oxidative protein assessed by reactive carbonyl derivative (RCD)
contents in the erythrocyte membrane. Values are means and SEM

12 weeks of intense training (Table 2). On the other
hand, these antioxidant enzyme activities were unaf-
fected by the period of acute maximal exercise. No
change in CAT activity was observed with either maxi-
mal exercise or endurance training.

Discussion

The results of the present study show that VOamax and
the time to reach exhaustion increased by 10.7% and
23.6%, respectively, after the training programme, in-
dicating an improvement in aerobic capacity. However,
body composition, such as body fat, did not change
substantially in spite of strenuous training. This result
may be explained by the low percentage body fat of the
subjects prior to training. A significant change in body
composition usually takes a longer period of training to
become manifest.

Exhausting exercise increased the ability of neu-
trophils to produce O3~ regardless of training; however,
the intense running training reduced exercise-induced
O3~ production. We have previously shown that the
ability of neutrophils to generate O3~ was markedly
increased in untrained rats after endurance exercise (Oh-
ishi et al. 1997). The mechanisms which induce the
priming of neutrophils is not clear, but it may be related
to various changes such as in cytosolic Ca’" concen-
tration and the number of the plasma membrane

receptors, which are thought to be influenced by neu-
roendocrine hormones, cytokines and chemoattractants
(Pyne 1994). Ashton et al. (1998) demonstrated that
exhausting exercise caused an approximately threefold
increase in free radical concentration in the venous
circulation of humans and increased serum lipid perox-
idation concentrations. Circulating hormones such as
catecholamines have been shown to rise during exercise
(Kindermann et al. 1982). Furthermore, catecholamines
increase the circulating leucocyte counts by mobilizing
leucocytes from marginated pools. Van Eeden et al.
(1999) suggested that circulating hormones generated
during exercise are unlikely to be responsible for the
increase in neutrophil activation, because the neu-
trophils mobilized during exercise are older compared to
originally circulating neutrophils. However, there is
evidence that the exercise-mobilized older neutrophils
produce more oxygen radicals than younger ones when
stimulated (Tanji-Matsuba et al. 1998). Moreover, acute
exercise has been shown to increase the expression of
complement 3bi receptors on the granulocyte plasma
membrane (Hashimoto et al. 1996). Therefore, our re-
sults may have been due to a down regulation of the
sensitivity of the neutrophils to factors that stimulate
superoxide generation, such as receptor density or a
decrease in catecholamine release during exercise, or
both, after training.

The ROS rapidly react with polyunsaturated fatty
acids in the cell membranes, proteins, and other cell
components. Therefore, these radicals may attack lipids
and proteins in the erythrocyte, because of the high
content of haem-iron and polyunsaturated fatty acids.
In this study, the levels of lipid peroxidation in the
erythrocyte membrane increased after maximal exercise
irrespective of training status. However, the increases in
these levels were reduced by training. Endurance train-
ing increased oxygen consumption during an incremen-
tal exercise test but decreased lipid peroxidation
following exhausting exercise compared with the pre-
training. Such interesting results on erythrocytes might
be related to the balance of free radical generation and
scavenging enzymes such as SOD, CAT and GPX.
Furthermore, TBARS levels in erythrocytes showed a
similar pattern to the superoxide production by neu-
trophils after the training programme. Therefore, the
oxidative stress in erythrocytes might be attributable, in
part, to ROS production by neutrophils. The results of
this study differ from the finding by Koz et al. (1992) in

Table 2 Erythrocyte

antioxidant enzyme activities Before After
followi hausti i
b(zef(())r\zlgglcf );f?;srﬁlfnfggrmse Rest Exhaustion Rest Exhaustion
tSrl?[lJr:rIZ)%(i?e zis?r)l.ufaosé) GPX Mean SEM Mean SEM Mean SEM Mean SEM
glutathione peroxidase. CAT sop (U g Hb) 1518 4l 1,606 29 1,778 70 1,791 38
’ & GPX (U g Hb_l) 31.7 0.4 32.7 1.1 35.3* 1.1 34.0 0.8
CAT (K g Hbfl) 31.8 0.4 31.2 0.2 314 0.2 31.3 0.3

*: P < 0.05 Compared to Before



that the erythrocyte malondialdehyde levels in rats did
not change following acute swimming exercise. These
conflicting results may be attributable to methodological
differences, especially in the use of nonspecific assays to
detect lipid peroxidation and variations in exercise du-
ration and intensity. In the present study, the levels of
oxidative protein were unaffected by either maximal
exercise or training. This finding was consistent with
several studies showing that protein carbonyl concen-
tration in rat skeletal muscles after an exhausting bout
of endurance exercise was not significantly elevated
(Bejma and Ji 1999; Reznick et al. 1992). Radak et al.
(1997) suggested that lipid peroxidation and protein
oxidation may involve different mechanisms in vivo. For
example, Leeuweuburgh et al. (1999) showed that
intense exercise can enhance protein tyrosine and phe-
nylalanine oxidation due to increased OH™ formation in
rats. The RCD assay may not be sensitive enough to
detect these damaging effects.

The up-regulations of erythrocyte SOD and GPX
activities were induced by 12 weeks of endurance train-
ing. However, these activities of antioxidant enzymes did
not change after exhausting exercise. These results were
consistent with the findings that erythrocyte antioxidant
enzyme activities were not affected in response to acute
exercise in humans (Duthie et al. 1990; Ohno et al.
1986), but can be induced by chronic exercise training
(Ohno et al. 1988).

At rest, cells have sufficient non-enzymatic and
enzymatic antioxidant systems to remove and prevent
harmful effects of ROS (Jenkins 1988). However, Smith
et al. (1995) suggested that submaximal exercise might
cause significant changes in erythrocyte susceptibility to
oxidative stress, and that these responses may account
for the increase in erythrocyte turnover found in athletes
undertaking strenuous training. Margaritis et al. (1997)
suggested that the magnitude of enhancement of the
antioxidant defence system depends on the amount of
training. Strenuous long duration exercise and exhaust-
ing training overwhelm the capacity to detoxify ROS,
producing oxidative stress (Marzatico et al. 1997). Thus,
endurance training can elevate the erythrocyte activities
of free radicals-scavenging enzymes.

We conclude that intense endurance training can el-
evate antioxidant enzyme activities in erythrocytes as
well as aerobic capacity. In addition, it decreases the
ability of neutrophils to produce O3~ following ex-
hausting exercise. Therefore, this up-regulation of the
antioxidant defence system would result in a reduction
of exercise-induced lipid peroxidation in the erythrocyte
membrane. Thus, such a 12 week running training pro-
gramme may be an effective strategy to up-regulate the
antioxidant defence system in the erythrocytes, which
increases their resistance to subsequent oxidative stress.
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