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We have recently reported that xanthine oxidase is involved in the generation of free radicals in exhaustive exercise. Allopurinol, an inhibitor of

xanthine oxidase, prevents it. The aim of the present work was to elucidate the role of exercise-derived reactive oxygen species in the cell signal-

ling pathways involved in the adaptation to exercise in man. We have found that exercise causes an increase in the activity of plasma xanthine

oxidase and an activation of NF-kB in peripheral blood lymphocytes after marathon running. This activation is dependent on free radical formation

in exercise: treatment with allopurinol completely prevents it. In animal models, we previously showed that NF-kB activation induced by exhaus-

tive physical exercise leads to an increase in the expression of superoxide dismutase, an enzyme involved in antioxidant defence. We report evi-

dence in man that reactive oxygen species act as signals in exercise as decreasing their formation prevents activation of important signalling

pathways which can cause useful adaptations in cells.

NF-kB: Reactive oxygen species: Signal transduction: Marathon runners

Unaccustomed exercise increases the generation of reactive
oxygen species (ROS) in biological tissues (Davies et al.
1982). We showed that these radicals cause cellular damage
only when exercise is exhaustive (Sastre et al. 1992; Gomez-
Cabrera et al. 2003). We also reported that allopurinol protects
against cell damage caused by exhaustive exercise both in
man (Gomez-Cabrera et al. 2003) and in experimental animals
(Viña et al. 2000a,b), thus highlighting the role of xanthine oxi-
dase (XO) in ROS generation during exercise. However, free
radicals not only cause damage but also have a role in cell signal-
ling (Reid, 2001). Animals frequently exposed to exercise
(chronic training) have shown less oxidative damage after
exhaustive exercise than untrained ones. This is largely attribu-
ted to the up-regulation of endogenous antioxidant enzymes
such asmitochondrial Mn superoxide dismutase (MnSOD), glu-
tathione peroxidase and g-glutamylcysteine synthetase (Salmi-
nen et al. 1984). Since the adaptive properties result from the
cumulative effects of repeated exercise bouts, the initial signal
for the stimulation leading to the long-term modulation must
occur after each individual exercise bout (Hollander et al.
2001). Several oxidative stress-sensitive signalling pathways
are operational in mammalian systems and play an important
role in maintaining cellular oxidant–antioxidant balance. One
of the most important pathways that may be activated by ROS
involves nuclear protein NF-kB (Baeuerle & Baltimore, 1988).
We recently showed that acute exercise activates NF-kB signal-
ling pathway in rat skeletal muscle, leading to increased
expression of MnSOD, an enzyme involved in antioxidant
defence (Ji et al. 2004). Since MnSOD is a well-known antiox-
idant enzyme that modulates its gene expression in response to

cellular pro-oxidative and antioxidant status, we speculate that
NF-kB activation by ROS generated during exercise may be
the underlying mechanism for adaptation to training and
increased expression of antioxidant enzymes.

In the present paper, we examine the role of ROS in gener-
ating signals important for the adaptation of cells to exercise
in athletes after running a marathon. We report that ROS gen-
erated during marathon running induce an activation of plasma
XO, a superoxide-generating enzyme, which we have shown is
essential for the generation of oxidative stress in exercise in
animals. We also report an exercise-induced NF-kB activation
in peripheral blood lymphocytes from marathon runners. Pre-
vention of ROS formation by inhibition of XO with allopuri-
nol abolished these effects. These results are in accordance
with the data from previous animal studies in which we
reported an activation of mitogen-activated protein kinases,
which in turn activate NF-kB resulting in an increased
expression of important cellular proteins such as inducible
nitric oxide synthase, endothelial nitric oxide synthase and
MnSOD. Prevention of ROS formation by inhibition of XO
abolishes these effects.

The practical implication of our study is that decreasing
ROS effects by antioxidants may hinder beneficial cell adap-
tations during exercise.

Methods

Subjects

Volunteers were recruited from participants in the 23rd
Marathon of Valencia (all males, mean age 37(SD 8) years
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and with an average of 6(SD 2) marathon races completed).
Runners (n 25) were randomly divided by drawing lots into
two groups: placebo (n 14) and allopurinol supplemented
(300mg administered orally, 2 h before the race; n 11). The
pharmacokinetics of allopurinol indicates that this dose is suf-
ficient to effectively inhibit XO, and to treat hyperuricaemia in
clinical practice (Heunks et al. 1999). Time to complete the
marathon was not statistically different between the two
groups of athletes.
Blood was drawn from an antecubital vein 1 d before and

immediately after the marathon. All the runners gave
informed, written consent. The experimental protocol con-
formed to the standards set by the Declaration of Helsinki
and the procedures were approved by the Committee on
Ethics in Research of the Faculty of Medicine, University of
Valencia, Spain.

Lymphocyte isolation and assay of NF-kB

Lymphocytes were isolated from fresh whole blood using
Ficoll-Paque Plus (17-1440-02; Pharmacia) and low-speed
centrifugation (Harris & Ukaejiofo, 1970). The isolated sus-
pension of lymphocytes was subjected to whole-cell protein
extraction for the determination of NF-kB p50 activation,
which was performed using an ELISA method according to
the manufacturer’s instructions (TransAM NF-kB p50
Chemi: Active Motif). Briefly, the primary antibody used to
detect NF-kB recognizes an epitope on p50 that is accessible
only when NF-kB is activated and bound to its target DNA.

Malondialdehyde determinations

Malondialdehyde concentrations were determined in human
plasma using HPLC as described by Young et al. (1987).

Determination of xanthine oxidase activity

Amplexw Red Xanthine/Xanthine Oxidase Assay Kit (Mol-
ecular Probes) was used to determine xanthine oxidase activity
in human plasma as described by the manufacturer.

Statistical analysis

Results are expressed as means and standard deviations. Stat-
istical analysis was performed by the least-significant differ-
ence test which consisted of two steps. First an ANOVA
was performed. The null hypothesis was accepted for all num-
bers of those sets in which F was non-significant at the level of
P#0·05. Second, the sets of data in which F was significant
were examined by the modified t test using P#0·05 as the
critical limit.

Results

Activation of plasma xanthine oxidase after marathon running

XO activity increased from 0.65 (SD 0.1) IU/l before exercise
to 1.5 (SD 0.3) IU/l after the marathon (n 14, P,0·05). This
was prevented by treatment with allopurinol (0.90 (SD 0.05)
IU/l before exercise v. 0.97 (SD 0.1) IU/l after marathon run-
ning, n 11).

Activation of NF-kB after marathon running and prevention
by allopurinol

Marathon running induced activation of the p50 subunit of the
NF-kB complex in lymphocytes (Fig. 1). This was prevented
by treatment with allopurinol.

Inhibition of xanthine oxide prevents plasma lipid
peroxidation in marathon running

To determine whether XO is indeed responsible for oxidative
stress associated with marathon running, we measured lipid
peroxidation in the plasma of athletes before and after a mara-
thon. Malondialdehyde (a measure of lipid hydroperoxide
levels) was significantly increased after marathon running
(P,0·05). However, this increase was absent following allo-
purinol treatment (Fig. 1).

Discussion

Exercise generates free radicals (Davies et al. 1982). When
free radical formation overwhelms antioxidant defences,

Fig. 1. NF-kB activation in lymphocytes and plasma Malondialdehyde (MDA) levels after marathon running are blocked by treatment with allopurinol. Values are

means with standard deviation indicated by vertical bars for eleven subjects in the placebo group and fourteen subjects in the allopurinol-treated group. Mean

values were significantly different compared with those before the marathon: *P , 0.05, **P , 0.01.
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oxidative stress occurs. In this context, exercise causes oxi-
dative stress only when it is exhaustive (Sastre et al. 1992).

The mechanism of free radical formation in exercise has not
been completely elucidated. We showed that XO is involved
in free radical generation in exercised animals. Recently, we
found that allopurinol (an inhibitor of XO) prevents damage
associated with exhaustive exercise in the Tour de France
(Gomez-Cabrera et al. 2003).

In the current study, we show that XO-derived ROS acti-
vates an NF-kB signalling pathway in peripheral blood lym-
phocytes after running a marathon.

We previously reported that inhibition of XO with allopur-
inol prevents damage associated with exhaustive exercise in
animals (Viña et al. 2000a,b) and man (Gomez-Cabrera et al.
2003). We have used allopurinol to inhibit XO (Heunks et al.
1999; Viña et al. 2000a,b; Gomez-Cabrera et al. 2003).
Although allopurinol may act as a chemical antioxidant, we
found this is not the case at the dose used in the present
study. In human subjects treated with 300mg allopurinol, its
plasma concentration does not reach the levels required to
exhibit antioxidant properties (Heunks et al. 1999).

The idea that exercise generates signals important in cell
physiology has been suspected for a long time. Vider et al.
(2001) first showed that physical exercise induces activation
of NF-kB in human peripheral blood lymphocytes. Two
years later, Khassaf et al. (2003) found that supplementation
of subjects with vitamin C significantly diminished the ability
of lymphocytes to express protective enzymes (SOD and cat-
alase) and heat shock proteins following exposure to an
exogenous oxidant. They concluded that in vitamin C-sup-
plemented subjects, adaptive responses to oxidants were atte-
nuated. We report, for the first time, that XO-derived ROS
formed during marathon running are responsible for NF-kB
activation because, as shown in Fig. 1, inhibiting their for-
mation (with allopurinol) prevents NF-kB activation and,
possibly, the subsequent up-regulation of the expression of
protective, antioxidant enzymes.

In the present paper, we report that ROS produced in exer-
cise act as signals that regulate molecular events important in
cell adaptations to exercise in athletes. Thus, free radicals act
as a double-edged sword: they cause oxidative damage, but
they also up-regulate the expression of enzymes that are
important for antioxidant defense. The practical consequence
is that antioxidant administration prevents such adaptations
and, thus, the recommendation of taking antioxidant sup-
plements before exercise should be revised as they may pre-
vent useful adaptations induced by exercise.
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