
—ORIGINAL—

Free Radical Formation after Intensive Exercise in Thoroughbred
Skeletal Muscles

Yoshio MINAMI1, Minako KAWAI1, Taiko C. MIGITA2, Atsushi HIRAGA3 and 
Hirofumi MIYATA1*
1Biological Science, Graduate School of Medicine, 2Biological Chemistry, Faculty of Agriculture, Yamaguchi
University, Yoshida 1677–1, Yamaguchi 753-8515, 3The Equine Research Institute, Japan Racing Association,
321–4 Tokami-cho, Utsunomiya, Tochigi 320-0856, Japan

J. Equine Sci.
Vol. 22, No. 2
pp. 21–28, 2011

Although high oxygen consumption in skeletal muscle may result in severe oxidative stress,
there are no direct studies that have documented free radical production in horse muscles
after intensive exercise.  To find a new parameter indicating the muscle adaptation state for
the training of Thoroughbred horses, we examined free radical formation in the muscle by
using electron paramagnetic resonance (EPR).  Ten male Thoroughbred horses received
conventional training for 18 weeks.  Before and after the training period, all horses
performed an exhaustive incremental load exercise on a 6% incline treadmill.  Muscle
samples of the middle gluteal muscle were taken pre-exercise and 1 min, 1 hr, and 1 day after
exercise.  Muscle fiber type composition was also determined in the pre-exercise samples by
immunohistochemical staining with monoclonal antibody to myosin heavy chain.  We
measured the free radical in the muscle homogenate using EPR at room temperature, and the
amount was expressed as relative EPR signal intensity.  There was a significant increase in
Type IIA muscle fiber composition and a decrease in Type IIX fiber composition after the
training period.  Before the training period, the mean value of the relative EPR signal
intensity showed a significant increase over the pre-exercise value at 1 min after the exercise
and an incomplete recovery at 24 hr after the exercise.  While no significant changes were
found in the relative EPR signal intensity after the training period.  There was a significant
relationship between percentages of Type IIA fiber and change rates in EPR signal intensity
at 1 min after exercise.  The measurement of free radicals may be useful for determining the
muscle adaptation state in the training of Thoroughbred horses.
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Electron leakage via the mitochondrial electron
transport chain is considered to be the mechanism
predominantly responsible for the activity-independent
increase in free radicals.  Oxygen flux through the
active muscle can increase to several times the resting
values in response to intensive exercise.  The electrons
derived from mitochondria reduce the molecular
oxygen to superoxide anion (O2

–•); O2
–• is dismutated

to hydrogen peroxide (H 2O 2) by superoxide
dismutase; then, the highly reactive hydroxyl radical
(•OH) is formed from H2O2 in the Fenton reaction

with transition metals [23].  Rapid, increased
generation of •OH after exercise overwhelms the
antioxidant capacity, and oxidative stress is induced via
radical chain reactions [25].  The maximal oxygen
uptake (VO2max) of horses can reach up to 200 ml O2/
kg/min, which is more than three times the VO2 max of
humans [14].  Such high oxygen consumption may
result in severe oxidative stress.  Therefore, the horse
might be an excellent model for studying exercise-
induced oxidative stress.

There are some indirect techniques used to evaluate
free radicals that can detect end products of by-
products of radical chain reactions.  Most of the studies
of oxidative stress have used these indirect markers,
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and they report that a bout of exercise induces lipid
peroxidation [6, 7, 13, 18, 27], glutathione oxidation
[24], and protein oxidation [13].  Although these
indirect techniques are useful, they have been criticized
for their lack of specificity and reproducibility [12].
The most specific and direct method for determining
free radicals is electron paramagnetic resonance
(EPR).  However, there are no studies that have
documented EPR measurement of free radical
production in horse skeletal muscle after muscle
activity, and there are only four studies of skeletal
muscle in other species.  In 1982, Davies et al. [7] were
the first to establish an exercise-induced increase in
EPR signal intensity (i.e. level of free radicals) in
skeletal muscle of rodent hindlimbs.  Following their
report, Jackson et al. [11] reported an increase in EPR
signal intensity in an electrically stimulated rodent
gastrocnemius muscle.  In 2007, Bailey et al. [3]
reported an exercise-induced increase in EPR signal
intensity in human skeletal muscle.  Contradicting
these results ,  McArdle et  al .  [17] reported no
differences in EPR signal intensity were observed at 3 hr
or 3 days after lengthening contraction in rat skeletal
muscle.

In horses, some training adaptations are reported:
for example, muscle hypertrophy [20], improvement of
oxidative and glycolytic enzymes in muscle [29], muscle
fiber type transformation toward oxidative muscle fiber
[22], and improvement in antioxidant capacity [2].  In
particular, muscle fiber type transformation may
induce an increase in mitochondrial content and
enhance the generation of free radicals after exercise.
In contrast, improvement in antioxidant capacity can
scavenge free radicals and reduce the generation of
free radicals after exercise.  Therefore, it is very
interesting to consider the effects of training
adaptation on the formation of free radicals after
exercise.  In this study, using EPR, we examined
whether (a) a bout of intensive exercise increases the
intramuscular concentration of free radicals, (b) the
formation of free radicals is affected by the muscle
adaptation state induced by training, or (c) muscle
fiber transformation toward oxidative fiber has a
significant impact on free radical formation after
intensive exercise.

Materials and Methods

Animals, exercise test and muscle sampling
Ten Thoroughbred horses were used in this study.

Before the exercise test, all horses stayed on the pasture
in the daytime and were accustomed to running on a
treadmill for a short time.

A bout of incremental load exercise was used for the
exercise test.  It consisted of a warm-up (2 min of
walking 1.8 m/sec on a 6% slope) and incremental load
running (2 min of running at 4, 6, 8, 10 m/sec on a 6%
slope and then 2 min of running on a 6% slope at 11,
12, 13, 14,… m/sec).  Incremental load running was
continued until horses could not maintain the running
speed.  Muscle biopsy samples were obtained from the
middle gluteal muscle [4] at the same depth (5 cm)
before the exercise test and at 1 min, 1 hr, and 1 day
after the exercise test.  Each muscle sample was
immediately frozen in liquid N2 and stored at –80°C for
histochemical and EPR analyses.

All procedures were approved by the Animal
Experiment Committee of the Equine Research
Institute.

Training protocol
The training protocol for improving physical fitness,

which consisted of four phases, was conducted for 18
weeks.  Three minutes of treadmill running exercise for
5 days/week was performed at 75% VO2max from week
1 to week 3, at 90% VO2max from week 4 to week 6 and
at 100–110% VO2max from week 7 to week 10.  From
week 11 to week 18, the training consisted of 2 min of
treadmill running exercise at 110–115% VO2max for 2
days/week and 3 min of treadmill running exercise at
90% VO2max for 3 days/week.

EPR measurement
Frozen muscle samples (~50 mg wet weight) were

homogenized with 500 μl of cold homogenizing buffer
(~4°C) consisting of 40 mM Tris-HCl and 300 mM
sucrose.  Homogenized tissue samples were transferred
to a quartz sample tube for EPR spectroscopy and set in
the EPR cavity.  All EPR measurements were carried out
at  room temperatures  us ing an X-band E500
spec t rometer  (Bruker  B ioSpin ,  Yokohama) .
Spectrometer settings were maintained at: microwave
power=10 mW; microwave frequency=9.85 GHz;
modulat ion frequency=100 kHz;  modulat ion
amplitude=5.0 G; magnetic field center=3,510 G; scan
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width=100 G; scan time=20 sec; time constant=0.02 sec
for 1 sweep.  The measured spectra were subtracted
from the background spectrum obtained for the quartz
sample tube containing only homogenized buffer.

Histochemical analysis
Frozen muscle samples were cut with a freezing

microtome (Leica CM510; Leica Microsystems, Tokyo)
into 2 transverse sections of 10 μm thickness.  Based on
previous studies [20, 26, 29], the two transverse sections
were reacted for immunohistochemical analysis with
anti-mouse IgG.  The sections were allowed to warm to
room temperature and then pre-incubated in normal
goat serum in phosphate buffer at 25°C for 10 min.
The primary monoclonal antibodies against specific
myosin heavy chain (MHC) isoforms were then applied

to anti-Fast Myosin (1:1,000), which specifically labels
MHC-II, and SC-71 (1:1,000), which specifically labels
MHC-IIa.  The specificity of these monoclonal
antibodies in horses has been previously demonstrated
[15, 21].  The sections were incubated in primary
monoclonal antibody at 25°C overnight, then washed
with phosphate buffer five times, reacted with a
horseradish peroxidase-labeled secondary antibody
(1:1,000) at 25°C for 3 hr and washed with phosphate
buffer again.  Diaminobenzidine tetrahydrochloride
was used as a chromogen to localize peroxidase in both
primary antibodies.  On the basis of examination of the
immunohistochemical staining images, muscle fibers
were classified into Type I, IIA and IIX fibers (Fig. 1).
Type IIB fiber was not present in our horse skeletal
muscle, as demonstrated in a previous study [21].

Statistical analysis
Significant differences between the pre-experiment

condition and each experimental time point were
analyzed using the paired t-test.  A liner regression line
analysis was performed between EPR signal intensity
and muscle fiber type composition.  In all cases, values
of p<0.05 were considered significant.  All values were
reported as mean ± standard deviation (SD).

Results

EPR measurement
Figure 2 shows a typical EPR spectrum at room

temperature.  Free radical signals are characterized by

Fig. 1. Serial transverse sections of gluteus medius muscle from
a representative Thoroughbred horse stained for
immunocytochemistry. The sections were stained with
monoclonal antibodies to specific myosin heavy chain
(MHC) isoforms. Muscle fibers were classified into Type
I (expressing MHC-I), Type IIA (expressing MHC-IIa),
and Type IIX (expressing MHC-IIx). A: anti-Fast Myosin
(anti-MHC-II), B: SC-71 (anti-MHC-IIa).

Fig. 2. Typical EPR spectrum of Thoroughbred horse skeletal muscle at room temperature. The spectra indicate
a g=2.005 signal. This EPR spectrum was obtained by subtracting the background spectrum from the
measured spectrum. The background spectrum was scanned from a quartz sample tube containing
homogenizing buffer. Spectrometer settings: microwave power=10 mW; microwave frequency=9.85 GHz;
modulation frequency=100 kHz; modulation amplitude=5.0 G; magnetic field center=3,510 G; scan
width=100 G; scan time=20 sec; time constant=0.02 sec (1 sweep), H=magnetic field.
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their “g” value that is derived from the magnetic field
strength and the microwave frequency at which the
signal is seen.  For all muscle samples, a free radical
signal of the g value at 2.005 was seen.

Figure 3 shows the time course of changes in EPR
signal intensity.  The results represent a normalized
value (arbitrary unit) for muscle tissue concentration in
homogenate (MC; g/l).  Before the training period, a
significant increase in the EPR signal intensity was
observed at 1 min after the exercise test compared with
the pre-exercise (Pre) value.  There were no significant

differences between Pre and 1 hr or 1 day after the
exercise test, but the EPR signal intensities at 1 hr and
1 day did not completely recover to the Pre value.  On
the other hand, after training, no significant change in
the EPR signal intensity was detected at any time point
after the exercise test compared with Pre.  EPR signal
intensity at rest after training was significantly higher
than the value before training.

Muscle fiber composition
We examined muscle fiber composition in the

Thoroughbreds’ middle gluteal muscle before and
after training (Table 1).  The percentages of Type I, IIA
and IIX fibers before training were 10.5 ± 4.1, 43.4 ± 3.7
and 46.1 ± 5.7%, respectively.  After training, the
percentages of Type I, IIA and IIX fibers changed to
12.0 ± 2.9, 57.5 ± 6.6 and 30.5 ± 7.6%, respectively.
There was a significant increase and decrease in Type
IIA and IIX fibers, respectively.

Correlations between the percentages of each
muscle fiber type and change rates in EPR signal
intensity at 1 min after exercise are shown in Fig. 4.
The change rates in EPR signal intensity are presented
as values relative to each Pre value.  There was a
s igni f icant  negat ive  correlat ion between the
percentage of Type IIA fiber and change rates in EPR
signal intensity at 1 min after the exercise test, and a
significant positive correlation between the percentage
of Type IIX fiber and change rates in EPR signal
intensity at 1 min after the exercise test.

Fig. 3. Effects of a bout of exercise and training on the EPR
signal detected in Thoroughbred horse skeletal muscle
at room temperature. The values were normalized for
muscle concentration (MC; g/l) and expressed as
mean ± SD.  * p<0.05 (compared to Pre),  : Pre-
training,  : Post-training. * p<0.05 (compared to Pre),
†p<0.05 (compared to Pre-training). AU: arbitary unit.

Table 1. Effect of training on muscle fiber type (Type I, IIA, and IIX) composition

Pre-training Post-training

Type I % Type IIA % Type IIX % Type I % Type IIA % Type IIX %

horse1 7.0 41.2 51.8 12.7 47.0 40.3 
horse2 7.3 36.1 56.6 8.2 53.4 38.4 
horse3 11.2 46.4 42.4 ND ND ND
horse4 2.8 46.6 50.6 9.4 67.5 23.1 
horse5 18.2 42.2 39.6 14.1 63.7 22.3 
horse6 10.7 46.6 42.7 ND ND ND
horse7 10.9 38.7 50.4 9.4 51.6 39.0 
horse8 13.7 44.9 41.4 15.3 58.2 26.5 
horse9 11.3 45.6 43.1 15.5 59.8 24.7 
horse10 12.0 45.6 42.4 11.1 59.2 29.7 

Average 10.5 43.4 46.1 12.0 57.5* 30.5*
SD 4.1 3.7 5.7 2.9 6.6 7.6 

* p < 0.05 (compared to Pre-training; n=8).  ND: not determined, SD: standard deviation.
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Discussion

The present study is the first to report an EPR signal,
a proxy for free radicals, in horse skeletal muscle.
Davies et al. [7] and Jackson et al. [11] observed the EPR
signal in rodent skeletal muscle, and Bailey et al. [3]
also observed the signal in human skeletal muscle.
They reported that the EPR signals were derived from
ubiquinone, which has a g value of 2.004.  EPR signals
in our study had a similar g value.   However,
temperature conditions were set at 77K in the previous
studies, whereas it was room temperature in our study.
Therefore, further studies are needed to identify that
the origin of free radical signals in our present study
was ubiquinone radicals.

The level of free radicals increased immediately after
a bout of exercise in pre-training horses.  A major
contributor to the formation of free radicals, especially
ROS, immediately after exercise is O2 utilized during
mitochondrial oxidative phosphorylation.  Whole-body

O2 consumption during exercise can increase by up to
30-fold in the horse [5], and increases electron leakage
via the mitochondrial electron transport chain,
resulting in increased formation of free radicals.  At the
same time, antioxidant capacity acutely increases to
scavenge free radicals.  However, this acute increment
cannot completely compensate for the exercise-
induced formation of free radicals, resulting in an
increase in the level of free radicals, or oxidative stress
[13, 14].

During a recovery period after exercise, leukocytes
and macrophages, which are potential sources of ROS,
invade damaged muscle fibers [8].  These phagocytes
play a role not only in removing cell debris, but also
have harmful effects (i.e. delayed muscle recovery),
when phagocyte-derived ROS are overproduced
beyond requirement.  In the present study, exercise-
induced increases in free radicals did not completely
return to rest values during a 1-day recovery period in
pre-training horse.

Fig. 4. Correlations between percentages of each muscle fiber type and change rates in EPR signal intensity at
1 min after exercise. Change rates at 1 min after the exercise test are expressed relative to the pre-value.
Percentages of each muscle fiber type are expressed as the ratio to all muscle fibers.  : Pre-training, 

: Post-training.
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When increased generation of free radicals,
especially ROS, after exercise overwhelms antioxidant
capacity, muscular oxidative damage is induced via
radical chain reactions.  Thus, if antioxidant capacity is
enhanced by training and/or mitochondria-derived
ROS generation is reduced by training, these training
adaptations can minimize oxidative stress.  In fact,
there was no increase in free radicals immediately after
a bout of exercise in post-training horses.  In past
studies, Avellini et al. [2] reported that training can
increase antioxidant capacity in both the extracellular
fluids and blood cells of horses.  Venditti et al. [28]
reported that the mitochondrial H2O2 release rate was
significantly lower in trained than in untrained rats.
These reports suggest that regular long-term training
could induce some important adaptations to minimize
the formation of free radicals immediately after a bout
of exercise.

In the present study, 18-week training induced a
significant increase in the level of free radicals at rest.
This result indicates that regular long-term training
induces the accumulation of free radicals, or chronic
oxidative stress.  A similar negative training effect was
reported in humans [16].  That report demonstrated
that the plasma creatine kinase (CK) activity and
thiobarbituric acid-reactive substances levels in
weightlifters were significantly higher than those of
non-athletes, and CK activity and the indices of lipid
peroxidation significantly increased after 1 week of
intensive training in weightlifters.  Therefore, a proper
recovery period after training may be necessary in
order to reduce exercise-induced oxidative damage.

Regular long-term training induces oxidative fiber
type shift of muscle composition within Type II fibers
[22].  We found a significant increase in the percentage
of Type IIA fibers and a significant decrease in the
percentage of Type IIX fibers, which indicates a fiber
type transformation from Type IIX to Type IIA.  Rivero
e t  a l .  [22]  a l so  reported a  s imi lar  f iber  t ype
transformation of muscle composition.  The decrease
in the percentage of Type IIX in their study was similar
to our result, but the increase in the percentage of Type
IIA in their  s tudy was lower than ours .   This
inconsistency likely arises because they classified
muscle fiber type into 4 types (I, IIA, IIA/X, IIX),
whereas we grouped most of Type IIA and IIA/X fibers
into IIA fiber.

We found a significant negative correlation between
percentage of Type IIA fiber and change rates in EPR
signal intensity at 1 min after a bout of intensive

exercise.  We also found a significant positive
correlation between the percentage of Type IIX fiber
and change rates in EPR signal intensity at 1 min after a
bout of intensive exercise.  These results indicate that
the training-induced fiber type transformation from
Type IIX to Type IIA plays an important role in
depressing the generation of free radicals after
exerc i se .   However ,  mi tochondr ia l  oxygen
consumption and mitochondrial enzyme content are
greater in Type IIA fiber than Type IIX fiber [1, 9].
Thus ,  i t  seems that  e lectron leakage v ia  the
mitochondrial respiratory chain during exercise is
more severe in Type IIA.  In spite of this fact, why did
post-training horses, which possess a higher percentage
of Type IIA fiber compared to pre-training horses,
produce less free radicals immediately after exercise?
Why did the training-induced fiber type shift from Type
IIX to Type IIA depress the generation of free radicals
immediately after exercise? A possible answer to these
questions is the differences in mitochondrial properties
between muscle fiber types.  Ogata and Yamasaki [19]
demonstrated that Type IIB fibers possess a thinner
ultrastructure of mitochondria than other types.
Anderson et al. [1] reported that Type IIB fibers appear
to  possess  unique propert ies  that  potent iate
mitochondrial  O2

–• generation and/or H2O2

production/emission.  These studies suggest that Type
IIB (Type IIX in horses) fibers might possess properties
limiting the efficiency of intramitochondrial ROS
scavenging, advancing the rate of ROS production/
emission.  Another possible answer is the differences in
antioxidant capacity among muscle fiber types.
Anderson et al. [1] demonstrated that ROS removal
capacity is significantly greater in rat soleus (primarily
Type I fibers) > red gastrocnemius (Type IIA) > white
gastrocnemius (Type IIB) muscle when expressed
relative to milligrams of muscle dry weight.  Hollander
et al. [10] demonstrated that reinforcement by training
of some antioxidant enzyme activities occurred
primarily in Type IIA fibers.  These reports suggest that
Type IIA fibers have a higher antioxidant capacity than
Type IIX fibers.

In summary, in pre-training horses, the level of free
radicals was significantly increased immediately after
the exercise test and did not completely recover to the
pre-exercise value.  After 18 weeks of training, the
exercise-induced increase in free radicals was absent,
but the accumulation of free radicals occurred during
rest.  There were significant relationships between the
changes in free radicals immediately after exercise and
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the percentage of Type II fibers.  Although further
studies are needed, free radicals are a very useful
ind ica tor  o f  musc le  co ndi t ion ,  a t  l ea s t  in
Thoroughbred horses.
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