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Abstract

Live high train low (LHTL) is a well-known training model for preparation of competitions.  In
this study, the thiobarbituric acid reacting substances (TBARS) levels and superoxide dismutase (SOD)
activity were determined in heart, lung and muscle tissues of rats.  They were intermittently exposed to
hypobaric pressure of 523 mmHg, corresponding to an altitude of 3,000 m, and they performed swim
training at sea level.  Two groups of male rats were trained to swim for thirty minutes a day and 4 days
a week, lasting 9 weeks.  Two groups were exposed to hypobaria for 120 min a day and 4 days a week for
9 weeks in pressure cabin.

In heart tissue, TBARS levels of normobaric trained (NbT) group was higher (P < 0,05) than those
of the normobaric sedentary (control) group.  TBARS levels of hypobaric trained (HbT) group was
higher than those of the control and hypobaric sedentary (Hb) groups (P < 0.001; P < 0.01, respectively).
TBARS levels of lung tissue of HbT group was also higher than those of the same groups (control; P <
0.01, Hb; P < 0.05, respectively).  In muscle tissue, TBARS levels of HbT group was higher than those
of the sedentary groups (control; P < 0.001, Hb; P < 0.05, respectively).  SOD activity of heart tissue of
HbT group was higher (P < 0.001) than that of the other groups.  In lung tissue, SOD activity of control
group was lower than that of the other groups (HbT; P < 0.001, NbT; P < 0.01, Hb; P < 0.01, respectively).
In muscle tissue, SOD activity of HbT group was higher (P < 0.01) than that of the control group.

The results of this study suggest that intermittent hypobaric exposure may augment exercise-
induced oxidative stress in heart, lung and muscle of trained rats.
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Introduction

Oxidative stress is defined as increased free
oxygen (O2) radicals, reactive oxygen species (ROS)
and lack of  antioxidant substances which are able to
neutralize them.  The electron transport associated
with the mitochondrial respiratory chain is considered
as the major process leading to ROS production at

rest, and also during the exercise (9).  ROS generated
by a number of processes in vivo are highly reactive
and toxic.  ROS exert physiological conditions.  They
are known to be implicated in signaling pathways
regulating cell growth (35, 36) and cell status redox
control.  However, when produced in excess, ROS
exert detrimental effects and are able to damage
cell macromolecules such as DNA, lipids or proteins
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(7).  Among these targets the lipid peroxidation is
particularly more damaging because it leads to a
facile propagation of free radical reactions.  However,
biological systems have evolved an array of enzymatic
and non-enzymatic antioxidant defence mechanisms
to combat the deleterious effects of ROS.  Superoxide
dismutase (SOD) plays a key role in detoxification of
superoxide anion, thereby protecting against ROS-
induced damage.  In addition, reduced glutathione
(GSH) in conjunction with glutathione reductase
(GR), glutathione peroxsidase (GPx), and catalase
(CAT) enzyme also plays a central role in the defense
against ROS (38).

Besides, hypoxanthine/xanthine oxidase, the
inf lammatory react ion of  neutrophi ls ,  l iver
microsomal enzymatic functions, peroxisomal fatty
acids and D-amino acid oxidation, stimulation of
increased catecholamine on the beta-adrenergic
receptors in myocard and skeletal muscles are poten-
tial  factors increasing ROS production (19).
Mitochondrial ROS production increases during
exercise because the O2 consumption in the organism
rises dramatically during that period.

Additionally, results obtained from many ex-
periments performed on rats show that oxidative stress
indicators in the blood and various tissues increase in
relation to the hypoxic state and under the laboratory
conditions which simulate them (18, 30).

Oxidative stress in high altitude is not related
to the increase of the O2 consumption in tissues.
Ultraviolet (UV) radiation, lack of dietary antioxi-
dants, increased catecholamines, anoxi/reoxigenation
conditions and hypoxanthine-xanthine oxidase
contribute to the production of that process (2).
Additionally, it is also shown that the exposure to
high altitude decreases the activity and the effec-
tiveness of the antioxidant enzyme system (25).
Therefore, oxidative stress appears as a result of
ROS production in high altitude.

Living at moderate altitudes and training at
lower altitudes (Living High, Training Low-LHTL) is
a well-known training model for preparation of
competitions.  Training models such as LHTL may
augment physical performance by improving the

exercise tolerance and maximum work capacity (14,
23).  These methods may also attenuate some harmful
conditions such as overtraining (4).

In this study, as a modification of  the above-
mentioned model LHTL, Wistar strain male rats that
performed swimming exercise under normobaric sea
level conditions were exposed to intermittent hypo-
baria.  The aim was to examine SOD activity and
thiobarbituric acid reacting substance (TBARS) levels
and to determine adaptational changes in oxidant-
antioxidant balance in heart, lungs and muscles where
there is a heightened oxygen metabolism during
exercise.

Materials and Methods

Animals

Forty-eight inbred, male Wistar strain Albino
rats (5-6 months of age) were provided by the Centre
for Reproduction and Research of Experimental
Animals, Cerrahpasa Faculty of Medicine, University
of Istanbul (The properties of the groups are given in
Table 1).  The rats were equally randomized and
divided into four groups.  Group 1 consisted of hypo-
baric trained rats (HbT); group 2: hypobaric sedentary
rats (Hb); group 3: normobaric trained rats (NbT);
group 4: normobaric sedentary rats (control).  Nine
rats were excluded from our experimental procedure
due to some considerations (i.e., death, infections,
extremity injuries, wounded tissues, etc.).  The rest
of them (n = 39) were evaluated.

These animals were housed in conventional wire-
mesh cages, four rats per cage, in a room with the
temperature regulated at 21 ± 1°C, humidity 45-50%
and in daily light-dark cycle (12 h).  All rats were
given ad libitum access to food, and tap water by
drinking bottle throughout the experiment.  They
were fed a standard laboratory diet and received
human care according to the criteria outlined in the
“Guidelines for the Care and Use of Laboratory
Animals” provided by the National Academy of
Science and published by the National Institutes of
Health (10), for the exercise to take place during their

Table 1.  The characteristics of the experimental groups

Groups n Final Weight (g) Normobaric Swim Intermittent Hypobaric
Means ± SEM  Training Exposure

Group 1 (HbT) 12 273,08 ± 9,22* Trained Exposed

Group 2 (Hb) 10 268,00 ± 8,34 Sedentary Exposed

Group 3 (NbT)   8 263,57 ± 10,65 Trained Not

Group 4 (control)   9 237,56 ± 9,22 Sedentary Not

*The means of the HbT group were significantly higher than those of the control group (Tukey HSD; P < 0.05).
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most active period.
A hypobaric chamber or cabin, is an environment

used during aerospace or high terrestrial altitude
research or training to simulate the effects of high
altitude on organisms, especially hypoxia and hypo-
baria.  In our study, rats were exposed to hypobaric
pressure of 523 mmHg, corresponding to an altitude
of 3,000 m, for 120 min a day and four days a week for
9 weeks in a pressure cabin.  To create a hypobaric
environment, the air in the cabin was emitted by
means of an air pump.  The O2 pressure in the cabin
was kept constant.  The pressure was followed auto-
matically by means of a manometer connected to a
Hg sensor.

Exercise

Trained rats were habituated to swimming for
5 min a day.  The time of the exercise was gradually
increased 5 min per day up to the level of  30 min a
day.  Trained rats performed swimming exercise four
days a week.  The procedure lasted for 9 weeks.  Rats
swam in groups of 4-5 animals simultaneously.  Rats
of HbT group immediately swam consecutively the
hypobaric protocol on the same day.  Swimming
exercises were performed in a cylindrical glass beaker
filled with water, approximately 35 cm deep and
50 cm wide.  The beakers were submerged in a
thermostatic water bath set between 30°C and 32°C.
The fur of the rats was washed with liquid soap prior
to the swimming.  Air bubbles trapped in the fur were
removed periodically to reduce buoyancy and ensure
the imposed work load.  Sedentary rats remained in
their cages throughout the study.

Tissue Preparation

Nine weeks later, all rats were sacrificed by
decapitation, 4 days after the last exercise.  At the
time of sacrifice, the rats were lightly anesthetized
with ether.  The tissues were removed from all rats
in the same order: heart, lung and tibialis anterior
muscles from both hind legs.  The tissues were im-
mediately covered with ice-cold buffer and kept on
ice and then immediately transported to a cold room
where they were processed to small preparations.  All
the tissue preparations were frozen on dry ice and
then transferred to a –80°C freezer where they were
kept until the measurement.

Biochemical Measurements

The TBARS levels and SOD activity in the
tissues of rats were determined as a marker of lipid
peroxidation (LPO), and the first line of defense
against oxygen-derived free radicals, respectively.

Tissue Homogenization

The tissue samples were weighed (wet weight)
and homogenized in ice-cold NaCl 0.9% to produce
a 1/20 (w/v) homogenate.  Tissue homogenization
was performed with a tissue grinder fitting a Teflon
pestle.  The homogenate was sonicated with MSE
sonicator two times at 30-second-intervals on ice,
with a power output of 38 watts.  The sonicated
homogenates were centrifuged at 2,000 rpm for 10
min for the measurement of LPO and 15,000 rpm
for 15 min for the measurement of the SOD activity,
at 4°C.  The biochemical assays were performed in
the supernatants.

Measurement of LPO Levels

Tissue TBARS levels, as the marker of LPO was
determined with the spectrophotometric method
described by Buege and Aust (5).  Stock solution:
15% trichloroacetic acid (TCA), 0.375% thiobarbituric
acid (TBA), 0.25 N hydrochloric acid (HCl).  The
samples were heated in a water bath for 20 min and
after cooling, centrifuged at 2,000 g for 15 min and
the formation of a pink color as a result of the reaction
in between one molecule of TBARS and two molecules
of TBA, and was then measured at 560 nm spectro-
photometrically.

Measurement of SOD Activity

Tissue SOD activity was measured by the mod-
ified method of Sun et al. (34).  The activity of SOD
was measured in an alkaline medium that is titrated to
pH: 10.2 during the experiment.  This assay for super-
oxide dismutase SOD (EC 1.15.1.1) activity involved
inhibition of nitro blue tetrazolium (NBT) reduction,
with xanthine-xanthine oxidase used as a superoxide
generator.  One unit SOD was defined as the amount
of protein that inhibited the rate of NBT reduction by
50%.  Reaction mixture was consisted of 40 ml of
0.3 mM xanthine solution, 20 ml of 0.6 mM EDTA
solution, 20 ml of 150 µM nitro blue tetrazolium
solutions, 12 ml of 400 mM Na2CO3 solution and 6 ml
of bovine serum albumin.  The final concentration
of xanthine oxidase was then 167 U/l.  The production
of formazon was determined spectrophotometrically
at 560 nm.

Analysis of Data

The results were given as means ± SEM (standard
error of the means).  One-way ANOVA with Tukey
post-hoc HSD (Highest Significant Difference) test
was used to compare group means.  A level of  P <
0.05 was regarded as statistically significant.
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Results

Heart tissue TBARS level of NbT group was
significantly higher than that of the control group
(P < 0.05).  TBARS level of heart tissue of HbT group
was significantly higher than that of the control and
Hb groups (P < 0.001, P < 0.01 respectively).  In lung
tissue, TBARS level of HbT group was statistically
higher than the control and Hb groups (P < 0.01, P <
0.05, respectively).  In muscle tissue, TBARS level
of HbT group was statistically higher than both
sedentary groups (control; P < 0.001 and Hb; P <
0.05, respectively).  In addition, there were no signifi-
cant differences in tissue levels of TBARS between
the Hb group and control group (Fig. 1).

SOD activity of heart tissue of HbT group was
significantly higher than other groups (P < 0.001).

Lung tissue SOD activity of HbT,  NbT and Hb groups
were significantly higher than that of the control
group (P < 0.001, P < 0.01 and P < 0.01, respectively).
In muscle tissue, SOD activity of HbT group was
significantly higher (P < 0.01) than that of the con-
trol group (Fig. 2).

Discussion

In our study, among LPO results in NbT group,
only heart tissue levels are found significantly higher
when compared to the control group.  This finding
supports the view that the increase in oxygen (O2)
consumption leads to the increase of the production of
ROS in heart tissue, which  paves the way for LPO (24).

Heart is one of the organs which have a high
mass specific O2 consumption.  In other words, with

Fig. 1. TBARS levels of tissues in different groups (nmol/g wet tissue).  (###): HbT group vs. control group (P < 0.001); (##): HbT group
vs. control group (P < 0.01); ($$): HbT group vs. Hb group (P < 0.01); ($): HbT group vs. Hb group (P < 0.05); (*): NbT group
vs. control group (P < 0.05).
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Fig. 2. SOD activity of tissues in different groups (Unit/g wet tissue).  (***): HbT group vs. others (P < 0.001); (###): HbT group
vs. control group (P < 0.001); (##): HbT group vs. control group (P < 0.01); ($$): Hb group vs. control group (P < 0.01);
(**): NbT group vs. control group (P < 0.01).
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an aerobic characteristic, it is natural that it confronts
with more pro-oxidant production and hence oxida-
tive stress.  As a result, LPO can appear in the hearts
of rats doing chronic exercise (33).

In one of the studies conducted by Metin et al.,
by appling a similar training method as that in our
study, they did not find significant changes in heart
LPO levels of female rats (27).  This finding can be
explained that the rats were female, and estrogen
played a protective role in terms of antioxidant effect
(17).  In the same study, Metin et al. reported an
increased LPO in vastus lateralis which is an aerobic
muscle during swim training in muscle tissue of rats
(27).  In our study, the LPO levels of anterior tibialis
muscles which have an important glycolytic property
(22), remained unchanged.  The contradiction be-
tween the results of the two studies may be related to
the assessment in different muscle types.  It is known
that skeletal muscles are highly heterogeneous.  Each
muscle fiber type has distinct metabolic character-
istics and oxidative potential (19).

When examining the tissue levels in our study,
in all of the tissues in rats of NbT group the measured
SOD activity was higher than the control group.
However, the statistical significance was established
in only lung tissue.  In literature, while there are
studies that showed an increase in SOD activity of the
organism after training period (16, 29), there are also
studies claiming that it did not change after training
(13, 20).  According to studies focusing on SOD and
LPO levels in heart, muscle and lung tissues which we
examined in our study as well, there are contradictory
findings.  When Burneiko et al. investigate a decrease
in heart SOD enzyme activity after 9 weeks of swim-
ming training (6), Gul et al. find out that there is no
change in heart tissue SOD activity, as we did in our
study (13).  Consistent with those findings, Atalay
et al. report that there are no changes in muscle and
heart SOD levels of rats which do 6 weeks of tread-
mill exercise (3).  Anuradha and Balakrishnan deter-
mine an increase in LPO levels in heart tissue after 6
weeks of treadmill exercise (1).  While Ravi et al.
find out that LPO levels were decreased in heart
tissue, they determined an increase in SOD activity
(31).  Consistent with our findings, Hatao et al. find
that exercise increases the SOD activity in lung tissue
(15).  They conclude that this condition may be
caused by the lungs, being exposed to O2 directly
(15).  There is a great diversity in the results of the
studies about whether exercise increases oxidative
stress or not.  This fact can be explained by the
different types and periods of exercise being applied
to subjects, and by the variety in the oxidative stress
measurement methods.

In our study, SOD activity of the Hb group only
in lung tissue was found significantly higher than that

of the control group.  As reported, being exposed to
serious hypoxia can result in cell injury, but recur-
rence of short hypoxia can initiate some adaptive
responses (37).  In one of the studies, during adapta-
tion to intermittent hypobaric exposure, an elevation
of antioxidant activity without changes in LPO
levels is reported (26).  Xanthine dehydrogenase,
which normally utilizes NAD+ as electron acceptor,
is converted under the conditions of ischemia/
reperfusion into xanthine oxidase which uses O2  as
substrate.  During the ischemic period, excessive
ATP consumption leads to the accumulation of the
purine catabolites hypoxanthine and xanthine, which
upon subsequent reperfusion and influx of O2 are
metabolized by xanthine oxidase to yield massive
amounts of superoxide and hydrogen peroxide (12).
In light of these, it is possible to maintain that the
antioxidant defense system, focusing on SOD activity,
in lung tissue of Hb group, may be activated by
factors such as hypoxanthine and xanthine in the
anoxy/reoxygenation period during intermittent
hypobaric exposure.

In literature, various studies applying different
periods of intermittent hypobaric exposure have
investigated parameters of LPO and antioxidant
defense system.  Nakanishi et al. find out that LPO
production is high in heart and lung tissues of rats
exposed to 5,500 m altitude for 12 h a day, but they
did not observe a significant change in muscle tissue
(28).  During intermittent hypobaric exposure, they
determine biphasic changes in lung SOD activity
measured in different days.  Radak et al. observe LPO
elevation in soleus muscle of rats which are exposed
to intermittent hypobaria for 6 months equivalent
to 4,000 m, but they can not identify any significant
change in tibialis muscles (30).  Singh et al. find
increased LPO in muscle tissue of rats exposed to
intermittent hypobaric exposure for 21 days, 6 h a
day, equivalent to 7,620 m altitude (32).  According
to the results of these studies, being exposed to inter-
mittent hypobaria, depending on different altitude
and periods of application, both LPO and SOD activity
of the tissues may be affected.  However, depending
on the property of the muscle type where measurements
are made, LPO may change.

While doing the biochemical analysis of the rats
in HbT group which experienced both application
factors in our protocol, all tissues were found to be
influenced by the oxidative stress.  LPO levels of the
three organs in HbT group were significantly higher
when compared to the two sedentary groups (Hb and
control).  While the SOD activity of this group was
significantly higher in heart tissue than that of the
other three groups,  it was higher in muscle and lung
tissues when compared to the control group.  In a
recent study (11), in muscle tissues of rats which are
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exposed to hypoxia with certain training intervals,
the LPO levels are obtained lower than those of the
group which is trained in normobaric conditions.  In
our study, there was no difference in LPO levels in
tissue between HbT and NbT groups.  In the same
study (11), SOD activity is identified to be higher
than both the control and the training group.  However,
we identified significantly higher SOD activity when
compared to the control group.  The difference between
the two studies may result from the application of
distinct experimental protocols.  The fact that the
rats do the exercise on the last day and are then
sacrificed on the same day following the training
period may influence the findings in the previous
study (11).  The discrepancies may also be related
to the differences in the exercise mode, intensity,
duration of training program, and muscle fiber type.
Each type has different antioxidant defense ca-
pacity (19).  Therefore, it is possible to expect fiber
specific adaptive responses to intermittent hypoxia.
When compared to the control group, in terms of the
increase in LPO and SOD activity, in all of the groups
the highest significance was obtained in HbT group.
In this group, applying regular exercise training and
intermittent hypobaric exposure plays a more crucial
role on the results when compared to the groups
taking the hypobaria or exercise training separately
(Hb and NbT, respectively).  It is known that hypobaric
hypoxia and exercise are separate potential sources
leading to oxidative stress.  It is possible that these
above-mentioned factors are able to potentiate each
other mutually.  Joanny et al. suggest that oxidative
stress is induced by prolonged hypobaric hypoxia
and is maintained even under the condition by the
sea level, in a similar way to the post-hypoxic re-
oxygenation process.  It was increased by physical
exercise (21).

In our study there were three groups (HbT, Hb,
NbT): a statistically significant SOD activity response
was obtained only in lung tissue.  It can be explained
that this organ is the first station facing O2 directly
(15), and that there is a high increase in the respiration
load in the above-mentioned processes.  The results
of our study suggested that intermittent hypobaric
exposure can elevate exercise-induced oxidative
stress in heart, lung and muscle in trained rats.  It
can be concluded that antioxidant supplementation
might be beneficial to the improvement of the
antioxidant defense machinery.  Devi et al. report
that supplementation of vitamin E, vitamin C, and
L-carnitine alone, not in a combined way, can be
useful for attenuating the oxidative stress relevant
to intermittent hypobaric hypoxia when compared
to the unsupplemented rats that are exposed to dif-
ferent altitudes (8).  Dietary antioxidants can be
consumed to prevent or reduce oxidative stress due

to long-term exercise and hypobaric conditions.  In
conclusion, it would be a great contribution to the
health and performance of the sportsmen who prefer
this live high train low training model when providing
them with dietary antioxidants.
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