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Abstract

Exposure to stress induces a cluster of physiological and behavioral
changes in an effort to maintain the homeostasis of the organism.
Long-term exposure to stress, however, has detrimental effects on
several cell functions such as the impairment of antioxidant defenses
leading to oxidative damage. Oxidative stress is a central feature of
many diseases. The lungs are particularly susceptible to lesions by free
radicals and pulmonary antioxidant defenses are extensively distrib-
uted and include both enzymatic and non-enzymatic systems. The aim
of the present study was to determine lipid peroxidation and total
radical-trapping potential (TRAP) changes in lungs of rats submitted
to different models of chronic stress. Adult male Wistar rats weighing
180-230 g were submitted to different stressors (variable stress, N =7)
or repeated restraint stress for 15 (N = 10) or 40 days (N = 6) and
compared to control groups (N = 10 each). Lipid peroxidation levels
were assessed by thiobarbituric acid reactive substances (TBARS),
and TRAP was measured by the decrease in luminescence using the 2-
2'-azo-bis(2-amidinopropane)-luminol system. Chronic variable stress
induced a 51% increase in oxidative stress in lungs (control group:
0.037 £+ 0.002; variable stress: 0.056+0.007, P <0.01). No difference
in TBARS was observed after chronic restraint stress, but a significant
57% increase in TRAP was presented by the group repeatedly re-
strained for 15 days (control group: 2.48 + 0.42; stressed: 3.65+0.16,
P <0.05). We conclude that different stressors induce different effects
on the oxidative status of the organism.
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Introduction

Toxic free radicals have been implicated
as important pathologic factors in cardiovas-
cular diseases, pulmonary diseases, autoim-

mune diseases, inherited metabolic disor-
ders, cancer, and aging (1-4). Oxidative stress
arises when the balance between pro-oxi-
dants and antioxidants is shifted toward the
pro-oxidants (5).
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The lungs and the pulmonary vasculature
are potentially at high risk of injury mediated
by oxygen-derived free radicals and lipid
peroxidation free radicals (6). There are at
least two reasons for this: i) the lung tissue
contains unsaturated fatty acids, which are a
substrate for lipid peroxidation, and ii) lungs
are exposed to higher oxygen concentrations
than any other organ in the body (6). Pulmo-
nary antioxidant defenses are widely distrib-
uted and include both enzymatic and non-
enzymatic systems. In normal individuals,
the level of lipid peroxidation in the lungs is
very low because of the powerful antioxi-
dant system. Under certain conditions, the
antioxidant reserve can be depleted. In such
cases, peroxidation of membrane lipids seems
to be an unavoidable process in tissue injury
.

It has been shown that exposure to stress
situations can stimulate numerous pathways
leading to increased production of free radi-
cals (8-11). Itis well known that free radicals
generate a cascade, producing lipid peroxi-
dation, protein oxidation, DNA damage and
cell death, and contribute to the occurrence
of pathological conditions (8,9). Stress may
also impair antioxidant defenses, leading to
oxidative damage, by changing the balance
between oxidant and antioxidant factors
(12,13). Both immobilization and variable
stress are followed by an increase in lipid
peroxidation, measured in plasma and in
brain structures (12-14). In addition, de-
creased activities of the antioxidant enzymes
have been observed in the brain of rats treated
with glucocorticoids (steroid hormones re-
leased by the adrenals in response to physi-
cal and psychological stressors) (15), and
exposure to physiological levels of these
hormones exacerbates reactive oxygen spe-
cies (ROS) generation (14).

In the present study, we determined the
effect of chronic variable and repeated re-
straint stress (chronic and sub-chronic inten-
sive stress) on total radical-trapping poten-
tial (TRAP), and on lipoperoxidation, as-
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sessed by thiobarbituric acid reactive sub-
stances (TBARS), in rat lungs.

Material and Methods

Animals

Seventy-four experimentally naive adult
male Wistar rats (60 days old; 180-230 g
body mass) were used. They were housed in
groups of five in Plexiglas cages (65 x 25 x
15 cm) with the floor covered with sawdust.
Animals were maintained in a controlled
environment (12-h light/dark cycle, temper-
ature of 22 + 2°C) before and throughout the
experimental period. Rats had free access to
food (standard lab rat chow) and water, ex-
cept during the period when food or water
deprivation was applied. All animal proce-
dures were approved by the institutional
Research Committee.

Chronic stress procedures

The animals were divided into three
groups: restraint stress (N = 6), variable
stress (N = 7) and control (N = 10). Control
animals were maintained undisturbed in their
homecages.

Chronic restraint stress model. The re-
straint-stressed group was taken to a differ-
ent room, where restraint was carried out by
placing the animal in a 25 x 7 cm plastic
bottle, adjusting it with plaster tape on the
outside, so that the animal was unable to
move. There was a 1-cm hole at one end for
breathing. The animals were stressed 1 h/
day, 5 days a week for 40 days (16). The
immobilization procedure was performed
between 10:00 and 12:00 h.

Chronic variable stress model. A 40-day
variable-stressor paradigm (17) was used for
the animals in the stressed group (14). The
following stressors were used: a) 24 h of
food deprivation; b) 24 h of water depriva-
tion; c¢) 1 to 3 h of restraint, as described
above; d) 1 to 3 h ofrestraint at 4°C; e) forced
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swimming for 10 or 15 min, as described
below; f) a flashing light for 60 to 240 min,
as described below, and g) isolation. Forced
swimming was carried out by placing the
animal in a glass tank measuring 50 x 47 x 40
cm, with 30 cm of water at 23 + 2°C. Expo-
sure to a flashing light was performed by
placing the animal in a 50-cm high, 40 x 60-
cm open field made of brown plywood with
a frontal glass wall. A 40-W lamp flashing at
a frequency of 60 flashes per minute was
used (Table 1).

Sub-chronic intensive stress procedure

The animals were stressed by restraint as
described above for 150 min daily for 15
days (adapted from Ref. 18). Control ani-
mals were kept undisturbed in their home-
cages. The stress was applied to the animals
in a different room. The immobilization pro-
cedure was carried out between 10:00 and
14:00 h.

Sample preparation

Animals were killed by decapitation 24 h
after the last exposure to stress and their
lungs were removed and frozen by immer-
sion in liquid nitrogen. Samples were stored
at -70°C until analysis. The lungs were ho-
mogenized 1:5 (w:v) inice-cold 0.1 M phos-
phate buffer, pH 7.4, and the homogenates
were centrifuged at 900 g to remove the
particulate fraction. The supernatant was used
to assay TBARS, TRAP, and protein con-
tent. Protein was determined by the method
of Lowry et al. (19) bovine serum albumin
as standard.

TBARS determination

Lipid peroxidation was assessed by meas-
uring TBARS concentration by a spectro-
photometric method (14,20-22). Samples
(250 pl) were deproteinized with 500 pl
10% trichloroacetic acid and centrifuged at
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900 g for 10 min. The supernatant was mixed
with 750 ul of 0.67% TBARS. The mixture
was heated for 15 min in a boiling water
bath, and then cooled. The organic phase
containing a pink chromogen was extracted
with 750 pl of n-butanol and used to meas-

Table 1. Schedule of stressor agents used and

duration of the chronic stress treatment.

Day of Stressor used Duration
treatment
1 Water deprivation 24 h
2 Food deprivation 24 h
8 Isolation 24 h
4 Isolation 24 h
5 Isolation 24 h
6 Flashing light 3h
7 Food deprivation 24 h
8 Forced swimming 10 min
9 Restraint 1h
10 Water deprivation 24 h
11 No stressor applied -
12 No stressor applied -
13 Restraint + cold 2h
14 Flashing light 25h
15 Food deprivation 24 h
16 Forced swimming 15 min
17 Isolation 24 h
18 Isolation 24 h
19 Isolation 24 h
20 Water deprivation 24 h
21 Food deprivation 24 h
22 Flashing light 3h
23 Restraint 2h
24 Isolation 24 h
25 Isolation 24 h
26 Restraint + cold 1.5h
27 Forced swimming 10 min
28 Flashing light 3.5h
29 No stressor applied -
30 Food deprivation 24 h
31 Restraint 3h
32 Flashing light 2h
33 Water deprivation 24 h
34 Restraint + cold 2h
35 Forced swimming 15 min
36 Isolation 24 h
37 Isolation 24 h
38 No stressor applied -
39 Flashing light 3h
40 Forced swimming 10 min

The stressors were applied to all animals in the
variable stress group. Intact controls were undis-
turbed in their homecages during the 40 days of

treatment.
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Figure 1. Effect of exposure to
two different models of chronic
stress on TBARS (A) and TRAP
(B) levels in rat lungs. TBARS
are reported as mean + SEM,
considering the control group to
be equal to 100 (N = 5-10/
group). TRAP is reported as
mean + SEM equivalents in
nmol Trolox/mg protein (N = 7-
10/group). TBARS = thiobarbitu-
ric acid reactive substances;
TRAP = total radical-trapping po-
tential. *P < 0.01 compared to
the other groups (one-way
ANOVA, followed by the Stu-
dent-Newman-Keuls test). There
was no significant difference in
TRAP levels between groups
(one-way ANOVA; P > 0.05).

ure absorbance at 535 nm with a Beckman
Spectrophotometer (model DU 640, Fuller-
ton, CA, USA). TBARS levels are repre-
sented as malondialdehyde equivalents/mg
protein and reported as percentage of con-
trol.

TRAP determination

The TRAP represents the total antioxi-
dant capacity of the tissue and was deter-
mined by measuring the luminol chemilumi-
nescence intensity induced by thermolysis
of 2-2'-azo-bis(2-amidinopropane) dihydro-
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Table 2. TBARS and TRAP results for the two experiments (two models of chronic

stress and sub-chronic stress).

TBARS TRAP
Control group (Experiment 1) 0.037 + 0.002 (10) 2.48 + 0.42 (10)
Variable chronic stress 0.056 + 0.007* (5) 2.99 + 0.42 (7)
Restraint chronic stress 0.028 + 0.002 (5) 1.93 + 0.23 (6)
Control group (Experiment 2) 0.058 + 0.010 (7) 2.32 + 0.25(10)
Sub-chronic intensive stress 0.065 + 0.011 (8) 3.65 + 0.16* (6)

TBARS are reported as mean + SEM (nmol of malondialdehyde/mg of protein). TRAP
is reported as mean + SEM equivalents in nmol Trolox/mg protein. The number of
animals is given in parentheses. TBARS = thiobarbituric acid reactive substances;
TRAP = total radical-trapping potential. *P < 0.05 compared to the respective control
group (one-way ANOVA, followed by the Student-Newman-Keuls test for chronic
procedures; Student t-test for sub-chronic procedures).
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chloride (ABAP) (2,3,14,23,24). The back-
ground chemiluminescence was measured
using 4000 pl of 10 mM ABAP and 10 pl of
4 mM luminol, both in 100 mM glycine
buffer, pH 8.6. The addition of 10 pl of 80
UM Trolox (hydrosoluble vitamin E) or 10
ul of tissue homogenate (diluted 1:4) to the
incubation medium reduces chemilumines-
cence. The time necessary to return to the
levels observed before the addition was con-
sidered to be the induction time. Induction
time is directly proportional to the antioxi-
dant capacity of the tissue (2,3,14,23,24)
and was compared to the induction time of
Trolox. Results are reported as Trolox units/
mg protein. One unitis defined as the amount
of antioxidant equivalent to 1 mM Trolox.

Statistical analysis

Data are reported as means = SEM and
were analyzed by one-way ANOVA followed
by the Student-Newman-Keuls test (experi-
ment 1) or by the Student #-test (experiment
2) (25).

Results

Effect of chronic stress on TBARS levels and
TRAP in rat lungs

In this experiment, two models of chronic
stress were used, i.e., repeated restraint and
variable stress, both for a period of 40 days.
There were significantly higher TBARS lev-
els in the lungs of rats chronically stressed
using the variable model when compared to
the other two groups (control and chronic
restraint stress; Figure 1A; P < 0.01). We
found no difference in total antioxidant pul-
monary capacity between groups (P > 0.05;
Figure 1B; see also Table 2).

Effect of sub-chronic intensive stress (15 days)
on TBARS levels and TRAP in rat lungs

In this experiment, a short period of treat-
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ment was used (15 days), but restraint was
applied using a more intensive schedule (2.5
h/day). TRAP was significantly higher in the
stressed group than in the control group (P <
0.05; Figure 2B). No significant difference
was observed in pulmonary lipid peroxida-
tion, as assessed by TBARS, between the
sub-chronic intensively stressed group and
control group (P > 0.05; Figure 2A; see also
Table 2).

Discussion

In the current experiments, we used the
TBARS assay to evaluate lipid peroxidation
in rat lungs exposed to different models of
chronic stress. This assay is the easiest
method used to study the effects of different
treatments on lipid peroxidation and can be
applied to crude biological extracts. Although
its specificity has been questioned (26), this
particular assay is widely used for ex vivo
and in vitro measurements (2,3,21,22,27,28)
and is accepted as an empirical window for
the examination of the complex process of
lipid peroxidation (26).

In contrast, the TRAP assay was devel-
oped to measure the total radical trapping
potential of biological samples. This test
measures both non-enzymatic antioxidants,
such as glutathione, ascorbic acid, o-toco-
pherol, B-carotene, as well as the antioxidant
potential resulting from enzymatic action
(12,23). Measurement of all these antioxi-
dants is essential for assessing antioxidant
status. However, the number of different
antioxidants in biological samples makes it
difficult to measure each separately. Fur-
thermore, the possible interaction between
different antioxidants may also make the
measurement of individual antioxidants less
representative of the overall antioxidant sta-
tus (23). Methods to evaluate the total anti-
oxidant potential were therefore developed
for the reasons described above. The TRAP
assay employed in the current study is widely
used (1-3,12,23) and is based on the prin-

ciple that the production of peroxyl radicals
from ABAP oxidizes luminol, leading to the
formation of luminol radicals that emit light
(23). Antioxidants present in the sample de-
termine a reduction in this chemilumines-
cence. The time necessary to return to the
levels observed before the addition is di-
rectly proportional to the antioxidant capac-
ity of the tissue (14,23). This type of deter-
mination is useful since it provides informa-
tion regarding the evaluation of the capacity
of a biological fluid to prevent the damage
associated with free radical processes.

In the present study, we showed that
chronic variable stress induced a significant
increase in TBARS levels in rat lungs com-
pared to the restraint chronic stress and con-
trol groups. Conversely, sub-chronic inten-
sive treatment did not significantly alter
TBARS levels compared to control. In addi-
tion, no differences in TRAP were observed
in the lungs of rats chronically stressed by
immobilization, or by variable stressors, in
either of the chronic models applied for a
period of 40 days. The animals submitted to
sub-chronic intensive treatment, however,
demonstrated a significantly higher TRAP in
lungs compared to control.
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Figure 2. Effect of exposure to
sub-chronic intensive stress (15
days) on TBARS (A) and TRAP
(B) levels in rat lungs. TBARS
are reported as mean = SEM,
considering the control group to
be equal to 100 (N = 5-10/
group). TRAP is reported as
mean + SEM equivalents in
nmol Trolox/mg protein (N = 6-
10/group). For abbreviations,
see legend to Figure 1. There
was no significant difference in
TBARS levels between groups
(Student t-test). *P < 0.05 com-
pared to the control group (Stu-
dent t-test).
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The mechanisms by which animals ex-
posed to sub-chronic stress present increased
total antioxidant potential are not clear. TRAP
measurement constitutes a useful index of
the capacity of a compound, or fluid, to
modulate the damage associated with an en-
hanced production of free radicals (1). In
addition, studies of total antioxidant poten-
tial have been suggested to be useful for
detecting and monitoring environmental dam-
age and for clinical follow-up, in addition to
aiding the development of therapies with
anti-free radical action (29). We believe that
the measurement of individual antioxidants
may be an interesting step to further identify
the mechanisms involved in these effects.

While immobilization stress or exposure
to glucocorticoids may lead to increasing
ROS production (15,30), exposure to chronic
stress may induce regulatory changes in glu-
cocorticoid release, or their receptors (31). It
should be noted that in the chronic restraint
stress model the increase in corticosterone
levels after exposure to stress for 40 days is
much lower than after the first stress session
(32). In the present study, we chose to use
variable chronic stress in order to reduce the
predictability of treatment, which may occur
with repeated exposure to the same stressor.
Therefore, stressors were applied in differ-
ent schedules each day. Moreover, in the
variable stress model, animals were exposed
both to emotional and physical stressors (e.g.,
forced swimming for 10 or 15 min). These
different stressors may induce different ef-
fects on the oxidative status of the organism
and, probably, the results observed represent
the sum of the effects of all different stres-
sors. For example, it is known that exhaus-
tive exercise enhances oxygen utilization,
which may help to explain the increase in
lipoperoxidation observed only in this vari-
able chronic stress model (33). In addition,
other situations used as stressors in this mo-
del, such as food or water deprivation, could
lead to metabolic changes that result in an
imbalance in the oxidative status. In studies
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on other tissues, lipoperoxidation has been
observed to increase after different stres-
sors, including cold, immobilization and
immobilization plus cold. However, alter-
ations in antioxidants vary according to the
stressor used (34). Nevertheless, this model
represents a good model of chronic stress in
animals, including humans, since organisms
are exposed to different types of stressors in
nature. In addition, it is still possible that the
combined effect of different stressors may
be different from the individual effect of
each stressor.

In the present study, chronic variable
stress induced increased oxidative stress in
lungs, as demonstrated by increased TBARS
without any changes in TRAP. In contrast, a
different effect was observed in the response
to chronic restraint stress for 15 days (in-
creased TRAP without any changes in
TBARS). There were no differences in oxi-
dative stress in animals chronically immobi-
lized for 40 days. These results suggest dif-
ferent vulnerability to oxidative stress in
different models of stress. Repeated stress
during a relatively short period of time (15
days) may have induced an increased anti-
oxidant potential, which may be a mechan-
ism for the organism to protect itself against
ROS generation following exposure to stress.
Another study, employing acute stress by
immobilization, also observed increased ac-
tivity of an antioxidant enzyme (glutathione
peroxidase) in brain and retina (34). The
increase in TRAP observed in the present
study is probably enough to keep the steady-
state ROS concentration under control, since
no change in TBARS was observed during a
short period of time (15 days). On the other
hand, when exposed for longer periods of
time (40 days of restraint), the animals pos-
sibly adapt to this stressor, as demonstrated
by lower levels of corticosterone when com-
pared to the initial days of treatment (32,35).
The possible adaptation to a repeated stres-
sor, with progressively smaller responses to
it, may help to explain why variable chronic
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stress, but notrepeated-restraint stress, induces
lipoperoxidation after 40 days of treatment.
It is important to observe that, although
potentially harmful, oxidants are increas-
ingly recognized as pathophysiologic me-
diators primarily produced by inflammatory-
immune cells as a host defense mechanism,
but also by various other cell types as intra-
cellular mediators in various cell responses,
thus affecting inflammatory-immune pro-
cesses or inducing resistance (for a review,
see Ref. 36). To provide extracellular anti-
oxidant defense mechanisms, respiratory tract
epithelial cells synthesize and secrete sev-
eral antioxidant enzymes such as extracellu-
lar forms of superoxide dismutase (37,38)
and glutathione peroxidase (39), as well as
several metal-binding proteins (transferrin,
ceruloplasmin) that minimize the involve-
ment of transition metal ions (iron, copper)
in oxidant reactions (37). Additionally, the
extracellular epithelial lining fluids also con-
tain various non-enzymatic antioxidant sys-
tems, including vitamin C (ascorbate), and
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membrane integrity, leading to injury of lung
cells or disorders of their function, eventu-
ally increasing the injury induced by other
diseases. Membrane peroxidation can lead
to changes in membrane fluidity and perme-
ability. Differences in defense mechanisms,
such as antioxidant levels or repair mechan-
isms, may play a key role in the manner by
which animals respond to these potentially
damaging situations.

The present results showed that the pul-
monary defense system is effective against
TBARS-induced stress when the animal is
able to predict it, but unpredictable stressors
or possibly physical stressors may lead to
increased TBARS levels. Under these con-
ditions, the antioxidant potential was main-
tained. This increase in TBARS is important
since patients with pulmonary disease may
be chronically stressed by the disease itself
or by environmental factors, and the possi-
bility of increased TBARS may be a factor in
these cases. Further investigations are re-
quired for a better understanding of this

vitamin E (o-tocopherol) (36). phenomenon.
The increased TBARS levels observed
after chronic variable stress in lung homoge- ~ Acknowledgments

nates may be a cause of damage to cell
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of the cell membranes may be degraded by
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