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Abstract—

In this study, we evaluated the effects of high-intensity swimming in an exper-

imental model of acute lung injury (ALI) induced by lipopolysaccharide (LPS) on lung inflam-
mation and antioxidant defenses. Balb/C male mice were submitted to exercise (30 min/day,
5 days/week, for a period of 3 weeks) prior to LPS instillation in the lung. Twenty-four hours after
delivery of LPS (10 pg/animal), mice were euthanized and bronchoalveolar fluid (BALF) was
obtained for cell counting and analysis of cytokines by ELISA. Lung tissue was used to evaluate
antioxidant defenses. LPS instillation resulted in an increase in total and mononuclear cells, IL-
13, TNF-«, and IL-6 in BALF. LPS instillation also altered IL-10 and IL-ra levels in BALF and
induced antioxidant defenses (glutathione, superoxide dismutase, catalase, and glutathione
peroxidase) in the lung. Protein carbonyl increased in the LPS-treated animals. High-intensity
swimming prevented all these changes induced by LPS. Significance: Therefore, this experi-
mental protocol of high-intensity swimming showed a protective effect on ALI, decreasing

inflammatory processes and preventing disturbances in antioxidant defenses into the lungs.
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INTRODUCTION

Acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS) is the result of acute lung inflammation
and noncardiogenic pulmonary edema that leads to a dif-
fuse heterogeneous lung injury [1-3]. It is characterized by
intense increase in neutrophil influx, pulmonary vascular
permeability, and proinflammatory mediators, as well as
marked endothelial and bronchial damage [1]. Further-
more, ALI may occur secondary to different etiologies,
exhibiting high mortality rates [1-3].

Experimental ALI models have been developed to
evaluate the pathophysiological mechanisms, mostly based
on risk factors for the human condition, such as sepsis,
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gastric aspiration, reperfusion of ischemic tissue, multiple
transfusions, trauma, and mechanical ventilation [4, 5].
Among several experimental models, lipopolysaccharide
(LPS) administration is a well-known and established ex-
perimental model of ALI [5]. LPS promotes an inflamma-
tory response, increasing the number of macrophages and
neutrophils in bronchoalveolar lavage fluid (BALF). The
increase in inflammatory cytokines, such as TNF-«, IL-
1f3, and IL-6, is believed to depend on LPS-induced Toll-
like 4 receptor (TLR4) activation [4, 6]. In addition, an
increase of oxidative stress can amplify deleterious effects
of ALI [7-9].

The pulmonary inflammatory progression can extend
for several days, which may compromise the physical
conditions of patients. Clinical and experimental studies
have shown that regular aerobic exercise can prevent or
even abolish the development of a number of diseases,
especially in intensive care unit patients. This beneficial
effect of exercise has been associated to an anti-
inflammatory and antioxidant protection [10—13].

Despite apparent clear benefits, the dosing of exercise
intensity remains to be determined. Balducci et al. [14], for
instance, demonstrated that subjects with type 2 diabetes
submitted to high-intensity exercise presented a significant
improvement in their inflammatory condition. High-
intensity exercise decreased lung inflammation and im-
proved oxidative status in experimental models of allergic
pulmonary inflammation [15] and pollutant exposure [12].
However, little is known about the possible protective
effects of high-intensity exercise training in the LPS model
of pulmonary inflammation, an experimental acute condi-
tion of ALIL This highlights the need for additional exper-
iments. Therefore, we evaluated if high-intensity exercise
training can prevent pulmonary inflammation and oxida-
tive stress-related parameters induced by LPS instillation in
the lungs of mice.

MATERIALS AND METHODS

Design

This study was approved by the Review Board for
Animal Studies of the Federal University of Santa Catarina
(PP 00745). All animals in this study received humane care
in compliance with EU Directive 2010/63/EU, which pro-
vides guidelines for animal experiments. Forty male
BALB/c mice, aged 6-8 weeks (20-25 g) from our animal
facility were maintained in conditions that were controlled
for temperature (22+2 °C), humidity (70-75%), and

dark/light cycle (12 h, lights on at 06:00 am). All proce-
dures and surgeries were approved under the Guide for the
Care and Use of Laboratory Animals (National Research
Council) and the Guidelines of the local University Animal
Care and Use Committee.

Animals were distributed into four groups, as follows
(Fig. 1): (a) control group (C), mice not subjected to the
swimming protocol, receiving only orotracheal saline in-
stillation; (b) swimming group (Sw), animals submitted to
the swimming protocol (30 min/day) for 15 days, and
receiving orotracheal saline instillation; (c) LPS group
(LPS), mice subjected to the orotracheal LPS instillation,
but not submitted to the swimming protocol; (d)
swimming+LPS group (Sw+LPS), mice subjected to the
swimming protocol, and LPS orotracheal instillation.

High-Intensity Swimming Protocol

The swimming protocol was adapted from Kuphal
et al. [16]. A box containing 35 L of water was separated
into eight lanes. Soap (1 mL) was added in order to reduce
surface tension and to avoid floating. The Sw and Sw+LPS
groups were initially adapted to the water environment for
4 days: day 1, two periods of 30 s swimming, and a 2-h
interval between swimming periods; day 2, two periods of
2 min of swimming and a 2-h interval; day 3, three periods
of 10 min of swimming and a 5-min interval; and day 4,
two periods of 15 min of swimming with a 5-min interval.
After the adaptive period, mice were submitted to swim-
ming for 30 min with no pause, from the 5th to the 20th day
[12, 15].

The exercise intensity was determined using an
adapted protocol, as stated before [17]. This protocol was
considered a high-intensity exercise model, since lactate
concentration in the blood remained greater than 1 mmol/L
[12, 15, 17].

LPS Administration

Twenty four hours after the last swimming session,
the LPS and Sw+LPS mice groups received an orotracheal

Swimming
30min/day
| | | | |
| | | | |
Days (.4 * do d15 d16 d17
Adaptation LPS Harvest
or
saline

Fig. 1. Experimental protocol of swimming.
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instillation of 10 pg of Escherichia coli LPS (L3755,
Sigma-Aldrich, St. Louis, MO, USA) suspended in
50 uL of phosphate buffered-saline (PBS). Animals from
the control and Sw groups received orotracheal instillation
(50 puL) of saline solution (0.9%). Animals were anesthe-
tized with ketamine (100 mg/kg) and xylazine (10 mg/kg)
intraperitoneally, prior the instillation administered by
using a micropipette. The harvest was performed 24 h after
LPS or saline instillation, as shown in Fig. 1.

Bronchoalveolar Lavage Fluid (BALF)

Twenty-four hours after LPS instillation, animals
were anesthetized with ketamine (100 mg/kg, IP) and
xylazine (10 mg/kg) intraperitoneally, and mice were eu-
thanized by rapid exsanguination by sectioning the abdom-
inal aorta.

A tracheotomy was performed for BALF collection,
and lungs were gently rinsed three times with 0.5 mL of
PBS (pH 7.2) via a tracheal cannula. After BALF collec-
tion, the chest was opened, and the heart-lung block was
removed. Lungs were divided and tissue samples were
weighted and separated to oxidative stress analysis.

The total cell number was counted in a Neubauer
hemocytometer chamber. We also performed the differen-
tial cell count of 300 cells/mouse from BALF, after Diff-
Quick staining of slides. All measurements were per-
formed in a blinded fashion.

Analysis of Cytokines and Oxidative Stress-Related
Parameters

The lung levels of TNF-«, IL-1f3, IL-6, IL-10, and
IL-1ra were measured from BALF by ELISA technique,
according to the manufacturer’s instructions (DuoSet
ELISA R&D Systems, Minneapolis, MN, USA). Results
were expressed as picograms per milliliter.

Samples of fresh lung tissue (right lung) weighing
approximately 40-50 mg were homogenized in HEPES
buffer (20 mM, pH 7.0) and centrifuged at 20,000g,
20 min, 4 °C, and supernatant was used for enzymatic
analyses and protein carbonyl.

The total glutathione (GSH-t) was measured using the
Tietze method modified by Akerboom and Sies [18]. Sam-
ples were added to a reaction mixture containing 0.1 M
phosphate buffer, pH 7.4, 1 mM EDTA, 0.2 mM NADPH,
0.1 mM DTNB and 0.05 U of glutathione reductase. TNB
formation was followed for 5 min at 412 nm and sample t-
GSH was calculated based on a standard curve.

Glutathione peroxidase (GPx) activity was measured
as previously described [19]. Samples were added to a

Cardoso, Petry, Probst, de Souza, Ganguilhet, Bobinski, Santos, Martins, Bonorino, Dafre, and Hizume Kunzler

reaction mixture containing phosphate buffer 0.1 M
pH 7.0, 1 mM EDTA, 1 mM GSH, 0.2 U/mL GR, and
0.2 mM NADPH. Reaction was initiated by adding 1 mM
of cumene hydroperoxide and decrease in absorbance due
to NADPH consumption was followed at 340 nm for
5 min.

Catalase (CAT) was analyzed by following the de-
crease in absorbance at 240 nm due to H>O, decrease [20].
Samples were assayed in 50 mM phosphate buffer, pH 7.0,
0.5 mM EDTA and 0.012% triton X-100. The reaction was
initiated by adding 10 mM H202.

Superoxide dismutase (SOD) activity was measured
according to [21]. Reaction buffer consisted of
trietanolamine-diethanolamine buffer (100 mM, pH 7.4,
2.5 mM EDTA, 1.25 mM MnCl2, 0.3 mM NADH, and
1 mM 2-mercaptoethanol). Absorbance was followed at
340 nm for 5 min.

Samples were probed by dot blot for protein carbonyl
content as previously described [22]. Briefly, proteins were
denatured with 6% SDS and derivatized with 20 mM
DNPH in 2 N HCI for 1 h at room temperature. After
incubation, samples were neutralized with Tris 2 M/Glyc-
erol 30 and 5% [3-mercaptoethanol was added. A 2 pL
aliquot (0.2 pug of protein) was spotted into an activated
PVDF membrane and allowed to air-dry. Excess DNPH
was removed by rinsing membranes with acetic acid.
Membranes were blocked with nonfat dried milk and
immunoblotted with anti-DNP antibody (Abcam Ab6306,
1:10000) and detected by chemiluminescence. All mea-
surements were performed in a blinded fashion.

Statistical Analysis

Comparisons among groups were performed using
Sigma Stat 3.5 software (California, EUA, 2005) by two-
way analysis of variance (ANOVA), followed by Holm-
Sidak test for multiple comparisons. Data showed normal
distribution, analyzed by the Kolmogorov-Smirnov test.
Significance levels were set at 5% (p < 0.05). Values were
expressed as the mean £ SEM.

RESULTS

Swimming Sessions Decreased the Number of Cells in
BALF

Figure 2A shows the total number of cells from the
BALF. LPS instillation resulted in a fourfold increase in the
total number of cells, as compared to other groups. A two-
way ANOVA showed a significant effect for LPS
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Fig. 2. Total number of cells from the BALF. (A) Fourfold increase in the total number of cells resulting from LPS instillation. (B) Decreased number of

mononuclear cells that resulted from high-intensity swimming training.

[F(1,32)=68.50; p <0.001], and for the SWXLPS interac-
tion [F(1,32) =40.57; p <0.001]. LPS or exercise alone did
not alter the number of mononuclear cells in BALF, how-
ever the high-intensity swimming training resulted in de-
creased number of these cells, as compared to the LPS
group (Fig. 2B). The two-way ANOVA showed a signifi-
cant effect for SwXLPS interaction [F(1,13)=7.15; p=
0.002].

Swimming Sessions Prevented Pulmonary Induction of
Pro-inflammatory Cytokines

LPS exposure resulted in a significant increase in IL-
13 (Fig. 3A), TNF-« (Fig. 3B), and IL-6 (Fig. 3C) levels in
the lung. The two-way ANOVA showed a significant effect
of LPS for IL-13 [F(1,19)=8.59; p=0.009], TNF-«
[F(1,16)=10.17; p=0.007], and IL-6 [F(1,16)=35.5;
p <0.001]. The swimming sessions did not affect the levels
of pro-inflammatory cytokines, but completely abolished
the increase induced by LPS instillation. The two-way
ANOVA showed a significant effect of SwXLPS interac-
tion for IL-1f3 [F(1,19)=5.17; p<0.001]; TNF-«
[F(1,16)=5.34; p=0.03]; and IL-6 [F(1,16)=31.08; p<
0.001].

2 [

p=0,007

Effect of LPS Instillation on Anti-inflammatory
Cytokines

LPS instillation resulted in an increase of IL-10 lung
levels (Fig. 4A). The two-way ANOVA showed a signifi-
cant effect for LPS [F(1,15)=7.97; p=0.01] and for exer-
cise [F(1,15)=10.4; p=0.004]. Simultaneously, the lung
levels of IL-1ra decreased in the LPS group, since the two-
way ANOVA showed a significant effect for LPS
[F(1,17)=6.44; p = 0.02]. Interestingly, this decrease was
not significantly attenuated by swimming sessions
[F(1,17)=1.13; p=0.3] (Fig. 4B).

Effect of Swimming Training on Oxidative Stress-
Related Parameters in the Lung Tissue

Figure 5A shows an increase of the lung levels of
GSH-t induced by LPS. High-intensity swimming
prevented this increase in GSH-t levels. The two-way
ANOVA showed a significant effect for LPS [F(1,26)=
15.7; p<0.001], for Sw [F(1,26)=23.12; p<0.001], but
not for SWXLPS interaction [F(1,26)=3.03, p =0.09].

The instillation of LPS resulted in an increased SOD
activity (Fig. 5B) in the lung tissue, when compared to the
control group. Swimming training prevented this increase
in SOD activity. The two-way ANOVA showed a

[
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Fig. 3. Significant increase in IL-13 (A), TNF-o (B), and IL-6 (C) that resulted from LPS exposure.
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Fig. 4. LPS instillation's effect on anti-inflammatory cytokines.

significant effect for LPS [F(1,18)=43.75; p <0.001] and
LPSxSw interaction [F(1,18)=25.71; p < 0.001].

The instillation of LPS did not alter GPx activity (Fig.
5C) in the lung tissue, when compared to the control group.
The two-way ANOVA showed a significant effect for
exercise [F(1,19)=24.46; p=0.003], and for LPSxSw
interaction [F(1,19)=4.74; p=0.04].

Similarly, LPS effect on high-intensity exercise alone
did not alter lung CAT activity (Fig. SD), but a tendency to
increase was reverted by exercise training. The two-way
ANOVA was significant for Sw [F(1,15) =11.8; p =0.004]
and for LPSxSw interaction [F(1,15)=11.88; p=0.004].

Oxidative damage was detected by oxidative modifi-
cation of proteins as carbonyl content. As depicted in Fig.
6, LPS instillation in the lung induced an increase in
carbonyl content and high-intensity exercise training
prevented this increase.

B

DISCUSSION

The inflammatory cell influx to the lungs is one of the
most characteristic features of ALI at carly stages [23, 24].
Despite the massive migration of cells to BALF induced by
LPS treatment, the high-intensity swimming group presented
lower mononuclear and total cell count, as compared to the Sw
group. These results corroborate previous data, showing that
low-intensity swimming decreases cell infiltration in an animal
model of ALI by using intranasal instillation of LPS [25].
Nevertheless, low-intensity daily exercise for 5 weeks was
unable to prevent the increase in total cell count as well as
lymphocyte infiltration in BALF in the same model [26]. In
another study, low-intensity exercise during 4 weeks decreased
cell count and improved lung function after Streptococcus
pneumoniae infection [27]. Thus, the reasons that low-
intensity exercise is not always effective in preventing lung
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Fig. 5. A Increased lung levels of GSH-t induced by LPS. B Increased activity in the lung tissue due to LPS instillation. C GPx activity in the lung tissue was
not altered with LPS instillations. D Lung CAT activity was not altered by the effect of LPS on high-intensity exercise alone.
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infiltration of inflammatory cells are not clear. These differ-
ences may be attributed, in part, to the exercise protocol
applied, since the type, the timing of implementation of aerobic
exercise, and the induction pathway can result in distinctive
outcomes, as reviewed [28]. The high-intensity swimming
protocol used here was also effective in decreasing the cell
count in BALF in experimental models of allergic asthma
induced by exposure to ovalbumin or diesel exhaust particles
[12, 15].

In fact, an increase in cell influx to the lungs in LPS-
induced ALI is closely related to cell recruitment by pro-
inflammatory cytokines, such as TNF-x and IL-1(3 [29]. In
this study, we showed that IL-13, TNF-«, and IL-6 were
increased in the BALF of the LPS group, corroborating
previous experimental studies [6, 26, 29]. Activated mono-
cytes and macrophages are the major in vivo sources of
endogenous TNF-x synthesis [30]. In our experiment,
mononuclear cell count was decreased and the increase in
TNF-« levels induced by LPS was abolished, reinforcing
the anti-inflammatory effects of high-intensity swimming.

TNF-«x leads to the secretion of various cytokines,
such as IL-13 and IL-6, two potent mediators of lung
inflammatory response, which play a leading role in an
inflammatory cascade response in ALI [31]. In our study,
high-intensity swimming performed before ALI induction
prevented the increase of IL-13 and IL-6 levels in BALF of
LPS-treated mice. These results contrast to low-intensity
exercise response that failed to prevent LPS-induced in-
crease in BALF IL-1[3 and IL-6. In this same experiment,
the exercise protocol even potentiated the LPS effect in
promoting IL-1 increase [26]. Nevertheless, low-
intensity exercise is able to ameliorate lung function and
to prevent the TNF-« increase in the lung of LPS treated
mice, which was not the case for IL-1(3 [25, 26]. In this
regard, high-intensity exercise may have a better therapeu-
tic value, since LPS-induced increase in IL-13 and IL-6
was attenuated by the present swimming protocol.

It is already known that aerobic exercise can increase
IL-10 levels, systemic and/or locally. Interestingly, some
studies also described a resolving role of IL-10 in ALI[13],
emphasizing the importance of controlling the initial in-
flammatory stages of ALI. This can be accomplished by
decreasing the alveolar cell influx [32], as shown in Fig. 2.
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Furthermore, in our study, the levels of IL-10 in BALF
were significantly increased in the swimming and LPS
groups, which was not altered by the swimming protocol.
In addition, the LPS group showed a decrease of BALF IL-
1ra, while the swimming protocol prevented this decrease.
These data reinforce the idea that high-intensity exercise
has beneficial effects by preventing the increase in pro-
inflammatory and ameliorating the levels of anti-
inflammatory cytokines (IL-10 and IL-1ra).

Studies have suggested that an imbalance between ox-
idants and antioxidants is deeply involved in the pathogenesis
of ALI [33]. In this context, the generation of reactive oxygen
species (ROS) is increased. There are numerous potential
sources of ROS, including infiltrated leukocytes (neutrophils),
parenchymal cells (epithelial and endothelial cells), and cir-
culating oxidant-generating enzymes [34]. Clinical and pre-
clinical studies have demonstrated that the levels of oxida-
tively damaged proteins are increased in the BALF of ARDS
patients and LPS-treated animals [35, 36].

It has been found that LPS treatment can induce SOD
in the rodent lung [27, 37, 38], as well as catalase [39] and
glutathione peroxidase [27]. Glutathione synthesis was
increased significantly in several tissues, including the lung
of septic animals, leading to an increment in glutathione
levels during the acute phase of sepsis [40, 41]. These
increased antioxidant defenses may be a consequence of
Nrf2 activation [42, 43]. However, at different dosing or
time points decrease in antioxidant defenses has also been
reported [44—46]. In this study, LPS responses are in line
with the observation of increased antioxidant defenses
(GSH, SOD, and CAT).

A 2-month protocol of physical exercise before LPS
instillation may prevent the oxidative damage caused by
experimental lung injury, suggesting that exercise may
have an important protective role [47, 48]. Since the in-
flammation process seems to be reduced by exercise, the
signaling controlling antioxidant response, such as Nrf2
activation [43], may be weakened. Thus, the maintenance
of GSH-t levels and GPx, SOD, and CAT activity at control
levels suggests an attenuation of oxidative damage. This
idea is reinforced by the finding that LPS-induced protein
oxidation was prevented by the high-intensity swimming
protocol (Fig. 6).

lQ.!Q!!
LPS

Control

LPS+Sw

Fig. 6. Induced increase in carbonyl content due to LPS instillation in the lung.
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CONCLUSIONS

Overall, a 3-week protocol of high-intensity swim-
ming prior to LPS-induced ALI was able to prevent the
increase in inflammatory markers in BALF, including in-
flammatory cell count, and pro-inflammatory cytokines
(IL-1B, TNF-«, and IL-6). Furthermore, changes in anti-
inflammatory cytokines (IL-1ra and IL-10), antioxidant
defenses (GSH-t, SOD, CAT, and GPx), and oxidatively
damaged proteins induced by LPS treatment were attenu-
ated by exercise training. The lack of information regard-
ing the relevance of high-intensity exercise as a protective
protocol highlights the importance of our work. Neverthe-
less, our study presents some limitations, such as data
related to exact mechanism by which high-intensity exer-
cise decreases lung inflammation. Future studies could
include analysis of Nrf2 activation, as well as the involve-
ment of other antioxidant systems. Furthermore, transla-
tional process from experimental studies to clinical practice
is intrinsically complex. Nevertheless, high-intensity exer-
cise stands as an alternative to be further evaluated, since
the presented data are promising.
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