
Copyright @ 200  by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.9

Low-Intensity Swimming Training Partially
Inhibits Lipopolysaccharide-Induced Acute
Lung Injury

DANIEL SOUZA RAMOS1, CLARICE ROSA OLIVO2, FERNANDA DEGOBBI TENÓRIO QUIRINO SANTOS LOPES2,
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ABSTRACT

RAMOS, D. S., C. R. OLIVO, F. D. QUIRINO SANTOS LOPES, A. C. TOLEDO, M. A. MARTINS, R. A. LAZO OSÓRIO,

M. DOLHNIKOFF, W. RIBEIRO, and R. P. VIEIRA. Low-Intensity Swimming Training Partially Inhibits Lipopolysaccharide-

Induced Acute Lung Injury. Med. Sci. Sports Exerc., Vol. 42, No. 1, pp. 113–119, 2010. Background: Aerobic exercise decreases

pulmonary inflammation and remodeling in experimental models of allergic asthma. However, the effects of aerobic exercise on

pulmonary inflammation of nonallergic origin, such as in experimental models of acute lung injury induced by lipopolysaccharide

(LPS), have not been evaluated. Objective: The present study evaluated the effects of aerobic exercise in a model of LPS-induced acute

lung injury. Methods: BALB/c mice were divided into four groups: Control, Aerobic Exercise, LPS, and Aerobic Exercise + LPS.

Swimming tests were conducted at baseline and at 3 and 6 wk. Low-intensity swimming training was performed for 6 wk, four times

per week, 60 min per session. Intranasal LPS (1 mgIkgj1 (60 Kg per mouse)) was instilled 24 h after the last swimming physical test

in the LPS and Aerobic Exercise + LPS mice, and the animals were studied 24 h after LPS instillation. Exhaled nitric oxide, respira-

tory mechanics, total and differential cell counts in bronchoalveolar lavage, and lung parenchymal inflammation and remodeling were

evaluated. Results: LPS instillation resulted in increased levels of exhaled nitric oxide (P G 0.001), higher numbers of neutrophils in the

bronchoalveolar lavage (P G 0.001) and in the lung parenchyma (P G 0.001), and decreased lung tissue resistance (P G 0.05) and

volume proportion of elastic fibers (P G 0.01) compared with the Control group. Swim training in LPS-instilled animals resulted in

significantly lower exhaled nitric oxide levels (P G 0.001) and fewer neutrophils in the bronchoalveolar lavage (P G 0.001) and the lung

parenchyma (P G 0.01) compared with the LPS group. Conclusions: These results suggest that low-intensity swimming training inhibits

lung neutrophilic inflammation, but not remodeling and impaired lung mechanics, in a model of LPS-induced acute lung injury.
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A
erobic exercise may present anti-inflammatory
effects against allergic and nonallergic pulmonary
inflammation (4,16,18,27,28). More specifically,

aerobic exercise can inhibit lung inflammation and remod-
eling in asthma models (27,28) and can decrease the early
and late asthmatic responses in mice (26). It has been
demonstrated that part of the anti-inflammatory effects of

exercise is mediated by the increased release of anti-
inflammatory cytokines, such as interleukin 10 (IL-10)
and the IL-1 receptor antagonist, and the decreased re-
lease of IL-1A and tumor necrosis factor > (TNF->)
(4,16,18,27,28).

Acute lung injury (ALI) and its more severe form, the
acute respiratory distress syndrome (ARDS), are syndromes
of acute respiratory failure characterized by acute pulmo-
nary inflammation and bilateral pulmonary infiltrates
consistent with edema (7,23). The inflammatory response
in ALI/ARDS is characterized by increased neutrophilic
recruitment and activation and also by monocyte-released
inflammatory mediators mainly in the lung parenchyma,
including chemokines, cytokines, adhesion molecules and
proteases, and free radicals, which cause lung damage
(7,23). Few studies investigated the effects of aerobic
exercise in the development of ALI. Recently, Mussi et al.
(16) demonstrated that aerobic exercise performed before
ischemia–reperfusion-induced ALI resulted in decreased
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vascular permeability and TNF-> and IL-1A levels and in
increased superoxide dismutase activity.

Lipopolysaccharide (LPS)-induced ARDS is the second
most frequently used experimental model for studying
ALI/ARDS physiopathology (14). The effects of aerobic
exercise on LPS-induced ALI are not known. Therefore, the
present study evaluated whether 6 wk of swimming train-
ing was able to reduce the pulmonary changes in a model of
intranasal LPS-induced ALI.

MATERIALS AND METHODS

In all experiments, the American College of Sports
Medicine (ACSM) guidelines for animal care were followed.
This study was approved by the University of Vale do
Paraı́ba and the University of Sao Paulo School of Medicine
review boards for human and animal studies (process
numbers A038/2006/CEP and 1094/07, respectively).

Experimental groups. Male BALB/c mice (20–25 g)
were divided into four groups: Control (n = 10), Aerobic
Exercise = submitted to low-intensity swimming training
(AE, n = 10), LPS = submitted to intranasal instillation
of LPS (LPS, n = 10), and Aerobic Exercise + LPS (AE +
LPS, n = 10).

Swimming physical capacity test and training.
Firstly, the mice were initiated with 7 d of swimming, which
consisted of 5-min swims in thermoneutral water (35-C). The
following day, all the animals were submitted to a maximal
workload test as previously described (17). Briefly, the work-
load was increased at 3-min intervals by weights cor-
responding to 1%, 2%, and 3% of the mouse’s mass. The
weights were attached to the tail of the animal until the
maximal workload was reached (mean = 2–3 g), which was
determined by the moment when the animal became ex-
hausted (unable to surface after 10 s) (17). The swimming
physical test was repeated at 3 and 6 wk. After the initial test,
the animals of AE and AE + LPS were submitted to non-
weighted swimming training sessions of 60 min per session,
5 dIwkj1, during 6 wk, which represented low-intensity
aerobic exercise (9).

LPS instillation. Escherichia coli LPS (026:B6, 200 Kg;
Sigma Aldrich, St. Louis, MO) was diluted in 25 KL of ster-
ile saline and administered by nasal drop at a dose of
2.4 mgIkgj1 or È60 Kg per mouse. LPS (LPS and AE +
LPS groups) or sterile saline (Control and AE groups) ad-
ministration was performed 24 h after the last swimming
physical test, and the animals were evaluated and killed 24 h
after LPS or saline administration.

Exhaled nitric oxide. Twenty-four hours after LPS
(LPS and AE + LPS groups) or sterile saline (Control and
AE groups) instillation, the animals were anesthetized with
thiopental sodium (0.2–0.3 mg per mouse, intraper-
itoneally), tracheostomized, and mechanically ventilated at
120 breathsIminj1 with a tidal volume of 0.3 mLIkgj1

using a FlexiVent ventilator (Scireq, Montreal, Canada).

Exhaled nitric oxide (eNO) levels were collected at the
expiratory port of the ventilator using a mylar bag for
5 min. Concentrations of eNO were measured by chemilu-
minescence using a fast-responding analyzer (NOA 280;
Sievers Instruments, Inc., Boulder, CO) (19).

Respiratory mechanics. After eNO collection, under
the same ventilatory parameters described above, we con-
nected a positive end-expiratory pressure (PEEP) of 5 cm
H2O to the expiratory port of the ventilator, and muscle
paralysis was induced by pancuronium bromide (intraperi-
toneally 1 mgIkgj1). Using the force oscillatory technique
and a constant phase model (8), RAW (airway resistance),
GTIS (tissue damping), and HTIS (tissue elastance) param-
eters were evaluated.

Total cells and neutrophils in bronchoalveolar
lavage. After the lung mechanics evaluation, broncho-
alveolar lavage (BAL) samples (1 mL) were collected after
washing the lungs with 1.5 mL of sterile saline. BAL
samples were centrifuged at 800 rpm for 10 min at j4-C,
the supernatant was stored at j70-C, and the cell pellet was
resuspended in sterile saline (27,29). Total cell count was
performed in a Neubauer chamber (Carl Roth GmbH,
Karlsruhe, Germany), and neutrophils (300 cells per slide)
were evaluated by microscopic examination of BAL samples
prepared in cytocentrifuge slides stained with Diff Quick
(Medion Diagnostics, Düdingen, Switzerland) (27,29).

Lung histologic analysis. All animals from each
group were used for histologic analysis. Four-micrometer-
thick slides of lung tissue were stained with hematoxylin
and eosin (H/E) for evaluation of the density of mononu-
clear and polymorphonuclear cells in the lung parenchyma
and with Weigert’s resorcin fuchsin (Carl Roth GmbH,
Karlsruhe, Germany) with oxidation for determining the
volume proportion of elastic fibers in the lung parenchyma
(27–29).

Conventional morphometry was used for the assessment
of the density of mononuclear and polymorphonuclear cells
in lung parenchyma. Counting was performed in 15 alveolar
parenchyma fields (area of alveolar septa—excluding areas
of pulmonary capillaries) in each animal at a 1000�
magnification, by an investigator blinded to the groups, as
previously described (28). The results are expressed as cells
per square millimeter (27–29).

Image analysis was used for quantification of elastic fibers
in the lung parenchyma. Approximately 15–25 images in each
lung were randomized fields of lung parenchyma (excluding
areas of pulmonary vessels) were photographed in the same
day, with microscope and analysis image program (Image
Pro Plus 4.5, MediaCybernetics, Silver Spring, MD) under
the same conditions of calibration at 1000� magnification.
A color threshold (corresponding to positive area for elastic
fibers) was established, aiming to analyze all images under the
same color standard. The parenchymal tissue area was de-
termined by subtracting the area of parenchymal airspaces
from the total area in each field. The area of elastic fibers
within the parenchymal tissue was then quantified using the
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color threshold. The volume proportion of elastic fibers was
determined as the relation between area of elastic fibers and
total tissue area, expressed as percentage (%).

Statistical analysis. Parametric and nonparametric
data are expressed as means T SD or median T 95%
confidence interval, respectively. Comparisons between
groups were carried out by two-way ANOVA, followed
by Student–Newman–Keuls post hoc test (parametric data)
or by one-way ANOVA on ranks followed by Dunn’s post
hoc test (nonparametric data). For comparison among the
first, second, and third physical tests, we used the Student’s
t-test. Differences were considered significant at P G 0.05.

Results

Body mass and physical test. No differences were
found in the body weight (final weight j initial weight)
when comparisons were performed among all groups
(Control = 5.18 T 4.16 g, AE = 3.93 T 0.73 g, LPS = 5.82 T
1.56 g, AE + LPS = 4.64 T 1.11 g; P 9 0.05). All groups
submitted to swimming training (AE and AE + LPS groups)
showed improved exercise capacity when compared with
nontrained groups (Control and LPS groups; P G 0.05),
evidenced by the increase in exercise time (Table 1).

eNO levels. Aerobic exercise in animals not submitted
to LPS administration did not present changes in eNO levels
when compared with the Control group (P 9 0.05). LPS
administration resulted in increased levels of eNO when
compared with Control, AE, and AE + LPS groups
(P G 0.001). Animals previously conditioned and submitted
to LPS administration (AE + LPS group) presented de-
creased eNO levels when compared with animals submitted
to LPS administration (LPS group, P G 0.001; Fig. 1).

Lung mechanics evaluation. Figure 2, A–C, shows
airway resistance (RAW), lung tissue resistance (GTIS),
and lung tissue elastance (HTIS). The results demonstrated
that neither aerobic exercise nor LPS administration
resulted in alterations of RAW and GTIS, when compared
with the Control group (P 9 0.05; Fig. 2A and B,
respectively). Figure 2C shows that aerobic exercise in
animals not submitted to LPS administration did not change
HTIS when compared with the Control group (P 9 0.05).
On the other hand, LPS administration resulted in a
significant decrease of HTIS when compared with Control
and AE groups (P G 0.01), and aerobic exercise in LPS
administered animals was not capable of inhibiting LPS-
decreased lung tissue elastance (P 9 0.05).

Total and differential cells count in BAL. Figure 3,
A and B, shows the number of total cells and neutrophils in
BAL, respectively. Aerobic exercise in animals not submit-
ted to LPS administration did not change the number of
total cells and neutrophils in BAL when compared with the
Control group (P 9 0.05). LPS administration induced a
significant increase in the number of total cells (P G 0.01)
and neutrophils (P G 0.001) when compared with the
Control, AE, and AE + LPS groups. Animals previously
conditioned and submitted to LPS administration (AE +
LPS group) presented a reduced number of total cells
(Fig. 3A; P G 0.01) and neutrophils (Fig. 3B; P G 0.001) in
BAL when compared with animals only submitted to LPS
administration (LPS group).

Lung parenchyma inflammation. Figure 3, C and D,
shows the density of mononuclear and polymorphonuclear
cells in lung parenchyma, respectively. Neither aerobic
exercise nor LPS administration increased the density of
mononuclear cells in lung parenchyma when compared with
the Control group (Fig. 3C; P 9 0.05). Aerobic exercise did
not change the density of polymorphonuclear cells when
compared with the Control group (Fig. 3D; P 9 0.05). In
contrast, LPS administration increased the density of
polymorphonuclear cells when compared with the Control,
AE, and AE + LPS groups (Fig. 3D; P G 0.001). Aerobic
exercise in animals submitted to LPS administration (AE +
LPS group) resulted in a significant decrease in the density
of polymorphonuclear cells when compared with the LPS
group (Fig. 3D; P G 0.001). Figure 4, A–D, shows re-
presentative photomicrographs of H/E-stained slides of lung
parenchyma of Control, AE, LPS, and AE + LPS groups, at
400� magnification, respectively, demonstrating the in-
flammatory infiltrate in the lung parenchyma.

Elastic fibers in lung parenchyma. Figure 5 shows
the volume proportion of elastic fibers in lung parenchyma.
Aerobic exercise did not change the volume proportion of
elastic fibers when compared with the Control group
(P 9 0.05). LPS administration significantly increased the
volume proportion of elastic fibers in lung parenchyma
when compared with the Control group (Fig. 5; P G 0.01).
Aerobic exercise in animals submitted to LPS administration

TABLE 1. Physical exercise test.

Group First Test Second Test Third Test

Control 30.5 T 4.15 34.5 T 4.15 33.5 T 3.20
AE 30.15 T 4.15 37.11 T 4.48* 40.5 T 5.67**
LPS 31.0 T 4.89 32.25 T 3.78 33.33 T 5.27
AE + LPS 31.87 T 4.38 36.87 T 4.96 38.0 T 4.58***

For AE group, * P G 0.01 when compared with first test. **P G 0.001 when compared
with first test.
For AE + LPS group, ***P G 0.04 when compared with first test.

FIGURE 1—eNO levels. *P G 0.001 for all groups.
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(AE + LPS group) did not inhibit the decrease of elastic fi-
bers in lung parenchyma when compared with animals sub-
mitted to LPS administration (LPS group, P 9 0.05; Fig. 5).

DISCUSSION

The present study demonstrates for the first time that
6 wk of previous aerobic conditioning obtained through
low-intensity swimming training inhibits the lung neutro-
philic inflammation in a model of ALI induced by LPS and
that this effect seems to be correlated with decreases in eNO

levels. This study also demonstrated that aerobic exercise
was not capable of inhibiting impaired lung mechanics,
which could be partially justified by the failure of aerobic
exercise to inhibit the decrease of elastic fiber content in the
lung parenchyma.

Regular exercise prevents the development of many
diseases (2), such as cardiovascular disease (13), hyperten-
sion (13), type 2 diabetes (6), metabolic syndrome (1),
Alzheimer (21), and diseases associated with systemic
inflammation (18). Regular aerobic exercise also prevents
the development of pulmonary diseases, such as asthma
(27,28) and lung injury induced by pulmonary artery

FIGURE 2—Lung mechanics. A, RAW = airway resistance. C, HTIS = lung tissue elastance. No differences were found when comparing all
experimental groups (P 9 0.05). B, GTIS = lung tissue resistance. *P G 0.01 when compared with LPS and AE + LPS groups.

FIGURE 3—Pulmonary inflammation. A, Total cells in BAL. *P G 0.01, when compared with all groups. B, Neutrophils in BAL. *P G 0.001, when
compared with all groups. C, Mononuclear cells in the parenchyma; no differences were found when compared with all groups (P 9 0.05).
D, Polymorphonuclear cells in the parenchyma. *P G 0.001, when compared with all groups.
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ischemia and reperfusion (16) and by intravenous infusion
of LPS (4). Mussi et al. (16) did not evaluate the possible
involvement of nitric oxide in the anti-inflammatory effects
of aerobic exercise, did not perform a direct measurement of
parenchymal inflammation, and did not consider the
parenchymal remodeling and the functional repercussion
through lung mechanics evaluation. Chen et al. (4) used an
intravenous infusion of LPS as an ARDS model, but a
pulmonary evaluation was restricted to a qualitative ob-
servation of the lung inflammation.

In the present study, we demonstrated that aerobic
exercise inhibited the elevation of the pulmonary eNO
levels in animals administered with LPS (Fig. 1), suggesting
an involvement of nitric oxide in the anti-inflammatory
effects of aerobic exercise in this model. Elevated levels of
nitric oxide in ARDS models contribute to endothelial or

parenchymal injury and induce an increase in microvascular
permeability, resulting in lung injury (11). Elevated levels
of nitric oxide in experimental models of ARDS are usually
attributed to increased expression of inducible nitric oxide
synthase (iNOS) in the lung parenchyma (24), and clinical
studies have also demonstrated increased levels of nitric
oxide and iNOS expression in BAL of ARDS patients (25).
The harmful effects of elevated levels of nitric oxide in
ARDS are related to the induction of chemokines and
cytokines and to the formation of most harmful reactive
nitrogen species, such as peroxynitrite, nitrogen dioxide,
and nitrotyrosine (24,25). Therefore, the present findings
demonstrating that aerobic exercise inhibits the specific
elevation of pulmonary nitric oxide (Fig. 1) are very
important. We also observed fewer total cells (Fig. 3A)
and neutrophils (Fig. 3B) in BAL and polymorphonuclear
cells (Fig. 3D) in lung parenchyma in mice submitted to
aerobic exercise, suggesting anti-inflammatory effects of
aerobic exercise on the lungs.

Most experimental studies using LPS as an agent of
induction of ARDS demonstrate that LPS results in
increased lung tissue resistance followed by increased
elastic fibers content (12,22). However, in the present
study, we observed that 24 h after LPS instillation, the
values of lung tissue resistance were decreased (Fig. 2C).
These results suggest that aerobic exercise did not prevent
the alterations in lung mechanics, although it inhibited
pulmonary inflammation. The lung mechanics alterations in
ARDS are attributed to increased pulmonary pressure,
edema, inflammation, and changes in the extracellular
matrix proteins content. Therefore, beyond the inflamma-
tion, we also investigated the effects of aerobic exercise on

FIGURE 4—Representative photomicrographs of the inflammatory infiltrate in the lung parenchyma, in the Control (A), AE (B), LPS (C), and AE +
LPS (D) groups. Scale bar, 25 Km. Magnification, 400�.

FIGURE 5—Elastic fiber content in lung parenchyma. *P G 0.01, when
compared with all groups.
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lung remodeling. Elastic fibers content in lung parenchyma
was decreased in the LPS-treated group, and aerobic
exercise did not inhibit excessive degradation of the elastic
fibers (Fig. 5). The decrease of elastic fibers content in the
lungs probably is involved in the decreased lung tissue
resistance because elastic fibers are involved in the
regulation of tissue resistance and elastance (30), and
previous studies have demonstrated that a decrease of lung
resistance and elastance is accompanied by a decrease in
elastic fibers content (19,30).

We could speculate that this response (decreased lung
tissue resistance and elastic fibers content) to LPS admin-
istration could be clarified, at least in part, by the fact that,
in the present study, we have used a high dose of LPS
(2.4 mgIkgj1 or È60 Kg per mouse). Other studies have
established 10 Kg as a high dose (10). This could result in
an important macrophagic and neutrophilic activation (20).
This activation leads to an excessive release of matrix
metalloproteases (MMPs), which degrade extracellular
matrix proteins, such as elastic fibers (5,20,22), an event
that exerts a central role in the process of pulmonary
remodeling (5,20,22). In addition, the remodeling process is
upregulated not only by MMPs but also by an imbalance
between MMPs and tissue inhibitor of matrix metallopro-

teases (TIMPs) (20) as well as growth factors (3). However,
in the present study, we did not evaluate the activation of
neutrophils and macrophages and the expression of MMPs,
TIMPs, and growth factors, which will be the goal in further
studies. In this study, we also did not evaluate the effects of
high-intensity exercise on the pulmonary response, which
could be important because some studies suggest that
chronic practice of high-intensity exercise, such as resis-
tance training, may improve the immune system (15).
However, there were no previous studies evaluating the
effects of high-intensity exercise on the pulmonary response
in experimental models of ARDS.

Therefore, we conclude that in a model of a high dose of
LPS-induced ARDS, low-intensity swimming training
inhibits lung neutrophilic inflammation and pulmonary
nitric oxide production but not the impairment of lung
mechanics or the degradation or elastic fibers.
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