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Recent reports indicate that aerobic exercise improves the overall physical fitness and health of asthmatic patients. The specific
exercise-induced improvements in the pathology of asthma and the mechanisms by which these improvements occur, however, are
ill-defined; thus, the therapeutic potential of exercise in the treatment of asthma remains unappreciated. Using an OVA-driven
mouse model, we examined the role of aerobic exercise in modulating inflammatory responses associated with atopic asthma. Data
demonstrate that moderate intensity aerobic exercise training decreased leukocyte infiltration, cytokine production, adhesion
molecule expression, and structural remodeling within the lungs of OVA-sensitized mice (n � 6–10; p < 0.05). Because the
transcription factor NF-�B regulates the expression of a variety of genes that encode inflammatory mediators, we monitored
changes in NF-�B activation in the lungs of exercised/sensitized mice. Results show that exercise decreased NF-�B nuclear
translocation and I�B� phosphorylation, indicating that exercise decreased NF-�B activation in the lungs of sensitized mice (n �

6). Taken together, these results suggest that aerobic exercise attenuates airway inflammation in a mouse model of atopic asthma
via modulation of NF-�B activation. Potential exists, therefore, for the amelioration of asthma-associated chronic airway inflam-
mation through the use of aerobic exercise training as a non-drug therapeutic modality. The Journal of Immunology, 2004, 172:
4520–4526.

A llergic or atopic asthma, the most common form of
asthma, is identified by the presence of characteristic
clinical symptoms of wheezing, chest tightness, dyspnea

and cough, and by the presence of reversible airway narrowing
and/or airway hyperresponsiveness to a variety of inhaled bron-
choconstrictor stimuli (1). Although multifactorial in origin, atopic
asthma is characterized as an inflammatory process that is the re-
sult of an inappropriate immune response to common allergens;
this inflammatory process can be illustrated in a two-phase airway
response. The first or early phase, an immediate reaction triggered
upon allergen contact, involves the cross-linking of allergen-spe-
cific IgE to Fc�RI on submucosal pulmonary mast cells resulting in
degranulation and release of both preformed and newly synthe-
sized inflammatory mediators. Early-phase events such as in-
creased microvascular permeability, increased mucus secretion,
and smooth muscle contraction are largely attributed to the actions
of histamine. The second or late phase, a delayed and sustained
inflammatory response, involves the response to cysteinyl leuko-
trienes, PGs, cytokines (e.g., IL-4, IL-5, IL-13), chemokines (e.g.,
IL-8, monocyte chemoattractant protein 1 (MCP-1),2 RANTES),
adhesion molecules (i.e., VCAM-1), and matrix metalloprotein-
ases. These factors are either released by, recruit, and/or promote

the inflammatory cascade of macrophages and various leukocytes
such as Th2 lymphocytes, eosinophils, and neutrophils. Notably,
gene expression of many of these proinflammatory factors is reg-
ulated by the transcription factor NF-�B (2). Sequelae from this
phase perpetuate further tissue damage and airway remodeling via
epithelial tissue sloughing, smooth muscle proliferation and con-
traction, and basement membrane thickening.

The increase in prevalence, severity, and mortality of asthma high-
lights the complexity of the disease in relation to environmental and
genetic factors as well as the need for more efficacious drug and non-
drug interventions (3). Given that exercise modulates immune re-
sponses in healthy individuals (4–6), consideration of the clinical
ramifications of exercise in the modification of a disease for which the
immune system has a role is of vital importance. Several clinical
studies suggest that aerobic exercise training improves the overall
physical fitness and health of asthmatics through increasing ventila-
tory capacity and lessening of asthma-related symptoms (7–11).
American Thoracic Society guidelines for pulmonary rehabilitation
programs, in accordance with these clinical studies, recommend the
implementation of low to moderate intensity aerobic exercise training
for those with chronic respiratory disease, including asthma (12). De-
spite these studies and recommended guidelines, it remains unclear
whether physical training can attenuate asthmatic inflammatory re-
sponses and disease progression (13, 14).

The hypothesis of this study was that moderate aerobic exercise
would attenuate inflammatory responses associated with the asth-
matic airway. Studies described herein indicate that moderate in-
tensity aerobic exercise training attenuated lung inflammatory re-
sponses in an OVA-driven mouse model of atopic asthma.
Exercise-mediated decreases in NF-�B nuclear translocation and
I�B� phosphorylation indicate that attenuation of NF-�B activa-
tion may facilitate the observed anti-inflammatory effects of exer-
cise. In light of these findings, potential may exist for the reduction
of asthma-associated chronic airway inflammation through the use
of aerobic exercise training as a non-drug therapy.
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Materials and Methods
Animals

Sixty female BALB/cJ mice (3–5 wk old; The Jackson Laboratory, Bar
Harbor, ME), a strain susceptible to OVA-induced IgE responses (15, 16),
were used. Mice were housed in a pathogen-free containment facility and
maintained in autoclaved Microisolator cages (Lab Products, Maywood,
NJ). Mice were provided with food (Teklad, Madison, WI) and water ad
libitum. Two animals were withdrawn from the exercised nonsensitized
group for failure to exercise. All animal treatments were approved by the
University of Alabama at Birmingham Institutional Animal Care and Use
Committee and were in accordance with the National Institutes of Health
recommended guidelines.

OVA sensitization and exercise protocol

At the start of the protocol, mice (six to nine per group) were assigned
randomly to one of the following four experimental groups: sedentary and
nonsensitized (S), sedentary and OVA sensitized (SO), exercised and non-
sensitized (E), and exercised and OVA sensitized (EO). OVA-sensitized
mice (SO and EO) were injected i.p. (200 �l/mouse) on days 0 and 14 with
50 �g of alum-precipitated chicken egg OVA (Imject Alum; Pierce, Rock-
ford, IL; grade VII OVA, �98% pure, Sigma-Aldrich, St. Louis, MO).
Limulus amebocyte lysate analysis demonstrated that this commercial
OVA solution contained �50 endotoxin units (EU)/ml endotoxin (data not
shown). Following these injections and beginning on day 21, mice were
exposed to aerosolized OVA at a concentration of 5 mg/ml (in 0.85% NaCl
solution) for 30 min/day for 5 consecutive days. Thereafter, aerosolized
boosters of OVA (at the same concentration) were administered for 10

min/day, 5 consecutive days/wk for the remainder of the study. Mice as-
signed to the nonsensitized groups (S and E groups) received i.p. injections
and aerosolizations of saline only.

One to 2 h postaerosolization, exercised mice (E and EO groups) un-
derwent bouts of aerobic exercise on a motorized treadmill (Exer 6M;
Columbus Instruments, Columbus, OH). This mode of exercise was used
because exercise intensity and duration could be manipulated experimen-
tally, unlike voluntary running or swimming. Exercise bouts were per-
formed three times per wk for a total time period of 4 wk. During the first
week of the exercise regimen, treadmill speed and exercise duration were
progressively increased from 10.0 m/min for 30 min to 13.5 m/min for 45
min to acclimate to and train mice on the treadmill. In the remainder of the
protocol (weeks 2–4), mice exercised for 45 min at 13.5 m/min (0% grade).
All exercise bouts included brief warm-up and cool-down periods so that
the total treadmill time was �60 min. Previous studies have defined mod-
erate intensity aerobic exercise as brief (15–60 min) bouts of treadmill
running at 50–75% maximum O2 consumption or �15–22 m/min (17–21).
Because the EO group received an inflammatory-promoting pulmonary
treatment, treadmill parameters were set at the lower end of the max O2

consumption range so as to reduce the chance of exercise-induced bron-
chospasm. Repetitive aerobic exercise was tailored to mimic the classic
parameters of traditional pulmonary rehabilitation programs; such param-
eters include intermittent weekly sessions of moderately intense physical
aerobic training, with emphasis on the lower extremities, for a period of 1
mo (14, 22, 23). Twenty-four hours after completion of the sensitization/
exercise protocol, mice were euthanized via i.p. injection of ketamine (8.7
mg/100 g body wt) mixed with xylazine (1.3 mg/100 g body wt) (24).

FIGURE 1. Exercise lessened sensitization-induced changes in leukocyte infiltration and lung architecture. A and B, Mice were sensitized/exercised and
lungs were prepared for analysis of leukocyte infiltrate, epithelial hypertrophy, and mucus production as described in Materials and Methods. Representative
results of five to six separate experiments are shown (�, airway lumen; magnification, �40). C, Tissue sections were coded randomly and scored
subjectively for the inflammatory parameters of: 1) perivascular (pv) and peribronchial (pb) lymphoid accumulation; 2) hypertrophy/hyperplasia of the
mucosal epithelium (epi hyper); 3) goblet cell and mucin production; and 4) overall index of inflammation. Grading scale: 0, none; 1, �25%; 2, 25–50%;
3, 50–75%; 4, �75%. Scores are represented as average scores per group (n � 5–6/group; †, p � 0.05 as compared with SO). Each average score per
category was multiplied by the extent of appearance in the lungs (also rated 0–4) to devise an overall index of inflammation. Scores from nonsensitized
groups totaled zero (data not shown).
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Histopathology and immunohistochemistry

Lungs fixed in 70% alcoholic Formalin and paraffin embedded were stained
with Alcian blue-periodic acid-Schiff and hematoxylin as described previ-
ously (25). After random coding, the degree of inflammation in the periodic
acid-Schiff and hematoxylin analyses was assessed subjectively; in partic-
ular, the extent of leukocyte infiltrate, epithelial cell hypertrophy, and mu-
cus production was assessed. A semiquantitative rating scale ranged from
0 (none) to maximal (4). Each average score per category was multiplied
by the extent of appearance in the lungs (also rated 0–4) to devise an
overall index of inflammation. In addition, Formalin-fixed paraffin-embed-
ded sections were stained with Abs specific for ICAM-1 (R&D Systems,
Minneapolis, MN), VCAM-1 (Santa Cruz Biotechnology, Santa Cruz,
CA), or the NF-�B subunit p65 (Santa Cruz Biotechnology). Formalin-
preserved sections were treated with citrate buffer (pH 6.0) to facilitate Ag
retrieval and then stained with the respective primary Ab followed by the
appropriate Alexa Fluor 564 secondary Ab (Molecular Probes, Eugene,
OR) as described previously (26).

Lavage and serum protein analysis

Mice were lavaged (24) or cardiac punctured (27) as described previously.
Briefly, mice were lavaged with 1 ml � 4 of 0.9% saline and collected
bronchoalveolar lavage fluid (BALF) was centrifuged to pellet the cellular
fraction; the first milliliter collected was used for cytokine analysis. Cell
viability was determined via trypan blue exclusion and cell types were
differentiated on cytospin preps using Diff-Quik stain. Cell differentials
were determined from at least 500 leukocytes using standard hematological
criteria. Total protein concentrations in BALF were determined via deter-
gent-compatible assay (Bio-Rad, Hercules, CA). BALF samples were an-
alyzed for KC, MCP-1, RANTES, IL-4, and IL-5 protein content via
ELISA (BioSource International, Camarillo, CA). Serum samples were an-
alyzed for total IgE and OVA-specific IgE via ELISA (BD PharMingen,
San Diego, CA).

Analysis of I�B� phosphorylation

Lungs were extracted, homogenized, and lysed in a buffer containing 10
�M Tris, 0.15 mM NaCl, 1% Triton X-100, and the protease inhibitors
aprotinin, leupeptin, pepstatin A (100 �g/ml each), and 10 �M PMSF.
Equivalent amounts of protein (50 �g/lane) for each sample were electro-
phoresed and transferred to a polyvinylidene difluoride membrane. Blots
were then immunoblotted with a polyclonal rabbit Ab directed against
I�B�-Ser32 (diluted 1/1000 in TBS containing 0.1% Tween 20 and 5%
BSA; Cell Signaling, Beverly, MA) followed by a donkey anti-rabbit IgG
Ab conjugated to HRP (diluted 1/2000 in TBS containing 0.1% Tween 20
and 5% BSA). Immunoblots were developed using chemiluminescence.
Blots were then stripped (0.2 N NaOH for 5 min at room temperature) and
reprobed with a polyclonal rabbit Ab against I�B� (diluted 1/1000 in TBS

containing 0.1% Tween 20 and 5% BSA; Cell Signaling) to verify I�B�
protein expression in each sample.

Statistical analysis

Data were analyzed using SPSS Version 11.0 (SPSS, Chicago, IL). Results
are reported as group means �SEM. ANOVA determined differences
among the group means and the Tukey post hoc analysis determined which
group means differed significantly (at a level of p � 0.05).

FIGURE 2. Exercise decreased cellular in-
filtrate and total lavage protein in sensitized
mice. A, Cells collected from BALF of mice
were analyzed for differences in total cell
count as described in Materials and Methods.
Results are reported as cell number (�105)
(n � 5–6 for each group; �, p � 0.05 as com-
pared with S; †, p � 0.05 as compared with
SO). B, Differential BALF cell counts were
performed using standard hematological crite-
ria. Results are reported as percentage of total
cell number (n � 3–4 for each group; †, p �
0.05 as compared with SO). C, BALF was
monitored for changes in total protein concen-
trations via detergent-compatible assay. Re-
sults are reported as fold differences in total
protein, as compared with nonsensitized mice
(n � 3–5; �, p � 0.05 as compared with S; †,
p � 0.05 as compared with SO; ND, none
detected).

FIGURE 3. Exercise decreased KC- and MCP-1-secreted protein levels
in the lungs of OVA-sensitized mice. BALF was analyzed for KC (A)- and
MCP-1-secreted protein levels (B) via ELISA. Results are reported as pi-
cograms per milliliter of respective protein (n � 5–6; �, p � 0.05 as
compared with S; †, p � 0.05 as compared with SO).
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Results
OVA sensitization and exercise protocol

To examine the effects of aerobic exercise on allergen-mediated
airway responses, BALB/cJ mice were primed with OVA via two
rounds of i.p. injections followed by a series of challenges with
aerosolized OVA; nonsensitized mice were administered saline
alone. Throughout the challenge phase of the protocol, mice that
exercised did so repeatedly on a motorized treadmill; sedentary
mice continued spontaneous activity. At the conclusion of the sen-
sitization/exercise protocol, mice were analyzed for differences in
lung architecture and inflammatory responses.

Exercise attenuated allergen-mediated changes in lung
architecture and inflammation

Chronic inflammation in the atopic asthmatic airway leads to char-
acteristic changes in lung architecture. Specifically, changes in-
clude increased mucus production, epithelial cell hypertrophy,
basement membrane thickening, and inflammatory cell infiltrate,
which includes eosinophils and neutrophils (28). To assess the
effect of exercise on these parameters in OVA-sensitized mice,
lungs were excised and/or lavaged and then prepared for analysis.
Normal lung histology was observed in the absence of sensitiza-
tion (data not shown). In contrast, OVA sensitization stimulated
significant increases in inflammatory cellular infiltrate, mucus pro-
duction, and epithelial hypertrophy (Fig. 1, A and C); exercise
attenuated each of these parameters (Fig. 1, B and C). These ex-
ercise-mediated modifications were congruently reflected in the
decreased total number and composition of infiltrating cells (Fig.
2, A and B) and the decreased protein levels (Fig. 2C) observed in
the lung BALF of exercised OVA-sensitized mice as compared
with their sedentary counterparts. Importantly, exercise reduced
OVA-mediated increases in BALF cell number and total protein to
baseline levels observed in nonsensitized mice (Fig. 2, A and C).

Exercise decreased selectively the production of chemokines and
adhesion molecules in the OVA-sensitized lung

Chemokine production and adhesion molecule expression play im-
portant roles in the trafficking of immune cells into the bronchial
mucosa and their subsequent activation during an inflammatory
response. Increased levels of the chemokines KC (murine homo-

logue of human IL-8), MCP-1, and RANTES and the adhesion
molecules ICAM-1 and VCAM-1 have been observed repeatedly
in murine models of the asthmatic lung (29–31). To examine the
effect of aerobic exercise on chemokine production and adhesion
molecule expression in this mouse model of atopic asthma, lungs
were lavaged and/or excised and analyzed for changes in secreted
KC, MCP-1, and RANTES protein levels and ICAM-1 and
VCAM-1 surface protein expression. The lungs of sedentary
OVA-sensitized mice contained a 4-fold increase in KC as com-
pared with nonsensitized mice (Fig. 3A); surprisingly, OVA sen-
sitization had little observed effect on MCP-1 levels (Fig. 3B).
Importantly, KC levels in exercised OVA-sensitized mice de-
creased to baseline levels observed in nonsensitized mice. MCP-1
levels tended also to decrease in exercised OVA-sensitized mice,
although the difference was not significant statistically as com-
pared with nonsensitized mice. Secreted RANTES protein was not
detected in either the nonsensitized or sensitized groups (data not
shown). Interestingly, ICAM-1 expression did not differ between
the OVA-sensitized groups (data not shown). In contrast, however,
exercise reduced VCAM-1 expression in the lung epithelial struc-
tures of OVA-sensitized mice (Fig. 4, B and C); VCAM-1 expres-
sion was not observed in the lungs of sedentary (Fig. 4A) or ex-
ercised (data not shown) nonsensitized mice.

Exercise decreased detectable levels of the Th2-derived
lymphokines IL-4, IL-5, and OVA-specific IgE

IgE production and allergen-induced aggregation of IgE bound to
Fc�RI on submucosal pulmonary mast cells promote inflammatory
responses within the atopic asthmatic lung. Th2 cells secrete the
lymphokines IL-4 and IL-5, which are important in mediating IgE
production and eosinophilia, respectively. Because atopic asthma
likely involves these processes, it is considered to be a Th2-driven
disease (32). To determine the effect of aerobic exercise on the
levels of lavagate IL-4 and IL-5 and serum IgE in OVA-sensitized
mice, lavagates were harvested from lungs, serum was collected
via intracardiac puncture, and resulting samples were monitored
for changes in IL-4 and IL-5 protein content and total and OVA-
specific IgE accordingly. In the sensitized airway, exercise de-
creased the levels of both IL-4- and IL-5-secreted protein by �13-
and 3-fold, respectively (Fig. 5). Little or no IL-4 or IL-5 protein

FIGURE 4. Exercise decreased VCAM-1 surface expression in the lungs of OVA-sensitized mice. Formalin-fixed, paraffin-embedded sections from SO
(A) and EO (B) mice were analyzed for VCAM-1 expression as described in Materials and Methods. Tissue was counterstained with Hoescht to detect
nuclei (blue). Representative results from three independent experiments are shown (�, airway lumen; magnification, �25; inset, �50).
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was detected in the absence of OVA sensitization (data not
shown). In addition, OVA sensitization induced a significant in-
crease in the serum levels of total (Fig. 6A) and OVA-specific IgE
content (Fig. 6B). Interestingly, exercise decreased OVA-specific
IgE levels significantly, yet had no discernable effect on total IgE
levels (Fig. 6B).

Exercise may attenuate asthmatic responses via modulation of
NF-�B activation

NF-�B regulates the gene expression of many inflammatory me-
diators, including KC and VCAM-1 (2). NF-�B is retained in the
cytoplasm of unactivated cells through interaction with members
of the I�B inhibitor family, including I�B� (33). Phosphorylation
(at serines 32 and 36) and subsequent degradation of I�B� releases
NF-�B and allows NF-�B to translocate to the nucleus and activate
transcription (33). To investigate the possible mechanisms under-
lying the effects of exercise on allergen-mediated inflammatory
responses, therefore, I�B� phosphorylation and NF-�B nuclear
translocation were examined. As shown in Fig. 7, exercise de-
creased both the phosphorylation of I�B� (Fig. 7A) and translo-
cation of the NF-�B subunit p65 (Fig. 7B) in the lungs of sensi-
tized mice as compared with sedentary controls.

Discussion
The data presented above demonstrate that moderate intensity aer-
obic exercise attenuated lung inflammatory responses in a mouse
model of atopic asthma. Specifically, exercise lessened the follow-
ing proinflammatory parameters in mice that were sensitized with
OVA: 1) mucus production and epithelial cell hypertrophy in lung
tissue; 2) cellular infiltrate and total protein concentration in the
airway lumen; 3) secretion of the proinflammatory mediators KC,
IL-4, and IL-5 into the airway lumen; 4) expression of the adhesion

molecule VCAM-1 in intact lung tissue; and 5) production of
OVA-specific IgE in serum. Data also demonstrate that exercise
decreased NF-�B nuclear translocation and I�B� phosphorylation
in the lungs of OVA-sensitized mice as compared with sedentary
controls. Taken together, these data suggest that moderate intensity
aerobic exercise training reduces asthmatic-related airway inflam-
mation and that this reduction may occur via inhibition of NF-�B
activation.

In the lungs of OVA-sensitized mice, the observed cellular in-
filtrate was composed primarily of macrophages and to a lesser
degree of neutrophils, lymphocytes, and eosinophils. Interestingly,
a greater number of neutrophils than eosinophils were observed.
Such results are in accordance with a growing body of literature
which suggests that, in chronic asthmatics, neutrophils are a pre-
dominant inflammatory leukocyte in the lung and contribute to
airway remodeling and the development of nonreversible airway
obstruction (34–36). Moreover, studies that subjected sensitized
animals to inhaled OVA challenge suggest that inflammatory-cell
migration into the lung is characterized by an acute neutrophil
influx (37) followed by a chronic airway eosinophilia (36, 38, 39).
Exercise decreased the numbers of each of the observed infiltrating
cell types. In general, exercise appeared to decrease cellular infil-
tration by improving the integrity of the epithelial layer as indi-
cated by reduced BALF total protein levels. A reduction in BALF
total protein levels suggests that the airway epithelial layer was
intact and, thereby, more resistant to cellular influx. In addition,
the exercise-mediated reduction in neutrophil and eosinophil re-
cruitment may be the result of decreased KC and VCAM-1 ex-
pression; KC chemoattracts neutrophils while VCAM-1 facilitates
migration of eosinophils (40).

Because Th2 cells secrete the lymphokines IL-4 and IL-5, which
are important in mediating IgE production and eosinophilia, these
cells have been implicated in the pathogenesis of allergic asthma
(reviewed in Ref. 32). In support of this hypothesis, increased lev-
els of IL-4 and IL-5 protein have been detected in the luminal
fluids of asthmatics (32). Data presented herein replicate these
findings of increased IL-4 and IL-5 in BALF secretions as well as
increased IgE in the serum, suggesting that the employed OVA
sensitization model is a valid one for the study of atopic asthma. In
this model, exercise decreased BALF levels of IL-4 and IL-5 as
well as the extent of eosinophilic infiltrate. In addition, exercise
decreased OVA-specific IgE levels in the serum of sensitized
mice; however, exercise had no affect on serum total IgE content.
Although the reasons underlying such a discrepancy in the mod-
ulation of IgE production are unclear, these results suggest that
exercise attenuates Th2-mediated responses and subsequent hu-
moral responses that lead to the generation of allergen-specific
IgE Abs.

FIGURE 5. Exercise decreased IL-4- and IL-5-secreted protein levels in
the lungs of OVA-sensitized mice. BALF samples were analyzed for dif-
ferences in secreted IL-4 and IL-5 protein via ELISA. Results are reported
as picograms per milliliter of respective protein (n � 5–6; †, p � 0.05 as
compared with SO; IL-5 results approached significance with p � 0.06).

FIGURE 6. Exercise decreased OVA-specific
IgE levels but not total IgE levels in the serum of
OVA-sensitized mice. Serum samples were moni-
tored for changes in total IgE (A) and OVA-specific
IgE (B) levels via ELISA as described in Materials
and Methods. Results for total IgE levels are re-
ported as nanograms per milliliter protein; results
for OVA-specific IgE totals are reported as EU/ml,
with OVA-induced IgE arbitrarily assigned 1000
EU/ml (n � 6–9; �, p � 0.05 as compared with S;
�, p � 0.05 as compared with E; †, p � 0.05 as
compared with SO; ND, none detected).
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The mechanisms responsible for the effects of exercise on im-
mune responses in the asthmatic lung remain ill defined; however,
data presented herein suggest that such mechanisms may involve
exercise-induced changes in NF-�B activation. Specifically, we
show that exercise decreased NF-�B subunit p65 nuclear translo-
cation and I�B� phosphorylation in OVA-sensitized mice. Recent
studies have implicated NF-�B activation in the pathogenesis of
asthma. Poynter et al. (36) demonstrated recently that NF-�B ac-
tivity is increased in the airways of an OVA-driven murine model
of asthma. In addition, Yang et al. (41) reported that the NF-�B
subunit p50 is required for the induction of eosinophilia in an
OVA-driven murine model of asthma. As noted earlier, the ex-
pression of many immune molecules, including IL-8 and
VCAM-1, is regulated by the NF-�B (2). Other possible mecha-
nisms that may underlie the effects of exercise include exercise-
induced changes in endogenous neuroendocrine factors, including
corticosterone and catecholamines (42). Each of these neuroendo-
crine factors can modulate immune-related events, such as cyto-
kine production, surface molecule expression, and lymphocyte
proliferation (4, 42) as well as NF-�B activation. Through binding
to corticosteroid receptors, corticosterone can inhibit NF-�B acti-
vation by either interacting physically with NF-�B subunits (43)
and/or inducing the gene expression of the NF-�B inhibitor I�B
(44). Catecholamines, such as epinephrine, may exert bronchodi-
latory effects that lessen compressive pressures and thereby de-
crease stress-induced NF-�B activation in the airways (45, 46).
Lastly, aerobic exercise may modulate the efficiency of Ag pre-
sentation within the lung and, therefore, subsequent allergen-induced
responses in the airways. In support of this possible mechanism,
Ceddia et al. (6) demonstrated that acute, exhaustive exercise

enhanced macrophage phagocytosis and chemotaxis yet reduced
macrophage MHC II expression and Ag presentation ability.

Previous clinical studies have examined the effects of exercise
on the asthmatic lung. Emtner et al. (7) have reported that adults
with mild–moderate asthma who underwent a physical training
program for 10 wk exhibited increased ventilatory capacity, de-
creased exercise-induced bronchospasm, and decreased asthma-
related symptoms. Long-term follow-up of these asthmatic patients
indicated that patients who maintained a moderate intensity level
of exercise for 3 years following the initial training program re-
duced their number of asthma-related emergency room visits dur-
ing that time (8). Similarly, Henriksen and Nielsen (19) demon-
strated a beneficial effect of endurance training on exercise-
induced bronchoconstriction and working capacity. Additional
studies have reported similar findings with regard to exercise-me-
diated improvement in the ventilatory capacity of asthmatic pa-
tients (9, 11). It is interesting to note that several of these studies
observed improvements in exercise-induced bronchoconstriction
following physical training (7, 9, 10). In light of these observa-
tions, there may exist an inverse dose response for the efficacy of
exercise in the treatment of asthma. For example, training at a
moderate intensity may provide beneficial, anti-inflammatory ef-
fects as our data suggest; however, strenuous training may exac-
erbate disease parameters. Alternatively, improved physical fitness
and decreased inflammatory load as a consequence of moderate
intensity training may increase the threshold of exercise intensity
that triggers bronchoconstriction. Taken together, our data and the
findings of previous clinical studies suggest that instituting a pro-
tocol of moderate intensity aerobic exercise training early in the
course of asthma may provide a protective effect against associated

FIGURE 7. Exercise decreased NF-�B nuclear translocation and I�B� in OVA-sensitized mice. A, Translocation of the NF-�B subunit p65 (denoted
by arrows) was monitored in SO (left) and EO (right) mice via immunohistochemical analysis as described in Materials and Methods. Representative
photomicrographs of six separate experiments are shown (�, airway lumen; magnification, �25; inset, �50). B, Lung I�B� phosphorylation was analyzed
via immunoblotting as described in Materials and Methods. Representative results from six independent experiments are shown.
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airway inflammation, attenuate disease progression, and decrease
asthmatic symptomatology.
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