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Effects of exercise training on airway responsiveness and airway cells
in healthy subjects. J Appl Physiol 109: 288–294, 2010. First pub-
lished June 10, 2010; doi:10.1152/japplphysiol.01200.2009.—Airway
responsiveness to methacholine (Mch) in the absence of deep inspi-
rations (DIs) is lower in athletes compared with sedentary individuals.
In this prospective study, we tested the hypothesis that a training
exercise program reduces the bronchoconstrictive effect of Mch. Ten
healthy sedentary subjects (M/F: 3/7; mean � SD age: 22 � 3 yr)
entered a 10-wk indoor rowing exercise program on rowing ergometer
and underwent Mch bronchoprovocation in the absence of DIs at
baseline, at weeks 5 and 10, as well as 4–6 wk after the training
program was completed. Exercise-induced changes on airway cells
and markers of airway inflammation were also assessed by sputum
induction and venous blood samples. Mean power output during the
1,000 m test was 169 � 49 W/stroke at baseline, 174 � 49 W/stroke
at 5 wk, and 200 � 60 W/stroke at 10 wk of training (P � 0.05). The
median Mch dose used at baseline was 50 mg/ml (range 25–75
mg/ml) and remained constant per study design. At the pretraining
evaluation, the percent reduction in the primary outcome, the inspira-
tory vital capacity (IVC) after inhalation of Mch in the absence of DIs
was 31 � 13%; at week 5, the Mch-induced reduction in IVC was
22 � 19%, P � 0.01, and it further decreased to 15 � 11% at week
10 (P � 0.0008). The percent fall in IVC 4–6 wk after the end of
training was 15 � 11% (P � 0.87 vs. end of training). Changes in
airway cells were not associated with changes in airway responsive-
ness. Our data show that a course of exercise training can attenuate
airway responsiveness against Mch inhaled in the absence of DIs in
healthy subjects and suggest that a sedentary lifestyle may favor
development of airways hyperresponsiveness.

rowing; methacholine; neutrophils

AIRWAY SMOOTH MUSCLE tone-driven airway narrowing re-
sponses are of major importance in obstructive airway dis-
eases. In the absence of deep inspirations, healthy subjects
develop substantial bronchoconstriction with methacholine (19, 21,
42) because of the absence of the bronchoprotective and
bronchodilatory effects of lung inflation. With avoidance of
deep inspirations one can, therefore, study how airway tone
develops and influences healthy airway function. Studying

healthy airway behavior is paramount in understanding abnor-
malities that are seen in asthma and other obstructive airway
conditions.

Recently, we used methacholine provocations conducted in
the absence of deep inspirations and discovered substantial
differences among healthy individuals. Notably, we found that
two groups, well-trained athletes and individuals who do not
exercise vigorously in their daily life, had significantly differ-
ent airway responsiveness to inhaled methacholine: in the
absence of deep inspirations, the former exhibited lower re-
sponsiveness compared with the latter (35). This observation
raised the hypothesis that long-term vigorous exercise reduces
the bronchoconstrictive effects of parasympathetic stimulation.
To test this hypothesis, we designed a prospective study in
which healthy subjects entered a 10-wk indoor rowing exercise
program and underwent methacholine bronchoprovocation in
the absence of deep breaths at baseline, at the middle and the
end of their training, as well as 4–6 wk after the training
program was completed. Rowing was chosen because it is an
ideal model to assess the effects of very intense, short-lived
exercise, as it involves a large muscle mass and causes intense
hyperpnea (44).

Our group has also shown that endurance athletes develop
neutrophilia in airway fluids (4, 5). The physiological conse-
quences of this phenomenon, if any, are not known, but the
possibility exists that neutrophilia may lead to inflammatory
changes that, in the case of our study, may prevent or modify
the hypothesized ability of exercise to reduce parasympatheti-
cally induced bronchoconstriction. To examine the influence of
exercise-induced changes on airway cells, we included sputum
induction procedures in our study. Markers of airway inflam-
mation were assessed by Clara cell protein 16 in serum (CC-
16) and interleukin-8 (IL-8) in sputum supernatants.

MATERIALS AND METHODS

Subjects. We studied 10 healthy subjects (M/F: 3/7; mean � SD
age: 22 � 3 yr, body mass index: 22.2 � 2.3 kg/m2). No subject was
a former or current smoker or reported symptoms suggestive of air-
way disease nor did any subject have a prior history of chronic airway
disease. Two subjects had a history of allergic rhinitis but were
untreated and asymptomatic at the time of the study. No subject
reported upper respiratory infections in the 4 wk preceding enroll-
ment. Physical activity before enrollment was moderate (�4 h/wk in
the previous 6 mo), and no subject practiced regular training of any
form. In the days when tests were performed, exercise, as well as
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coffee or tea, was not allowed in the morning. The study was
approved by the University of Palermo Ethics Committee, and all
subjects gave written informed consent.

Training program. All subjects underwent a training indoor rowing
program on rowing ergometer (Concept II, Morrisville, VT) consist-
ing of two to three sessions per week for 10 wk (total 25 sessions).
Each session lasting 60–90 min included a warm-up period for 20 min
(running and stretching) and a specific training on rowing ergometer
of 40–70 min. A 1,000-m all-out rowing test was first performed to
document power output, strokes, and mean maximal speed (29, 30).

The 1,000-m all-out test was preceded by a 20-min warm-up: after
10 min of low-intensity exercise (heart rate 120–140 beats/min, 22–26
strokes/min), the subject performed two to three sprints of five to
seven strokes at submaximal intensity (heart rate 140–160 beats/min,
27–30 strokes/min). Active rest (2 min of light rowing, 22–24 strokes/
min) was maintained between sprints. The warm-up ended with two to
three trials at maximal intensity preceded and followed by short active
rest periods. On the basis of the performance, watts per stroke and
strokes per minute recorded in the 1,000-m all-out test, a certified
European rowing coach created personalized training programs. Row-
ers undertook a 10-wk training program of 20% of all training time at
maximal power output, 10% of all training time at 75–90% of maximal
power output, and 70% of all training time at 60–65% of maxi-
mal power output. At weeks 0, 5, and 10, 1,000- and 2,000-m all-out
rowing tests were performed to evaluate performance and reassess the
individualized workload. A certified training instructor and a pulmo-
nologist supervised all sessions.

Pretraining clinical evaluation. At the beginning of the study and
before the training program began, in addition to providing a clinical
history, each subject underwent a functional evaluation to exclude the
presence of respiratory disease. Functional respiratory assessment
included conventional spirometry and measures of static and dynamic
lung volumes, using the helium dilution technique and a computerized
water-sealed spirometer (Biomedin; Padua, Italy). Measurements
were made in accordance with the American Thoracic Society (ATS)
acceptability and reproducibility criteria (1).

Study design. At the pretraining evaluation (week 0), modified
spirometry (see below) was first conducted followed by determination
of airway responsiveness to methacholine in the absence of deep
inspirations; in addition, induced sputum and venous blood samples
were collected at rest on the following day. The same protocol was
repeated at weeks 5 (midtraining) and 10 (end of training), as well as
4–6 wk after the end of the training program (recovery). During the
recovery period subjects were asked not to engage in any training
activity.

Assessment of airway responsiveness in the absence of deep
inspirations. To evaluate airway responsiveness in the absence of
deep inspirations, we employed the single-dose methacholine bron-
choprovocation procedure that we have previously used and validated
in several studies (35, 36, 38). The protocol for the single-dose
methacholine provocation is depicted in Fig. 1. At baseline, three
acceptable, modified (see below) spirometric maneuvers are obtained.
Subjects are then instructed to avoid deep inspirations for 20 min and
are observed for compliance during this period. Thereafter, subjects
inhale a single methacholine dose with five tidal breaths, and 3 min
later, a single modified spirometry is repeated.

Because the deep inspiratory maneuver that is embedded in con-
ventional spirometry can alter the response to methacholine (11, 39),
a modified spirometry technique is used in our studies (Fig. 1, inset).
The modified spirometry incorporates a partial forced expiratory
maneuver (from end tidal inspiration to residual volume) immediately
before the maximal maneuver. Inspiratory vital capacity (IVC), i.e.,
the volume from the end of the forced partial expiratory maneuver to
the end of maximal inspiration, is recorded and is used as the primary
outcome of the methacholine provocation,because it offers the advan-
tage of not being affected by a preceding deep inspiration. The usage
of IVC does not eliminate our ability to also measure forced expira-

tory volume in 1 s (FEV1) and forced vital capacity (FVC) since a
maximal maneuver always follows the partial one. The methacholine-
induced effect on IVC is recorded as the percent difference between
the post-methacholine IVC and the best IVC from the three baseline,
modified spirometric measurements.

The dose of methacholine used in the pretraining bronchoprovoca-
tion was individualized as the inhaled concentration attaining at least
15% reduction in IVC from baseline and was determined for each
subject by a series of increasing single-dose methacholine broncho-
provocations carried out earlier, also in the absence of deep breaths. If
the first concentration (7.5 mg/ml) was ineffective, the provocation
was repeated with a higher concentration (25 mg/ml) and, if needed,
with the highest concentration (75 mg/ml). These single-dose metha-
choline bronchoprovocations were repeated on the same day (at least
2 h apart) if the preceding provocation reduced IVC by �5% from
baseline or on the following day if IVC had dropped by �5%. The
concentration of methacholine that was used for the single-dose
challenge in the pretraining bronchoprovocation was used in all
subsequent bronchoprovocations.

Sputum induction and processing. Sputum was induced and pro-
cessed in accordance with the “plugs” method (23) with slight mod-
ifications (33). After washing the oral cavity with saline, subjects
inhaled a hypertonic (5%) saline aerosol for 20 min administered with
an ultrasonic nebulizer (median particle diameter 2.5 �m, output 1
ml/min; Fisoneb, Fisons Italchimici Spa, Rome, Italy). They were
then asked to cough and expectorate sputum into 50-ml sterile con-
tainers. Samples were spread in a Petri dish, and mucus plugs were
selected and weighted. PBS was added to the plugs in a 4:1 weight
ratio. Samples were then gently mixed and centrifuged (800 g for 20
min) and supernatants were aspirated and frozen at �20°C for
analysis of IL-8.

The cell pellets from the mucus plugs were resuspended in 0.1%
dithiothreitol-saline solution (DTT, Sigma, St. Louis, MO) at a 4:1
weight ratio and gently mixed and agitated at 25°C for 20 min. The
samples were then filtered (nylon filter, 70 �m), and centrifuged (800
g for 10 min). Cell pellets were again resuspended in 2% human
serum albumin-saline solution. Total cell count and viability were
determined with a standard hemocytometer and Trypan blue exclu-
sion. Cells were then cytocentrifuged (Cytospin 2, Shandon Instru-
ments, Runcorn, UK) and stained with Diff-Quick (Merz-Dade,
Dudingen, Switzerland). The slides were read by two investigators

Fig. 1. Single-dose methacholine (Mch) bronchoprovocation protocol. Inset:
modified spirometric maneuver that was used in the study. This consists of a
partial forced expiratory immediately followed by a maximal inspiratory
maneuver. Inspiratory vital capacity (IVC) is the volume from the end of the
forced partial expiratory maneuver to the end of maximal inspiration and
represents the primary outcome of the methacholine provocation. DI, deep
inspiration.
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who counted at least 400 cells/slide. Slide readers were unaware of the
sample’s origin (subject ID or time point).

Biochemical analysis on plasma, serum, and sputum supernatants.
Clara cell protein 16 (CC-16) is a 16-kDa protein released from
nonciliated pulmonary epithelia cells (Clara cells) in the lungs (18).
The rationale for using CC-16 lies in the fact that it has been used as
a marker of increased lung epithelial permeability (18), which may
occur after intense exercise. Indeed, CC-16 has been found to be
increased during (8), or shortly after, exercise (31). Because of its
small size, CC-16 diffuses across the bronchoalveolar/capillary barrier
and can be detected in serum (18). We reasoned that changes in
markers of lung damage would impact on the beneficial effect of
exercise. CC-16 was measured in serum with an ELISA sensitive to 2
ng/ml (BioVendor). Sputum supernatants were analyzed for IL-8,
known to mediate recruitment of neutrophils (2, 22), with an ELISA
sensitive to 26 pg/ml (R & D Systems).

Statistical analysis. Data are reported as means � SD. Different
time points and experimental conditions were compared by ANOVA;
the Bonferroni test was used for post hoc comparisons. Nonparametric
tests were used for nonnormally distributed variables. The statistical
package we employed was StatView 5.0.1 (Abacus Concept, Berke-
ley, CA). Statistical significance was accepted at P � 0.05.

RESULTS

The functional characteristics of the study sample are sum-
marized in Table 1. On average, subjects attended 18 � 3
training sessions (71 � 15% of the sessions required by
protocol). Performance was evaluated during training by
1,000- and 2,000-m all-out rowing tests at 5 and 10 wk. Mean
power output during the 1,000-m test was 169 � 49 W/stroke
at week 0, 174 � 49 W/stroke at 5 wk, and 200 � 60 W/stroke
at 10 wk of training (P � 0.05); similarly, mean power output
in the 2,000-m test increased from 148 � 37 to 175 � 61
W/stroke from weeks 1 to 10 (P � 0.05). This improvement in
performance was as expected and confirmed the effectiveness
of the training program.

Spirometry and airway responsiveness. Lung volumes and
spirometric outcomes at rest were unaffected by training (Table
1). The median methacholine dose used in the group of sub-
jects at baseline was 50 mg/ml (range 25–75 mg/ml) and
remained constant per study design. At the pretraining evalu-
ation, the percent reduction in IVC after inhalation of metha-
choline in the absence of deep inspirations was 31 � 13%, in
agreement with previous data obtained in healthy subjects (35).
The reduction in FEV1 during the same evaluation was 38 �
14%, and the reduction in the FEV1/FVC ratio was 21 � 8.8%.
At week 5 (midtraining), the methacholine-induced reduction
in IVC was 22 � 19% (P � 0.01 compared with the pretrain-
ing provocation). At the end of training (week 10), the magni-
tude of the methacholine-induced reduction in IVC further

decreased to 15 � 11% (P � 0.0008 compared with the
pretraining provocation), although the difference between
weeks 5 and 10 did not reach significance (P � 0.10) (Fig. 2).
Individual data points for percent reduction in IVC during
training are also presented in Fig. 3. A similar trend was found
for FEV1: the percent fall in FEV1 in the absence of deep
breaths was 38 � 14% at the pretraining provocation, 26 �
21% at midtraining, and 20 � 11% at end of training (repeated-
measures ANOVA: P � 0.008). The methacholine-induced
reduction in FEV1 and in FEV1/FVC at the end of training
were significantly lower than that at baseline (P � 0.004 and
P � 0.04, respectively).

Pretraining to posttraining changes in airway responsive-
ness, as assessed by the reduction in IVC in the absence of
deep inspirations, were not associated with changes in lung
volumes [for total lung capacity (TLC): r � 0.20, P � 0.59; for
functional residual capacity (FRC): r � 0.21, P � 0.55], a
finding that argues against the possibility of the reduction in
airway responsiveness being secondary to modifications in
individual lung volumes. Also, the change in the percent
reduction in IVC between the beginning and the end of training
did not relate to the level of adherence to the training program
(r � 0.02, P � 0.96) nor with the airway response to metha-
choline at baseline (r � 0.53, P � 0.11).

To test whether any changes that occurred during the train-
ing period were persistent, further evaluation was conducted
4–6 wk after the end of training (recovery). The dose of
methacholine used in this bronchoprovocation was the same as
that used in all previous evaluations. The results did not differ
from those obtained during the end of training provocation: the
percent fall in IVC at recovery was 15 � 11% (P � 0.87 vs.

Table 1. Functional characteristics of the study sample
before and at the end of training

Pretraining Posttraining P Value

FEV1, % predicted 111 � 12 110 � 12 0.64
FVC, % predicted 110 � 12 106 � 13 0.08
TLC, % predicted 106 � 12 110 � 11 0.09
FRC, % predicted 109 � 31 101 � 31 0.08
RV, % predicted 104 � 19 99 � 23 0.25

Data are expressed as means � SD. FEV1, forced expiratory volume in 1 s;
FVC, forced vital capacity; TLC, total lung capacity; FRC, functional residual
capacity; RV, residual volume.

Fig. 2. Single-dose methacholine-induced reductions in IVC from baseline in
the absence of deep inspirations, at baseline, after 5 and 10 wk of rowing
exercise, and 4–6 wk after the exercise program had ended (recovery). Bars
represent means � SD. NS, not significant.

Fig. 3. Individual data for methacholine-induced percent reduction in IVC
from baseline obtained at baseline and after 10 wk of rowing exercise training.
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end of training) (Fig. 2); similarly, the percent fall in FEV1 at
recovery was 20 � 11% (P � 0.95 vs. end of training).

Airway cells. Adequate sputum samples were obtained in
eight subjects; two subjects were consistently unable to expec-
torate. Absolute and differential cell counts are reported in Fig. 4. The
total number of cells collected in induced sputum was unaf-
fected by training. The absolute neutrophil counts did not
change from baseline to midtraining (week 5) but significantly
increased from midtraining to end of training (week 10 vs.
week 5, P � 0.004) and were back to baseline at recovery. No
difference was recorded between recovery and week 10 (P �
0.13). The absolute neutrophil count at the end of training was
not different from baseline (P � 0.57). Bronchial epithelial
cells at 5 and 10 wk of training, as well as at recovery, were
reduced from baseline with the latter two differences reaching
statistical significance (P � 0.01).

We conducted simple regression analyses in the attempt to
assess whether increased numbers of sputum neutrophils or
changes in other airway cells were inversely associated with
the reduction in airway responsiveness with training. These
analyses did not show any relationship between the training-
associated changes in airway responsiveness and changes in
absolute neutrophil cell counts (r � 0.25, P � 0.49), macro-
phage (r � 0.02, P � 0.98), or bronchial cell counts (r � 0.12,
P � 0.78).

Inflammatory mediators in induced sputum and blood. In the
induced sputum supernatants, the concentration of IL-8 was
significantly higher at end of training (P � 0.03) and returned
back to baseline at recovery (468 � 273 pg/ml at baseline,
356 � 182 at midtraining, and 966 � 600 at the end of training,
Fig. 5). Serum CC-16 concentration did not change during
training (pretraining: 4.4 � 1.4 ng/ml; week 5: 4.1 � 0.9 ng/ml;
week 10: 5.2 � 1.7 ng/ml; recovery: 5.3 � 0.8 ng/ml, P �
0.86) (Fig. 5). No relationship was found between the training-
induced changes from baseline in airway responsiveness at the
end of training and those in sputum IL-8 or serum CC-16 (r �
0.32, P � 0.56 and r � 0.06, P � 0.90, respectively).

DISCUSSION

This study was designed to test the hypothesis that long-term
training reduces the bronchoconstrictive effects of inhaled
methacholine. Our results clearly show that airway responsive-
ness to methacholine decreases with training in healthy sub-
jects; this effect, an �50% inhibition of the methacholine-
induced drop in lung function, became apparent after 5 wk of
training and persisted for at least 1 mo after training cessation.
Our results are in line with those reported in other studies,
albeit with different designs. For example, Freedman and
colleagues (15) showed that exercise and voluntary hyperven-
tilation similarly decreased airway resistance induced by
methacholine inhalation in healthy subjects. Also, our group
previously reported a state of hyporesponsiveness to metha-
choline in the absence of deep inspirations in healthy amateur
runners compared with sedentary, age-matched control sub-
jects (35). The attenuation of the methacholine-induced reduc-
tion in both IVC and FEV1 following the training program, as
well as in the FEV1/FVC, suggests that exercise exerts its
beneficial effect by preventing (or attenuating) airway closure
and large airway narrowing (9).

The second goal of this study was to examine what influ-
ence, if any, do training-induced inflammatory changes in the

Fig. 5. Absolute values for IL-8 and CC-16 during training and after recovery.
Bars represent means � SD. *P � 0.03, week 10 vs. baseline.

Fig. 4. Absolute cell counts in induced sputum at baseline,
after 5 and 10 wk of rowing exercise training, and 4–6 wk
after the end of the exercise program (recovery). *P �
0.004, week 10 vs. week 5. **P � 0.01, weeks 5 and 10 vs.
baseline.

291TRAINING AND AIRWAY FUNCTION IN HEALTHY SUBJECTS

J Appl Physiol • VOL 109 • AUGUST 2010 • www.jap.org

 on O
ctober 10, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org


airways have on the beneficial effects of training on airway
responsiveness. Several studies indicate that endurance exer-
cise increases inflammatory cells in the airways. Increased
airway neutrophil counts were described in endurance athletes
of winter (20, 45) or summer sports (4, 6, 29), both at rest and
after exercise. In trained mice, we previously reported in-
creased inflammatory cells and damaged bronchial epithelium
in small airways (10). Our results agree with those of Dengu-
ezli and coworkers (13), who reported a progressive increase in
IL-8 in induced sputum during training. However, a long
training history may be necessary before significant changes in
airway inflammatory markers fully develop in young athletes
(32), in line with the possibility that intensive prolonged
training may eventually result in airway damage. Overall, the
mild changes in airway cells observed during exercise training
showed a different time course compared with changes in
airway responsiveness. Our analyses do not support the hy-
pothesis that these changes have any impact on the effect of
training on airway responsiveness.

Our study was conducted in healthy subjects. Although there
are no known benefits of reducing airway responsiveness in
people who do not have airway disease, increased airway
responsiveness has been epidemiologically associated with
sedentary lifestyle (40) and with obesity (41), conditions that
predispose to various health problems. In the future, it may be
of value to investigate the significance of the population
variance in airway responsiveness, in the absence of overt
airway disease. Since asymptomatic airway hyperresponsive-
ness has been associated with later development of asthmatic
symptoms (27) or with accelerated decline in lung function
(26), we can speculate that any factor reducing the degree of
airway responsiveness theoretically would delay the occur-
rence of asthmatic symptoms or slow the lung function decline.
From the methodological standpoint, it was important to first
test our hypothesis in nonasthmatics. This allowed us to deter-
mine whether the anticipated effect of exercise alters the
baseline, physiological responsiveness of the airways to metha-
choline. A similar study in mild asthma, to examine whether
hyperresponsiveness to methacholine can be altered by exer-
cise and whether this effect can have beneficial clinical con-
sequences, should be conducted. In support of the possibility
that exercise may benefit patients with asthma, we have re-
cently documented decreased airway responsiveness to metha-
choline in children with mild asthma after 12-wk endurance
training (7). However, the medical literature is inconsistent as
to the beneficial effect of exercise in preventing induced
bronchoconstriction and improving respiratory symptoms. In a
study involving eight individuals with asthma (12), the authors
showed impressive immediate reversal of airway narrowing
during exercise, likely due to the mechanical stretching of the
tidal breaths on the airway walls, although a direct effect of
catecholamines on airway smooth muscle cannot be excluded.
Intriguing findings on the effect of physical activity on airway
hyperresponsiveness have been reported by a multicenter,
cross-sectional European survey on 5,158 subjects (40). In this
study, both frequency and duration of physical activity were
inversely related to airway hyperresponsiveness. In addition,
regular physical activity was associated with reduced risk of
exacerbations in women with asthma in a longitudinal study
(16). On the other hand, significantly higher prevalence of

airway hyperresponsiveness in elite athletes has been docu-
mented (25).

Several mechanisms can be advocated to explain the bene-
ficial effects of physical exercise on airway responsiveness.
Spirometric outcomes and lung volumes did not change after
training, nor was there any correlation between individual
changes in lung volumes and changes in methacholine respon-
siveness. This reasonably argues against the possibility that the
observed changes in airway responsiveness are causally linked
to changes in lung volumes. We favor the hypothesis that the
intensive lung excursions associated with exercise result in
airway smooth muscle stretch and may induce functional
changes leading to reduction in smooth muscle contractility. In
vitro studies have investigated the response of smooth muscle
cells to stretch in great detail. Fredberg and colleagues (14)
have demonstrated that the force generation of tracheal smooth
muscle strips decreased with increasing amplitude and duration
of the applied strain. The physiological range of tidal muscle
stretch is �4% of muscle length during spontaneous breathing
and rises up to 12% during sigh and even more during exercise
(14). Stretching airway smooth muscle by 3% of muscle length
reduces force generation by 50% (17), possibly because of
plastic reorganization and dynamic changes of the contractile
apparatus. Functional studies indicate that adaptation of airway
smooth muscle to different length change is a two-step process:
first (within minutes) there is a decrease in the ability of muscle
to generate force; this is followed by the structural reorgani-
zation of the contractile apparatus, that would lead to a full
adaptation of the muscle to the new state (24, 34, 47). On the
basis of this extensive work on airway smooth muscle function,
we speculate that deep inspirations associated with regular
physical exercise, such as in our protocol, could stretch airway
smooth muscle and reduce its contractility, which remains
attenuated during the state of deep inspiration avoidance. This
is indirectly suggested by a study conducted in sheep that were
chronically subjected to breathing at low lung volumes using a
corset for 4 wk (28). The rate of stress generation of the airway
smooth muscle significantly increased, with no change in the
content or activity of myosin light-chain kinase. The authors
proposed that the increased contractility was due to reorgani-
zation of the contractile apparatus of the smooth muscle. One
should add that regular endurance training could potentiate the
effectiveness of the skeletal muscle of the rib cage and the
diaphragm, which would, in turn, amplify lung excursions and
stretching of the airways. It is possible that exercise results in
the release of bronchoprotective mediators, such as cat-
echolamines and nitric oxide. In this regard, the lack of
association between the level of adherence to exercise and the
outcome of the study is in favor of the occurrence of humoral
mechanisms. However, there is no evidence that these media-
tors have long-term effects as those observed in our study.
Also, hyperpnea can cause bronchodilation even with normal
levels of plasma catecholamines (3) and inhibition of NO
synthase does not alter lung function in asthmatics during
exercise (46). Finally, although the possibility of alveolar
growth after intense exercise cannot be excluded (1a), we find
unlikely that rowing had an effect on alveolar hyperplasia/
hypertrophy in our study because the training program was
shorter and less intensive than that reported in literature.

Whether the observed effect of training on airway respon-
siveness is specifically associated with the rowing exercise is
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an interesting topic for further work. At this stage, we do not
have information on the specificity of this phenomenon with
regard to the type of exercise, nor do we know whether
increased rates of diaphragmatic excursions in the absence of
exercise, such as in incentive spirometry, would have a similar
effect.

In conclusion, we have found that a 10-wk course of exer-
cise training results in �50% attenuation of the airway respon-
siveness against methacholine, inhaled in the absence of deep
inspirations, in healthy subjects. Small changes in airway cells
were detected, but with no association to the changes in airway
responsiveness. Our data support the need for expanding this
line of research in asthma. In addition, our observations imply
that a sedentary lifestyle may favor development of airways
hyperresponsiveness, in agreement with recent epidemiologi-
cal data.
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