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We evaluated the effects of chronic allergic airway inflammation and of treadmill training (12 weeks) of low and moderate
intensity on muscle fiber cross-sectional area and mRNA levels of atrogin-1 and MuRF1 in the mouse tibialis anterior muscle.
Six 4-month-old male BALB/c mice (28.5 ± 0.8 g) per group were examined: 1) control, non-sensitized and non-trained (C); 2)
ovalbumin sensitized (OA, 20 μg per mouse); 3) non-sensitized and trained at 50% maximum speed – low intensity (PT50%); 4)
non-sensitized and trained at 75% maximum speed – moderate intensity (PT75%); 5) OA-sensitized and trained at 50%
(OA+PT50%), 6) OA-sensitized and trained at 75% (OA+PT75%). There was no difference in muscle fiber cross-sectional area
among groups and no difference in atrogin-1 and MuRF1 expression between C and OA groups. All exercised groups showed
significantly decreased expression of atrogin-1 compared to C (1.01 ± 0.2-fold): PT50% = 0.71 ± 0.12-fold; OA+PT50% = 0.74
± 0.03-fold; PT75% = 0.71 ± 0.09-fold; OA+PT75% = 0.74 ± 0.09-fold. Similarly significant results were obtained regarding
MuRF1 gene expression compared to C (1.01 ± 0.23-fold): PT50% = 0.53 ± 0.20-fold; OA+PT50% = 0.55 ± 0.11-fold; PT75% =
0.35 ± 0.15-fold; OA+PT75% = 0.37 ± 0.08-fold. A short period of OA did not induce skeletal muscle atrophy in the mouse tibialis
anterior muscle and aerobic training at low and moderate intensity negatively regulates the atrophy pathway in skeletal muscle
of healthy mice or mice with allergic lung inflammation.
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Introduction

Asthma is a chronic airway inflammatory disease re-
lated to a progressive decrease in lung function and also of
the physical capacity to exercise (1). Many clinical and
experimental studies have suggested that decreased lung
function can be attributed directly to airway inflammation
and remodeling (2,3). In addition, decreased physical ca-

pacity is normally considered to be secondary to decreased
lung function (4), and is strongly related to the psychoso-
cial effects of asthma (5) and to peripheral skeletal muscle
disuse (6). These secondary effects have been demon-
strated in both asthmatic children and adults (7).

Two recent studies have shown an increase in the
mRNA expression of muscle-specific genes related to
atrophy in chronic obstructive pulmonary disease (COPD).
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Doucet and colleagues (8) reported an increase in atrogin-
1 and MuRF1 (232 and 517%, respectively) mRNA in the
quadriceps muscle of patients with COPD. Furthermore,
Ottenheijm et al. (9) also showed an increase in atrogin-1
gene expression in the diaphragm muscle of patients with
mild to moderate COPD. Atrogin-1 and MuRF1 mRNA
levels are reliable molecular markers for muscle atrophy
by being increased substantially in peripheral skeletal
muscle in various muscle-wasting conditions, such as
denervation, immobilization, cancer, sepsis, and aging
(10-12). However, the molecular mechanism involved in the
skeletal muscle weakness in asthmatic subjects is unknown.

Aerobic physical training has been recommended as
an effective adjuvant treatment in the management of
asthmatic patients (13,14). Aerobic physical training trig-
gers several beneficial effects in asthmatic patients such
as improvement in physical fitness and ventilatory capac-
ity and a decrease in asthma-related symptoms, exercise-
induced bronchospasm, and daily use of inhaled steroids
(15-18). Other investigators have demonstrated that asth-
matic patients submitted to an aerobic physical training
program also present improved respiratory and peripheral
muscle strength and function (19,20). However, the mech-
anisms underlying these effects are unknown.

We recently demonstrated that animals previously sub-
mitted to chronic airway allergic inflammation followed by
aerobic exercise training presented a decrease in airway
inflammation and remodeling in a murine model of asthma
(21). Nevertheless, relatively little is known about the ef-
fects of aerobic training before the development of the
allergic response in peripheral skeletal muscles of asth-
matic animals. This aspect should be important because
skeletal muscle wasting frequently afflicts asthmatic pa-
tients (5,22,23) and it would be important to determine if
aerobic training before the induction of asthma could pro-
vide some kind of muscle protection.

On the basis of these considerations, we hypothesized
that chronic allergic lung inflammation should reduce the
cross-sectional area (CSA) of the muscle fibers and in-
crease the expression of atrogin-1 and MuRF1 in the
tibialis anterior (TA) muscle. A corollary was that aerobic
physical training applied before the induction of chronic
allergic lung inflammation could reduce these effects. Since
different intensities of aerobic training may induce different
adaptations in the asthmatic inflammatory response (21,24,
25), we analyzed the effect of two aerobic treadmill training
intensities in the present study.

Therefore, the purpose of the present study was to
evaluate the effects of aerobic treadmill training of low and
moderate intensity before and during chronic allergic lung
inflammation on the CSA of the muscle fibers and on

mRNA levels of atrogin-1 and MuRF1 in the mouse TA
muscle. In view of the similarities among mammalian
muscles, the results of this study could provide new infor-
mation for the understanding and use of treadmill training
regarding peripheral muscles in asthma.

Material and Methods

The study was approved by the review board for hu-
man and animal studies of the School of Medicine, Univer-
sity of São Paulo, and was conducted in compliance with
the national guidelines of the Guide for Care and Use of
Laboratory Animals (26).

Animals and experimental design
Thirty     4-month-old male BALB/c mice (28.5 ± 0.8 g)

were randomly divided into 6 groups of 5 animals each: 1)
non-sensitized and non-trained (control group); 2) ovalbu-
min-sensitized and non-trained (OA group); 3) non-sensi-
tized and treadmill trained at 50% maximum speed – low
intensity (PT50%); 4) non-sensitized and treadmill trained
at 75% maximum speed – moderate intensity (PT75%); 5)
OA-sensitized and treadmill trained at 50% maximum speed
(OA+PT50%), and 6) OA-sensitized and treadmill trained
at 75% maximum speed (OA+PT75%).

Aerobic exercise treadmill test and aerobic conditioning
Animals were initially adapted to the treadmill for 3

days (15 min, 0.2 km/h). Next, a maximal exercise capacity
test was performed with a 5-min warm-up (0.2 km/h) fol-
lowed by an increase in treadmill speed (every 2.5 min)
until animal exhaustion, i.e., after 10 mechanical stimuli
(21). Maximal aerobic capacity (100%) was established as
the maximal speed reached by each animal. Mice were
exercise trained at low or moderate intensity (50 or 75% of
maximal speed reached in the test, respectively) for 60 min
a day, 5 days a week for 12 weeks (8 weeks before
sensitization + 4 weeks after OA or saline exposure) (21).
The improvement in exercise capacity was confirmed by
repeating the maximal exercise test after 12 weeks of
physical training (72 h before sacrifice). Non-trained ani-
mals were submitted to a protocol that included 5 min of
exercise on the treadmill at 0.5 km/h, 3 times a week, so
that the animals would not present any effect when per-
forming the second and third maximal exercise tests.

Antigen sensitization
The antigen sensitization period was started during the

9th week of physical training and lasted for 4 weeks. The
mice were sensitized by intraperitoneal (ip) injection of OA
(20 μg per mouse) adsorbed with aluminum hydroxide on
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days 0 and 14 or with saline (0.9% NaCl), the diluent of OA.
During the last week, the mice were challenged with 1%
aerosolized OA or with saline 4 times, every other day, for
30 min per session. Challenging with aerosolized OA (or
saline) was performed in an acrylic box (30 x 15 x 20 cm)
coupled to an ultrasonic nebulizer.

Animal anesthesia and euthanasia
Seventy-two hours after the last training section and

antigen sensitization protocols, animals were anesthe-
tized by ip injection of xylazine (12 mg/kg) and ketamine
(95 mg/kg) for muscle dissection and euthanized with an
overdose of the anesthetic.

Muscle evaluation
The TA muscle was chosen because almost all fibers

cross the middle belly of the muscle and are distributed
from tendon to tendon. In addition, it is a large muscle, and
thus allows the evaluation of muscle fiber CSA and gene
expression in the same muscle. The mice were weighed
and both the right and left TA muscles carefully removed
and weighed. The left TA was used for morphological
evaluation and was immediately frozen in isopentane, pre-
cooled in liquid nitrogen, and stored in a freezer at -80°C
(Forma Scientific, USA). Serial cross-sections (10 μm)
were then obtained from the middle belly of the frozen left
TA muscles using a cryostat microtome (Microm HE 505,
Germany) and stained with 1% toluidine blue/1% borax.
The right TA was used for mRNA analysis and was frozen
in liquid nitrogen and also stored at -80°C, as previously
described (27,28).

Muscle fiber cross-sectional area
One histological cross-section from the middle belly of

each left TA muscle was used to measure the muscle fiber
CSA in the central region of the histological section. A light
microscope (Axiolab, Carl Zeiss, Germany) equipped with
a digital camera (Sony DSC S75, Japan) was used. The
CSA of 200 randomly chosen fibers per mouse was meas-
ured using the Axiovision 3.0.6 SP4 software (Zeiss) (27,28).

RNA isolation and analysis
RNA was isolated from each frozen right TA muscle

using 1 mL Trizol reagent (Invitrogen, USA) in accordance
with manufacturer instructions. The extracted RNA was
dissolved in Tris-HCl and ethylenediaminetetraacetic acid,
pH 7.6, and quantified by spectrophotometry. Purity was
assessed by determining the ratio of the absorbance at
260 and 280 nm. All samples had 260/280 nm ratios above
2.0. RNA integrity was confirmed by inspection of ethidium
bromide-stained 18S and 28S ribosomal RNA under ultra-

violet light (Invitrogen).

Reverse transcription
Total RNA was reverse transcribed to synthesize cDNA

in two steps. First, 1 μL oligo (dT) primer (Invitrogen) and
9.5 μL water were added to 1 μg total RNA, heated to 70°C
for 10 min and quickly cooled on ice. Second, each sample
was incubated in 4 μL 5X reverse transcription buffer, 1 μL
of a dNTP (Promega, USA) mixture containing 0.2 mM
each of dATP, dCTP, dGTP, and dTTP, 2 μL 0.1 M dithio-
threitol and 0.5 μL M-MLV RT enzyme (Promega) in a total
volume of 20 μL at 42°C for 60 min. To minimize variation
in the reverse transcription reaction, all RNA samples were
reverse transcribed simultaneously.

Oligonucleotide primers
Oligonucleotide primers were designed for atrogin-1

(GenBank, AF441120), MuRF1 (GenBank, AY059627) and
GAPDH (AF106860) using the Primer Express Software
2.0 (Applied Biosystems, USA). The sequences used were
from rat atrogin-1 (forward: TACTAAGGAGCGCCATGGA
TACT; reverse: GTTGAATCTTCTGGAATCCAGGAT),
from rat MuRF1 (forward: TGACCAAGGAAAACAGCCAC
CAG; reverse: TCACTCCTTCTTCTCGTCCAGGATGG)
and from rat GAPDH (forward: CCACCAACTGCTTAG
CCC; reverse: GCCAAATTCGTTGTCATACC) genes.

Analysis by the real-time polymerase chain reaction
mRNA from the experimental and control muscles was

amplified with a Rotor Gene 3000 cycler (Cobert’s, Sydney,
Australia). The amplification mixtures contained 1 μL cDNA
sample, 25 μL of the fluorescent dye SYBR green Master
mix (Applied Biosystems) and 180 nM of each primer in a
final volume of 50 μL.

Thermal cycling conditions for atrogin-1, MuRF1 and
GAPDH included 10 min at 95°C and then 40 cycles each
of 15 s at 94°C, 30 s at 56°C for atrogin-1, at 64°C for
MuRF1, and at 56°C for GAPDH, respectively, and 1 min at
72°C, followed by 10 min at 72°C. For each gene, all
samples were amplified simultaneously in duplicate in one
assay run. Data were analyzed using the comparative
cycle threshold method. Target gene expression was nor-
malized for the GAPDH gene as reported by others (29).

Statistical analysis
Levine’s test was applied first to evaluate the homoge-

neity of the results. Two-way ANOVA (factors: exercise
and sensitization with OA) was used to identify possible
differences amongst groups. When differences were ob-
served, the Tukey test was applied. For all tests, the level
of significance was set at 5% (P ≤ 0.05).
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Results

Body and tibialis anterior muscle weight and cross-
sectional area

All groups presented an increase in body weight (P <
0.05) but no statistical difference was found among them
(Table 1). Although the weight of the TA muscle was
slightly lower in the OA+PT50% and OA+PT75% groups,
no statistical differences in muscle fiber CSA were de-
tected among the groups studied.

Aerobic exercise capacity
Figure 1 shows the average improvement in time of

maximal exercise between the final and initial tests in all
groups. Animals did not present any difference in the first
exercise test (P > 0.05) and the average exercise time was
39.40 ± 0.45 min (data not shown). After 8 weeks, the non-
trained groups (control and OA) did not present any im-
provement in exercise capacity. On the other hand, the

trained groups presented statistically significant improve-
ment in maximal exercise capacity in the final test (P < 0.05).

Atrogin-1 and MuRF1 gene expression
Atrogin-1 gene expression was not altered in the OA

group compared to control (Figure 2A). However, aerobic
training significantly decreased atrogin-1 gene expression
in the TA muscles of all trained groups compared to control
(1.01 ± 0.2-fold): PT50% = 0.71 ± 0.12-fold; OA+PT50% =
0.74 ± 0.03-fold; PT75% = 0.71 ± 0.09-fold; OA+PT75% =
0.74 ± 0.09-fold (Figure 2A).

Similar results were obtained for MuRF1 gene expres-
sion, which was unchanged in the OA group compared to
control (P = 0.89; Figure 2B). In addition, decreased MuRF1
gene expression was also found in TA muscles after
aerobic training compared to control (1.01 ± 0.23-fold):
PT50% = 0.53 ± 0.20-fold; OA+PT50% = 0.55 ± 0.11-fold;
PT75% = 0.35 ± 0.15-fold; OA+PT75% = 0.37 ± 0.08-fold
(Figure 2B).

Table 1.Table 1.Table 1.Table 1.Table 1. Effect of exercise training on body weight, tibialis anterior muscle weight and cross-sectional area.

Control OA PT50% PT75% OA+PT50% OA+PT75%

Initial body weight (g) 26.5 ± 1.8 25.5 ± 0.8 27.2 ± 1.4 25.3 ± 1.1 25.6 ± 0.7 25.08 ± 1.3
Final body weight (g) 29.3 ± 1.7 28.8 ± 1.3 29.7 ± 1.5 27.7 ± 0.4 28.3 ± 1.2 27.1 ± 0.8
Gain 10.8% 13.1% 9.1% 9.3% 10.5% 7.9%
TA weight (mg) 57.9 ± 4.8 54.7 ± 4.3 54.2 ± 4.9 56 ± 3.7 50.4 ± 4.9* 45.9 ± 3.7*+

TA CSA (μm2) 1529 ± 130 1595 ± 266 1585 ± 264 1428 ± 222 1377 ± 140 1386 ± 60

Data are reported as means ± SD for 5 mice per group. TA = tibialis anterior muscle; CSA = cross-sectional area; Control = non-
trained and non-sensitized group; OA = ovalbumin-sensitized group; PT50% = group submitted to treadmill training at 50% maximum
speed and non-sensitized; PT75% = group submitted to treadmill training at 75% maximum speed and non-sensitized; OA+PT50% =
OA-sensitized group submitted to treadmill training at 50% maximum speed; OA+PT75% = OA-sensitized group submitted to
treadmill training at 75% maximum speed. *P < 0.05 compared to control; +P < 0.05 compared to OA, PT50% and PT75% (ANOVA
and Tukey test).

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Effect of training on maximal exercise capacity. Data
are reported as means ± SD of the difference between the first
and second tests in minutes for 5 mice in each group. Normal
tibialis anterior muscle (control); OA = ovalbumin-sensitized
group; PT50% = group submitted to physical training at 50%
maximum speed and non-sensitized; PT75% = group submitted
to treadmill training at 75% maximum speed and non-sensitized;
OA+PT50% = OA-sensitized group submitted to treadmill train-
ing at 50% maximum speed; OA+PT75% = OA-sensitized group
submitted to treadmill training at 75% maximum speed. *P < 0.05
compared with non-trained groups (control and OA; ANOVA and
Tukey test).
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Discussion

To our knowledge, this is the first study of the effects of
prolonged treadmill training of different intensities on the
expression of gene markers of muscle atrophy in peripher-
al skeletal muscle in an atopic asthma mouse model. Lung
inflammation did not modify muscle fiber CSA or atrogin-1
and MuRF1 gene expression in the TA muscle. However,
treadmill training reduced the expression of these genes in
all exercised groups, a fact that could be beneficial in
cachexia and disuse conditions.

Recent studies have shown an increase of molecular
markers of muscle atrophy in human COPD (8,9). Doucet
and colleagues (8) reported an increase in the activation of
muscle atrophy by the up-regulation of atrogin-1 and MuRF1
in the quadriceps muscle of COPD patients. They provided
relevant information about a potential molecular mechan-
ism underlying the development of quadriceps muscle
atrophy and weakness in these patients, since atrogin-1
and MuRF1 have been found to be markedly up-regulated
during cachexia- and disuse-induced atrophy (10-12).

Interestingly, the present results demonstrated that a
short period of OA was not effective in inducing muscle
atrophy or in modifying the molecular markers for muscle
atrophy in mouse TA muscles. These results are interest-
ing when compared with those of Doucet and colleagues
(8). Probably, the differences between the present study
and the report of Doucet et al. (8) could be related to the
different lung diseases and models assessed, since in the
present study an asthmatic mouse model was studied,
whereas Doucet et al. (8) evaluated COPD disease in
humans. The absence of molecular markers for muscle
atrophy in the present OA group could be attributed to the
short period (4 weeks) of the allergic sensitization protocol,
which may not have been long enough to induce skeletal
muscle atrophy. Furthermore, although it is difficult to
undertake such a study in humans for ethical reasons,
future investigations will be necessary for comparative
purposes.

Additionally, in the present study the TA muscle was
assessed, which is composed of a high percentage of fast-
twitch fibers. It should be interesting to examine skeletal
muscle with a high percentage of slow-twitch fibers, which
are more susceptible to disuse atrophy than fast-twitch
fibers (30).

It has been generally accepted that the mouse model of
atopic asthma following OA is similar to asthmatic reaction
in humans with regards to airway inflammation (31). Nev-
ertheless, there is little information about whether this
model triggers the mechanism of peripheral skeletal muscle
weakness and atrophy, as observed in asthmatic subjects.

The results of the present study suggest that only 4 weeks
of atopic asthma following OA was not long enough to
induce muscle fiber atrophy in the mouse.

In spite of the well-described effects of aerobic training
of moderate intensity in eliciting anti-inflammatory effects
in asthma (21,24), no information is available regarding the
effects of training on peripheral skeletal muscle in this
disease. Previous studies have demonstrated that this
type of exercise may be used to prevent muscle atrophy
under disuse conditions (32,33). The present study showed
that treadmill physical training did not alter the CSA of the
TA muscle fibers, which is consistent with a study that
reported that 12 weeks of treadmill physical training (75%
of VO2max) had no effect on the CSA of the TA muscle in
young rats (33).

Figure 2.Figure 2.Figure 2.Figure 2.Figure 2. Effect of exercise training on the atrogin-1 (A) and
MuRF1 (B) mRNA levels in mouse tibialis anterior muscle. Data
are reported as means ± SD for 5 mice in each group. Normal
tibialis anterior muscle (control); OA = ovalbumin-sensitized
group; PT50% = group submitted to physical training at 50%
maximum speed and non-sensitized; PT75% = group submitted
to treadmill training at 75% maximum speed and non-sensitized;
OA+PT50% = OA-sensitized group submitted to treadmill train-
ing at 50% maximum speed; OA+PT75% = OA-sensitized group
submitted to treadmill training at 75% maximum speed. *P < 0.05
for the PT50%, OA+PT50%, PT75%, and OA+PT75% groups
compared to the control group (ANOVA and Tukey test).
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Although the present study did not detect a change in
the CSA of the TA muscle fibers after aerobic treadmill
training, other studies have demonstrated that aerobic
training improves respiratory and peripheral muscle strength
and function (19,20), aspects that were not evaluated
here.

It is interesting to note that both types of physical
training (50 and 75%) reduced the accumulation of atrogin-
1 and MuRF1 mRNA in TA muscle in both asthmatic and
non-asthmatic groups compared to non-trained groups.
Reduction of atrogin-1 and MuRF1 mRNA levels by aero-
bic exercise may provide protection against myoprotein
degradation and reduced contractile function inherent to
muscle cachexia and disuse. Clinically, these findings
should be important in physical rehabilitation, since this
protocol was sufficient to change the expression of muscle-
specific genes related to the atrophy pathway. Neverthe-
less, studies in humans are also necessary to examine this
hypothesis.

Additionally, the evaluation of other muscles, both pe-

ripheral (quadriceps and soleus) and respiratory (dia-
phragm) could be useful for a better understanding of the
extent of muscular benefits of aerobic training for asth-
matic patients. Aerobic training of low and moderate inten-
sity has been proposed to increase the antioxidant proper-
ties and decrease the production of oxidants, resulting in a
decrease of muscle damage and in an optimal generation
of isometric force (34,35). In spite of the maintenance of
muscle fiber CSA observed in the present trained groups,
the reduction of reactive oxygen species production inher-
ent to aerobic training (34,35) could justify the decrease of
atrogin-1 and MuRF1 expression in trained and non-trained
groups, since recent evidence implicates oxidative stress
as a key regulator of atrophy cell signaling pathways (36).
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