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         Physical Training Leads to Remodeling of Diaphragm 
Muscle in Asthma Model    

observed, which can contribute to the skeletal 
muscle myopathy during heart failure  [3,   24] . In 
allergic infl ammatory diseases such as asthma, 
MMP-2 and -9 also play a crucial role in the 
migration of infl ammatory cells through endothe-
lial and epithelial basement membranes as well 
as in the airway hyperresponsiveness in lung 
 [15,   20] . Although these enzymes are expressed 
by respiratory muscles, such as the diaphragm, 
their muscle expression during asthmatic disease 
remains to be investigated. 
 Aerobic training improves the overall physical 
fi tness and health status of asthmatic patients 
 [8,   12] , increasing both respiratory muscle 
strength and lung function  [5,   6] . Recent evidence 
also suggests that aerobic physical training pro-
vides benefi cial anti-infl ammatory eff ects in ani-
mal lung  [28] . Nevertheless, there is limited 
information regarding the eff ects of exercise 
training in respiratory muscles during chronic 
allergic airway infl ammation (CAAI). Therefore, it 
is important to understand how physical training 
can aff ect ECM turnover in respiratory muscles of 
asthmatic animals in order to bring relevant 
information about the strategies in asthma reha-
bilitation. As MMPs are considered the ECM key 

 Introduction 
  &  
 Asthmatic patients experience increased resist-
ance of their airways and hyperinfl ation, which 
elevate contractile activity and impair diaphragm 
contractility  [26] . Traditionally, diaphragm weak-
ness has been ascribed to hyperinfl ation-induced 
diaphragm shortening, which places the muscle 
at a mechanical disadvantage, with a suboptimal 
position on its force – length curve  [4,   21] . More-
over, it has been recently proposed that oxidative 
stress and cytokines activates proteolytic machin-
ery and sarcomeric injury, leading to contractile 
protein wasting and, consequently, loss of force 
generating capacity of diaphragm fi bers in 
patients with hyperinfl ation  [21,   27] . However, 
little is known regarding the etiology of cellular 
and molecular changes in the respiratory mus-
cles weakness in asthma. 
 Metalloproteinases (MMPs) are an outstanding 
family of zinc-dependent proteolytic enzymes 
which MMP-2 (or gelatinase A) and MMP-9 (or 
gelatinase B) are mainly involved in extracellular 
matrix (ECM) remodeling of skeletal muscle  [1]  
and in myopathy induced by cardiac failure 
 [3,   24] . An increase of MMP-9 and MMP-2 gene 
expression and activity in diaphragm muscle was 

 Authors    J. L. Q.       Durigan   1        ,     S. M.       Peviani   1      ,     T. L.       Russo   1      ,     A. C.       Duarte   2      ,     R. P.       Vieira   2      ,     M. A.       Martins   3      ,     C. R. F.       Carvalho   2      , 
    T. F.       Salvini   1     

 Affi  liations           1       Department of Physical Therapy, Federal University of S ã o Carlos, Sao Carlos, Brazil 
          2       Department of Physical Therapy, University of S ã o Paulo, Sao Paulo, Brazil 
          3       Department of Medicine, University of S ã o Paulo, Sao Paulo, Brazil     

  Abstract 
  &  
 Matrix metalloproteinases (MMPs) are crucial 
to the development and maintenance of healthy 
tissue and are mainly involved in extracellular 
matrix (ECM) remodeling of skeletal muscle. 
This study evaluated the eff ects of chronic aller-
gic airway infl ammation (CAAI), induced by oval-
bumin, and aerobic training in the MMPs activity 
in mouse diaphragm muscle. Thirty mice were 
divided into 6 groups: 1) control; 2) ovalbumin; 
3) treadmill trained at 50    %  of maximum speed; 
4) ovalbumin and trained at 50    % ; 5) trained at 

75    % ; 6) ovalbumin and trained at 75    % . CAAI did 
not alter MMPs activities in diaphragm muscle. 
Nevertheless, both treadmill aerobic trainings, 
associated with CAAI increased the MMP-2 and -1 
activities. Furthermore, MMP-9 was not detected 
in any group. Together, these fi ndings suggest an 
ECM remodeling in diaphragm muscle of asth-
matic mice submitted to physical training. This 
result may be useful for a better understand-
ing of functional signifi cance of changes in the 
MMPs activity in response to physical training in 
asthma.         
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regulators of remodeling tissue, they can be an important target 
in the diaphragm muscle adaptation. 
 Based on these statements, we hypothesized that CAAI could 
increase the MMPs activity of diaphragm muscle, and aerobic 
physical training, applied before the induction of CAAI, could 
modify these eff ects. Considering that diff erent intensities of 
aerobic training may induce diff erent adaptations in asthmatic 
infl ammatory response  [28]  in the present study, the eff ect of 
two aerobic treadmill training intensities was analyzed. There-
fore, the purpose of the present study was to evaluate either the 
eff ect of CAAI or aerobic exercise training in the MMPs activity 
of diaphragm muscle.   

 Material and Methods 
  &   
 Animals and experimental design 
 This study was approved by the local ethical committee and it 
was developed in compliance with the  “ Guide for care and use of 
laboratory animals ”   [11] . Thirty male 4 months-old Balb / c mice 
(28.5    ±    0.8   g) were randomly and equally divided into 6 groups: 
(1) control group (Control); (2) ovalbumin (OA) sensitized and 
non-trained (OA); (3) non-sensitized and physically trained at 
50    %  of maximum speed (PT50    % ); (4) non-sensitized and physi-
cally trained at 75    %  of maximum speed (PT75    % ); (5) OA-sensi-
tized and physically trained at 50    %  of maximum speed 
(OA    +    PT50    % ); and, (6) OA-sensitized and physically trained at 
75    %  of maximum speed (OA    +    PT75    % ).   

 Aerobic exercise treadmill test and exercise 
conditioning 
 Animals were initially adapted to the treadmill during 3 days 
(15   min, 0.2   km / h). After that, a maximal exercise capacity test 
was performed with a 5   min warm-up (0.2   km / h) followed by an 
increase in the treadmill speed (every 2.5   min) until animal 
exhaustion, i.e., until they were not able to run even after 10 
mechanical stimuli  [28] . Maximal aerobic capacity (100    % ) was 
established as the maximal speed reached by each animal. Mice 
were exercise trained at low or moderate intensities (respec-
tively, 50    %  or 75    %  of maximal speed reached in the test) for 
60   min a day, 5 days a week for 12 weeks (8 weeks before sensi-
tization    +    4 weeks after OA or saline exposure). The improve-
ment in exercise capacity was verifi ed by repeating the maximal 
exercise test after 12 weeks of physical training (72   h before sac-
rifi cing). Non-trained animals were submitted to a protocol that 
included 5   min of exercise on the treadmill at 0.5 Km / h, 3 times 
a week, so the animals would not present any eff ect when per-
forming the second and third maximal exercise test  [28] .   

 OA sensitization 
 The antigen sensitization period started in the 9 th  week of phys-
ical training and lasted for 4 weeks. The mice were sensitized by 
intraperitoneal (i.p.) injection of OA (20    μ g per mouse) adsorbed 
with aluminum hydroxide on days 0 and 14 or with saline (NaCl 

0.9    % ), the diluent of OA  [28] . During the last week, the mice 
were challenged with aerosolized OA (1    % ) or with saline 4 times, 
every other day, for 30   min each.     ●  ▶     Fig. 1   shows the time line of 
experimental protocol of aerobic test and training and also of OA 
sensitization. 
 The mice ovalbumin sensitized exhibited an  “ asthmatic ”  pheno-
type, characterized by increased serum levels of IgE and IgG1, 
lung eosinophilic infl ammation (evaluated in bronchoalveolar 
lavage and in airway wall by histochemical technique) and also 
by airway remodeling, as previously described  [28,   29] .   

 Zymography 
 Diaphragm muscle was chosen because it is one of the most 
important respiratory muscles during quiet and eff ort breath-
ings. The mice were weighed and diaphragm muscle was care-
fully removed, weighed and frozen for zymograghy evaluation. 
Tissue extraction and zymographic analysis was performed 
according to current methodology  [7,   16] . Briefl y, equal amounts 
of total protein (30    μ g / lane) consisting of a pool of fi ve animals 
per group (6    μ g per animal) were subjected to electrophoresis in 
triplicate. Zymography gels consisted of 10    %  polyacrylamide 
impregnated with gelatine at a fi nal concentration of 100   mg / ml 
H 2 O in the presence of sodium dodecyl sulfate (SDS) under non-
reducing conditions. After 2   h of electrophoresis (100   V), the gels 
were washed twice for 20   min in a 2.5    %  Triton X-100 solution, 
and incubated at 37    °    C for 20   h in a substrate buff er (50   mM Tris-
HCl, pH 8.5, 5   mM CaCl 2  and 0.02    %  NaN 3 ). The gels were then 
stained with Coomassie brilliant blue R-250 for 30   min and 
stained in methanol and acetic acid for 20   min. Gelatin-degrad-
ing enzymes were visualized as clear white bands against a blue 
background, indicating proteolysis of the substrate protein. The 
samples were also assayed in presence of 15   mM EDTA that 
inhibited MMP activity. The molecular mass of gelatinolytic 
activities was determined by comparison to reference protein 
molecular mass marker PageRulerTM Prestained Protein Ladder 
(Fermentas Life Sciences, Burlington, ON). Activity bands were 
identifi ed following previous description according to their 
molecular weights (92kDa: pro-MMP-9; 81   kDa: active-MMP-9; 
72   kDa: pro-MMP-2; 66   kDa: intermediary-MMP-2; 64   kDa: 
active-MMP-2; 52   kDa: pro-MMP-1; and 41   kDa: active MMP-1) 
 [3,   10] . Densitometric quantitative analysis of the protein bands 
in the zymography was performed using GeneTools v3.06 soft-
ware (Syngene, Cambridge, UK).   

 Statistical analysis 
 Kolmogorov – Smirnov and Levene ’ s tests were used to analyze 
the normality and homogeneity of variance. One-way ANOVA 
followed by Tukey test were performed. The signifi cance level 
was set at 5    %  (p    <    0.05).    

0

5x/week

Days

Aerobic Conditioning
OVA I.P. Sensitization

OVA Inhalation

56 70 77 79 81 83 85

Sacrifice

  Fig. 1           Aerobic conditioning    =    8 weeks; OVA 
sensitization    =    2 weeks, OVA inhalation begun 
1 week after 2nd OVA sensitization and it was 
performed 4 times. Forty eight hours after last 
OVA inhalations, animals were sacrifi ced.  
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 Results 
  &   
 Body and diaphragm muscle weight 
 All groups presented an increase in body weight when compar-
ing the initial and fi nal weights (P    <    0.05) and there was no dif-
ference among them (   ●  ▶      Table 1  ). No diff erence was also found 
in the weight of the diaphragm muscle among the groups 
evaluated.   

 Aerobic exercise capacity 
    ●  ▶      Table 2   shows the average improvement in time of maximal 
exercise between the fi nal and initial tests in all groups. Animals 
did not present any diff erence in the fi rst exercise test (P    >    0.05) 
and the average exercise time was 39.40    ±    0.45   min (data not 
shown). After the protocol, non-trained groups (control and OA) 
did not present any improvement in exercise capacity. On the 
other hand, all trained groups presented improvements in the 
maximal exercise performance in the fi nal test (after 8 weeks: 
P    <    0.05), and kept this better performance in the fi nal test.   

 MMPs activities of diaphragm muscle 
 The MMP-2 activity was elevated in OA    +    PT50    %  group, as well as 
in OA    +    PT75    %  group (    ●  ▶     Fig. 2  ) compared to control and OA 
(P    <    0.05). No diff erence among OA    +    PT50    %  and OA    +    PT75    %  
groups was found (P    >    0.05,     ●  ▶     Fig. 2  ). Interestingly, the MMP-1 
activity was also increased in OA    +    PT50    %  and in OA    +    PT75    %  
groups compared to control and OA (P    <    0.05). MMP-1 activity 
was not altered among OA    +    PT50    %  and OA    +    PT75    %  groups 
(P    >    0.05,     ●  ▶     Fig. 3  ). MMP-9 activity was not detected in any 
group (data not showed).    

 Discussion 
  &  
 As far as we know, this is the fi rst demonstration of the possible 
role of MMPs in an atopic asthma mice model in respiratory 

muscle associated to prolonged treadmill physical training at 
diff erent intensities. Our results support that CAAI did not 
change the MMPs activity in diaphragm muscle of mice. Never-
theless, training increased MMP-2 and MMP-1 activities only in 
asthmatic animals. In addition, none of the groups presented 
MMP-9 activity. Recently, it was shown that the activation of 
MMP-2 and MMP-9 is involved in myopathic induced by cardiac 
failure. Carvalho et   al.  [3]  reported enhanced MMP-9 and MMP-
2 gene expression and activity in diaphragm muscle of rats with 
heart failure. They suggested that these changes may contribute 
to the skeletal muscle myopathy during heart failure. It seems 
that MMPs lead to contractile dysfunction, thereby contributing 

  Table 1       Final body weight and diaphragm muscle weight of experimental groups. 

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

   initial body (g)  26.5    ±    1.8  25.5    ±    0.8  27.2    ±    1.4  25.6    ±    0.7  25.3    ±    1.1  25.08    ±    1.3 
   fi nal body (g)  29.3    ±    1.7  28.8    ±    1.3  29.7    ±    1.5  28.3    ±    1.2  27.7    ±    0.4  27.1    ±    0.8 
   gain (    % )  10.8  13.1  9.1  10.5  9.3  7.9 
   D weight (mg)  100.9    ±    16.2  106.8    ±    21.7  101.5    ±    18.2  125.2    ±    18.4  100.0    ±    11.5  117.5    ±    17 
     Normal diaphragm muscle (Control); group sensitized by OA (OA); group submitted to treadmill training at 50    %  of maximum speed (PT50    % ); group submitted to treadmill 
training at 75    %  (PT75    % ); sensitized by OA submitted to treadmill training at 50    %  (OA    +    PT50    % ); and sensitized by OA submitted to treadmill training at 75    %  (OA    +    PT75    % )   

  Table 2       Performance in maximal exercise test (in minutes). 

   Groups  Initial  Pre-sensitization  Post-sensitization 

   control  38.8    ±    3.6  39.2    ±    2  40.1    ±    1.8 
   OA  39.9    ±    2.8  40.9    ±    2.8  39.7     ±    3.1 
   PT50    %   39.9    ±    2.8  48    ±    4.1 *   50.2    ±    4.6 *  
   PT75    %   39.7    ±    2.1  45.4    ±    5 *   46.2    ±    5.3 *  
   OA    +    PT50    %   38.9    ±    3.2  48.5    ±    5.8 *   49.5    ±    4 *  
   OA    +    PT75    %   39.3    ±    3.1  43.1    ±    1.9 *   43.6    ±    1.7 *  
     Normal diaphragm muscle (Control); group sensitized by OA (OA); group submitted 
to treadmill training at 50    %  of maximum speed (PT50    % ); group submitted to 
treadmill training at 75    %  (PT75    % ); sensitized by OA submitted to treadmill training 
at 50    %  (OA    +    PT50    % ); and sensitized by OA submitted to treadmill training at 75    %  
(OA    +    PT75    % ). Mean (    ±    SD) of aerobic treadmill performance (in minutes).  * P    <    0.05 
when compared with initial test   
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   Fig. 2           Quantitative densitometry of zymographic bands of MMP-2 
in arbitrary units in diaphragm muscle. The data are mean    ±    standard 
deviation. Normal diaphragm muscle (Control); group sensitized by OA 
(OA); groups submitted to treadmill training at 50    %  (PT50    % ) and 75    %  
(PT75    % ) of maximum speed; sensitized by OA submitted to treadmill 
training at 50    %  (OA    +    PT50    % ) and 75    %  (OA    +    PT75    % ) of maximum speed. 
Pro MMP-2 (72   kDa) activity; Intermediary MMP-2 (66   kDa) activity; Active 
MMP-2 (64   kDa) activity.  * p    <    0.05: compared to Control and OA.  
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to decrease fatigue resistance in skeletal muscle induced by car-
diac failure  [24] . 
 Surprisingly, our results demonstrated that asthma induced by 
ovalbumin was not able to alter the MMPs activity in diaphragm 
muscle of mouse, contrary to other reports  [3,   24] . Probably, 
these discrepancies could be attributed to variations between 
the studies, such as disease models and time of disease manifes-
tation. Furthermore, we assessed a respiratory muscle contrary 
to other studies  [24]  which analyzed hind limb muscles. Despite 
these diff erences, the absence of changes in MMP-2 activity in 
the present study could suggest that the model of CAAI per se 
did not trigger diaphragm muscle myopathy of mice. In addition, 
the lack of changes in MMPs activity in OA group could also be 
also attributed to the short period (4 weeks) of asthma. Maybe, 
the period assessed was not enough to change diaphragm func-
tion modifying the MMPs activity. However, future investiga-
tions will be necessary to test this hypothesis. 
 Another interesting fi nding was the absence of MMP-9 activity 
in diaphragm muscle in all experimental groups. These results 
agree with the viewpoint that MMP-9 is expressed only under 
extreme or abnormal conditions of muscle activation (i.e., early 
infl ammatory phase or chronic denervation)  [1,   13,   23] , which 
could suggest that the diaphragm muscle was not injured in OA 
group and during the treadmill training  [1,   14] . This fact also 
corroborates the hypothesis that CAAI, in this case, does not 
develop myopathy in diaphragm muscle. Additionally, the model 
of CAAI used here did not modify the diaphragm muscle weight. 
Together, these fi ndings also suggest that MMPs activity is not 
involved in the etiology of cellular and molecular changes in the 
respiratory muscles weakness in asthma. 

 The activation of MMP-2 and MMP-9 modifi es with changing 
demands in skeletal muscle, which depends on exercise-inten-
sity and type of muscle evaluated. Carmeli et   al.  [2]  observed 
that high-intensity (70    %  of VO 2max ) treadmill exercise increased 
MMP-2 mRNA levels in the gastrocnemius and quadriceps mus-
cles, but no alteration of MMP-2 following low-intensity (50    %  of 
VO 2max ) exercise was observed. Interestingly, our results indicate 
that both intensities of exercise did not alter MMPs activity in 
diaphragm muscle. Probably, the diff erences between the 
present work and Carmeli and colleagues  [2]  should be related to 
the physical training protocol and type of muscles assessed. 
Whilst Carmeli et   al.  [2]  applied a 2 weeks exercise protocol, the 
protocol used in the current study was chronic (12 weeks of 
treadmill running) suggesting that diff erences in the exercise 
protocols seem to play a central role in the MMP activity. Addi-
tionally, the muscle recruitment pattern, e.g., the number of 
contractions and the overload, in the Carmeli study is quite dif-
ferent from the present one. 
 In fact, our results suggested that enhancement of MMP-2 activ-
ity in OA    +    PT50    %  and OA    +    PT75    %  groups may be related to the 
workload increase in diaphragm muscle, as previously described 
by Carvalho et   al.  [3]  during heart failure disease in diaphragm 
muscle. It was reported that mouse model of CAAI induces 
parenchyma mechanical dysfunction and lung remodeling; lead-
ing to respiratory mechanical changes  [30] . Probably these 
mechanical changes could increase diaphragm muscle workload 
during the treadmill training, as an enhanced MMP-2 activity 
was observed only in animals submitted to lung infl ammation 
associated to low and moderate exercise. 
 It is interesting to note that during physical exercise abnormal 
dynamic ventilation can be observed in fl ow-limited patients 
and it results in functional inspiratory muscle weakness through 
a maximal shortening of the muscle fi bers in the diaphragm 
 [22,   25] . The combination of excessive mechanical loading and 
increased velocity of shortening of the inspiratory muscles can 
also predispose them to fatigue  [19] . These human studies could 
support the ECM remodeling in diaphragm observed here, as we 
showed enhanced MMP-2 activity only in asthmatic mice sub-
mitted to physical training. Our fi ndings suggested that abnor-
mal dynamic ventilation leads not only to disadvantage of 
diaphragm on force generation, but also to the diaphragm ECM 
remodeling in mice model of asthma, which could contribute to 
the muscle function impairment during physical exercise. 
 Additionally, we found increased MMP-1 activity only in 
OA    +    PT50    %  and OA    +    PT75    %  groups. MMP-1 activity is also 
involved with cleavage of an amino-terminal domain of MMP-2 
in order to active MMP-2  [10,   17] . Thus, we observed an enhanced 
activation of both MMP-1 and MMP-2 in the same groups, which 
suggests that MMP-1 activity was increased which resulted in 
cleavage and active MMP-2. 
 This study indicates neither short period of CAAI nor physical 
training by itself change MMP activity in diaphragm muscle of 
mice. Furthermore, the treadmill aerobic training at low and 
moderate intensities associated with CAAI increases the MMP-2 
activity, suggesting changes in overall balance of ECM protein 
turnover in diaphragm muscle. These fi ndings in an animal 
model are clinically relevant because biopsies from respiratory 
muscles in asthmatic subjects involve ethical problems. There-
fore, these initial results form the basis for additional research to 
determine the functional signifi cance of changes in the MMPs 
activity in respiratory muscles in response to physical training in 
asthma.   
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  Fig. 3           Quantitative densitometry of zymographic bands of MMP-1 
in arbitrary units in diaphragm muscle. The data are mean    ±    standard 
deviation. Normal diaphragm muscle (Control); group sensitized by OA 
(OA); groups submitted to treadmill training at 50    %  (PT50    % ) and 75    %  
(PT75    % ) of maximum speed; sensitized by OA submitted to treadmill 
training at 50    %  (OA    +    PT50    % ) and 75    %  (OA    +    PT75    % ) of maximum 
speed. Pro-active MMP-1 (52   kDa) activity; Active MMP-1 (44   kDa) 
activity.  * p    <    0.05: compared to Control and OA.  
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