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         Creatine Activates Airway Epithelium in Asthma    

muscular infl ammation that results from over-
training and overuses  [25] , and in clinical prac-
tice, Cr is used in the treatment of certain 
neuromuscular diseases  [8] . Cr has been also 
administered to patients with chronic diseases 
such as heart disease  [24] , myopathies  [8] , 
chronic obstructive pulmonary disease  [10]  and 
cystic fi brosis  [2] . 
 Although creatine supplementation usually 
induces an anti-infl ammatory response, we 
recently demonstrated that Cr exacerbates aller-
gic chronic lung infl ammation  [30] , suggesting 
that creatine supplementation might have dele-
terious eff ects in individuals with allergic condi-
tions such as asthma. This fi nding might be 
particularly important among athletes and 
sportsmen, a group with high prevalence of 
asthma and with indiscriminate use of Cr supple-
mentation. We showed that the eff ects of Cr on 
airways of sensitized animals occur primarily via 
increased expression of interleukin (IL)-4, IL-5 
and IGF-1. However, the eff ects of creatine sup-
plementation on the epithelial allergic infl am-
matory response have not been investigated. 

 Introduction 
  ▼  
 The airway epithelium can modulate infl amma-
tory processes and airway remodelling in asthma 
by secreting diff erent infl ammatory mediators 
such as extracellular ATP, cytokines, chemokines, 
eicosanoids and growth factors  [1,   3,   7,   20,   23] . 
Alterations in airway epithelial structure and 
mucus synthesis have been demonstrated in 
humans and in experimental models of allergic 
asthma and manifest mainly as an increase in the 
number of epithelial secretory cells and mucus 
production, events that greatly contribute to air-
way obstruction  [3,   15,   16,   19] . Cytokines and 
chemokines released by epithelial cells are also 
involved in eosinophil and Th 2  lymphocyte 
recruitment  [19,   23,   24] . 
 Creatine (Cr) is a nitrogenous amino acid deriva-
tive found in beef and fi sh and is produced endog-
enously from arginine, methionine and glycine 
 [4,   10,   25,   30,   31] . It is widely used as a nutritional 
supplement by athletes to increase muscle mass 
and strength  [4] . In sports medicine, Cr supple-
mentation has the benefi cial eff ect of decreasing 
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  Abstract 
  ▼  
 Airway epithelium plays important roles in the 
pathophysiology of asthma. Creatine supple-
mentation (Cr) was shown to increase asthma 
features in a murine model of allergic asthma; 
however, the role of the airway epithelium in 
this infl ammatory response is not known. BALB / c 
mice were divided into control, creatine supple-
mentation, ovalbumin-sensitized (OVA) and OVA 
plus creatine supplementation groups. OVA sen-
sitization occurred on days 0, 14, 28 and 42, and 
ovalbumin challenge from days 21 – 53. Cr was 
also given on days 21 – 53. Total and diff erential 
cells counts in BALF were evaluated. Quantita-
tive epithelial expression of interleukin (IL)-4, 

IL-5, IL-13, CCL11, CCL5, CCL2, iNOS, VCAM-1, 
ICAM-1, NF- κ B, VEGF, TGF- β , IGF-1, EGFR, TIMP-1, 
TIMP-2, MMP-9, MMP-12 and arginase II were 
performed. Cr increased the number of total cells 
and eosinophils in BALF, the epithelial content 
of goblet cells and the epithelial expression of 
IL-5, CCL2, iNOS, ICAM-1, NF- κ B, TGF- β , TIMP-1 
and MMP-9 when compared to the control group 
(p    <    0.05). Creatine supplementation also exac-
erbated goblet cell proliferation, and IL-5 and 
iNOS expression by epithelial cells compared to 
the OVA group (p    <    0.01). Creatine up-regulates 
the pro-infl ammatory cascade and remodelling 
process in this asthma model by modulating the 
expression of infl ammatory mediators by epithe-
lial cells.         
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 The aim of this study was to investigate the changes in the air-
way epithelium and their relationship with the mechanisms 
involved in the pro-infl ammatory eff ects of creatine in sensi-
tized animals. For this purpose we analysed the density of epi-
thelial ciliated and goblet cells, mucus production, and the 
airway epithelial expression of Th 2  cytokines (IL-4, IL-5 and IL-
13), chemokines (CCL11, CCL5, CCL2), adhesion molecules 
(VCAM-1, ICAM-1), transcription factor NF- κ B, growth factors 
(VEGF, TGF- β , IGF-1, EGFr), proteases and anti-proteases (MMP-
9, MMP-12, TIMP-1, TIMP-2), iNOS and arginase II in a model of 
chronic allergic lung infl ammation. 
 The airway epithelial expression of infl ammatory mediators was 
performed using the same animals used in a previous study  [30] .   

 Methods 
  ▼  
 This study has been performed in accordance with the ethical 
standards of the IJSM  [12] . This study was approved by the 
review boards for human and animal studies of the School of 
Medicine, University of Sao Paulo (503 / 07).  

 Animals and experimental groups 
 32 male BALB / c mice (20 – 25   g) were divided into 4 groups (n    =    8 
each): 1) a non-sensitized and non-supplemented (Control) 
group, 2) a non-sensitized and Cr-supplemented (Cr) group, 
3) an OVA-sensitized and non-Cr-supplemented (OVA) group, 
and 4) a sensitized and Cr-supplemented (OVA    +    Cr) group.   

 OVA sensitization 
 Intraperitoneal (i.   p.) injection of OVA (20    μ g / mouse) adsorbed 
with aluminum hydroxide (sensitized mice) or saline solution 
(non-sensitized mice) was performed on days 0, 14, 28 and 42. 
Twenty-one days after the fi rst i.   p. injection, mice inhaled aero-
solized OVA (1    % ) or saline solution, 3 times a week for 30   min 
per session, until the 53 rd  day, as previously described  [30,   31] .   

 Creatine supplementation 
 Creatine (0.5   g / kg / mouse / day, 5    ×     / week) diluted in water was 
administered orally from day 22 – 53 as previously described 
 [30,   31] .   

 Euthanasia 
 72   h after the last day of OVA or saline inhalation, animals were 
anesthetized by an intramuscular injection of ketamine (50   mg /
 kg) and xylazine (40   mg / kg), tracheostomized, cannulated and 
sacrifi ced by exsanguination  [30,   31] . The experimental proto-
col, including sensitization, Cr supplementation and euthanasia, 
is presented in       ●  ▶      Fig.     1  .   

 Bronchoalveolar lavage fl uid (BALF), lung histology and 
immunohistochemistry 
 The animals were tracheostomized and cannulated for BALF col-
lection. BALF samples (1   ml) were collected after washing the 
lungs with 1.5   ml of sterile saline. BALF samples were centri-
fuged at 800   rpm for 10   min at 0    °    C, supernatant was stored 
at     −    70    °    C, and the cell pellet was resuspended in sterile saline. 
Total cell count was performed using a Neubauer chamber and 
diff erential cell count was performed by microscopic examina-
tion of BALF samples prepared in cytocentrifuge slides, stained 
with May-Gr ü nwald-Giemsa, and 300 cells were counted per 
slide  [29 – 31] . 

 The lungs were fi xed in formalin and embedded in paraffi  n. 
5- μ m-thick sections were stained with periodic acid Schiff  and 
alcian blue (PAS / AB). Epithelial cell density and mucus produc-
tion were quantifi ed by morphometry, using a 100-point / 50-
line grid with a known area (10   000    μ m 2  at 1   000    ×     magnifi cation) 
attached to the microscope eyepiece. The number of points 
overlying the neutral and acid mucus, goblet and ciliated epithe-
lial cells and total airway epithelium area were counted in each 
fi eld. The density of goblet and ciliated epithelial cells and neu-
tral and acid mucus was calculated as the number of points 
overlying these structures, divided by the number of intercepts 
between the grid lines and epithelial basal membrane. Measure-
ments were performed along the entire circumference for each of 
5 airway samples from each animal under 1   000    ×     magnifi cation. 
 Immunohistochemistry was performed as previously described 
 [29 – 31]  using the following antibodies: anti-IL-4, anti-IL-5, anti-
IL-13, anti-iNOS, anti-CCL11, anti-CCL5, anti-CCL2, anti-VCAM-1, 
anti-ICAM-1, anti-NF- κ B, anti-VEGF, anti-TGF- β , anti-IGF-1, 
anti-EGFr, anti-TIMP-1, anti-TIMP-2, anti-MMP-9, anti-MMP-12 
and anti-arginase II (Santa Cruz, CA, USA). Using an image analy-
sis system (Image-Pro Plus; Media Cybernetics, Silver Spring, 
Maryland, USA) on a personal computer connected to a digital 
camera coupled to a light microscope, the area of the entire epi-
thelium and of the positively-stained epithelium was measured. 
Measurements were performed along the circumference of each 
of 5 airway samples from each animal at a 400    ×     magnifi cation. 
Protein density was calculated as the relationship between the 
positively-stained and total epithelial areas, and results were 
expressed as percentage of positively-stained epithelial area.   

 Statistical analysis 
 A 2-way analysis of variance followed by a Holm-Sidak test was 
used for comparison of the diff erent parameters (OVA and crea-
tine; factors for statistical analysis) among groups. Values are 
expressed as means    ±    SD for parametric data and as medians 
(variance) for nonparametric data. The level of signifi cance was 
set at p    <    0.05.    

 Results 
  ▼   
 Total and diff erential cells count in bronchoalveolar 
lavage fl uid (BALF) 
       ●  ▶      Fig.       1a – d   present the number of total cells ( a ), eosinophils ( b ), 
lymphocytes ( c ) and epithelial cells ( d ) in BALF of all groups. 
Creatine supplementation per se increased the number of total 
cells and eosinophils when compared with Control group 
(p    <    0.05). Both OVA and OVA    +    Cr groups presented increased 
number o total cells and eosinophils compared with control 
group (p    <    0.01). No signifi cant diff erence was found in the 
number of neutrophils and macrophages comparing all groups 
(data not shown).   

 Epithelial Structure and Mucus Production 
       ●  ▶      Fig.       1e – g   presents the densities of goblet cells ( e ) and ciliated 
cells ( f ) and of acid ( g ) and neutral ( h ) mucus in the airway epi-
thelium in all groups. Non-sensitized animals that were given 
creatine (Cr group) had a higher density of goblet cells (p    <    0.001) 
when compared with the Control group (      ●  ▶      Fig.       1e  ). Ovalbumin 
sensitization (OVA group) increased the density of goblet cells 
and of neutral mucus (p    <    0.001) and decreased the density of 
ciliated cells (p    <    0.01) when compared with the Control group 
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(      ●  ▶      Fig.       1e – g  , respectively). In sensitized animals (OVA    +    Cr 
group), Cr increased the density of goblet cells when compared 
with the Control group (p    <    0.001) and the OVA group (p    <    0.01) 
and also decreased the density of ciliated cells when compared 
with the Control group (p    <    0.001) (      ●  ▶      Fig.       1e, g  , respectively). 
The OVA    +    Cr group also displayed an increased density of neu-
tral mucus when compared with the Control group (p    <    0.01). 
The density of acid mucus was not diff erent among groups 
(p    >    0.05).   

 Epithelial expression of Th 2  cytokines, chemokines and 
adhesion molecules 
       ●  ▶      Fig.       2a – h   shows the epithelial expression of IL-4, IL-5, IL-13, 
CCL11, CCL5, CCL2, ICAM-1 and VCAM-1, respectively in all 
groups. Creatine supplementation in non-sensitized animals 
increased the epithelial expression of IL-5 (p    <    0.001), CCL11 
(p    <    0.01), CCL2 (p    <    0.05) and ICAM-1 (p    <    0.001) when compared 
with the Control group (      ●  ▶      Fig.       2b, f, g  , respectively). Ovalbumin 
sensitization (OVA group) signifi cantly increased the epithelial 
expression of IL-4 (p    <    0.001), IL-5 (p    <    0.05), IL-13 (p    <    0.05), 
CCL11 (p    <    0.001), CCL5 (p    <    0.001), CCL2 (p    <    0.05), ICAM-1 
(p    <    0.01) and VCAM-1 (p    <    0.05) when compared with the Con-

trol group (      ●  ▶      Fig.       2a – h  , respectively). In sensitized animals 
(OVA    +    Cr), Cr supplementation increased the epithelial expres-
sion of IL-4 (p    <    0.01), IL-5 (p    <    0.001), IL-13 (p    <    0.05), CCL5 
(p    <    0.01), ICAM-1 (p    <    0.01) and VCAM-1 (p    <    0.05) when com-
pared with the Control group, as well as of IL-5 when compared 
with the OVA group (p    <    0.001).       ●  ▶      Fig.       3c – f   shows the represent-
ative photomicrograph of CCL5 staining of all groups.   

 Epithelial expression of iNOS, Arginase II and NF- κ B 
       ●  ▶      Fig.       3a, b   shows the epithelial expression of iNOS and NF- κ B 
in all groups. In non-sensitized animals, Cr supplementation (Cr 
group) increased the iNOS expression when compared with the 
Control group (p    <    0.05). Ovalbumin sensitization (OVA group) 
increased the epithelial expression of iNOS when compared with 
the Control group (p    <    0.05). In sensitized animals, Cr supple-
mentation (OVA    +    Cr) increased the epithelial expression of iNOS 
when compared with both the Control and OVA groups (both 
p    <    0.001) (      ●  ▶      Fig.       3a  ). NF- κ B expression was increased by Cr sup-
plementation (Cr group) when compared with the Control group 
(p    <    0.01). Ovalbumin sensitization also increased NF- κ B expres-
sion when compared with Control and Cr groups (p    <    0.001). In 
sensitized animals, Cr supplementation (OVA    +    Cr group) increased 
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alveolar lavage. The volume proportion of goblet 
cells ( e ), neutral mucus ( f ), ciliated cells ( g ), acid 
mucin ( h ) in lung histology. In panel  a   *    p    <    0.05 
when compared with Control group. In panel  b  and 
 c ,  *    p    <    0.05 when compared with Control group. 
The number of epithelial cells and macrophages 
were not diff erent when compared all groups. In 
panel  e   *    p    <    0.01 when compared with Control 
and OVA groups. In panels  f  and  f , no diff erences 
were found when compared against all groups. In 
panels  c  and  e ,  *    p    <    0.01 when compared against 
all groups. In panel  d ,  *    indicates p    <    0.001 when 
compared all groups.  
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NF- κ B expression when compared with the Control and OVA 
groups (both p    <    0.01) (      ●  ▶      Fig.       3b  ). Arginase II expression remained 
unchanged among all groups (p    >    0.05) (data not shown).   

 Epithelial expression of growth factors, MMPs and 
TIMPs 
       ●  ▶      Fig.       4a – h   shows the expression of VEGF, TGF- β , IGF-1, EGFr, 
TIMP-1, TIMP-2, MMP-9 and MMP-12 in all groups. In non-sen-
sitized animals, Cr supplementation (Cr group) increased the 
expression of TGF- β  (p    <    0.01), MMP-9 (p    <    0.05) and TIMP-1 
(p    <    0.001) when compared with the Control group. Ovalbumin 
sensitization (OVA group) increased the epithelial expression of 
TGF- β  (p    <    0.01), IGF-1 (p    <    0.001), EGFr (p    <    0.01), TIMP-1 
(p    <    0.001), TIMP-2 (p    <    0.01), MMP-9 (p    <    0.05) and MMP-12 
(p    <    0.01) when compared with the Control group. In sensitized 
animals, Cr supplementation (OVA    +    Cr group) increased the epi-
thelial expression of IGF-1 (p    <    0.05), EGFr (p    <    0.05), TIMP-1 
(p    <    0.001), TIMP-2 (p    <    0.001) and MMP-9 (p    <    0.05) when com-
pared with the Control group. Epithelial expression of VEGF 
remained unchanged among groups (p    >    0.05).    

 Discussion 
  ▼  
 The present study demonstrates for the fi rst time that Cr sup-
plementation upregulates chronic allergic airway infl ammation 
and remodelling through epithelial cell activation. These eff ects 
were evidenced in vivo by increased expression of IL-5, CCL11, 
CCL2, ICAM-1, iNOS, NF- κ B, TGF- β , TIMP-1, and MMP-9, as well 
as by the exacerbation of mucus production. 
 Asthma is a complex chronic infl ammatory disease, in which 
many cell types, including leukocytes, airway smooth muscle 
and epithelium, play important roles in disease initiation and 
progression  [3,   5,   6,   9,   13,   15,   16,   18,   21 – 23] . Airway remodelling 
is also an important feature of asthma and may be related to air-
way obstruction  [3,   6,   9,   14,   18,   29] . Excessive mucus production, 
goblet cell and squamous metaplasia and epithelial cells desqua-
mation are important components of airway remodelling in 
asthma and have been correlated with the degree of airway 
obstruction and hyperresponsiveness in susceptible individuals 
 [6,   9,   15,   18,   21,   27] . In this study, we observed that chronic oval-
bumin sensitization increased the density of neutral mucus and 
goblet cells and decreased the density of ciliated cells within the 
airway epithelial layer. These results are in accordance with epi-
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thelial changes observed in human asthma  [15,   17,   27] . We also 
observed that Cr supplementation increased the number of gob-
let cells in non-sensitized mice and exacerbated this alteration 
in sensitized mice (      ●  ▶      Fig.       2a  ), demonstrating that Cr provides 
an important cellular signalling to airway epithelium that results 
in an increased number of mucus-synthesizing cells. 
 The airway epithelium plays many roles in asthma, such as pro-
viding protection against toxic environmental agents and micro-
organisms and releasing pro-infl ammatory and pro-fi brotic 
factors, a process normally orchestrated by the transcriptional 
factor NF- κ B  [1,   3,   21,   22] . Furthermore, the recruitment of eosi-
nophils and Th 2  lymphocytes to the airways has been attributed 
to epithelial-derived cytokine / chemokine production  [21,   26] . 
Our results suggest that the airway epithelium also participates 
to a signifi cant degree in the pro-infl ammatory eff ects of Cr sup-
plementation, as demonstrated by the increased epithelial 
expression of IL-5, CCL11, CCL2 and ICAM-1 (      ●  ▶      Fig.       2b, d, f, g  , 
respectively) in non-sensitized mice and the exacerbated pro-
duction of IL-5 in sensitized mice. We previously reported that 
Cr supplementation increased IL-5 expression by leukocytes in 
the airway wall, which correlated with increased eosinophilic 
infi ltration in sensitized mice  [30,   31] . We now demonstrate that 
the eff ects of Cr are not restricted to leukocytes, but also extend 
to the airway epithelium. 
 Inducible nitric oxide synthase (iNOS) is an isoform of NOS, and 
increases in its expression have been linked to eosinophilic 
infl ammation and airway remodelling in asthma  [22] . NF- κ B is a 
transcriptional factor that regulates the expression of some 
genes in the airway epithelium that are responsible for synthe-
sizing cytokines, chemokines, adhesion molecules and growth 

factors  [3,   7,   16,   20,   21] . In the present study we found that creat-
ine supplementation was associated with greater epithelial 
expression of iNOS and NF- κ B in both non-sensitized and sensi-
tized mice (      ●  ▶      Fig.       3a, b  ), which could be considered a possible 
mechanism for the Cr-induced asthmatic phenotype. 
 NF- κ B also regulates the synthesis of pro-fi brotic factors that are 
involved in airway remodelling  [3] , mainly TGF- β , a growth fac-
tor involved in the asthmatic response  [3,   14,   28] . In this study, 
we demonstrated that Cr supplementation increased epithelial 
expression of TGF- β  (      ●  ▶      Fig.       4b  ), which resulted in increased 
deposition of collagen in the airway wall. Matrix metalloprotei-
nases (MMPs) are also important regulators of the airway 
remodelling process. MMPs are zinc and calcium photolytic 
enzymes responsible for degradation of extracellular matrix 
proteins in physiologic and pathologic states  [11] . MMPs and 
their inhibitors (tissue inhibitors of matrix metalloproteinases 
 –  TIMPs) are involved in the airway remodelling process in 
asthma and control turnover rates of extracellular proteins  [11] . 
Increased expression of MMP-9 (gelatinase-B) has been demon-
strated in asthma and has been correlated with the degradation 
of collagen, gelatin and aggrecan sub-types  [11] . In the present 
study, we observed that Cr supplementation increased epithelial 
MMP-9 expression in non-sensitized animals. We also observed 
that TIMP-1, a specifi c inhibitor of MMP-9, was increased in non-
sensitized and sensitized animals after Cr supplementation. 
These fi ndings suggest that Cr supplementation can up-regulate 
airway remodelling through epithelial MMP-9 and TIMP-1 
expression. 
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 We conclude that creatine supplementation upregulates the 
pro-infl ammatory cascade and remodelling processes in a mouse 
model of asthma.           
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