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Low-level  laser therapy  (LLLT)  controls  bronchial  hyperresponsiveness  (BHR)  associated  with  increased
RhoA  expression  as  well  as  pro-inflammatory  mediators  associated  with  NF-kB  in acute  lung inflam-
mation.  Herein,  we explore  if LLLT  can  reduce  both  BHR  and  Th2  cytokines  in allergic  asthma.  Mice
were  studied  for bronchial  reactivity  and lung  inflammation  after  antigen  challenge.  BHR  was measured
through  dose–response  curves  to acetylcholine.  Some  animals  were  pretreated  with  a  RhoA  inhibitor
hoA
osinophils
TAT6
aser therapy

before  the  antigen.  LLLT  (660  nm,  30 mW  and  5.4 J) was  applied  on the  skin  over  the right  upper  bronchus
and  two  irradiation  protocols  were  used.  Reduction  of BHR  post  LLLT  coincided  with  lower  RhoA  expres-
sion  in  bronchial  muscle  as  well  as reduction  in  eosinophils  and eotaxin.  LLLT  also  diminished  ICAM
expression  and  Th2  cytokines  as  well  as signal  transducer  and  activator  of  transduction  6  (STAT6)  levels
in lungs  from  challenged  mice.  Our  results  demonstrated  that  LLLT  reduced  BHR  via  RhoA  and  lessened

n  via
allergic  lung  inflammatio

. Introduction

Asthma is one of the most common diseases characterized by
irway obstruction, airway inflammation and airway hyperrespon-
iveness (AHR) to a variety of stimuli (Burney, 1997). Current views
ropose airway inflammation as the underlying process, resulting

n airway hyperresponsiveness and variable airflow obstruction.
ytokines have been increasingly recognized as playing an impor-
ant role in the chronic inflammation response in asthma. Many
nflammatory cells, mainly eosinophils, and structural cells, such
s epithelial, smooth muscle, and endothelial cells, are capable of
ynthesizing and releasing these proteins (Barnes, 1999; Busse and
emanske, 2001). Cytokines of particular importance for asthma
nclude the lymphokines secreted by the T helper 2 (Th2)-type

D4+ T lymphocytes. These cells produce and secrete interleukins

L-3, IL-4, IL-5, and IL-13. Moreover, IL-4 and IL-13 are essential
or IgE switching of B lymphocytes, and the IL-5 selectively acts

∗ Corresponding author at: Department of Science and Technology, Federal Uni-
ersity of São Paulo – UNIFESP, Rua Talim, 330 – Vila Nair, PO Box 12231-280, São
osé dos Campos, SP, Brazil. Tel.: +55 12 3309 9578; fax: +55 12 3921 9512.
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 STAT6.
© 2014  Elsevier  B.V.  All  rights  reserved.

on eosinophil maturation, survival and activation. The presence of
these cells and their products in the lung often correlate with dis-
ease severity and the degree of AHR (Azzawi et al., 1990; Broide
et al., 1991; Ohashi et al., 1992).

The signal transducer and activator of transduction 6 (STAT6)
is an essential transcription factor for IL-4 and IL-13 signaling.
Using STAT-deficient mice, it was shown that STAT6 is essential
for the induction of allergic asthma. Failure of these animals to
develop allergic asthma has been considered to be due to a defect
in IL-4- and/or IL-13-dependent Th2 differentiation and Ig class
switching to IgE (Takeda et al., 1996; Kaplan et al., 1996; Emson
et al., 1998). This finding reveals the importance of STAT6 for
the initial phase induction of the Th2-dependent allergic response
(Kuperman et al., 1998; Akimoto et al., 1998). Likewise, several
research groups have reported that STAT6 also plays a critical role
in the late phase of allergic asthma in mice. They demonstrated that
airway hyperresponsiveness, IgE production and eosinophilia were
fully dependent on STAT6 signaling in mice (Kuperman et al., 1998;
Akimoto et al., 1998).
The AHR is an important symptom of disease, although the
pathophysiological variations resulting in the hyperresponsiveness
still remain unclear. Several mechanisms have been suggested to
explain airway hyperresponsiveness, such as alterations in the

dx.doi.org/10.1016/j.resp.2014.01.008
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eural control of airway smooth muscle (Boushey et al., 1980),
ncreased mucosal secretions (Jeffery, 1993) and mechanical fac-
ors related to remodeling of the airways (Martin et al., 2000). In
ddition, it has also been suggested that one of the factors that
ontribute to the exaggerated airway narrowing in asthmatics is
he abnormal nature of airway smooth muscle (Wiggs et al., 1990;
eow et al., 1998).

Smooth muscle contraction is mainly regulated by an increase
n cytosolic Ca+2 concentrations in myocytes. Some studies have
eported an additional mechanism, known as Ca+2 sensitization,
n agonist-induced smooth muscle contraction, including airways
Chiba et al., 2001, 2003, 2005a,b). Although the detailed mecha-
ism is not fully understood, there is increasing evidence that the
onomeric GTP-binding protein RhoA and its downstream target,

he Rho-kinase, are involved in the agonist-induced Ca+2 sensitiza-
ion of airway smooth muscle contraction (Chiba et al., 2003). When
he RhoA/Rho-kinase system is activated by contractile agonists,
he activity of myosin light chain (MLC) phosphatase is reduced
nd the level of phosphorylated MLC  in subsequently increased,
esulting in an enhancement of smooth muscle contraction. It is
ossible that an increase in the RhoA/RhoA-kinase system is one
f the causes for bronchial smooth muscle hyperresponsiveness.
urthermore, the importance of RhoA and its downstream RhoA-
inases on the contraction of human bronchial smooth muscle has
lso been proposed as a new target for the treatment of AHR in
sthma (Gosens et al., 2006).

Low-level laser therapy (LLLT) has been used in experimen-
al (Pires et al., 2011) and clinical (Chow et al., 2006) studies for
he treatment of inflammatory diseases. It has been reported that
LLT can relieve the late and early symptoms of airway and lung
nflammations by reducing the mRNA expression of inflammatory

ediators, such as TNF-� and IL-1� (Aimbire et al., 2008; Mafra
e Lima et al., 2009a,b). Moreover, LLLT reduces the cholinergic
yperreactivity and TNF-� mRNA expression in rat BSM segment
xposure to lipopolysaccharide via a NF-kappaB-dependent mech-
nism (Mafra de Lima et al., 2009a,b). Our group has demonstrated
hat low-level laser irradiation is effectively beneficial in relieving
irway hyperresponsiveness by reducing RhoA expression and the
ecrease in calcium sensitivity (Aimbire et al., 2009; de Lima et al.,
010). Thus, it would be relevant to determine whether LLLT can
elieve bronchial hyperresponsiveness via a RhoA-dependent path-
ay, as well as to control lung inflammation via STAT6 signaling in

nimals with allergic asthma.
In this context, the present study was designed to investi-

ate whether LLLT can modulate bronchial hyperresponsiveness
o cholinergic stimulation and lung inflammation in a model of
llergic asthma in rat.

. Materials and methods

.1. Animals

All experiments were performed according to the guide-
ines of Vale do Paraíba University (Univap) for animal care
A06/CEP/2008). The assays were performed on eight-week-old

ale BALB/c mice, which were maintained under standard con-
itions of temperature (22–25 ◦C), relative humidity (40–60%) and

ight/dark cycle with access to food and water ad libitum.

.2. Anesthesia
The animals were pre-anesthetized with Acepromazine
0.1 mg  kg−1) and anesthetized with Zolazepam Chloride
2.5 mg  kg−1) + Tiletamine Chloride (2.5 mg  kg−1). For euthanasia,
 Neurobiology 194 (2014) 37–48

the mice received an excessive dose of chloral hydrate
(>400 mg  kg−1, i.p.) under anesthesia.

2.3. Sensitization and antigen challenge

Mice were sensitized via an intraperitoneal injection of a
suspension of 10 �g of ovalbumin (OVA) with 10 mg  aluminum
hydroxide. One week later, the rats were boosted subcutaneously
with 10 �g of OVA dissolved in phosphate buffer solution (PBS).
Two weeks after the first sensitization, the mice were subjected
to a single 15-min exposure to aerosolized OVA (1% in PBS) using
an ultrasonic nebulizer device (ICEL, São Paulo, Brazil) coupled
to a plastic inhalation 7 chamber (18.5 cm × 18.5 cm × 13.5 cm).
The mice were euthanized 24 h after challenge by section-
ing the abdominal aorta under deep chloral hydrate anesthesia
(>400 mg  kg−1, i.p.), and then the measurements were performed.

2.4. Low-level laser therapy (LLLT)

Animals challenged with OVA were irradiated using a CW laser
diode module (MM  Optics, São Paulo, Brazil) with the following
parameters: output power of 30 mW,  660 nm wavelength, spot size
of 0.08 cm2, resulting in an optical power density of 375 mW cm−2.
The optical power was calibrated using a Newport 1835 C multi-
function optical power meter (Equipland, Oklahoma Road, Sao Jose,
CA, USA). The laser power was monitored during laser irradiation by
collecting laser light with a partial reflection (4%) mirror. The laser
irradiation dose was  set at 5.4 J for 3 min. Two series of laser irradia-
tion protocols were performed: Protocol I – the mice were divided
into four different groups, where each mouse received a unique
irradiation dose of low-level laser at 5 min, 1 h, 6 h or 12 h after
antigenic response, respectively; Protocol II – all mice from one
group were irradiated on the skin over the right upper bronchus
at four consecutive times 5 min, 1 h, 6 h and 12 h from the anti-
gen challenge. Twenty-four hours after the antigenic challenge, the
bronchial reactivity, RhoA mRNA expression in BSM, IgE level in
sera and lung inflammation were analyzed.

2.5. Experimental groups

The animals were provided by the Central Animal House of the
University of São Paulo – USP. All mice were placed in a common
box and divided randomly into nine groups consisting of seven ani-
mals: (1) control group, which consisted of non-manipulated mice;
(2) laser group, where animals were non-challenged and treated
with laser irradiation; (3) the challenged group, which consisted of
mice subjected to antigen exposure, without treatment; (4) ani-
mals that received inhalation of Y-27632 for 3 min, 1 h prior to
the antigenic challenge; (5–8) challenged + laser groups (I): sen-
sitized and challenged mice, which were treated with laser once
for 3 min  at the following irradiation times after the antigenic chal-
lenge: at 6 min, 1 h, 6 h, or 12 h, respectively (irradiation protocol I)
and (9) the challenged + laser group (II), sensitized and challenged
animals, treated with laser for 3 min, and then at four consecutive
times: 6 min, 1 h, 6 h and 12 h after antigenic challenge (irradiation
protocol II). Table 1 summarizes the experimental groups.

2.6. Pharmacological intervention

As a positive control for the contribution of RhoA in the hyper-

responsiveness of BSM, the mice received inhalation of Y-27632
(Chiba et al., 2005b) (RhoA inhibitor 10 �M;  Tocris Cookson, Bris-
tol, UK) for 3 min, 1 h prior to the antigenic challenge. Twenty-four
hours after antigenic exposure, BSM segments from mice were
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Table  1
Description of the experimental groups.

Group Description

(1) Control Non-sensitized and non-challenged animals
(2) Laser Non-sensitized animals, treated with laser for 3 min at the four consecutive times: 5 min, 1 h, 6 h and 12 h after antigenic

challenge (irradiation protocol II)
(3)  Challenged Sensitized and challenged animals
(4) Y-27632 + challenged Animals received inhalation of Y-27632 for 3 min, 1 h before the antigenic challenge
(5–8)  Challenged + laser (I) Sensitized and challenged animals, treated with laser once for 3 min at the following irradiation times after antigenic

challenge (irradiation protocol I)
5 min
1 h
6 h
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antigenic challenge (irradiation protoco

repared for functional studies of contractility, and RhoA mRNA
xpression analyses.

.7. Preparation of bronchial smooth muscle (BSM) and
unctional study

To determine the change in bronchial smooth muscle contrac-
ility, the isometric contraction of the circular smooth muscle of
he main bronchus was  measure as previously reported (Aimbire
t al., 2009). Briefly, 24 h after the last antigen challenged, the
ice were sacrificed under anesthesia. After thoracotomy, blood

amples were collected from the hearts to obtain sera, and bron-
hoalveolar lavage (BAL) was performed as previously described
Aimbire et al., 2009). The airway tissues from the larynx up to
he lungs were then immediately removed. The left main bronchus
as isolated and then suspended in an organ bath at a resting ten-

ion of 1 g. The organ bath contained modified Krebs–Henseleit
olution consisting of (mM):  118.0 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2
gSO4, 25.0 NaHCO3, 1.2 KH2PO4 and 10.0 glucose (pH 7.4). The

sometric contraction of the circular smooth muscle was  measured
sing a force-displacement transducer (MP100, BioPac, CA, USA).
he tissues were washed three or four times at time intervals of
5–20 min, and then slowly equilibrated to a baseline tension of
.5 g. After the equilibration period, the concentration–response
urve to acetylcholine (ACh: 10−7–10−3 M final concentration) was
umulatively constructed. In another series of experiments, iso-
onic K+ solution (10–60 mM final concentration) was  cumulatively
dministered in the presence of atropine and indomethacin (both
0−6 M)  to determine the bronchial smooth muscle responsiveness
o high-K+ depolarization (Table 2).

.8. Quantification of bronchoalveolar lavage fluid (BALF)
ellularity

Twenty-four hours after antigenic challenge, the animals were
uthanized under anesthesia and the trachea was cannulated. BALF
ells were collected from the airway lumen by flushing the airways
ith a 10 mg  kg−1RPMI 1640 through the tracheal cannula. This
rocedure was repeated and a pool of samples for each animal was
btained. The samples were refrigerated for subsequent use. Total
ell counts were obtained in the BALF samples using an automated
ell counter (Sellex, USA). The cytospins of these samples were pre-
ared by centrifugation of 100 �L aliquots in a cytospin (Sellex,
SA) at 700 rpm for 5 min  at low acceleration and room temper-

ture. The slides were fixed and stained using a Hema-tek 2000
BioRad, USA) with Wright–Giemsa stain. The cells were quanti-
ed according to the standard morphological criteria. The BALF
ellularity data were expressed as cells mL−1.
ith laser for 3 min, at the four consecutive times: 5 min, 1 h, 6 h and 12 h after

2.9. Histology and histomorphometric analysis of inflammation,
collagen and mucus

2.9.1. Histology and image analysis
Five micrometer slides were stained with hematoxylin and

eosin, picrossirius, and periodic acid Shiff and Alcian blue to iden-
tify and quantify the density of the eosinophils in the airway walls,
the density of collagen fibers in the airway walls and the neutral
and acid mucus in the airway epithelium, respectively. Five air-
ways of all animals were imaged at 400× magnification using a
Nikon Eclipse E-200 microscope, a camera infinity and the software
Image Pro-Plus 4.0. The color threshold for collagen, periodic acid
Shiff (PAS) and Alcian blue (AB) were determined and the analyses
were performed as follows:

2.9.2. Eosinophil density in airway wall
The area between the airway basal membrane and the adventitia

was quantified using the software Image Pro-Plus and the number
of eosinophils was quantified in this area according to the mor-
phological criteria. These results were expressed as the number of
eosinophils per square millimeter.

2.9.3. Percentage of neutral and acid mucus
The airway epithelium area was determined. Next, using the

previously determined color threshold for neutral mucus (PAS pos-
itive) and for acid mucus (AB positive), the amount of PAS and AB
area was  determined. These results were expressed as the % of PAS
and AB area compared to the total epithelium.

2.9.4. Percentage of collagen fibers deposition in the airway wall
First, the area between the airway basal membrane until the

airway adventitia was determined. Next, using the previously
determined color threshold for picrossirius and the picrossirius-
positive area was quantified. These results were expressed as the %
of collagen (picrossirius positive) area compared to the total mea-
sured area.

2.9.5. Peribronchial edema
To measure the amount of peribronchial edema, transversely

sectioned noncartilaginous airways were selected and magnified
1000×. The number of points of the interacting eyepiece falling on
areas of edema was  quantified in three randomly selected areas of
each airway wall.

2.9.6. Index of bronchoconstriction
The airway bronchoconstriction index was assessed as the num-
ber of points hitting the airway lumen divided by the root square
of the number of intercepts between the lines of the grid and the
airway basal membrane. Measurements were performed in five
airways from each animal at 400× magnification.
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Table 2
Description of the histology.
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.10. Immunohistochemical of ICAM-1 in lung

Paraffin sections of lung tissue were processed for standard
mmunohistological staining using the labeled streptavidin-biotin

ethod and polyclonal rabbit anti-mice ICAM-1 antibody diluted
t 1:100 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
econdary antibody consisted of biotinylated sheep anti-rabbit
mmunoglobulin (Santa Cruz Biotechnology, Santa Cruz, CA,
SA) containing 10% normal rat serum. The tertiary antibody
as streptavidin–horseradish peroxidases conjugated antibodies

Santa Cruz Biotechnology, Santa Cruz, CA, USA). The positive reac-
ion was visualized as a brown stain following treatment with
,3-diaminobenzidine. Sections were counterstained with Mayer’s
ematoxylin solution. Immunohistochemical images (five images

rom each sample collected from all mice in each experimental
roup) were assessed using the Imaging Densitometer (AxioVision,
eiss, USA) and a computer program (AxioVision).

.11. Real time-PCR for RhoA and ICAM-1 mRNA expression

Twenty-four hours after the antigenic challenge, the thoracic
avity of the mice was exposed and the heart and lung were
emoved in bloc. The pulmonary artery was cannulated and then
he pulmonary vasculature was perfused with ice-cold sterile phos-
hate buffer solution (PBS) using a peristaltic pump (Thermo Fisher
cientific, Suwannee, GA) to remove the intravascular blood. BSM
egments (RhoA mRNA expression) or lung fragments (ICAM-1
RNA expression) were cut into 5-mm pieces using a tissue chop-

er, flash-frozen in liquid nitrogen and stored at −80 ◦C for Real
ime-PCR (RT-PCR) analysis of gene expression. Next, total RNA was
solated from lung using TRIzol reagent (GibcoBRL, Gaithersburg,

D), according to the manufacturer’s protocol. RNA was  sub-
ected to DNase I digestion, followed by reverse transcription to
DNA, as previously described by Cayla and colleagues (Cayla
t al., 2002). PCR was performed in a 7000 Sequence Detection
ystem (ABI Prism, Applied Biosystems, Foster City, CA) using
he SYBRGreencore reaction kit (Applied Biosystems). Primers
sed for RhoA and ICAM-1 mRNA quantification were mouse
hoA 195–305 (GenBankTMaccession number X66539) forward
rimer 5′-CTGGTTGGGAACAAGAAGGA-3′ and reverse primer 5′-
AAAAACCTCCCTCACTCCA-3′; mouse Exon (GenBankTMaccession
umber D00475), ICAM-1 793–871 (GenBankTM accession num-
erM98820) forward primer 5′-CACCTCTCAAGCAGAGCACAG-3′

nd reverse primer 5′-GGGTTCCATGGTGAAGTCAAC-3′; mouse
xon (GenBankTM accession number NW047658) and mouse
-actin-3474–3570 (GenBankTM accession number J00691) for-
ard primer 5′-TTCAACGGCACAGTCAAGG-3′ and reverse primer

′-ACATACTCAGCACCAGCATCAC-3′ were used as control. The
uantitative values for RhoA and �-actin mRNA transcription were
btained from the threshold cycle number, where an increase in the
ignal growth of PCR products could be detected. Melting curves

ere generated at the end of every run to ensure product unifor-
ity. The relative target gene expression level was normalized on

he basis of �-actin expression as endogenous RNA control. The
Ct values of the samples were determined by subtracting the
average Ct value of RhoA mRNA from the average Ct value of the
internal control �-actin. Because it is uncommon to use �Ct as a
relative data due to the logarithmic characteristic, the 2−�Ct param-
eter was  used to express the relative expression data (Livak et al.,
1999). These results are expressed as the ratio relative to the sum
of �-actin transcript level as an internal control.

2.12. Lung tissue sampling and processing mediators

After BALF was performed, the thoracic cavity was  exposed and
the heart and lung were removed in bloc. The two major lung lobes
were dissected and the pulmonary vasculature of the lobes was per-
fused with ice-cold sterile phosphate buffer solution (PBS) using a
peristaltic pump (Sellex, USA) to remove the blood poll of cells.
Next, the lobes were cut into 5-mm pieces using a tissue chop-
per, flash-frozen in liquid nitrogen and stored at −80 ◦C for further
analyses using an enzyme-linked immunosorbent assay (ELISA) of
inflammatory protein.

2.13. BALF cytokines and Lung ICAM-1

The pro-inflammatory mediator levels in BALF were deter-
mined using the Enzyme Linked Immuno Sorbent Assay (ELISA)
with commercially available kits according to the manufacturer’s
instructions. Interleukins-4, -5, -13 and eotaxin concentrations
were determined using a solid phase sandwich ELISA kit, using
peroxidase and tetramethylbenzidine as a detection method (Bio-
Rad, USA). The detection limit of these assays was  within the range
of 1–5 pg mL−1. For lung tissue, ICAM-1 levels were further cor-
rected for protein content using the Lowry assay. The protein data
in BALF and lung tissue were expressed as ng mL−1 and pg mg−1,
respectively.

2.14. Quantification STAT6 protein in lung

STAT6 in lung tissue was determined using the ELISA kit, which
quantifies this transcription factor independently of phosphory-
lation status and enables normalization of phosphorylated STAT6
to total STAT6. Briefly, the STAT6 antigen binds to the immobi-
lized (capture) antibody during the first incubation. After washing,
a rabbit antibody specific for STAT6 phosphorylated at tyrosine
641 is added to the wells. During the second incubation, this anti-
body serves as a detection antibody by binding to the immobilized
STAT6 protein, which was captured during the first incubation.
After removal of the excess detection antibody, a horseradish
peroxidase-labeled anti-rabbit IgG (anti-rabbit IgG-HRP) is added.
This binds to the detection antibody to complete the four-member
sandwich. After the third incubation and washing to remove all the
excess of anti-rabbit IgG-HRP, a substrate solution is added, which
is activated by the bound enzyme to produce a color precipitate. The

intensity of this colored product is analyzed using a spectropho-
tometer (450 nm)  and is directly proportional to the concentration
of STAT6 present in the lung tissue. The analytical sensitivity of this
assay is <1.25 units mL−1 of STAT6.
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Fig. 1. Effect of LLLT on the bronchial smooth muscle hyperresponsiveness. ACh-induced depolarization/contractions of bronchial smooth muscles were measured isomet-
rically  in control, laser, antigen challenged and antigen challenged + laser groups (A–E). The animals were treated with one dose of laser irradiation for 3 min  on the skin over
t nge (i
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he  upper bronchus at 5 min  (A), 1 h (B), 6 h (1 C) and 12 h (D), after antigen challe
reated with 4 consecutive doses of laser at times of 5 min, 1, 6 and 12 h after antig
ontractions of bronchial smooth muscles of animals from control and challenged g
ntigen  challenge in all experiments. Each point represents mean ± SE from 7 differ

.15. Quantification of IgE level in serum

Serum was obtained from the blood sample by centrifugation
t 3000 × g for 10 min  at 4 ◦C. The total IgE in serum was measured
sing enzyme-linked immunosorbent assay (ELISA) with a Rat IgE
LISA kit (Invitrogen, SP, Brazil) according to the manufacturer’s
nstructions.

.16. Statistical analysis

Significant differences were evaluated using analysis of vari-
nce (ANOVA) and Tukey–Kramer Multiple Comparisons Test to
etermine the differences between groups. These results were con-
idered significant when p < 0.05.

. Results

.1. Effect of LLLT on bronchial smooth muscle
yperresponsiveness

The ACh responsiveness of bronchial smooth muscles isolated

rom non-sensitized and antigen-challenged rats is shown in Fig. 1.
he non-sensitized animals were used as controls. Application of
Ch (10−7–10−3 M)  to isolated bronchial smooth muscles elicited

 concentration-dependent contraction in all animals studied. The
rradiation protocol I). (E) illustrates the bronchial hyperresponsiveness of animals
sponse (irradiation protocol II). (F) represents the high-K+ depolarization-induced
. The bronchial smooth muscle reactivity to acetylcholine was  measured 24 h after
imals.

contractile response to ACh of bronchial smooth muscle from the
antigen-challenged rats was markedly enhanced when compared
with control animals: the ACh concentration-response curve was
significantly shifted upward by the antigen exposure. However,
non-significant changes in the contractile response induced by
high-K+ depolarization were observed between groups (Fig. 1F).
The effect of LLLT on the bronchial smooth muscle responsiveness
can be observed from Fig. 1A–E. The contractile response to ACh in
the group animals irradiated only once at 5 min  (1A), 1 h (1B), 6 h
(1C) or 12 h (1D) after last antigen inhalation (irradiation protocol I)
are shown in Fig. 1A–D; whereas Fig. 1E represents the response of
the animals irradiated at four consecutive times (irradiation proto-
col II). Furthermore, laser irradiation had no effect on the animals in
the control group at any time studied. However, the increase of the
ACh-induced contraction, i.e., bronchial smooth muscle hyperre-
sponsiveness, which was  observed in the antigen-challenged rats,
was significantly inhibited by the LLLT for both laser irradiation
protocols, with the exception of the irradiations at the early times
of 5 min and 1 h after antigenic challenge (Fig. 1A and B).

3.2. Effect of Y-27632 on bronchial smooth muscle

hyperresponsiveness

To confirm the involvement of RhoA system in bronchial
hyperresponsiveness observed in the antigen-challenged rats, the



42 V.R. Silva et al. / Respiratory Physiology &

Fig. 2. Effect of RhoA inhibitor on bronchial hyperresponsiveness. To confirm the
RhoA participation in bronchial hyperresponsiveness in antigen challenged mice,
animals were treated with RhoA inhibitor, Y-27632 (10 �M)  1 h before antigen
challenge. Bronchial smooth muscles obtained from animals not challenged were
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sed  as control. The bronchial smooth muscle hyperresponsiveness to acetylcholine
as  measured 24 h after antigen challenge. Each bar represents mean ± SE from 7
ifferent animals.

nimals were treated with Y-27632, a RhoA inhibitor, by inhala-
ion 1 h prior to the antigenic challenge (Fig. 2). After treatment
f Y-27632, the bronchial hyperresponsiveness to ACh completely
eturned to control levels. In addition, the RhoA inhibitor had no
ffect on the contractility of bronchial smooth muscle to ACh in
ontrol animals.

.3. Effect of LLLT or Y-27632 on RhoA mRNA expression

The levels of total RhoA mRNA expression from all animal groups
re shown in Fig. 3: animals that were challenged or not challenged
nd laser-treated or non-treated, were examined for mRNA expres-
ion of the main and intrapulmonary bronchial smooth muscles in
he absence of epithelia and lung parenchyma. The RhoA mRNA
xpression in bronchial smooth muscle of the antigen-challenged
at was significantly increased compared to the control group. The
aser treatment had no effect on the RhoA expression in the con-
rol group. However, LLLT markedly blocked the upregulation of
hoA expression in BSM from antigen-challenged rats. Moreover,
n enhanced inhibitory effect on expression was obtained when
he rats subjected to antigenic challenge were initially treated with
he Y-27632 RhoA inhibitor. This inhibitor decreases RhoA mRNA
xpression in BSM segments from allergic rats to control levels. The
hoA inhibitor had not effect on RhoA mRNA expression in BSM
egments from the control and laser-treated groups.

.4. Effect of LLLT on allergic inflammation in the lung and IgE
evels in serum

To determine the effect of LLLT on changes in airway biology
nduced by antigen exposure, the total cell number in BAL was
uantified and histological analysis was performed. We  found that
he total number of cells in BAL of antigen-challenged rats was
ignificantly increased when compared with the control group
Fig. 4A). Moreover, this increase was significantly reduced by LLLT.
iff-Quik cell staining revealed that most of the new cells were
osinophils and that the number of eosinophils in BAL from the
ntigen-challenged mice was largely reduced by LLLT (Fig. 4B).
istological examinations also revealed increased eosinophilic

nflammation in the airway walls of antigen-challenged mice com-
ared with the control group (Fig. 4C). Furthermore, laser treatment
educed eosinophilic inflammation induced by antigenic challenge
ompared with antigen-challenged mice, but not in treated mice

Fig. 4C and D). Histological alterations in lung parenchyma and
eribronchiolar region were also characterized by the appearance
f peribronchial edema and bronchoconstriction with metaplasia
f bronchiolar smooth muscle cells (Fig. 4E and F). The levels of
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total IgE in sera of rats are shown in Fig. 4G. A marked increase
in total IgE levels in animals that were sensitized and challenged
with antigen was  observed and this increase was not altered when
these animals were laser-treated. Moreover, laser irradiation of the
control group showed no effect on the total levels of IgE.

3.5. Effect of LLLT on ICAM-1

The LLLT effect on ICAM-1 mRNA (5A) and protein (5B) expres-
sion is shown in Fig. 5. Lung localization of ICAM-1 was marked
with immunohistochemical staining (5C). Both ICAM-1 mRNA and
protein expression in the lung was significantly higher in the chal-
lenge group compared with the control group (Fig. 5A and B,
respectively); however, there was  a significant decrease in ICAM-
1 expression and protein in lungs harvested from animals treated
with laser irradiation (Fig. 5A and B). The presence of ICAM-1 in
lungs from challenged animals is confirmed by immunohistochem-
ical staining in Fig. 5C and is also evidenced by the low-level laser
therapy effect directly on ICAM-1. Laser irradiation on animals from
the control group showed no effect on ICAM-1 expression.

3.6. Effect of LLLT on the deposition of mucus and collagen

These results demonstrated that OVA sensitization and LLLT
treatment significantly increased and decreased neutral and acid
mucus production, respectively (Fig. 6A and B, respectively). An
increase in secretion in the lungs of challenged mice and the low-
level laser therapy effect directly on mucus are shown in Fig. 6C.
Moreover, OVA sensitization significantly increased secretion as
well as the deposition of collagen in the airway wall, while LLLT
significantly reduced the production and deposition of collagen
(Fig. 7A and B, respectively).

3.7. Effect of LLLT on IL-4, IL-5, IL-13 and eotaxin

As shown in Fig. 8, the levels of IL-4 (8A), IL-5 (8B), IL-13 (8C)
and eotaxin (8D) in BAL fluids of antigen-challenged rats were sig-
nificantly increased compared with those from the non-sensitized
animals (control group). The LLLT of animals from control group
had no effect on the levels of these parameters. However, the lev-
els of IL-4 and IL-5 in BAL from the antigen-challenge rats were
reduced after laser therapy when compared with animals chal-
lenged, but not treated with laser, where the levels remained higher
than the control group. In addition, LLLT markedly reduced both
the IL-13 and eotaxin levels in BAL in the antigen-challenged rats
compared with those in the laser-untreated animals. No significant
differences were observed between the control and laser groups.

3.8. Effect of LLLT on STAT6

There was  a significant change in the STAT6 protein levels in the
challenge group compared with the control group, where the levels
were strongly reduced when the animals were treated with laser
(Fig. 9). Moreover, laser irradiation on animals not challenged with
antigen (control group) had no effect on the level of STAT6 protein
in lung tissue.

4. Discussion

Currently, available therapies for asthma are non-curative.
These treatments only control inflammation, without altering the

underlying immune reactivity, which predisposes the individual to
atopic airway inflammation (Virchow and Barnes, 2012). Inhaled
glucocorticoids are currently the mainstay of asthma therapy.
Although this treatment is generally effective and well tolerated,
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Fig. 3. Effect of RhoA inhibitor on upregulation of RhoA mRNA in bronchial smooth muscles. Bronchial smooth muscles obtained from control and antigen challenged mice
w  were 
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ere  assayed for RhoA mRNA expression by Real Time-PCR technique. The animals
fter  antigen challenge or RhoA inhibitor, Y-27632 (10 �M) 1 h before the antigenic
llergic challenge. Each bar represents mean ± SE from 7 different animals.

everal side effects, such as an impairment of growth, abnormali-
ies in the metabolism of glucose, adrenal suppression, increased

isk of fracture and the formation of cataracts may  occur when they
re used at high doses or for an extended period of time. Topi-
al adverse effects, such as candidiasis and dysphonia have also
een previously described with inhaled glucocorticoids. Sometimes

ig. 4. Effect of LLLT on lung inflammation and on levels of total immunoglobulin E (IgE)
Fig. 4B) were carried out in BALF obtained from all studied groups. Sections (5 �m)  o
xamination (C) aiming to identify and quantify the density of eosinophils in airways wall (
f  peribronchiolar edema (F) were measured as described in Material and Methods sectio
mmunosorbent assay (ELISA). The IgE levels in serum were measured 24 h after the an
ronchus at 5 min, 1, 6 and 12 h after antigen challenge. Each bar represents mean ± SE fr
treated with laser for 3 min on skin over the upper bronchus at 5 min, 1, 6 and 12 h
enge. The PCR primer efficiencies were calculated using standard curves 24 h after

resistance to glucocorticoids treatment occurs due to the usu-
ally higher dose requirements of glucocorticoids in these patients,

which results in an increased risk of systemic side effects (Louis
et al., 2012). For these patients, there is an urgent need to develop
new anti-inflammatory therapies with immunomodulatory activ-
ity to provide alternative strategies to treat asthma.

 in serum. Total, mononuclear and neutrophil cells count (Fig. 4A) and eosinophils
f formalin-fixed lungs were stained with hematoxylin and eosin for histological
D) (original magnification, ×200). Bronchoconstriction index (E) and the percentage
n. Blood serum obtained from all mice was assayed for IgE by using enzyme-linked
tigen challenge (G). The animals were treated with laser on skin over the upper
om 7 different animals.
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Fig. 5. Effect of LLLT on ICAM-1 protein expression in lung. The changes in ICAM-1 expression for all groups, control, laser, antigen challenge and antigen challenged + laser,
a NA ex
l  (C). T
a imals
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re  illustrated in the figure. The changes in ICAM-1 expression were assessed by mR
ocalization of ICAM-1 in lung, the positive reaction was  visualized as a brown stain
nd  12 h after antigen challenge. Each bar represents mean ± SE from 7 different an

Since 1967, over 100 phase III, randomized, double-blind,
lacebo-controlled, clinical trials (RCTs) with low-level laser irra-
iation have been published and supported by more than 1000

aboratory studies investigating the primary mechanism and the
ignaling cascade of secondary effects that contribute to the
rrangement of local tissue, as well as the systemic effects of
aser treatment. RCTs with positive outcomes have been pub-
ished on pathologies as diverse as osteoarthritis (Bjordal et al.,

006), back pain (Chow et al., 2009), stroke (Lampl et al., 2007)
nd pulmonary disorders, such as chronic obstructive bronchitis
nd asthma (Nedeljković et al., 2008; Kashanskaia and Fedorov,

ig. 6. Effect of LLLT on mucus production in lung. Sections of formalin-fixed lungs were
icroscopy (original magnification, ×200). The animals were treated with laser on skin

epresents mean ± SE from 7 different animals.
pression (A) and by protein concentration by ELISA (B). For immunohistochemical
he animals were treated with laser on skin over the upper bronchus at 5 min, 1, 6

.

2009). Nevertheless, these results have not been always been pos-
itive. This failure can be attributed to several factors, such as
dosimetry (too low or too much energy delivered, too low or
too much irradiance, inappropriate pulse structure, irradiation of
insufficient area of the pathology), inappropriate anatomical treat-
ment location and concurrent patient medication (such as steroidal
and non-steroidal anti-inflammatory which can inhibit healing)
(Huang et al., 2009). Due to the many existing physical parame-

ters, which can directly affect the laser activity and its beneficial
anti-inflammatory effects on diverse diseases, we  performed a
series of experimental studies within the last 6 years in order

 stained with Periodic Acid Schif (PAS) before histological examination using light
 over the upper bronchus at 5 min, 1, 6 and 12 h after antigen challenge. Each bar
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ig. 7. Effect of LLLT on collagen production in lung. Sections of formalin-fixed lu
agnification, ×200). The animals were treated with laser on skin over the upper 

rom  7 different animals.

o clarify which of the inflammatory mediators is the target for
LLT in pulmonary disorders, thereby initiating an understand-
ng of the cellular signaling pathways responsible for the laser
nti-inflammatory effect in inflammatory conditions, which com-

romise the lung and airway.

In clinical practice, the beneficial effects of LLLT have been
emonstrated in patients with compromised airway and lung, par-
icularly asthmatics (Esaulenko et al., 2009; Nikitin et al., 2008;

ig. 8. Effect of LLLT on cytokines levels in BALF. BALF obtained from control, laser, antig
B),  IL-13 (C) and eotaxin (D) by enzyme-linked immunosorbent assay (ELISA). The anim
fter  antigen challenge. The cytokines levels in BALF were assayed 24 h after the antigen.
ere stained with Picrossirius before examination with light microscopy (original
hus at 5 min, 1, 6 and 12 h after antigen challenge. Each bar represents mean ± SE

Nedeljković et al., 2008; Farkhudtinov, 2007). In fact, several studies
have demonstrated that LLLT provides a significant improvement in
the course of bronchial asthma, enabling for outpatient treatment
and rehabilitation, recovery of bronchial sensitivity to sympath-

omimetics and xanthine derivatives, lower glucocorticoid doses,
shorter hospital stays, and reduced bronchial asthma-related dis-
ability (Nikitin et al., 2008; Ostronosova, 2006; Milojevic and Kuruc,
2003; Landyshev et al., 2002). Thus, additional studies are needed

en challenge and antigen challenged + laser groups were assayed for IL-4 (A), IL-5
als were treated with laser on skin over the upper bronchus at 5 min, 1, 6 and 12 h

 Each bar represents mean ± SE from 7 different animals.
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Fig. 9. Effect of LLLT on signal transducer and activator of transduction 6 (STAT6) in
lung. The STAT6 concentration in lung tissue from control, laser, antigen challenge
and antigen challenged + laser groups was determined by ELISA. The intensity of
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olored product analyzed in 450 nm is directly proportional to the concentration
f STAT6 present in the lung tissue. The animals were treated with laser on skin
ver the upper bronchus at 5 min, 1, 6 and 12 h after antigen challenge. Each bar
epresents mean ± SE from 7 different animals.

o understand the beneficial effect of LLLT before LLLT can be used
s a noninvasive therapy for the treatment of chronic asthma.

We have demonstrated that LLLT is an effective and beneficial
reatment in relieving airway hyperresponsiveness by reducing the
hoA expression, and can reduce the calcium sensitivity in a model
f acute lung inflammation induced by TNF (Aimbire et al., 2009;
e Lima et al., 2010). In addition, acute lung inflammation is also

nfluenced by LLLT, which down-regulates pro-inflammatory pro-
eins and simultaneously up-regulates anti-inflammatory proteins,
hereby promoting a counterbalance of Th1/Th2 cytokines, which
ontrols the disease (de Lima et al., 2011a,b). On the basis of this
nding, we proposed that LLLT could modulate bronchial hyperre-
ponsiveness and lung inflammation in a rat allergic asthma model.

Our findings in the current study demonstrated that LLLT could
odulate bronchial hyperresponsiveness via a mechanism inde-

endent of Ca+2 releases, which was potentially due to a G protein
oupled receptor activation response. This was with the current
tudy because LLLT attenuated BSM hyperresponsiveness due to a
eduction in RhoA mRNA expression, which was attributed to MLC
hosphatase inhibition. This inhibition resulted in the promotion
f a contractile state, which was caused by Ca+2 sensitization of
mooth muscle contraction. In addition, the late beneficial effect of
aser, i.e., 24 h after last antigenic challenge was observed.

Thus, new therapies used to prevent an increase in RhoA protein
xpression in bronchial smooth muscle could modulate intracellu-
ar signaling, resulting in decreased hyperresponsiveness. Although
he LLLT was efficient in reducing RhoA mRNA expression in BSM
rom antigen-challenged rats, we could not affirm that laser irradia-
ion specifically affected RhoA protein expression at the membrane.
eal Time-PCR was used in this study, which only detects mRNA
xpression. However, it is known that after translocation, RhoA
rotein is expressed at the BSM membrane. Thus, the effect of LLLT

n reducing the RhoA mRNA expression in BSM is a strong indica-
or that the low-level laser is able to interfere with protein RhoA
xpression at the membrane.

In the present study, our results also suggested that LLLT could
educe inflammatory cell infiltration, increase BALF eosinophils and
roduced histological changes in lungs induced by antigen expo-
ure, which were both attenuated by laser therapy. It is likely that
he inhibitory effects of laser treatment on the inflammatory cell
nfiltration were due to an inhibition of pro-inflammatory cytokine
elease or IgE production because LLLT significantly altered the
ncreased expression of IL-4, IL-5 and eotaxin in BAL after antigenic

hallenge.

Our results also suggested that the LLLT effect in reducing
he bronchial hyperreactivity via RhoA was associated to its anti-
nflammatory effect on IL-13 in BALF from allergic mice. It has been
 Neurobiology 194 (2014) 37–48

well established that levels of IL-13 were increased in bronchial
lavage fluid of asthmatics, which induces specific significant fea-
tures of bronchial asthma, including airway hyperresponsiveness
(Horiba et al., 2011). Moreover, some studies have demonstrated
a cross-talk between IL-13 and RhoA in the pulmonary system
(Chiba et al., 2009). It was also been reported that IL-13 gener-
ated in the lung can induce an increase in RhoA expression in
bronchial smooth muscle in asthmatic mice via STAT-6 (Goto et al.,
2010). Thus, our findings suggested that the pronounced effect of
the laser irradiation on bronchial hyperresponsiveness also reflects
its action on the IL-13 pro-inflammatory cytokine. Moreover, it
may  also explain the marked laser anti-inflammatory effect on the
number of eosinophils in BALF from asthmatic mice as an indi-
rect response of the laser irradiation on IL-13. The laser effect on
STAT6 reinforces the ability of this therapy to suppress the activity
of the principal transcription factor involved in regulating IL-4, IL-5,
IL-13 and eotaxin, which are pro-inflammatory mediators respon-
sible by exacerbation and perpetuation of the allergic inflammatory
response.

The total IgE in sera from antigen-challenged mice was not mod-
ified by LLLT. Since the first publication of the LLLT effect on acute
airway and lung inflammation, we demonstrated that laser treat-
ment did not present a systemic effect (Aimbire et al., 2005). In
contrast, other studies have shown a LLLT systemic effect in dif-
ferent experimental models (Samoilova et al., 2008; Moreira et al.,
2009). This negative result of the LLLT in the current study may
be because the irradiation dose was too low to cause any signif-
icant change of IgE level in serum after antigen challenge or that
the irradiated area was  only surrounding the bronchi of the mice.
However, local treatment with laser appeared to be advantageous
because only the airway and lung was affected; thus, a potentially
toxic effect of laser irradiation could be better controlled or even
avoided. Our results reinforced the idea of using local treatment for
allergic asthma.

Several studies have reported that STAT6 plays a pivotal role in
the development of pulmonary eosinophilia, airway hyperrespon-
siveness and mucus hypersecretion (Hoshino et al., 2004). In the
present study, we found that LLLT significantly reduced both the
mRNA expression for STAT6 in lung tissue in animals challenged
with antigen, and the concentration of cytokines, which function as
chemoattractants for inflammatory cells, specifically eosinophils.
On the basis of these results, it is reasonable to suggest that the
anti-inflammatory effect of the laser irradiation on cytokines IL-4,
IL-5, IL-13 and eotaxin in lung could be due to a reduction of STAT6
mRNA expression.

Some studies have demonstrated that the LLLT effect in vivo is
not evidenced if the biological sample was analyzed just a few min-
utes after irradiation (Mafra de Lima et al., 2009a,b; de Lima et al.,
2011a,b). Our results confirmed this observation. Although the
interaction of the laser light with biological tissue occurred almost
immediately, the laser effect at the cellular level required more
time after the absorption of light by tissue to stimulate transcrip-
tion factors to induce the generation or reduction of inflammatory
proteins responsible for promoting the beneficial effect. Red or near
infra-red laser fluencies as low as 3 or 5 J cm−2 will be beneficial in
vivo, but large doses such as 50 or 100 J cm−2 will lose the beneficial
effect and may  even become detrimental (Chen et al., 2011).

It was observed in the present study that when laser irradiation
was applied four times in a period of 24 h after antigenic chal-
lenged, a 5.4 J/cm2 laser dose produced an in vivo beneficial effect
on bronchial reactivity dysfunction and lung inflammation due to
the reduction of pro-inflammatory cytokines release involved in

lung allergic response. Accumulated laser doses in a short time
period between the irradiations could cause some deleterious effect
of LLLT or even eliminate its beneficial effect (Huang et al., 2009). To
avoid this effect, the animals were irradiated four times at intervals
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f 3 h from the first irradiation. Nevertheless, on the basis of these
xperiments, we could not establish the threshold dose capable of
enerating such a beneficial effect. However, the exposure time of
he mice to laser irradiation clearly affected its inhibitory ability
n airway hyperresponsiveness and lung inflammation, and thus
ould represent a target for future experiments.

. Conclusions

The present study demonstrated for the first time that
aser treatment relieves bronchial hyperresponsiveness via RhoA
ignaling and lung inflammation via STAT6 signaling in a mouse
odel of allergic asthma.
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