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Montelukast reduces inhaled chlorine
triggered airway hyperresponsiveness and
airway inflammation in the mouse
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BACKGROUND AND PURPOSE
Cysteinyl leukotrienes (CysLTs) are pro-inflammatory lipid mediators that exacerbate disease state in several asthma phenotypes
including asthma induced by allergen, virus and exercise. However, the role of CysLTs in irritant-induced airway disease is not well
characterized. The purpose of the current study was to investigate the effect of montelukast, a CysLT1 receptor antagonist, on
parameters of irritant-induced asthma induced by inhalation of chlorine in the mouse.

EXPERIMENTAL APPROACH
BALB/c mice were exposed to chlorine in air (100 ppm, for 5 min). Montelukast (3 mg·kg�1) or the vehicle (1% methylcellulose)
was administered 24 and 1 h prior to chlorine exposure and 1 h prior to outcome measurements. Twenty-four hours after ex-
posure, responses to inhaled aerosolized methacholine, cell composition and an array of cytokines/chemokines in bronchoalve-
olar lavage (BAL) fluid were measured. Neutralizing antibodies against IL-6 and VEGF were administered prior to exposures.

KEY RESULTS
Montelukast reduced chlorine -induced airway hyperresponsiveness (AHR) to methacholine in the peripheral lung compartment
as estimated from dynamic elastance, but not in large conducting airways. Montelukast treatment attenuated chlorine-induced
macrophage influx, neutrophilia and eosinophilia in BAL fluid. Chlorine exposure increased VEGF, IL-6, the chemokines KC and
CCL3 in BAL fluid. Montelukast treatment prevented chlorine-induced increases in VEGF and IL-6. Anti-IL-6 antibody inhibited
chlorine-induced neutrophilia and reduced AHR.

CONCLUSIONS AND IMPLICATIONS
Pre-treatment with montelukast attenuated chlorine-induced neutrophilia and AHR in mice. These effects are mediated, in part,
via IL-6.

Abbreviations
AHR, airway hyperresponsiveness; BAL, bronchoalveolar lavage; CysLTs, cysteinyl leukotrienes; IIA, irritant-induced
asthma
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Introduction
Irritant-induced asthma (IIA) is a subtype of asthma that
occurs following inhalation of noxious substances, with a
short latency and does not require prior sensitization (Brooks
and Bernstein, 2011; Tarlo and Lemiere, 2014). One of the
most commonly reported toxic exposures that results in the
development of IIA is inhalation of chlorine gas and
chlorine-related compounds (see White and Martin, 2010).
Chlorine is a highly reactive substance that mediates its
inhalational toxicity through oxidative stress (Martin et al.,
2003), resulting in a predominantly neutrophilic airway
inflammation and airway hyperresponsiveness (AHR) to in-
haled aerosolized methacholine (MCh). Chlorine-induced
neutrophilia is responsible for further oxidative damage and
the consequent airway dysfunction and is sufficient to en-
gage the Nrf2-mediated antioxidant response (McGovern
et al., 2015).

Cysteinyl-leukotrienes (CysLTs) are lipid mediators
which have been extensively studied in the context of
allergen-driven airway dysfunction but have received less at-
tention in the context of responses to irritants. Montelukast
(MK) is a highly selective antagonist of CysLT1 receptors
(Jones et al.,1995), the predominant CysLT receptor
expressed in the bronchial tree (Lynch et al., 1999). While
CysLTs have not been usually associated with oxidative
stress-induced, neutrophil-driven pulmonary disease, there
is evidence that montelukast can affect processes
associated with neutrophilic inflammation. Treatment with
montelukast reduced neutrophilic airway inflammation and
prevented alterations in static compliance following the in-
duction of experimental emphysema with porcine pancreatic
elastase in mice (Ikeda et al., 2014). In addition, montelukast
may be protective against oxidative damage, as treatment
with this drug prevented increases in glutathione in models
of acute injury including haemorrhagic shock and unilateral
ureteral obstruction in rats (Al-Amran et al., 2013;
Otunctemur et al., 2015). Although montelukast has been
used extensively in the treatment of allergen, viral and
exercise-induced asthma, the efficacy of montelukast treat-
ment following oxidative-stress induced IIA has not been
thoroughly evaluated. Therefore, we sought to examine the
effect of montelukast treatment on chlorine-induced airway
dysfunction in mice exposed to inhaled chlorine. For this,
BALB/Cmice were treated with montelukast prior to chlorine
exposure. Following exposure, we assessed measured airway
function in response to inhaled MCh, collected bronchoalve-
olar lavage (BAL) fluid for analysis inflammatory cell
populations and quantified levels of several cytokine and
chemokines. We evaluated the endogenous antioxidant re-
sponse by quantifying Nrf2 nuclear translocation in bron-
chial epithelial cells in vivo and assessed the capacity of
CysLTs to directly induce Nrf2 nuclear translocation in vitro
in human bronchial epithelial cells. Montelukast was effec-
tive at preventing chlorine-induced increases in IL-6 and
VEGF, and therefore, we assessed the roles of these cytokines
using an IL-6 neutralizing antibody or an anti-VEGF antibody
prior to chlorine exposure and evaluated the inflammatory
response and pulmonary mechanics.

Our results showed that montelukast was effective at
preventing chlorine-induced AHR in the peripheral lung

compartment, pulmonary neutrophilia and eosinophilia
and increases in IL-6 and VEGF. Treatment with montelukast
appeared to enhance the endogenous antioxidant response
by increasing Nrf2 nuclear translocation in bronchial epithe-
lial cells, although this was likely to be mediated via indirect
mechanisms.

Methods

Animals and protocol
All animal care and experimental procedures complied with
the guidelines of the Canadian Council for Animal Care and
protocols were approved by the Animal Care Committee of
McGill University. Animal studies are reported in compliance
with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath
and Lilley, 2015). Male BALB/cmice (18–22 g) were purchased
from Charles River (Wilmington, MA, USA). Housing condi-
tions were as follows. All rodents were provided with corn
cob bedding + Enviro dry and aNestlet for enrichment. Humid-
ity wasmaintained between 30 and 70%. Light cycles are based
on a 12 h cycle (7:00 h to 19:00 h of light). Room temperatures
are maintained between 18 and 24°C. All the mouse cages are
on automated watering system using reverse osmosis water.
Mice were fed irradiated rodent chow provided by Teklad. For
all experimental procedures, mice were provided with water
and food ad libitum throughout the experiment.

Four groups were studied: (1) methylcellulose (MC)/air
exposed; (2) montelukast (MK)/air exposed; (3) MC/Cl2
exposed; and (4) MK/Cl2 exposed. A dose of 3 mg·kg�1 of
montelukast (Cayman Chemical, Ann Arbor, MI, USA) was
prepared in a 1% MC or 1% MC alone was administered in a
volume of 200 μL using a 22 gauge gavage needle (Kent Scien-
tific Corporation, CI, USA). Mice were treated three times;
24 h prior to chlorine exposure, 1 h prior to chlorine exposure
and 1 h prior to evaluation of AHR (Figure 1). The dose of
montelukast was based on prior studies of its efficacy against
late allergic inflammation and bronchoconstriction in rats
(Ihaku et al., 1999).

Exposure to chlorine
Twenty-four hours following treatment with montelukast or
MC, mice were exposed to chlorine at a concentration of
100 ppm for 5 min using a nose-only exposure device as pre-
viously described (McGovern et al., 2010). Chlorine gas was
mixed with room air using a Dynacalibrator (Model 230-
28A, VICI Metronics, WA, USA).

Evaluation of respiratory system mechanics
and methacholine (MCh) challenge
Twenty-four hours following chlorine exposure, respiratory
system mechanics were measured in response to aerosolized
MCh (McGovern et al., 2013). Prior to measurements, mice
were sedated with xylazine hydrochloride (8 mg·kg�1 i.p.)
and anaesthetized with sodium pentobarbital (30 mg·kg�1

i.p). Following anaesthesia, the trachea was cannulated with
an 18 gauge cannula. Animals were connected to a
computer-controlled small animal ventilator (flexiVent,
Scireq, Montreal, PQ, Canada) and paralysed using
pancuronium chloride (0.2 mg·kg�1 i.p.). Mice were
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ventilated in a quasi-sinusoidal fashionwith a tidal volume of
0.18 mL and 150 breaths per minute. A positive end-
expiratory pressure of 3.0 cm H2O was used. The mice
received an initial baseline challenge of saline followed by in-
creasing doses of nebulizedMCh; 6.25, 12.5, 25, 50mg·mL�1.
The response of large airways (Newtonian resistance, RN

parameter), small airways and lung tissue resistance (tissue
damping, G parameter) and lung parenchymal stiffness
(elastance, H parameter) were assessed using the constant-
phase model (Bates, 2009).

Bronchoalveolar lavage
Following lung function measurements, mice were killed
with an overdose of sodium pentobarbital (80 mg·kg�1, i.p.)
and BAL was performed. The lungs were lavaged with 1 mL
of sterile PBS and placed in a 1.5 mL Eppendorf tube on ice.
BAL fluid was centrifuged at 850 × g for 5 min at 4°C, and
the supernatant was retained for cytokine analysis. The cell
pellet was re-suspended in sterile PBS, and total live and dead
cells were counted using Trypan Blue exclusion. Differential
cell counts were performed following preparation of cells on
slides using a cytocentrifuge (Cytospin™ 4, Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and a commercial
stain (Diff-Quik® method, Medical Diagnostics, Düdingen,
Germany). Differential cell counts, including epithelial cells,
were determined on a count of 300 cells.

Antibody treatments
Mice were treated with 100 μg of anti-IL-6R monoclonal anti-
body (R&D Systems, Minneapolis, MN) by i.p. injection, 4 h
before chlorine exposure. Another set of mice were similarly
treated with 100 μg of anti-VEGF monoclonal antibody
(Biolegend, San Diego, CA) and isotype control. Purified rat
IgG (R & D Systems) was administered as control.

mRNA analysis of central lung tissues
Twenty-four hours after exposure to chlorine, the right lung
was removed, followed by isolation of the parahilar region
of the lung (termed central portion), immersed in RNAlater,
snap-frozen in liquid nitrogen and then stored at �80°C.
After thawing, the tissue was homogenized and RNA was
extracted using the RNeasy Minikit (Qiagen, Toronto, ON,
Canada). Reverse transcription was performed using Super-
script II enzyme (Invitrogen, Life Technologies, Burlington,
ON, Canada). The following primer sequences were used:
ho-1 forward: GAATGAACACTCTGGAGATGACAC, ho-1 re-
verse: TGTGAGGGACTCTGGTCTTTG; gpx-2 forward: GTTC

TCGGCTTCCCTTGC, gpx-2 reverse: TTCAGGACTCCTCGTT
CTGA. nqo-1 forward: AGCCAATCAGCGTTCGGTA, nqo-1
reverse: GAATGGGCCAGTACAATCAGG. sod-1 forward:
CAGGACCTCATTTTAATCCTCAC, sod-1 reverse: TGCCCA
GGTCTCCAACAT. S9 was used as an endogenous control.

Nrf2 nuclear translocation analysis in vivo
Following BAL, the left lung was isolated and instilled intra-
tracheally with 10% buffered formalin for fixation. Tissue
was embedded in paraffin, and 5-μm-thick sections were pre-
pared prior to staining. For Nrf2 immunofluorescence stain-
ing, sections were first de-paraffinized and rehydrated. The
slides were placed in boiling water for 8 min using an antigen
unmasking solution (Vector Labs, Burlingame, CA, USA) for
antigen retrieval. Sections were incubated in 2% Triton
X-100 with TBS for membrane permeabilization, protein
blocking was performed and slides were placed in a humidi-
fied chamber overnight at 4°C. Sections were incubated over-
night in a humidified chamber at 4°C with rabbit polyclonal
IgG antibody against Nrf2 (#F0112; Santa Cruz Biochemistry,
CA, USA) at a 1:100 dilution in Antibody Diluent with Back-
ground Reducing Components (Dako, Carpinteria, CA,
USA). Following incubation, FITC Goat Anti-Rabbit IgG
(#554020; Becton Dickinson, CA, USA) at a 1:400 dilution
in double- distilled H2O was applied for 45 min at room tem-
perature. Nuclear staining was done using Hoechst (1:4000 in
double- distilled H2O; Bio-Rad, CA, USA). The sections were
mounted using Fluoroshield and were visualized using an
Olympus BX51 microscope. Images were taken using
QImaging Retina 2000r camera. Nrf2 nuclear translocation
was quantified using commercial software (Image-Pro Plus,
Media Cybernetics, Inc., MD, USA) as previously described
(Manders, 1993; Smallcombe and McMillan, 2002;
McGovern et al., 2015).

Nrf2 translocation assay in vitro
In order to assess whether CysLTs had a direct effect onNrf2 nu-
clear translocation,we utilized a humanbronchial epithelial cell
line (BEAS-2B, ATCC) cells containing a Nrf2-luciferase reporter.
BEAS-2B cells were stably transfected with a pGL4.28 plasmid
(Promega, Madison, WI, USA) containing an antioxidant re-
sponse element (ARE) (G TAC CGC AGT CAC AGT GAC TCA
GCA GAA TCG CTA G) upstream of a hygromycin B resistance
gene and a firefly luciferase construct.

The cells were incubated for 24 h in DMEM containing
0.1% FBS with montelukast (10 uM) (Jones et al., 1995) or ve-
hicle. Following incubation, sodium hypochlorite (3 μM) was

Figure 1
Study design. Mice were treated with 3 mg·kg�1 of montelukast (MK) prepared in a 1% MC solution. Control mice received 1% MC alone.
montelukast or MC was administered in a volume of 200 μL using a 22 gauge gavage needle. Mice were treated three times: 24 h prior to chlorine
(Cl2) exposure, 1 h prior to chlorine exposure and 1 h prior to evaluation of AHR.
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added. Four hours later, culture medium was removed and
cells were lysed using 40 μL of Reporter Lysis buffer (Promega,
Madison, WI, USA) that was added. Whole cell lysates were
collected and centrifuged at 15 800 × g for 3 min; 10 μL of
supernatant was transferred to a 96-well plate for reading in
the Tecan iControl luciferase system.

Measurement of cytokine levels in BAL
To assess the production of the cytokines IL-6, IL-10, IL-17,
TNF-α, the chemokines KC, CCL3, CXCL2, CCL5, and
VEGF in BAL, we used MILLIPLEX MAP Mouse
Cytokine/Chemokine kit (Millipore Corporation, Billerica,
MA, USA) according to the manufacturer’s instructions
and using a Luminex xMAP.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Airway responses to MCh were
analysed in GraphPad Prism version 6 (GraphPad software,
San Diego, CA, USA) by two-way ANOVA followed by
Tukey’s multiple comparison test comparing all experimen-
tal groups with each other. One-way ANOVA and
Newman–Keuls multiple comparison test were used for all
other analyses involving three or more groups. The
Kruskal–Wallis test was used for the analysis of immunofluo-
rescence with Dunn’s multiple comparison post hoc test
because the data were not normally distributed. A P value
of <0.05 was considered significant.

Materials
The compounds used in these experiments were supplied as
follows: chlorine by VICI Metronics (Poulsbo, Washington);
methacholine, pancuronium bromide, sodium hypochlorite
by Sigma-Aldrich (St Louis, MO) andmontelukast by Cayman
Chemicals (Ann Arbor, Michigan);

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b).

Results

Montelukast treatment reduces airway
hyperresponsiveness
Evaluation of airway mechanics was performed in
montelukast- or MC-treated mice following either chlorine
or air exposure. Montelukast treatment did not significantly
reduce Newtonian resistance (RN) (Figure 2A), indicating that
large AHR was not inhibited, but it did prevent chlorine-
induced increases in tissue damping (G) and tissue elastance
(H) (Figure 2B, C), indicating an effect on the peripheral air-
ways. MC treatment alone had no effect on airway responses
to MCh in air-exposed groups for any parameter.

Montelukast reduces inflammation in BAL
Chlorine-induced airway inflammation and epithelial cell
shedding were assessed in BAL fluid. Total cell counts in
MK-treated groups were lower compared with MC-treated
mice following chlorine (Figure 3A). Montelukast treatment
prevented chlorine-induced increase in macrophages
(Figure 3B) and also reduced the neutrophil influx, which
was significantly lower in the montelukast groups compared
with MC mice following chlorine (Figure 3C). Montelukast
also prevented the chlorine-induced increases in eosinophils
(Figure 3E). Lymphocytes were increased following chlorine
exposure but were unaffected by montelukast pretreatment
(data not shown). Epithelial cell numbers were unaltered by

Figure 2
Montelukast reduces chlorine-induced airway hyperresponsiveness. Twenty-four hours following chlorine (Cl2) exposure, respiratory system me-
chanics were evaluated in response to inhaled MCh. (A) Montelukast (MK; 3 mg·kg�1) treatment did not prevent increases in Newtonian resis-
tance. (B) Montelukast prevented chlorine-induced increases in tissue damping at the two highest concentrations of MCh. (C) Montelukast
prevented chlorine-induced increases in tissue elastance at the three highest concentrations of MCh. (A–C) Montelukast treatment alone had
no effect on AHR as no difference was observed between montelukast + Air and MC + Air groups for any parameter. MC + Air, MK + Air n = 7
per group; MC + Cl2, MK + Cl2 n = 9 per group. *P < 0.05, significant difference between (MC + Cl2) and (MK + Cl2) groups.
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chlorine exposure and by montelukast (data not shown).
Montelukast did not affect cell populations in air-exposed
mice compared with air-MC treatment (Figure 3A–D).

Nrf2 nuclear translocation by
immunofluorescence analysis
To address whether montelukast treatment could affect the
endogenous antioxidant response, Nrf2 nuclear transloca-
tion was evaluated. Figure 4A shows illustrative examples of
airways. Hoechst stain was used to mark nuclei (Figure 4A,
panels i–iv) and Nrf2 staining is visualized in green (Figure 4A,
panels v–viii). Figure 4A, panels ix–xii shows the images
merged. Following chlorine exposure in the presence of
montelukast, there was evidence of translocation of Nrf2 to
nuclei in the epithelium. Exposure to chlorine increased the
Nrf2 nuclear immunofluorescence (Figure 4B). The nuclear
localization of Nrf2 was further increased by montelukast
treatment both in air-exposed mice and mice exposed to
chlorine (Figure 4B).

Nrf2-dependent antioxidant gene expression
To evaluate whether montelukast affected Nrf2-dependent
antioxidant enzyme gene expression, qPCR was performed
on lung tissue isolated from the parahilar region of the lung.

We previously reported that only the parahilar region and
not the peripheral lung tissue showed increases in Nrf2
mRNA 24 h after chlorine exposure (McGovern et al., 2015).
mRNA levels of gpx-2, nqo-1 and ho-1 increased after chlorine
exposure (Figure 5A–C). Montelukast treatment prevented
increases in HO-1 coding for haem oxygenase -1 (Figure 5C).
However, Sod-1 expression was not affected by chlorine expo-
sure or by montelukast (Figure 5D). Montelukast treatment
also did not significantly affect the transcript levels in the
lung tissue of air-exposed animals.

Nrf2 nuclear translocation luciferase assay in
BEAS-2B cells
Previously, we reported that sodium hypochlorite induced
Nrf2 nuclear translocation in BEAS-2B cells (McGovern
et al., 2015). Therefore, we sought to determine whether
treatment with the CysLT LTD4 would stimulate Nrf2 nuclear
translocation directly and whether montelukast affected this
response. Incubation of BEAS-2B cells with sodium hypo-
chlorite markedly increased Nrf2 nuclear translocation and
the translocation was unaffected by treatment with
montelukast (Figure 6A). Treatment of cells with LTD4 or
montelukast in the absence of sodium hypochlorite did not
induce Nrf2 translocation (Figure 6B). We also observed that

Figure 3
Montelukast prevents pulmonary inflammation following chlorine exposure. (A) Montelukast (MK) treatment reduced total number of inflamma-
tory cells in chlorine (Cl2)-exposed mice. (B) Montelukast reduced macrophages compared with (MC + Cl2) -exposed mice. (C) Montelukast
prevented neutrophil influx in chlorine-treated groups. (D) Montelukast prevented chlorine-induced increase in eosinophil numbers. (A–D) There
was no difference in inflammatory cell profiles between MC + Air and MK + Air-treated groups. n = 10 per group; *P < 0.05, significantly different
as indicated.
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addition of LTD4, in the presence of sodium hypochlorite did
not further increase Nrf2 nuclear translocation, regardless of
montelukast treatment (Figure 6C).

Chemokine and cytokine levels in BAL fluid
To address a potential mechanism by which montelukast
could prevent chlorine-induced AHR and neutrophilia,
we evaluated several pro-inflammatory cytokines and
chemokines. Exposure to chlorine resulted in an increase
in IL-6, VEGF, CCL3 and KC levels in BAL. (Figure 7
A–E). Montelukast treatment prevented the increases in
IL-6 and VEGF but did not affect significantly CCL3 and
KC (Figure 7 A–D). Other mediators measured were unaf-
fected by chlorine exposure.

Neutralization of IL-6 prevents
chlorine-induced neutrophilia
Given that montelukast prevented chlorine-induced AHR,
neutrophil influx and IL-6 levels in BAL, we used an IL-6
neutralizing antibody to explore whether or not CysLT1

receptor-mediated effects of chlorine exposure were poten-
tially mediated by IL-6. We found that chlorine-induced
neutrophilia was attenuated following neutralization of IL-6
(Figure 8C).While macrophage and eosinophil numbers were
fewer in BAL from chlorine exposedmice treated with anti-IL-6
antibody, compared with IgG-chlorine, we did not observe sta-
tistically significant changes (Figure 8B, D). Neutralization of
IL-6 had no effect on numbers of BAL lymphocytes or epithelial
cells (data not shown).

Neutralization of IL-6 partly attenuates
chlorine-induced AHR
Neutralization of IL-6 did not prevent increases in large air-
way responsiveness as reflected in RN following chlorine ex-
posure (Figure 9A, C). However, treatment with anti-IL-6 did
have a small but significant effect on chlorine-induced in-
creases in G and H at the highest concentration of MCh, cor-
responding to effects on peripheral airways (Figure 9B, D, E).

Anti-VEGF antibody partly reduced
chlorine-induced inflammation and AHR
Mice were treated with the anti-VEGF antibody 1 h prior to
chlorine exposure and demonstrated a significant reduction
in total cell numbers compared with IgG-treated control mice
(Figure 10A). The change in total cell counts was attributable
to a reduction in eosinophils and in epithelial cell shedding
(Figure 10D, F). Anti-VEGF antibody did not prevent the neu-
trophil influx in chlorine-exposed groups compared with
IgG-treated control mice (Figure 10C). Likewise, lymphocytes
and epithelial cells were not significantly affected by anti-
body treatment (data not shown). Anti-VEGF treatment did
not affect RN, G or H parameters of respiratory mechanics
(Figure 10G–I).

Discussion
In the present study, we examined the effect of acute antago-
nism of the CysLT1 receptor in a well characterized model of
IIA induced by chlorine exposure. Exposure of mice to

Figure 4
Montelukast increases Nrf2 nuclear translocation. Immunofluorescent staining for Nrf2 was performed 24 h following chlorine (Cl2) exposure.
(A, panels i–iv) Nuclei were stained with Hoechst. (A, panels v–viii) Illustrative images showing airways stained for Nrf2. (A, panels ix–xii) Merge
of nuclear and Nrf2 staining. (B) Quantification of Nrf2 nuclear translocation using Image ProPlus software. Nrf2 translocation occurred after
chlorine exposure, and this translocation was enhanced by montelukast treatment. MC + Air, MK + Air n = 6 per group; MC + Cl2, MK + Cl2
n = 10 per group; 10–20 airways analysed per mouse. *P < 0.05, significantly different as indicated.
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Figure 5
Montelukast (MK) effects on antioxidant gene expression. Nrf2 second phase enzyme expression increased at 24 h after chlorine (Cl2) exposure
(A–C). (A) glutathione peroxidase 2 (GPX2). (B) Haem oxygenase-1 (HO-1). (C) NAD(P)H dehydrogenease, quinione 1 (NQO1). (D) The Nrf2-in-
dependent enzyme SOD 1 (SOD-1) did not change significantly. MC + Air, MK + Air n = 6 per group; MC + Cl2, MK + Cl2 n = 10 per group.
*P < 0.05, significantly different as indicated. s9, ribosomal protein S9.

Figure 6
Montelukast (MK) did not affect Nrf2 nuclear translocation. (A) Hypochlorite (OCl-) induces Nrf2 nuclear translocation (ARE activity) in BEAS-2B
cells. (B) LTD4 did not affect Nrf2 nuclear translocation (ARE activity) in BEAS-2B cells in the absence of hypochlorite. (C) LTD4 treatment alone did
not influence Nrf2 nuclear translocation. n = 3 independent experiments. *P < 0.05, significantly different as indicated.
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inhaled chlorine increased AHR and pulmonary inflamma-
tion. These increases were prevented by pretreatment with
the selective CysLT1 receptor antagonist montelukast. Several
cytokines and chemokines increased in BAL fluid after chlo-
rine exposure, and treatment with montelukast was effective
in preventing the increases in VEGF and IL-6. IL-6 has been
implicated in neutrophil recruitment, and therefore, we uti-
lized an IL-6 neutralization antibody to determine whether
CysLT1 receptor-dependent changes in neutrophilia and
AHR were related to IL-6. Neutralization of IL-6 attenuated
chlorine-induced pulmonary neutrophilia and AHR. Anti-
VEGF treatment reduced BAL fluid eosinophilia but failed to
prevent chlorine-induced AHR. These results suggested that
CysLT1 receptor-driven airway dysfunction and neutrophilic
inflammation was mediated, in part, via an IL-6 dependent
mechanism.

Montelukast inhibited the development of AHR after
chlorine exposure implicating CysLTs in its development.
We have demonstrated that these mediators are synthesized
following chlorine exposure with a slow time course,
reaching a peak by 24 h after exposure (McGovern et al.,
2016). Hypochlorite activates TRPA1 channels which leads
to neuropeptide release from airway sensory nerves (Hox
et al., 2013), which in the context of hyperpnea-induced

bronchoconstriction is upstream of CysLT release (Yang
et al., 1997). However, the time course of the synthesis of
CysLTs is dissimilar from that triggered by activation of sen-
sory nerves unless the neural effects of chlorine are slow in
onset. Thus, currently, the cells of origin of CysLTs and
the precise triggers for their synthesis in our model of IIA
remain uncertain.

We have previously shown that AHR induced by chlorine
exposure in mice is neutrophil-dependent (McGovern et al.,
2015). The effects of montelukast on AHR are possibly
explained by the observed reduction in neutrophils in BAL
fluid, which although significant was not complete. In a re-
cent study, Ikeda et al. (2014) reported that montelukast
inhibited the development of AHR and both eosinophilic
and neutrophilic airway inflammation in studies of experi-
mental emphysema and asthma. Montelukast treatment
significantly reduced the number of lymphocytes and
neutrophils in the BAL fluid induced by the administration
of elastase. In our current study, the inhibition of AHR was
largely observed in lung compartments which reflect re-
sponses of the peripheral lung. The changes in peripheral
lung mechanics are a reflection of small airway narrowing
and/or closure leading also to an apparent increase in stiff-
ness of the parenchyma through loss of functioning units.

Figure 7
Montelukast prevents chlorine-induced increases in IL-6 and VEGF. Cytokine and chemokine levels in the BAL were measured 24 h following chlo-
rine (Cl2) exposure. (A) Chlorine induced an increase in IL-6 release compared with air-exposed mice, an effect prevented by montelukast (MK)
treatment. (B) Montelukast treatment prevented increases in VEGF release following chlorine exposure. (C) Chlorine did not affect levels of
CXCL2. (D) Chlorine increased CCL3 levels, but montelukast had did not prevent this increase. (E) KC was increased following chlorine, but
montelukast did not prevent this increase. MC + Air, MK + Air n = 8 per group, MC + Cl2, MK + Cl2, n = 10 per group. *P < 0.05, significantly
different as indicated.
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Figure 9
The IL-6 antibody partly attenuates chlorine-induced AHR. (A) The IL-6 antibody did not prevent changes in Newtonian resistance. (B) The IL-6
antibody prevented increased tissue damping at the highest dose of MCh. (C) The IL-6 antibody effectively prevented increased tissue elastance
at the highest dose of MCh. (A–C) The IL-6 antibody had no effect on AHR in air-exposed groups compared with IgG-treated control mice.
IgG + Air, α-IL-6 + air n = 6 per group, IgG + Cl2, α-IL-6 + Cl2 n = 7 per group. *P < 0.05, significant effect of the IL-6 antibody.

Figure 8
Treatment with the antibody against IL-6 prevents chlorine-induced neutrophilia. Mice were treated with the IL-6 antibody, prior to chlorine (Cl2)
exposure. (A) Chlorine induced an increase in total inflammatory cell numbers compared with air-exposed mice and the IL-6 antibody prevented
this increase. (B) Chlorine induced an increase in macrophage numbers. (C) The IL-6 antibody prevented neutrophil influx in chlorine-exposed
groups. (D) Eosinophils were increased in chlorine-exposed groups treated with IgG, but not following the IL-6 antibody compared with air-
exposed mice. (A–D) The IL-6 antibody did not influence inflammatory cell populations in air-exposed groups compared with IgG-treated control
mice. IgG + Air, α-IL-6 + Air, n = 6 per group, IgG + Cl2, n = 11. α-IL-6 + Cl2 n = 10. *P < 0.05, significantly different as indicated.
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Perhaps if a more complete reduction in BAL neutrophilia
had been achieved, effects on AHR located to the large air-
ways might also have been observed. However, it is possible
that the mechanisms leading to AHR in the peripheral lung
may not be identical to those affecting the large airways.

Chlorine is a potent oxidant that leads to airway dysfunc-
tion and inflammation in association with oxidative stress.
In turn, oxidative stress triggers Nrf2 translocation and the
induction of second-phase enzymes that may limit the
effects of oxidative damage. Consistent with previous pub-
lished results (McGovern et al., 2016), Chlorine caused
translocation of Nrf2 to the nucleus in the airway epithe-
lium. Although we found evidence of enhancement of this
translocation in bronchial epithelial cells in vivo by

montelukast treatment, mRNA expression of Nrf2-
dependent enzymes in the lung parenchyma was not signif-
icantly further up-regulated by montelukast. The reason for
this discrepancy is not clear, but it suggests that the mitiga-
tion of the airway dysfunction by montelukast was unre-
lated to oxidant defences. Although the Nrf2-regulated
genes in the lungs include almost all the relevant antioxi-
dants, such as HO-1 and several members of the glutathione
S-transferase family, perhaps their effects would be evident
only at time points beyond 24 h. Indeed, we have recently
shown that Nrf2 deficiency in chlorine-exposed mice does
not affect outcomes at 24 h post-exposure (Ano et al.,
2017). The effects of montelukast on Nrf2 translocation in
the airway epithelium in vivo appear to have been mediated

Figure 10
Effects of a VEGF antibody on chlorine-induced inflammation and AHR. (A) The VEGF antibody decreased total cell numbers compared with IgG-
treated control mice. (B, C) Macrophage and neutrophils numbers were not affected by the VEGF antibody. (D) Eosinophils were decreased in
mice treated with the VEGF antibody compared with IgG-treated control mice. (E–G) The VEGF antibody had no effect on chlorine-induced New-
tonian resistance, tissue damping or tissue elastance. n = 8 per group. *P < 0.05, significant effect of the VEGF antibody.
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indirectly. BEAS-2B cells exposed to hypochlorite demon-
strated translocation of Nrf2, but this was not reproduced
by stimulation of the CysLT1 receptor by LTD4 and was
not inhibited by montelukast.

To address the underlying mechanisms of montelukast
treatment in chlorine-induced airway inflammation and
AHR, BAL cytokine levels were assayed. While precise mecha-
nisms by which montelukast may prevent inflammation and
pulmonary dysfunction after injury remain unclear,
montelukast treatment did reduce the levels of pro-
inflammatory cytokines associated with oxidative stress, as
well as neutrophilia in vivo and in vitro including VEGF and
IL-6 (Lee et al., 2004; Maeba et al., 2005; Mullol et al., 2010).
In the current study, exposure to chlorine caused an increase
in the neutrophil chemoattractant chemokine KC. This result
is consistent with a previous report that found KC to be in-
creased by 6 h after exposure to chlorine (Tian et al., 2008)
and may account in part for the rapid influx of neutrophils
(White and Martin, 2010). Although montelukast treatment
did not prevent changes in KC, it did prevent chlorine-
induced increases in IL-6 and VEGF, both of which have been
implicated in neutrophilia. Several previous publications
have demonstrated the anti-inflammatory effects of
montelukast. This compound inhibits lipopolysaccharide-
induced production of IL-1β, IL-6, TNF-α and MCP-1 from pe-
ripheral blood mononuclear cells of subjects with asthma
(Maeba et al., 2005) and protects against lung injury induced
by haemorrhagic shock in rats, reducing serum levels of TNF-
α and IL-6 (Al-Amran et al., 2013). Perhaps of greater rele-
vance, montelukast reduced GM-CSF, IL-6 and IL-8 produc-
tion by human nasal epithelial cells, stimulated with fetal
bovine serum (Mullol et al., 2010). Taken together, our results
suggest that montelukast treatment may prevent neutro-
philic inflammation and subsequent AHR by inhibiting the
synthesis and release of chemokines such as IL-6. Further
exploration of the mechanisms of action of montelukast on
inflammatory mediator release and AHR might be usefully
pursued using precision cut lung slices.

VEGF has been previously reported to increase over time
after chlorine-inducedairway injury (Mo et al., 2015). It is a
potent angiogenic factor and contributes to angiogenesis in
the lung (Carmeliet et al., 1996) and enhanced microvascu-
lar permeability (Leung et al., 1989; Dvorak et al., 1995;
Medford and Millar, 2006). In colon cancer cells,
montelukast was shown to inhibit growth of colon cancer
xenografts primarily by reducing VEGF expression (Savari
et al., 2013). Furthermore, montelukast has been shown to
reduce vascular permeability by regulating VEGF expression
in the lungs of mice with allergen-induced asthma (Lee
et al., 2004). Our results show montelukast effectively pre-
vents increased levels of VEGF in BAL following chlorine ex-
posure. Although neutralization of VEGF led to inhibition
of eosinophil numbers, it did not significantly inhibit
neutrophilia after chlorine. Anti-VEGF also had no effect
on AHR, suggesting that eosinophils may not contribute to
chlorine-induced AHR.

Chlorine-induced airway and lung dysfunction are
well-documented consequences of acute exposure to high
concentrations of the gas (Van Sickle et al., 2009). Other
accidental exposures occur in the domestic setting through
inappropriate mixing of cleaning products (Gorguner et al.,

2004). Exposure to bleach alone in concentrations below
currently defined acceptable limits may lead to decline in
lung function in asthmatic subjects (Sastre et al., 2011). Per-
haps of greater public health concern is the effect of atten-
dance in early life at chlorinated swimming pools, on the
development of allergy and asthma (Bernard et al., 2015).
Our results suggest that preventive treatment with a leuko-
triene modifier may be a useful adjunct to the treatment
of respiratory symptoms caused by chlorine exposure, but
appropriate trials in human subjects are required to confirm
these conclusions.

In conclusion, the administration ofmontelukast reduced
AHR and neutrophilic airway inflammation following expo-
sure to inhaled chlorine and montelukast also increased
Nrf2 nuclear translocation. However, these effects on endog-
enous antioxidant pathways appear to be unrelated to
changes in AHR and inflammation. Decreasing neutrophilia
following montelukast treatment was associated with reduc-
tions in levels of IL-6 and VEGF in BAL fluid. Neutralization
of IL-6, but not VEGF-A, attenuated chlorine-induced
neutrophilia and AHR in the peripheral lung. Our data sug-
gest that montelukast prevents chlorine-induced AHR and in-
flammation partly through an IL-6-dependent mechanisms.
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