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 Background: Bronchopulmonary dysplasia (BPD) is a chronic lung disease common in preterm infants. Montelukast, an ef-
fective cysteinyl leukotriene (cysLT) receptor antagonist, has a variety of pharmacological effects and has pro-
tective effects against a variety of diseases. Currently, the efficacy and safety of montelukast sodium in treating 
BPD has been revealed, however, the precise molecular mechanism of the effect of montelukast on BPD devel-
opment remain largely unclear. Therefore, this study aimed to investigate the effect and mechanism of mon-
telukast on BPD in vivo and in vitro.

 Material/Methods: A mouse BPD model and hyperoxia-induced lung cell injury model were established and treated with monte-
lukast. Then mean linear intercept (MLI), radial alveolar count (RAC), lung weight/body weight (LW/BW) ratio, 
pro-inflammatory factors, and oxidative stress-related factors in lung tissues were determined. Cell viability 
and apoptosis were detected using MTT assay and flow cytometer respectively.

 Results: The results showed that montelukast treatment relieved mouse BPD, evidenced by increased RAC and de-
creased MLI and LW/BW ratios. We also found that montelukast treatment reduced pro-inflammatory factors 
(TNF-a, IL-6, and IL-1b) production, enhanced superoxide dismutase (SOD) activity, and reduced malondialde-
hyde (MDA) content in the lung tissues of BPD mice. Besides, montelukast eliminated the reduced cell viability 
and enhanced cell apoptosis induced by hyperoxia exposure in vitro. Moreover, the upregulated pro-inflamma-
tory factors production and p-p65 protein level in lung cells caused by hyperoxia were decreased by montelu-
kast treatment.

 Conclusions: Montelukast protected against mouse BPD induced by hyperoxia through inhibiting inflammation, oxidative 
stress, and lung cell apoptosis.
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Background

Bronchopulmonary dysplasia (BPD) is a chronic lung disease 
commonly found in premature babies [1–3]. So far, the main 
treatments for BPD are mechanical ventilation and medica-
tion. However, the treatment period is long, and the cure rate 
is low. There is still no treatment strategy that can effectively 
treat BPD. In severe cases, many long-term complications, such 
as pulmonary dysfunction and growth retardation, occur and 
BPD remains the leading cause of death and disability, causing 
a heavy burden on families and society [4]. Therefore, exploring 
and seeking new and effective methods for treating BPD is 
very urgent and significant.

Histologically, the characteristics of BPD are poor alveolariza-
tion, abnormal capillary growth, mesenchymal cell hyperplasia, 
fibrosis, and abnormal elastin deposition [5]. The pathogenic 
factors of BPD are complex, and the pathogenesis has not yet 
been fully elucidated. However, with the deepening of clinical 
and experimental research on BPD it has been found that ox-
idative stress and inflammatory response play important roles 
in the development of BPD [4,6].

Montelukast is a potent cysteinyl leukotriene (cysLT) recep-
tor antagonist with anti-inflammatory effects in bronchial 
asthma [7,8]. Due to its anti-inflammatory effects, montelu-
kast has also been found to be effective in stroke in vivo [9]. 
Besides, montelukast was found to have protective effects on 
other diseases, including rheumatoid arthritis, ischemia-reperfu-
sion (I/R) injury, and Parkinson disease [10–12]. Moreover, stud-
ies have reported that montelukast has an activity of inhibiting 
the growth of tumor cells via inducing cell apoptosis [13,14]. 
Studies have also revealed the efficacy and safety of monte-
lukast sodium in treating BPD [15,16], however, the precise 
role and underlying mechanism of montelukast in BPD devel-
opment remain largely unclear.

Hyperoxic injury impedes key signaling pathways that induce 
lung development [17]. Exposure to 85% oxygen-induced hy-
peroxia injury at birth was identified as a well-known neonatal 
animal BPD model [18]. In the present study, we aimed to in-
vestigate the effect of montelukast on 85% oxygen exposure-
induced BPD mouse model and lung cell injury model induced 
by hyperoxia, and further to explore the molecular mechanism.

Material and Methods

Animals and BPD model establishment

A total of 45 neonatal C57BL/6J mice were obtained from 
Vital River Company (Beijing, China). Mice were housed at 
25±5°C, 50% humidity and 12 hours dark/light cycle conditions. 

All animal experiments were performed as per the 
Recommended Guideline for the Care and Use of Laboratory 
Animals issued by Chinese Council on Animal Research. This 
study was approved by Animal Ethics Committee of the First 
Hospital Affiliated to Bengbu Medical College.

The mouse model of BPD was conducted according to a previ-
ous study [19]. In brief, within 12 hours of birth, the newborn 
mice were randomly assigned to hyperoxia (85% O2) or room 
air (21% O2) for 7 consecutive days. Mice were randomly as-
signed to 3 groups: the control group; the BPD model group; 
or the BPD+ montelukast group. Mice in the BPD+montelukast 
group were intraperitoneally injected once every other day 
with 10 mg/kg montelukast from postnatal day 2 to postna-
tal day 14. Mice in the Control and BPD model groups were 
given saline (0.9% NaCl) solution intraperitoneally. At 14 days 
after treatment, mice were killed by intraperitoneal injection 
of sodium pentobarbital.

Mean linear intercept (MLI) (representing the average alve-
olar diameter) and radial alveolar count (RAC) (representing 
alveolar septation and alveologenesis) were determined as 
described previously [20]. In addition, the lung weight/body 
weight (LW/BW) ratio of mice was calculated according to 
a previous study [20].

Measurement of oxidative stress-related factors in lung 
tissues

The level of malondialdehyde (MDA) and the activity of superox-
ide dismutase (SOD) in lung tissues were analyzed by commer-
cially available kits (A003-1, A001-3; JianCheng Bioengineering 
Institute) following the manufacturer’s instructions of each kit. 
Experiment was performed in triple.

Cell culture and treatment

A549 cells (human type II alveolar epithelial cells) were obtained 
from ATCC (CCL-185, USA). A549 cells were grown in RPMI-1640 
medium containing 10% FBS and 1% penicillin/streptomycin, 
and incubated at 37°C with 5% CO2. Then the cells were plated 
into 6-well plates and incubated for 24 hours. After exposure to 
RPMI-1640 medium supplemented with 0.1% FBS for 6 hours, 
the A549 cells were maintained in room air (21% O2) or hyper-
oxia (85% O2) for 6 hours [21]. Subsequently, the cells were 
treated with or without montelukast (10 μM) for 24 hours.

ELISA

To determine the levels of TNF-a, IL-6 and IL-1b in cell culture 
medium, enzyme-linked immunosorbent assay (ELISA) kits (Cell 
Signaling Technology Inc., Danvers, MA, USA) were used according 
to the relevant manuals. Experiments were performed in triple.
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MTT assay

To measure cell viability, 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-di-
phenyl tetrazolium bromide (MTT) assay was performed. After 
certain treatment, the A549 cells (1×104 cells/per well) were 
plated into a 96-well plate and cultured for 24 hours. Then, 
20 μL MTT solution (0.5 mg/mL; Sigma-Aldrich Co., St. Louis, 
MO, USA) was added to each well, and the cells were fur-
ther incubated at 37°C for another 4 hours. Cell viability was 
calculated by detecting the absorbance at 570 nm by using 
FLUOstar® Omega Microplate Reader (BMG LABTECH, Ortenberg, 
Germany). Experiments were performed in triplicate.

Apoptosis analysis assay

The Annexin V-fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) apoptosis detection kit (Cat no. 70-AP101-100; 
MultiSciences, Hangzhou, China) was used to analyze cell apop-
tosis. After specific treatment, the A549 cells were collected 
using 0.25% trypsin, washed with phosphate buffered saline 
(PBS) and then stained with 5 μL Annexin V-FITC and 5 μL PI 
for 30 minutes at room temperature in the dark. Flow cytome-
ter (FCM, BD Biosciences) was performed to analyze cell apop-
tosis. Experiments were performed in triple.

Western blot assay

Western blot assay was performed to determine protein ex-
pression in our current study. Proteins from lung tissues and 
the A549 cells were extracted using RIPA buffer (Beyotime 
Institute of Biotechnology) and quantified using a bicinchoninic 
acid assay kit (BCA; Pierce Biotechnology, Rockford, IL, USA) 
according to the manufacturer’s instructions. Equal amounts 
of protein samples (25 μg/lane) were separated on 12% SDS-
PAGE, transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Merck Millipore, Billerica, MA, USA), blocked in 5% 
non-fat milk at room temperature for 1 hour, and then incu-
bated with primary antibodies overnight at 4°C. Subsequently, 
the membranes were incubated with the horseradish perox-
idase-conjugated secondary antibody, anti-rabbit IgG, HRP-
linked antibody (dilution: 1: 5000; Cell Signaling Technology 
Inc., Danvers, MA, USA) at room temperature for 2 hours. At 
last, we performed the enhanced chemiluminescence reagent 
(Thermo Scientific, Logan, UT, USA) to visualize the immuno-
reactive bands.

QRT-PCR

Total RNA from cells or tissues was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) and reversely transcribed into 
cDNAs by using the TaqMan MicroRNA Reverse Transcription Kit 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) according to 
the manufacture’s protocol. cDNAs were analyzed using qPCR 

with the SYBR Premix Ex TaqTM II (TliRNaseH Plus) kit (Takara 
Bio, Inc., Otsu, Japan). GAPDH was used as internal control. 
The relative gene expression was calculated using the 2–DDCT 
method. Experiments were performed in triple.

Statistical analysis

Experimental data were analyzed with SPSS software version 
17.0 (IBM Corp., Armonk, NY, USA) and presented as the mean 
± standard deviation (SD). Difference between groups were 
made by one-way analysis of variance with Tukey’s post hoc 
test or the Student’s t-test. A value of P<0.05 was considered 
statistically significant.

Results

Effect of montelukast on alveolarization and lung injury

As shown in Figure 1A and 1B, compared with the control 
group, the lungs obtained from the mice in the BPD model 
group had an increased MLI and reduced RAC, while montelu-
kast administration decreased MLI and enhanced RAC in the 
BPD mice. In addition, we further examined the extent of lung 
injury by measuring the LW/BW ratio, which is an indicator 
of increased cellular and pulmonary edema. Results showed 
that LW/BW ratio was significantly increased in the BPD mice 
compared with the mice in the control group, and this increase 
was notably eliminated by montelukast treatment (Figure 1C).

Effect of montelukast on inflammatory response in lung 
tissues of BPD mice

We then determined the effect of montelukast on inflamma-
tory response in the BPD mice, and the protein and mRNA 
levels of tumor necrosis factor (TNF)-a, interleukin (IL)-6, and 
IL-1b in lung tissues were measured using western blotting 
and qRT-PCR respectively. As shown in Figure 2, both protein 
and mRNA levels of TNF-a, IL-6, and IL-1b were significantly 
enhanced in the lung tissues of the BPD mice compared with 
the mice in the control group. Montelukast treatment signifi-
cantly reduced the levels of TNF-a, IL-6, and IL-1b in the lung 
tissues of the BPD mice.

Effect of montelukast on oxidative stress in lung tissues of 
BPD mice

Oxidative stress in lung tissues of mice was also analyzed in 
the present study. We found that compared with the mice in 
the control group, the level of MDA significantly increased, 
and the activity of SOD was notably reduced in the lung tis-
sues in the BPD mice, and montelukast treatment significantly 
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decreased MDA level and enhanced SOD activity in the lung 
tissues of the BPD mice (Figure 3).

Effect of montelukast on lung cell viability and apoptosis

We then investigate the effect of montelukast on hyperoxia-
induced lung cell injury in vitro, and human type II alveolar epi-
thelial cells A549 were exposed to room air (21% O2) (air group) 
or hyperoxia (85% O2) (hyperoxia group) for 6 hours. Our re-
sults indicated that compared with the air group, hyperoxia 
exposure significantly reduced A549 cell viability (Figure 4A) 
and induced cell apoptosis (Figure 4B, 4C); while the cell via-
bility was notably increased, and cell apoptosis was decreased 
by 10 μM montelukast administration. Meanwhile, the protein 
levels of Bcl-2 and Bax were determined, and we found that 
compared with the air group, Bcl-2 markedly decreased and 
Bax was enhanced in hyperoxia exposed A549 cells, however, 
montelukast administration notably increased Bcl-2 and de-
creased Bax protein level (Figure 4D).

Effect of montelukast on the secretion of pro-
inflammatory cytokines in lung cells

A549 cells were maintained in room air (21% O2) or hyperoxia 
(85% O2) for 6 hours, then the cells were treated with or with-
out montelukast (10 μM) for 24 hours. The cell culture medium 
was harvested for the levels of TNF-a, IL-6, and IL-1b detec-
tion. Findings suggested that compared with the air group, the 
contents of TNF-a, IL-6, and IL-1b were significantly enhanced 
by hyperoxia, and these enhancements were reduced by mon-
telukast treatment (Figure 5).

Effect of montelukast on NF-kB pathway in lung cells

Finally, to explore the molecular mechanism of the effect of 
montelukast on BPD, the NF-kB pathway was analyzed in our 
study. As shown in Figure 6, the protein level of p-p65 was sig-
nificantly enhanced in hyperoxia exposed A549 cells in compar-
ison with the air group. As expected, montelukast treatment 
significantly reduced the protein level of p-p65 in A549 cells.

Discussion

The current study demonstrated that montelukast relieved 
mouse BPD induced by hyperoxia through inhibiting inflam-
mation response and oxidative stress. Montelukast also al-
leviated lung cell viability reduction and apoptosis enhance-
ment caused by hyperoxia treatment. Moreover, we found that 
montelukast inhibited production of pro-inflammatory fac-
tors and NF-kB pathway activation in hyperoxia treated lung 
cells. Evidence collected in the present study supported that 
montelukast is a novel therapeutic agent for BPD treatment.

BPD is a lung disease with a high incidence of premature ne-
onates [1–3]. Newborns with BPD usually have respiratory se-
quelae [22,23] and neurological diseases [24]. Therefore, in-
depth study of the pathogenesis of BPD and exploring effective 
treatment of BPD has become a hot issue in recent years.

Montelukast, an anti-asthmatic drug in a clinical setting, has 
a powerful anti-inflammatory effect [25]. Studies have re-
vealed the efficacy and safety of montelukast sodium in treating 
BPD [15,16], but the precise role and underlying mechanism 
of montelukast in BPD development remain largely unclear. 

Control Model Montelukast

##

**
160

140

120

100

80

60

40

20

0

M
ea

n l
ine

ar
 in

te
rce

pt
 (L

m
)

Control Model Montelukast

##

**

6

5

4

3

2

1

0

Av
er

ag
e n

um
be

r o
f R

AC
 pe

r �
eld

Control Model Montelukast

##

**
0.03

0.03

0.02

0.02

0.01

0.01

0.00

LW
/B

W
 ra

tio

A B C

Figure 1.  Effect of montelukast on alveolarization and lung injury. The mouse model of bronchopulmonary dysplasia (BPD) 
was conducted and treated with 10 mg/kg montelukast. Mice in the BPD+montelukast (Montelukast) group were 
intraperitoneally injected once every other day with 10 mg/kg montelukast from postnatal day 2 to postnatal day 14. Mice in 
the Control and BPD model (Model) groups were given saline (0.9% NaCl) solution intraperitoneally. 14 days after treatment, 
the (A) mean linear intercept (MLI), (B) radial alveolar count (RAC), and (C) lung weight/body weight (LW/BW) ratio of mice 
in different groups were determined. Data were displayed as mean ± standard deviation. ** P<0.01 versus Control; ## P<0.01 
versus Model.
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Figure 3.  Effect of montelukast on oxidative stress in lung tissues of bronchopulmonary dysplasia (BPD) mice. The mouse model of 
bronchopulmonary dysplasia (BPD) was conducted and treated with 10 mg/kg montelukast. Mice in the BPD+montelukast 
(Montelukast) group were intraperitoneally injected once every other day with 10 mg/kg montelukast from postnatal 
day 2 to postnatal day 14. Mice in the Control and BPD model (Model) groups were given saline (0.9% NaCl) solution 
intraperitoneally. At 14 days after treatment, the level of (A) MDA and the activities of (B) SOD in lung tissues of BPD mice 
were detected. Data were displayed as mean ± standard deviation. * P<0.05 versus Control; # P<0.05 versus Model.
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Figure 2.  Effect of montelukast on inflammatory response in lung tissues of bronchopulmonary dysplasia (BPD) mice. The mouse 
model of bronchopulmonary dysplasia (BPD) was conducted and treated with 10 mg/kg montelukast. Mice in the 
BPD+montelukast (Montelukast) group were intraperitoneally injected once every other day with 10 mg/kg montelukast 
from postnatal day 2 to postnatal day 14. Mice in the Control and BPD model (Model) groups were given saline (0.9% NaCl) 
solution intraperitoneally. At 14 days after treatment, the protein (A) and mRNA (B–D) levels of TNF-a, IL-6, and IL-1b in lung 
tissues were measure using western blotting and qRT-PCR respectively. Data were displayed as mean ± standard deviation. 
** P<0.01 versus Control; #, ## P<0.05, 0.01 versus Model.
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The present study investigated the effect of montelukast on 
BPD mouse model induced by hyperoxia exposure, and we 
found that montelukast treatment relieved mouse BPD, evi-
denced by increased RAC (representing alveolar septation and 
alveologenesis), and decreased MLI (representing the average 
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Figure 4.  Effect of montelukast on lung cell viability and apoptosis. A549 cells were maintained in room air (21% O2) or hyperoxia 
(85% O2) for 6 hours. Subsequently, the cells were treated with or without montelukast (10 μM) for 24 hours. Then, (A) cell 
viability was detected using MTT assay, (B) cell apoptosis was analyzed by flow cytometer, and (C) the early + late apoptosis 
was calculated; (D) protein levels of Bcl-2 and Bax were measured by western blotting. Data were displayed as mean 
± standard deviation. ** P<0.01 versus Air; ## P<0.01 versus hyperoxia.
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Figure 5.  Effect of montelukast on the secretion of pro-inflammatory cytokines in lung cells. A549 cells were maintained in room air 
(21% O2) or hyperoxia (85% O2) for 6 hours. Subsequently, the cells were treated with or without montelukast (10 μM) for 
24 hours. Then the levels of TNF-a (A), IL-6 (B), and IL-1b (C) in the cell culture medium were detected using ELISA. Data 
were displayed as mean ± standard deviation. * P<0.05 versus Air; # P<0.05 versus hyperoxia.

alveolar diameter) and LW/BW ratio (an index of lung injury). 
Alveolar simplification and vascular abnormalities, small and 
medium blood vessel occlusion, increased inflammation and 
pulmonary edema are the pathophysiological features of BPD. 
Inflammatory response plays critical roles in the development 
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of BPD [4,6,26,27]. Oxidative stress leads to alveolar destruction 
and vascular occlusion of alveolar capillaries, so the imbalance 
between oxidation and antioxidant systems is considered to be 
one of the pathogenesis of BPD [4,6,28]. Then we studied the 
effect of montelukast on inflammatory response and oxidative 
stress in BPD mice, and we found that montelukast significantly 
repressed the inflammatory response and oxidative stress.

Previous studies have reported the critical roles of lung cell 
apoptosis in the occurrence and development of BPD [29,30]. 
In this study, we also investigated whether montelukast had 
an effect on lung cell apoptosis in vitro, and human type II al-
veolar epithelial cell line A549 was used in the present study 
to establish the lung cell injury model induced by hyperoxia. 
The findings of this study indicated that montelukast treat-
ment significantly reduced hyperoxia exposure induced A549 
cell apoptosis. Contrary to our results, previous studies have 
reported that montelukast could inhibit the growth of tumor 
cells via inducing tumor cell apoptosis [13,14]. This may be due 
to different environmental conditions and different cell types, 

but further exploration is needed. At the same time, we found 
that montelukast inhibited pro-inflammatory factors expression 
in hyperoxia treated A549 cells. In addition, another important 
finding of our investigation was that montelukast repressed 
NF-kB pathway activation in hyperoxia treated A549 cells.

In summary, our study showed for the first time that monte-
lukast extenuated hyperoxia induced mouse BPD through in-
hibiting inflammation response and oxidative stress, and it 
could also prevent lung cell apoptosis to protect against BPD.

Conclusions

Montelukast presented a protective effect on BPD, thus it may 
be a promising agent for BPD treatment.
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p-p65 was measured by western blotting (A), and the relative protein level of p-p65 was quantified and presented as fold of 
control (B). Data were displayed as mean ± standard deviation. ** P<0.01 versus Air; ## P<0.01 versus hyperoxia.
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