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Investigation of the relationship between chronic montelukast
treatment, asthma and depression-like behavior in mice
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Abstract. In 2008, the Food and Drug Administration of the
US issued a warning about the neuropsychiatric side effects
of montelukast. Previous clinical studies on montelukast have
reported conflicting results and, to the best of our knowledge,
no experimental studies concerning these side effects had
been conducted. In the current study, the effect of montelukast
on depression-like behavior in an ovalbumin (OVA)-induced
mouse model was investigated. A total of 3 OVA challenges
were applied at 2 week intervals for the persistence of asthma.
Depression-like behavior was assessed using forced swim
tests following each challenge and locomotor activities were
evaluated using open field tests. At the end of the current
study, plasma montelukast concentrations were measured
and the development of asthma and effect of montelukast
treatment were histopathologically examined. Inflammation
scores that were increased in the OVA mice following all
challenges were indicated to be reduced by montelukast treat-
ment. The immobility time of mice increased beginning with
the first challenge and this was also reduced by montelukast
treatment. Montelukast administration to the control mice
did not alter immobility times. Moreover, motor activity of
the OVA and montelukast-treated mice were not altered. The
results indicated there was no association between chronic
montelukast treatment and depression. Furthermore, the
chronic administration of montelukast to non-asthmatic mice
did not increase immobility. However, depressive behavior
increased at all time points in the OVA mice. These results
indicated that chronic montelukast treatment is not associated
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with depression-like behavior and confirmed the association
between asthma and depression. Further studies are required
to provide an improved understanding of the neuropsychiatric
side effects of montelukast.

Introduction

Asthma is acommon chronic inflammatory airway disease that
is accompanied by respiratory symptoms, including difficulty
breathing, chest tightness, wheezing and airway hyperre-
sponsiveness (1). Globally, >300 million patients suffer from
asthma and the prevalence of this disease is increasing (2-4).
Montelukast is a selective leukotriene receptor-1 antagonist
(LTRAs) and is widely used for the treatment of asthma (5-7).
The Global Initiative for Asthma guidelines recommend
LTRAs as a second-line alternative medication to inhaled
corticosteroids (ICS) (8,9). In children, montelukast is preferred
due to the advantages of its pharmaceutical form compared
with ICS (7). However, certain post-marketing studies have
indicated that chronic montelukast treatment may be linked
to neuropsychiatric disorders, including aggressive behavior,
sleep disorders and depression (5-9). In 2008, due to the
increase of these reports, the Food and Drug Administration
of the US (FDA) issued a warning and indicated the enhanced
risk of neuropsychiatric events associated with the use of anti-
leukotriene agents (10). Previous clinical studies have reported
an increase in suicidal tendency, depression, hallucinations
and nightmares following the administration of montelu-
kast (5,6). In 2009, the prescribing information of Singulair®
(montelukast sodium) was revised and the warnings and
precautions section was edited to include neuropsychiatric
events (11,12). However, despite the results of important case
reports and the warning by the FDA, no sufficient data was
found to demonstrate an association between montelukast and
depression (13,14). Furthermore, to the best of our knowledge,
no experimental studies have been conducted to investigate the
association between depression-like behavior and montelukast
treatment. Furthermore, asthma is considered to be a risk
factor for depression (15-17). The association between asthma
and depression has been examined by numerous studies and
the results have demonstrated a high comorbidity between the
two diseases (18-21). Depressive disorders have been reported
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to have almost 2-fold higher prevalence in young asthmatic
patients compared with young non-asthmatics (22). The current
study aimed to investigate the possible association between
chronic montelukast treatment and depression-like behavior,
and the effect of asthma on depression-like behavior in mice.

Materials and methods

Animals. A total of 130 Swiss mice (male, 65; female, 65;
age, 8-12 weeks; weight, 20-25 g) were purchased from
Kobay D.H.L. A.S. and were used in all experiments. Equal
numbers of male and female mice were used in each experi-
mental group. The mice were housed in a room at constant
humidity and temperature (22+1°C) with 12 h light/dark cycles
and provided with food and water ad libitum. All experiments
were carried out according to the EU Directive 2010/63/EU (23)
for animal experiments and approved by the Animal
Experimentations Local Ethics Board of Hacettepe University,
Ankara, Turkey (approval no. 2018-3/2; updated by committee
in the meeting commencing in 2020 for in vivo analysis of
airway function, approval no. 2020-3/12).

Drug administration and experimental design. The mice
were divided into four groups for the experimental asthma
and forced swim test (FST) as follows: i) Control group (n=24
for 1st, n=18 for 2nd and n=12 for 3rd FST); ii) ovalbumin
(OVA; n=24 for 1st, n=18 for 2nd and n=12 for 3rd FST);
ii1) montelukast-treated controls (n=18 for 2nd and n=12 for
3rd FST); and iv) montelukast-treated OVA (n=18 for 2nd and
n=12 for 3rd FST). Montelukast treatment was started after
inflammation was occurred with the first challenge. In the
first FST, mice were administrated montelukast for only 1 day,
as the primary aim of the current study was to investigate
the chronic effects of montelukast. The first FST was not
performed in montelukast-treated groups. (Fig. 1). Following
each FST, 6 mice were euthanized for histopathological
analysis. In the treatment groups (montelukast-treated OVA
and montelukast-treated control groups), montelukast (Abdi
Ibrahim Pharmaceuticals; 20 mg/kg/day) was administrated
orally through the drinking water every day at the same hour,
starting on the first day after the first OVA challenge and
montelukast treatment was continued for 20 days for 2nd chal-
lenge and 40 days for 3rd challenge (Fig. 1). Additional groups
were used for the open field test (n=10/group) and the in vivo
assessment of airway function (n=8/group). Open field tests
were performed using three other groups of mice: i) The
OVA group; ii) the montelukast-treated (20 days) control
group; and iii) the control group. In vivo assessment of airway
function was performed in another set of OVA and control
groups.

Experimental asthma. An experimental asthma model was
established using OVA (Sigma-Aldrich; Merck KGaA) in
the OVA and montelukast-treated OVA groups (24). The
OVA-induced asthma model was modified to extend the dura-
tion of asthma to two months. The mice were sensitized on
days 1 and 8 by an intraperitoneal injection of 10 ug OVA
dissolved in 200 pl PBS (Sigma-Aldrich; Merck KGaA)
containing 1 mg aluminum hydroxide (Sigma-Aldrich;
Merck KGaA). Airway inflammation was induced by intranasal

OVA-challenges (0.25 ug OVA in 25 ul PBS) on days 15, 16
and 17 (Ist challenge), 34, 35 and 36 (2nd challenge) and 53, 54
and 55 (3rd challenge) to induce and maintain chronic airway
inflammation. The control groups were sensitized with OVA
(0.25 ug OVA in 25 ul PBS) and challenged with intranasal
PBS (25 ul PBS; Fig. 1). A stratified design was used for the
experiments and, therefore, equal numbers of animals from
each group were used on the same days for all experiments.

In vivo assessment of airway function. Airway function was
assessedinthe OVA and control groups by evaluating the changes
in airway resistance using the Buxco Finepoint Resistance and
Compliance System (Buxco Electronics, Inc.). Testing was
performed one day following the 1st OVA challenge. Mice were
anesthetized with 100 mg/kg ketamine/10 mg/kg xylazine
intraperitoneally, tracheally cannulated and placed into indi-
vidual plethysmography chambers (Buxco Electronics, Inc.).
The lungs of the mice were mechanically ventilated at a
respiratory rate of 150 breaths/min with a tidal volume of
200 pl and a positive end expiratory pressure of 2 cmH,0. The
basal airway resistance was recorded for 2 min and PBS was
used for control responses. Methacholine (1.5-48 mg/ml) was
administered intratracheally to measure the dose-dependent
increase in respiratory resistance using an ultrasonic nebulizer
(Buxco Electronics, Inc.). The maximum value measured
following each dose for respiratory resistance was used as
the measure of response. Airway resistance (cmH,0.s/ml)
results were normalized to values measured following PBS
nebulization.

Forced swim test. A modified version of Porsolt's FST was
performed to assess the effect of montelukast treatment on
depression-like behavior and repeated following each chal-
lenge (25,26). Briefly, glass cylinders (height, 19 cm; diameter,
12 cm) were filled with 25+1°C water to a 15 cm depth. The
mice were placed into the cylinders for 8 min and the immo-
bility time of the last 6 min was determined. Immobility, in
which the mice remained immobile or made only small limb
movements necessary to float, were regarded as depression-like
behavior. Following FST, 6 mice from each group were eutha-
nized by cervical dislocation after each FST. Blood samples
were collected by cardiac puncture for the determination of
plasma montelukast concentration. The lungs were isolated
and fixed in 10% formaldehyde solution for histopathological
analysis (Fig. 1).

Histopathological analysis. Isolated lungs, following each
FST were fixed in 10% formaldehyde at room temperature for
=48 h. Slides (thickness, 0.4 um) were prepared from paraffin
embedded sections and were stained with hematoxylin and
eosin at room temperature for 1 h with an automated slide
stainer (Thermo Shandon Varistain Gemini™; Thermo Fisher
Scientific, Inc.). Histopathological analysis was performed
for the OVA, control and montelukast-treated OVA groups
to confirm the inflammation in the lungs following OVA and
to examine whether there is a reduction in the inflammation
following montelukast treatment. A total of 6 mice from each
group were analyzed. Histopathologically, interalveolar (inter-
stitial) thickening, peribronchial and perivascular inflammation
were evaluated and each of these parameters were graded
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Figure 1. The experimental design for experimental asthma model, montelukast treatments and behavioral and histopathological analysis. OVA, ovalbumin;

ML, montelukast; PBS, phosphate buffer saline; FST, forced swim test.

semiquantitatively in a blinded manner. The inflammation
parameters were individually scored from 0-4 (0, no inflamma-
tion; 1, mild inflammation; 2, moderate inflammation; 3, severe
inflammation; 4, very severe inflammation) by evaluating the
extent of inflammatory cells, tissue injury and interalveolar
(interstitial) thickening (Leica Microsystems GmbH) Final
scores were defined as the sum of peribronchial (0-4) and
perivascular (0-4) inflammation.

Determination of plasma montelukast concentration. At
the end of the experimental protocol, montelukast concen-
trations were confirmed in mice that had been treated with
montelukast 40 days orally through drinking water. Blood
samples were collected in heparinized tubes and centrifuged
at 3.305 x g for 15 min to obtain plasma. The proteins in
the plasma samples (100 ul) were crushed with 100 ul of
acetonitrile (Sigma-Aldrich; Merck KGaA). The amount of
montelukast in the plasma samples was quantified by liquid
chromatography-electrospray ionization-mass spectrometry
(LCMS-8030; Shimadzu Corporation). The mass spectrometric
detection of montelukast was undertaken in the positive electro-
spray ionization and multiple reaction-monitoring mode using
586.0-422.10 m/z transitions using 19 eV of collision energy.
The nebulizer gas flow and drying gas flow were 3 ml/min
and 15 ml/min, respectively. The heat blocking temperature,
desolvation line temperature and collision-induced dissocia-
tion gas pressure were 400°C, 250°C and 15 kPa, respectively.
Chromatographic separation was achieved on the C,; column
(Hypersil ODS-4; GL Sciences; 50x2.1 mm; 3 ym) using a
mobile phase consisting of acetonitrile containing 0.1% formic
acid and water with 0.1% formic acid (70:30; v/v) at a flow rate
of 0.3 ml/min.

Open field tests. Open field tests were used to assess any
changes in the locomotor activity of the mice following
the administration of OVA or montelukast. The test was
performed according to previous studies (27,28). Briefly,
black locomotor activity cages (40x40x40 cm) equipped with
an infrared sensor system (Activity Meter; Commat, Ltd.)
were used. The mice were individually placed in the center
of the cages and tracked for 5 min. The locomotor activi-
ties of the mice were assessed based on the total distance
travelled in the cage as measured by the analyzing system.
The test was performed in the OVA group 1 day after the

completion of one OVA-challenge, a separate group that
had been administered only montelukast (20 mg/kg/day) for
20 days and the control group.

Statistical analysis. Data are expressed as mean + standard
error of the mean. Statistical analysis was performed using
unpaired Student's t-test for in vivo assessment of airway func-
tion and one-way ANOVA followed by Tukey's post hoc test
or the Kruskal Wallis test followed by Dunn's test for other
experiments. Data were analyzed using GraphPad Prism
software (version 5.0; GraphPad Software Inc.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Development and establishment of experimental asthma
model. In the current study, the relationship between
airway inflammation, chronic montelukast treatment and
depression-like behavior was investigated. The induction of
experimental asthma was confirmed by histopathological
changes in lung segments and development of airway
hyperresponsiveness to methacholine challenge. In order to
maintain the allergic airway inflammation throughout the
experimental protocol, the OVA-challenges were performed
in triplicate as described in Fig. 1. This protocol allowed for
the investigation of the effect of chronic allergic inflamma-
tion and chronic montelukast treatment on depression-like
behavior. The occurrence of inflammation was presented as
histopathological images (Fig. 2A and B). Total inflamma-
tion scores (Fig. 2C) and airway resistance (Fig. 2D) were
significantly increased following the first OVA challenge in
the OVA group compared with controls. Immobility time was
significantly higher in the OVA group compared with controls
(Fig. 2E). Furthermore, open field tests were performed to
eliminate the possible effects of OVA and montelukast treat-
ment on the locomotor activities of the mice. Total distances
travelled in the cages in the OVA group were not significantly
different compared with controls (Fig. 2F). Similarly, the
montelukast-treated OVA group (20 days of treatment) did
not exhibit a significant difference in total distances travelled,
which was indicated the locomotor activity. Additionally,
montelukast concentrations at a steady state were determined
to be 226.40+34.59 ng/ml in mice administrated montelukast
for >40 days (data not shown).
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Figure 2. Histopathological images obtained from the lung samples of the (A) OVA and (B) control groups following the first OVA challenge. (C) Total inflam-
mation scores of the lung tissues of the OVA and control groups (n=6/group). (D) Airway resistance was increased in the OVA-treated group compared with
control group (after one OVA challenge; n=8/group). (E) The immobility times of the OVA-treated and control mice following the first FST point (n=24/group).
(F) Total distance travelled by the mice in the open field test (n=10/group). Data are presented as mean + standard error of the mean. "P<0.05 vs. controls. OVA,

ovalbumin; FST, forced swim test.

Effect of experimental asthma and montelukast treatment
in FST. Airway inflammation observed in the OVA group
compared with control group was slightly reduced in the
montelukast-treated OVA group (20 days of treatment)
following the 2nd FST (Fig. 3A-C). The total inflammation
score of the OVA group was statistically increased compared
with the control group (Fig. 3D). However, the decrease in
the total inflammation score of the montelukast-treated
OVA group was not statistically significant compared with
OVA group. Furthermore, there was no statistical differ-
ences between the montelukast-treated OVA and control
groups.

FST was performed following each OVA challenge phase
to examine the short- and long-term effects of asthma on
depression-like behavior. Immobility times were significantly
increased in the OVA group compared with the control

group following the second challenge (Fig. 4). Furthermore,
immobility times were significantly decreased in the monte-
lukast-treated OVA group compared with the OVA group.
Immobility times in the montelukast-treated control group
were not significantly different between control and montelu-
kast-treated OVA groups. Furthermore, the immobility times
of montelukast-treated control group were significantly lower
compared with the OVA group.

Following the third challenge, inflammation in
OVA-treated lungs was reduced followed by ongoing monte-
lukast treatment compared with the control group (5A-C)
and total inflammation scores of the montelukast-treated
OVA group were significantly decreased compared with the
OVA group (Fig. 5D). Following the third challenge, chronic
montelukast application to the OVA-treated group (40 days
of treatment) significantly decreased immobility times
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Figure 3. Histopathological images from the (A) control, (B) OVA and (C) montelukast-treated OVA (20 days of treatment) groups (n=6/group) following the
second FST point (40x). (D) Total inflammation scores of the lung tissues of the control, OVA and montelukast-treated OVA groups (n=6/group). Data are
presented as mean + standard error of the mean. "P<0.05 vs. controls. OVA, ovalbumin; FST, force swim test.
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Figure 4. Immobility times of mice in the control, OVA, montelukast-treated
OVA and montelukast-treated controls following the second FST point
(n=18/group). Data are presented as mean + standard error of the mean.
“P<0.05 vs. controls. “P<0.05 vs. the OVA group. OVA, ovalbumin; FST,
forced swim test.

compared with the OVA group (Fig. 6). Immobility times of
the montelukast-treated control group were not statistically
different compared with controls; however, they were signifi-
cantly decreased compared with the OVA group (Fig. 6).
Furthermore, there were no significant differences between
the immobility times of three time points in the OVA-treated
groups (data not shown).

Discussion

Montelukast is an imperative medication that is widely used
and is recommended in the guidelines for the treatment
of asthma (6,29). In the present study, the depression-like
behavioral effects of chronic montelukast administration
were investigated in a murine model of experimental asthma.
In accordance with the clinical use of montelukast, an
OVA-induced asthma model was used to assess both the
possible depression-like effects of montelukast treatment
and asthma itself. The OVA model is well-established and is
the most commonly used experimental asthma model (30),
causing airway hyperreactivity, inflammatory cell infiltration
and parenchymal inflammation (24).

The current study confirmed the development of experi-
mental asthma with OVA by pathological assessments and
OVA was demonstrated to result in a statistically significant
increase in lung inflammation following the first challenge.
Furthermore, the increase of airway resistance in response
to methacholine challenge in the OVA-treated mice indicated
that allergic asthma was successfully induced. These results
confirmed changes in the lungs may have led to impaired respi-
ratory function, which in turn, may have reduced the mobility
of the mice. Furthermore, open field tests prior to FST were
performed to eliminate any possible changes in motor activity
that may affect the mice and cause false negative or positive
results in FST. However, there were no significant difference
in the total distance travelled by the mice between the OVA,
montelukast-treated OVA and control groups. This indicated
that differences observed in FST were not caused by motor
disability, confirming the reliability of this test.
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Figure 5. Histopathological images from the (A) control, (B) OVA and (C) montelukast-treated OVA groups following the third FST point (n=6/group; magni-
fication, x40). (D) Total inflammation scores of the lung tissues of the control, OVA and montelukast-treated OVA groups (n=6/group). Data are presented as
mean = standard error of the mean. “P<0.05 vs. controls. “P<0.05 vs. the OVA group. OVA, ovalbumin; FST, forced swim test.
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Figure 6. Immobility times of the mice in the control, OVA and montelu-
kast-treated (40 days of treatment) groups (n=12/group). Data are presented
as mean + standard error of the mean. "P<0.05 vs. controls. “P<0.05 vs. the
OVA group. OVA, ovalbumin; FST, forced swim test.

Furthermore, the standard OVA protocol was modified to
maintain the persistence of the disease and repeated challenges
were applied to the mice at the indicated intervals. The modified
model allowed for the evaluation of the relationship between
ongoing respiratory tract inflammation, chronic montelukast
treatment and depression-like behavior at different time points

over two months. Montelukast was administrated to the mice
via drinking water during this period to avoid the stress of
daily gavage. The plasma montelukast concentrations of mice
were verified at the end of the current study and concentrations
were at therapeutic concentrations consistent with the plasma
concentrations of humans and rats (31,32).

The association between asthma and depression following
each OVA-challenge point was investigated. For all three time
points, the immobility of the OVA mice was significantly
increased compared with controls. However, immobility
times did not differ between time points in the OVA group.
This result is consistent with the pathological analysis and
indicated that the repeated OVA challenges did not aggravate
the disease; instead, it maintained inflammation. Furthermore,
the role of chronic montelukast treatment in depression was
assessed with FST performed following the second and
third OVA challenges. Montelukast treatment was found to
ameliorate lung inflammation as confirmed by histopatho-
logical analysis. These results indicated that montelukast dose
used in the present study was within the therapeutic range.
Inflammation was reduced by 20 days of montelukast treat-
ment and was completely reversed by the end of 40 days of
treatment. Additionally, montelukast treatment reduced the
immobility times of mice following both FST compared
with the OVA group. This indicated that chronic montelukast
treatment in asthma does not cause depression-like behavior.
Furthermore, the reduced immobility times indicated that
montelukast decreased asthma-induced depression by
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suppressing airway inflammation. Asthma has been demon-
strated to be closely associated with depression (33-36). Since
montelukast is most commonly used in the treatment of allergic
asthma, the side effect of depression-like behavior caused by
montelukast has been debated in terms of whether it is associ-
ated with the drug or the disease itself (9,33-36). Therefore,
the effect of montelukast on the control mice was evaluated
to test whether the drug caused depression-like behavior
under physiological conditions. Montelukast application to the
control mice did not cause any change in the immobility times
following the second and third FST compared with controls at
the same time points.

During FST, an increase in immobility time indicated
behavioral despair and depression-like behavior (26,37,38).
FST is one of the oldest screening tests as it has been used
for numerous years and is one of the most accepted models
for the investigations of antidepressant activity (30,39,40).
Various drugs used in the treatment of depression were first
assessed using this test (30,40). However, this test has certain
disadvantages. For instance, FST is weak at reflecting clinical
situations. However, it is the most preferred pharmacological
test for assessing antidepressant activity and will be beneficial
in supporting future results using other methods, including
the elevated plus maze or sucrose tolerance tests, which asses
depressive-like behavior using different mechanisms (41).

In the current study, depression-like behavior was increased
in asthmatic mice; however, there was no indicated association
between montelukast treatment and depression. The associa-
tion between allergic asthma and depression has been reported
by several studies (41,42). Numerous patients with chronic
allergic asthma have a history of depression and patients
with asthma are more susceptible to suicide (43,44). Allergic
asthma dependent-chronic stress may lead to depression or
these two chronic diseases may coexist as they are affected by
similar inflammatory pathways (21,45). Increases in the levels
of inflammatory mediators, including cytokines and inter-
leukins have been demonstrated in depression and allergic
asthma (21,45). Uz et al (46) indicated that in arachidonate
5-lipoxygenase knock-out animals, depression-like behavior
declined due to a decrease in leukotrienes. Furthermore,
previous studies have reported that the immobility time
of mice and rats was increased by OVA-induced allergic
asthma (47,48); these results are consistent with the data of
the current study. Pharmacokinetic studies have reported that
the distribution of montelukast across the blood brain barrier
is limited (12) and that the cysteinyl leukotriene receptor-1
is weakly expressed in brain tissue (49,50). It has also been
indicated that when montelukast treatment is not sufficient for
allergic asthma therapy, mediators, including pro-inflamma-
tory cytokines, increase due to unresolved asthma and cause
sleep disorders, depression and suicidal behavior (15,51).

Neuropsychiatric side effects were not reported in clinical
trials and were not included in the prescribing information when
Singulair® was first authorized. However, with the widespread
use of montelukast, several post-marketing studies indicated
the drug caused depression, hallucinations, sleep disorders
and suicidal behavior (5). These side effects were reported
following the beginning of treatment and were revealed to
disappear following the cessation of the drug (52,53). Some
studies have not indicated an association between depression

and montelukast treatment (54,55). Furthermore, a previous
study indicated that there was no difference in the side effect
profiles of montelukast-treated and placebo groups (56).
Clinical studies have several limitations in the assessment of
behavioral adverse effects of drugs. In particular, the selection
of patients for clinical studies serves a key role in deter-
mining the reliability of the research and it is challenging to
exclude those who are susceptible to psychiatric diseases (57).
Furthermore, diagnosis of depression primarily depends on the
self-reports of patients, which can lead to abundant variation
among study populations (57). Thus, contradictory results are
expected in clinical studies on adverse behavioral effects (57).

The present experimental study had certain limitations,
such as only using FST for assessing depression-like behavior.
Although FST is a commonly used test for the evaluation of
depressed activity, additional behavioral tests, including those
for anxiety and hedonia, can be performed to confirm the side
effects of montelukast.

In conclusion, montelukast is an efficient drug and is
frequently the preferred treatment for asthma (9). Further
experimental studies should be conducted to increase the reli-
ability of clinical data, to achieve a better understanding of the
mechanisms of neuropsychiatric side effects and to provide
information for the safer use of montelukast.
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