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Background. The pathogenesis of abdominal aortic aneurysm (AAA) is characterized by atherosclerosis with chronic inflammation
in the aortic wall. Montelukast is a selective cys-LT 1 receptor antagonist that can suppress atherosclerotic diseases. We evaluated
the in vitro properties of montelukast and its in vivo activities in an angiotensin II-infused apolipoprotein E-deficient (apoE ™)
AAA mouse model. Methods. The mouse monocyte/macrophage cell line J774A.1 was used in vitro. M1 macrophages were treated
with montelukast, and gene expressions of inflammatory cytokines were measured. Macrophages were cultured with montelukast,
then gene expressions of arginase-1 and IL (interleukin)-10 were assessed by quantitative polymerase chain reaction, arginase-
1 was measured by fluorescence-activated cell sorting, and IL-10 concentration was analyzed by enzyme-linked immunosorbent
assay. In vivo, one group (Mont, n=7) received oral montelukast (10 mg/kg/day) for 28 days, and the other group (Saline, n=7)
was given normal Saline as a control for the same period. Aortic diameters, activities of matrix metalloproteinases (MMPs),
cytokine concentrations, and the number of M2 macrophages were analyzed. Results. Relative to control, montelukast significantly
suppressed gene expressions of MMP-2, MMP-9, and IL-1f, induced gene expressions of arginase-1 and IL-10, enhanced the
expression of the arginase-1 cell surface protein, and increased the protein concentration of IL-10. In vivo, montelukast significantly
decreased aortic expansion (Saline vs Mont; 2.44 + 0.15 mm vs 1.59 + 0.20 mm, P<.01), reduced MMP-2 activity (Saline vs Mont;
1240 uM vs 755 uM, P<.05), and induced infiltration of M2 macrophages (Saline vs Mont; 7.51 % vs 14.7 %, P<.05). Conclusion.
Montelukast induces M2 macrophage polarization and prevents AAA formation in apoE™~ mice.

whether or not montelukast, a cys-LT 1 receptor antagonist,
would be effective as a minimally invasive treatment, and how

Abdominal aortic aneurysm (AAA) is a localized dilatation
of the aorta and is a life-threatening vascular disorder [1]. The
usual treatment for AAA is open surgical repair or endovas-
cular repair to prevent rupture of the aorta. Although these
techniques are effective in patients with a large AAA, few
therapeutic strategies are available for surgically unsuitable
patients who have a small AAA or who are otherwise at
high risk or cannot undergo open or endovascular surgery
because of anatomical limitations. Therefore, nonsurgical or
less invasive therapeutic procedures for the treatment of AAA
are urgently required. The purpose of our study was to verify

macrophages were involved in its mechanism of action.

The pathogenesis of AAA is characterized by the destruc-
tion of the extracellular matrix, with chronic inflammation
in the aortic wall. This inflammation is induced by the
infiltration and activation of inflammatory cells such as
macrophages, which release inflammatory cytokines and
matrix metalloproteinases (MMPs) that cause degradation of
the extracellular matrix [2].

Macrophages play an important role in regulating the
inflammatory process in AAA. The two main macrophage
phenotypes are M1 and M2 [3]. M1 macrophages are release


http://orcid.org/0000-0002-7030-1541
http://orcid.org/0000-0002-6067-6833
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/9104680

proinflammatory cytokines and strongly promote aneurysm
formation. In contrast, M2 macrophages are considered
to be anti-inflammatory and are highly protective against
elastin degradation and aneurysm progression. Therefore, the
MI/M2 macrophage ratio plays a critical role in aneurysm
development and is potentially a significant therapeutic target
(4, 5].

Leukotrienes (LTs), which are derived from the 5-lip-
oxygenase (5-LO) pathway of arachidonic acid metabolism,
are potent lipid mediators with proinflammatory biological
actions [6]. Among them, cysteinyl-leukotrienes (cys-LTs),
which include LTC,, LTD,, and LTE,, increase vascular
permeability and smooth muscle cell contraction, leading
to bronchoconstriction and vasoconstriction in asthmatic
patients [7]. Recent experimental studies reported that LTD,
induced MMP production through a cys-LT 1 receptor in
the aortic wall [8] and that montelukast, a selective cys-
LT 1 receptor antagonist with anti-inflammatory effects that
has been widely used for the treatment of inflammatory
diseases such as asthma and allergic rhinitis, inhibited the
development of atherosclerotic diseases [9, 10]. Recently,
Gennaro et al. showed that montelukast prevented exper-
imental AAA [11]. However, little information is available
about the role of montelukast in AAA formation. Therefore,
we evaluated the in vitro properties of montelukast and
its in vivo activities in an angiotensin II (Ang II)-induced
apolipoprotein E-deficient (apoE_/ ~) AAA mouse model.

2. Materials and Methods

This study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals (National Insti-
tutes of Health, Publication 85-23, National Academy Press,
Washington, DC, USA, revised in 2011) and was approved
by the Institute for Laboratory Animal Research at the
Nagoya University Graduate School of Medicine (Protocol
No. 30003).

2.1. Cell Culture and Treatment. Murine macrophages of
the J774A.1 cell line were purchased from the National
Institutes of Biomedical Innovation, Health, and Nutrition
(Ibaraki, Osaka, Japan) and cultured in Dulbecco’s modified
essential medium (DMEM) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific). Macrophages
were seeded on 24-well tissue culture plates (Iwaki; AGC, Inc.,
Tokyo, Japan) at a concentration of 4x10° cells per well and
incubated for 4 days at 37°C in a humidified atmosphere with
5% CO,. To increase the release of MMPs and inflammatory
cytokines from inflammatory M1 macrophages, the cells were
stimulated by TNF-« (20 ng/ml) at 37°C in 5% CO, for
24 hours. After that, the medium was replaced with 1 ml
DMEM with 10% FBS containing 2 yM (n=6) or 20 uM
(n=6) montelukast (Tokyo Kasei Kogyo Co., Ltd., Tokyo,
Japan) for 12 hours [12]. We used the 20 uM dose because
a previous report demonstrated that 20 uM montelukast
reduced oxidized low-density lipoprotein-induced monocyte
adhesion to human umbilical vein endothelial cells [13].
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Control wells contained 1 ml of montelukast-free DMEM
(n=6).

2.2. RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). Total cellular RNA was extracted
from cultured cells with the NucleoSpin RNA kit (Takara Bio
Inc., Shiga, Japan) according to the manufacturer’s protocol.
Samples were normalized to 0.5 g of total RNA. Then, cDNA
was synthesized using the Takara PrimeScript RT reagent
kit (Takara Bio Inc.). qRT-PCR was performed using the
KAPA SYBR FAST gPCR kit (Kapa Biosystems, Boston, MA,
USA). The PCR cycling conditions were as follows: 95°C
for 1 minute and then 40 cycles of 15 seconds at 95°C for
denaturation, followed by 60°C for 45 seconds for annealing.
To amplify macrophage genes, we selected primers for MMP-
2, MMP-9, interleukin (IL)-1f, IL-6, monocyte chemotactic
protein (MCP)-1, TNF-«, IL-10, and arginase-1, along with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
control (Table 1) [12].

2.3. Flow Cytometry. Murine macrophages of the ]J774A.1
cell line were cultured with (n=3) or without (n=3) 20 yuM
montelukast for 96 hours. To analyze immunophenotyping
of a specific cell surface antigens of anti-inflammatory M2
macrophages, flow cytometry was performed. Markers of
arginase-1 (arginase-1 monoclonal antibody-PE, eBioscience,
1:100; Invitrogen, Thermo Fisher Scientific) and of mouse
IgG2s K isotype as a negative control (1:100; Invitrogen,
Thermo Fisher Scientific) were measured on montelukast-
treated and control macrophages using a FACS Calibur
(Becton Dickinson, NJ, USA) and FlowJo software ver 9.9.4
(FlowJo LLC, Oregon, USA) [4].

2.4. Animal Preparation and Drug Administration. AAA
model mice were generated as previously described [14, 15].
Briefly, apoE~~ mice on the C57BL/6 background were
purchased from the Jackson Laboratory (Sacramento, CA,
USA) and maintained on a regular diet under standard
conditions (24°C, 63% humidity). Male apoE_/ ~ mice (6
to 8 months old) were infused with 1000 ng/kg/min Ang
IT (Calbiochem, Darmstadt, Germany) for 28 days through
subcutaneous osmotic minipumps (model 2004; DURECT,
Cupertino, CA, USA) that were implanted under anesthesia
with isoflurane. Several studies reported that the efficacy
of montelukast against asthma was dose dependent when
administered orally [16-18], so we presumed that its effec-
tiveness in this setting could be concentration dependent.
Therefore, one group (Mont, n=7) received oral montelukast
(10 mg/kg/day) through a gastric tube once a day for 28
days, and the other group (Saline, n=7) was administered oral
normal Saline for the same period (Supplementary Figure
1). We examined the maximum AAA diameters of mice
by ultrasonography (10 MHz; GE Healthcare, Chicago, IL,
USA) before pump implantation and every week thereafter.
Mice were sacrificed at 28 days after administration, and
the portion of the aorta between the descending aorta and
the iliac bifurcation was harvested. The maximum AAA
diameter from the thoracoabdominal aorta to the suprarenal
abdominal aorta was measured, as previously described [14,
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TaBLE 1: Primers used in the quantitative reverse transcription polymerase chain reaction assay.

Gene Accession No. Forward and reverse primer (5'-3")
GAPDH NM._008084 AACTTTGGCATTGTGGAAGG
GGATGCAGGGATGATGTTCT
IL-18 NM. 008361 CAGGCAGGCAGTATCACTCA
AGCTCATATGGGTCCGACAG
IL-6 NM_031168 AGTTGCCTTCTTGGGACTGA
TCCACGATTTCCCAGAGAAC
IL-10 NM.010548 CCAGTTTTACCTGGTAGAAG
TGTCTAGGTCCTGGAGTCCA
MMP-2 NM.008610 GTCGCCCCTAAAACAGACAA
GGTCTCGATGGTGTTCTGGT
MMP-9 NM._013599 CGTCGTGATCCCCACTTACT
AACACACAGGGTTTGCCTTC
TNF-o NM._013693 TATGGCTCTGGGTCCAACTC
CTCCCTTTGCAGAACTCAGG
MCP-1 NM._011333 CCACTCACCTGCTGCTGCTA
TGGTGATCCTCTTGTAGCTC
Arginase-1 NM._007482 CAGAAGAATGGAAGAGTCAG
CAGATATGCAGGGAGTCACC
MMP-2 MMP-9 IL-18
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[ 30.0 4 o L
1.00 I L
jan) 1.20
a 25.0 A
5 0801 1.00 -
= 20.0
2 0.60 - 0.80 -
I 15.0 4
& 0.60 -
S 0.40 4
S) 10.0 0.40 -
0207 5.0 4 0.20 -
0.00 0.0 0.00
Mont - Mont+  Mont + Mont - Mont + Mont + Mont - Mont + Mont +
2uM 20uM 2uM 20uM 2uM 20uM

FiGure 1: Effects of montelukast on gene expressions of proinflammatory factors in TNF-a-stimulated macrophages. These macrophages
were incubated for 12 hours in culture medium containing montelukast. Gene expression levels were determined by quantitative RT-PCR
and standardized to GAPDH levels. Expressions of MMP-2, MMP-9, IL-1f3, and NF-«B were significantly lower in macrophages cocultured
with 20 uM montelukast (n=6) than in nontreated macrophages (n=6). Data are expressed as the mean + standard error of the mean and

assessed by one-way ANOVA (*P < 0.05 **P < 0.01).

15]. AAA was defined as a 50% increase relative to the external
aortic diameter before pump implantation [19]. Images of
aortas were captured with a DP70 digital camera (Olympus,
Tokyo, Iapan) connected to stereomicroscope, and 2-mm-
long segments of isolated aorta were cut at the infradi-
aphragm for histologic examination. The residual aorta was
minced and homogenized for analysis of MMP enzymatic
activity and protein expression.

2.5. Elastica Van Gieson Staining. For the determination
of elastin degradation, we performed Elastica van Gieson
staining as previously described [14]. Briefly, harvested aortas
were embedded in OCT compound (Tissue-Tek; Sakura
Finetek USA, Torrance, CA, USA), and we prepared frozen
slices (8-pm thickness) using a microtome cryostat (Leica
microsystems). The frozen cross-sections were stained with
Weigert's resorcin-fuchsin (Muto Pure Chemicals, Tokyo,



Japan) according to the manufacturer's protocol, and stained
samples were photographed with an FSX-100 microscope
(Olympus, Tokyo, Japan). The number of intact elastin fibrils
on the aortic wall was analyzed using Image] software
(National Institutes of Health, Bethesda, MD, USA). The
images were used to quantify the percent area of elastin and
the percent area of medial components between the elastic
lamellae relative to the total medial tissue area [20].

2.6. MMP-2 and MMP-9 Enzymatic Activity. To assay MMP
activity, aortic tissues were homogenized with protein extrac-
tion buffer containing 20 mM Tris-HCl (pH 7.6), 150 mM
NaCl, 50 mM CaCl,, 0.01% Brij-35 (MP Biomedicals, Santa
Ana, CA, USA), and 1% Triton-X 100. MMP-2 activity in
aortic tissues was determined using the MMP-2 activity assay
kit (SensoLyte 520; AnaSpec, San Jose, CA, USA), and activity
of MMP-9 was detected using the MMP-9 activity assay
kit (QuickZyme BioSciences, Netherlands) according to the
manufacturer’s protocol [21].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). Aortic
tissues and 20 uM montelukast-induced macrophages were
homogenized using an ultrasonic disintegrator (Sonics &
Materials, Inc., Newtown, CT, USA) in protein extraction
buffer (CytoBuster; Novagen, Merck KGaA, Darmstadt,
Germany) with 20 mM of ethylenediaminetetraacetic acid
(Dojindo, Kumamoto, Japan) and 1 mM of phenylmethyl-
sulfonyl fluoride (Thermo Fisher Scientific). Lysate protein
concentration was measured using the Qubit® Protein Assay
Kit and Qubit® 2.0 fluorometer (Thermo Fisher Scientific).
An equal concentration of total protein was applied to each
assay kit and detected according to the manufacturer's proto-
col for each ELISA kit (TIMP-1 and TGEF-f1: R&D Systems,
Minneapolis, MN, USA; TIMP-2: RayBiotech, Norcross, GA,
USA; IGF-1: Mediagnost, Reutlingen, Germany; IL-1f3, IL-6,
TNF-«, and MCP-1: Bender MedSystems, Vienna, Austria;
IL-10: Thermo Fisher, Waltham, MA, USA) [12]. Seven
samples were analyzed per group.

2.8. Immunofluorescence of M1 and M2 Macrophages. To
identify M1 inflammatory and M2 anti-inflammatory macro-
phages, immunofluorescence was performed as previously
described [14, 15]. After frozen sections were fixed and
blocked, rabbit polyclonal anti-inducible nitric oxide syn-
thase (iNOS) antibody (1:100; Abcam, Cambridge, UK) and
rabbit anti-arginase-1 antibody (1:50; Cell Signaling Technol-
ogy, Danvers, MA, USA) were used as primary antibodies for
staining M1 and M2 macrophages, respectively. Anti-rabbit
IgG (H+L) Alexa Fluor 546-conjugated antibody (1:1000; Cell
Signaling Technology) and anti-rabbit immunoglobulin G
(IgG; H+L) Alexa Fluor 488-conjugated antibody (1:1000;
Cell Signaling Technology) were used as secondary antibod-
ies against iNOS and arginase-1 primary antibodies, respec-
tively. Nucleated cells were stained using 4,6-diamidino-
2-phenylindole Fluoromount-G (Southern Biotech, Birm-
ingham, AL, USA). Slides were imaged using an Olympus
IX51 microscope and DP2-BSW software (Olympus, Tokyo,
Japan), and images were analyzed by Image] software. For
quantification, seven random, nonoverlapping regions were
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imaged for each AA tissue sample. The number of iNOS or
arginase-1-positive nucleated cells was then counted for each
image. Images that were stained with DAPI only were used as
a control, and the percentage of M1 or M2 macrophages was
calculated.

2.9. Statistical Analysis. Statistical significance was calculated
and compared between 2 groups using the 2 test or unpaired
t-test as appropriate, and between 3 groups using one-way
ANOVA and subsequent Tukey-Kramer multiple compari-
son. The SPSS software package (SPSS Inc., Chicago, IL, USA)
was used in all cases. Data are shown as the mean + standard
error of the mean. P values less than 0.05 were considered
statistically significant.

3. Results

3.1. Montelukast Suppresses Inflammatory Mediators Induced
by TNF-a. A dose of 20 uM montelukast significantly sup-
pressed macrophages gene expressions of MMP-2 (Mont- vs
20 uM; 0.94 + 0.06 vs 0.64 + 0.06, P<.01), MMP-9 (Mont- vs
20 uM; 26.5 + 3.18 vs 16.7 + 1.56, P<.05), and IL-1f3 (Mont-
vs 20 uM; 1.37 + 0.12 vs 0.56 + 0.11, P<.01). However, 2 uM
montelukast caused no significant differences compared with
control (Figure 1).

3.2. Montelukast Induces M2 Macrophages. In macrophages
cultured with 20 ygM montelukast, qRT-PCR showed signif-
icantly increased gene expression of IL-10 (Mont- vs Mont+;
0.13 £ 0.03 vs 0.40 + 0.02, P<.01) and arginase-1 (Mont- vs
Mont+; 0.87 + 0.05 vs 3.35 + 0.30, P<.01) (Figure 2(a)), and
flow cytometric analysis demonstrated significantly increased
expression of arginase-1 (Mont- vs Mont+; 17.8 + 1.20 % vs
38.5 + 3.76 %, P<.05, Figure 2(b)). The protein level of IL-
10 was significantly higher in macrophages cocultured with
20 uM montelukast than in nontreated macrophages (Mont-
vs Mont+; 31.4 + 0.40 pg/ml vs 75.7 + 1.29 pg/ml, P<.05,
Figure 2(c)).

3.3. Aortic Diameter Reduction. During this experiment, no
mice died or experienced complications. The maximal aortic
diameters in the Saline and montelukast groups, respectively,
were 0.91 + 0.04 mm and 0.99 + 0.06 mm before adminis-
tration (P=.27),1.48 + 0.12 mm and 1.16 + 0.04 mm at day 7
(P<.05),1.70 £ 0.14 mm and 1.30 + 0.14 mm at day 14 (P=.08),
2.02 + 0.14 mm and 1.36 + 0.13 mm at day 21 (P<.01), and 2.10
+0.15 mm and 1.45 + 0.15 mm at day 28 (P<.05) (Figures 3(a),
3(b), and 3(c)). At day 28, aortic diameters under microscopy
were significantly expanded in the Saline group compared
with the montelukast group (Saline vs Mont; 2.44 + 0.15 mm
vs 1.59 + 0.20 mm, P<.01, Figure 3(d)). The incidence rate of
AAAs in the Saline group was significantly higher than that
in the montelukast group (Saline vs Mont; 100 % vs 14.3 %,
P<.01, Figure 3(e)).

3.4. Elastic Lamellae in Medial Layer of the Aortic Wall. The
aortic media in the Saline group contained a lower percentage
of unbroken elastic lamellae than the montelukast group
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FIGURE 2: Gene expressions of IL-10 and arginase-1, cell surface antigen expression of arginase-1, and protein concentration of IL-10.
Macrophages were incubated for 96 hours with medium with (n=3) or without (n=3) 20 M montelukast. Gene expressions of IL-10 and
arginase-1 were measured by qRT-PCR, arginase-1 cell surface antigen expression on macrophages was analyzed by flow cytometry, and
protein concentration of IL-10 was detected by enzyme-linked immunosorbent assay. Macrophages cultured with montelukast demonstrate
significantly increased gene expressions of IL-10 and arginase-1 (a), protein expression of arginase-1 (b), and protein concentration of IL-10
(c). Data are presented as the mean + standard error of the mean. (a) **P < 0.01, (b, ¢) “P < 0.05.

(Saline vs Mont; 45.0 + 3.04 vs 56.1 £ 1.62 (%), P<.05) (Figures However, there was no significant difference between the two
4(a) and 4(b)). groups in the activity of endogenous MMP-9.

3.5. Suppression of MMP-2 Activity. The activity of endoge-  3.6. Expression of Cytokines, Chemokines, and Growth Factors
nous MMP-2 was significantly lower in the montelukast  in Aortic Walls. There were no significant differences in
group than in the Saline group (endogenous MMP-2: Saline ~ expression levels of TIMP-2, MCP-1, IL-18, TNF-«, IGF-
vs Mont; 1234 + 199 uM vs 734 + 71 uM, P<.05, Figure 5). 1, or TGF-f51 between the Saline and montelukast groups.
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FIGURE 3: Aortic diameter on ultrasonography, macroscopic findings, aortic diameter, and incidence of aortic aneurysm in the montelukast
group (n=7) and the Saline group (n=7). (a) Ultrasonography shows long-axis views of the thoracoabdominal aorta. (b) Aortic aneurysm
formation is significantly suppressed in the montelukast group compared with the Saline group. (c) Representative macroscopic images
indicate that aortic aneurysms developed in the Saline group but not the montelukast group. (d) At day 28 after implantation, the aortic
diameter in the montelukast group is significantly lower than that in the Saline group. (e) The incidence rate of aortic aneurysm is 100% in
the Saline group, compared with 14.3% in the montelukast group. Data are presented as the mean + standard error of the mean. (b) *P < 0.05,
(d,e) **P < 0.01.
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FIGURE 4: Elastica van Gieson staining. (a) Images show more extensive destruction of the elastic lamellae in the Saline group than in the
montelukast group. (b) The medial elastin area is significantly lower in the Saline group (n=7) than in the montelukast group (n=7). Data are

presented as the mean + standard error of the mean. (b) *P < 0.05.
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FIGURE 5: The amounts of MMP-2 and MMP-9 in AAA tissues were calculated. Endogenous MMP-2 is significantly lower in the montelukast
group (n=7) than in the Saline group (n=7). Data are presented as the mean + standard error of the mean (*P < 0.05).

However, the montelukast group demonstrated a significantly
lower expression level of IL-6 (Saline vs Mont; 95.4 + 21.2
pg/ml vs 34.3 + 7.70 pg/ml, P<.05) and a significantly higher
expression level of TIMP-2 (Saline vs Mont; 400 + 69.8 pg/ml
vs 725 + 82.6 pg/ml, P<.05) (Figure 6).

3.7. Percentages of M1 and M2 Macrophages. Immunofluo-
rescent staining, shown in Figure 7(a), indicated that the
percentage of M1 macrophages (iNOS positive) was signif-
icantly higher in the Saline group than in the montelukast
group (Saline vs Mont; 23.8 £+ 1.20 % vs 13.1 + 0.72 %, P<.01,
Figure 7(b)). In contrast, the percentage of M2 macrophages
(arginase-1 positive) was significantly higher in the mon-
telukast group than in the Saline group (Saline vs Mont; 7.51
+ 1.84 % vs 14.7 + 1.72 %, P<.05, Figure 7(b)). The M1/M2
macrophage ratio was significantly lower in the montelukast
group (Saline vs Mont; 8.32 + 2.34 % vs 0.87 + 0.25 %, P<.05,
Figure 7(c)).

4. Discussion

Leukotrienes, which are derived from arachidonic acid by 5-
LO in conjunction with 5-LO-activating protein (FLAP), are
potent leukocyte chemoattractants and mediators of inflam-
mation. LTA,, which is produced from arachidonic acid, is
hydrolyzed by LTA, hydrolase into LTB, or conjugated by
LTC, synthase (LTC,S) to form cys-LTs, including LTC,,
LTE,, and LTD, [9]. Animal and human studies revealed that
cys-LTs were involved in the pathogenesis of atherosclerosis
and that the 5-LO pathway played an important role in
the formation of AAA. Increased expression of cys-LTs was
detected in human atherosclerotic lesions [22], and mice with
5-LO gene deletion demonstrated a significant reduction of
atherosclerosis [23]. In the walls of human AAA, mRNA
levels of 5-LO, FLAP, and LTC,S were significantly increased,
and incubation of aortic wall tissues with arachidonic acid
produced a significant amount of cys-LTs [24]. These findings



8
IL-6 IL-18
(pg/ml) (pg/ml)
140 - 40 +
*
120 — 35
100 - 30 1
50 25
6 20
| 15 -
40 - 10 1
20 A 5
Saline Mont Saline Mont
TIMP-1 TIMP-2
(pg/ml) (pg/ml)
1.6 - 1000 - *
L4 800
1.2 1 1
14 600 -
0.8 1
0.6 - 400 1
0.41 200 A
0.2
Saline Mont Saline Mont

BioMed Research International

MCP-1 TNF-«
(pg/ml) (pg/ml)
500 - 120 -
400 J 100 1
80
300 A
60
200 -
40
100 - 20
0 - 0 -
Saline Mont Saline Mont
IGF-1 TGE-B1
(pg/ml) (pg/ml)
70 - 200 -
60 |
50 | 150 1
40 A
100 A
30 A
20 - 50 4
10 A
0 0
Saline Mont Saline Mont

FIGURE 6: Protein concentration in the aortic tissue, measured by enzyme-linked immunosorbent assay. Compared with the Saline group
(n=7), the montelukast group (n=7) demonstrates a significantly lower expression level of IL-6 but a significantly higher level of TIMP-2.
Data are presented as the mean + standard error of the mean (*P < 0.05).

show that cys-LTs induce the release of MMPs, including
MMP-2 and MMP-9, as well as inflammatory cytokines
such as ILs and TNF-a, from macrophages through cys-LT
receptor 1.

Montelukast, a selective cys-LT receptor 1 antagonist,
has been widely used to treat asthma and allergic rhini-
tis. Its mechanisms of action are considered to include
stimulating neutrophil infiltration [25], balancing oxidant-
antioxidant status, and decreasing plasma C-reactive protein
levels. Some studies showed that montelukast could inhibit
the inflammatory response related to atherosclerosis [9, 26].
A previous animal study demonstrated that montelukast
inhibited the development of atherosclerosis in association
with decreased expression of MMP-2 and MMP-9 [27],
and another experimental study indicated that montelukast
produced anti-atherogenic effects related to MCP-1 downreg-
ulation [28]. Recently, Gennaro et al. demonstrated that mon-
telukast reduced experimental AAA by inhibiting the release
of MMP-9 and macrophage inflammatory protein-le [11].
However, they did not investigate the relationship between
montelukast and anti-inflammatory effects, especially those
mediated by M2 macrophages. In contrast, we revealed that
M2 macrophage polarization by montelukast participated in
the prevention of AAA formation.

We demonstrated that montelukast suppressed the gene
expressions of inflammatory cytokines in stimulated macro-
phages induced by TNF-« in vitro. The gene expressions
of MMP-2, MMP-9, and IL-1$ were significantly lower in

macrophages cocultured with montelukast than in non-
treated macrophages. IL-18 is considered to be an important
mediator of inflammation and is believed to be critical in
experimental AAA formation [29].

While montelukast suppressed the expression of certain
genes in our study, it also promoted gene expressions of
IL-10 and arginase-1, enhanced the protein expression of
arginase-1, and increased the protein concentration of IL-
10 in macrophages incubated with montelukast. Our data
thus indicate for the first time that montelukast induces M2
macrophages, which play a key role in suppressing AAA
formation. Montelukast not only potently inhibits cys-LT
but also strongly induces M2 macrophage polarization, and
consequently it is reasonable to suppose that administration
of montelukast could inhibit the development and expansion
of AAA. Moreover, we found that montelukast significantly
decreased the infiltration of Ml inflammatory macrophages
and increased the infiltration of M2 anti-inflammatory
macrophages in an in vivo experiment. The mechanism
whereby montelukast prevents AAA formation therefore
seems to involve enhancing anti-inflammatory activity by
inducing M2 macrophages, leading to a reduction in size of
AAA. M2 macrophages are divided into three phenotypes,
namely, M2a, M2b, and M2c, and M2c has the strongest sup-
pressive effect [30]. Several studies reported that polarization
of the M2c phenotype was induced by IL-10, which is an anti-
inflammatory cytokine [30, 31]. In addition, some reports
showed that treatment with montelukast increased IL-10
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FIGURE 7: Immunofluorescence staining. (a) In immunofluorescence staining of M1 and M2 macrophages, nitric oxide synthase
(iNOS)-labeled M1 macrophages are shown in red, and arginase-1-labeled M2 macrophages are shown in green. Nuclei are stained blue.
(b) Quantitative analysis of iNOS-positive and arginase-1-positive cells as ratios relative to the total number of cells (nuclei) shows that
the percentage of M1 macrophages is significantly higher in the Saline group than in the montelukast group, and the percentage of M2
macrophages is significantly higher in the montelukast group than in the Saline group. (c) Quantitation of the iNOS-positive cells divided by
the arginase-1-positive cells (%). Data are presented as the mean + standard error of the mean. (b) *P < 0.05 and "*P < 0.01, (c) P < 0.05.

levels in serum and inhibited inflammation [32, 33]. Further =~ promotes macrophage accumulation and a vascular inflam-
experiments are needed to determine how M2 macrophage matory response in the adventitia of apoE_/ ~ mice, a mech-
polarization is influenced by montelukast. anism that is similar to that in human AAA models such

The in vivo experiments in this study investigated Ang  as those involving calcium chloride or elastase [34]. We
I-infused AAA in apoE™/~ mice. Angiotensin II infusion  showed that orally administered montelukast suppressed the
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formation and progression of AAA, decreased the degrada-
tion of the medial elastin area, regulated the expression of
inflammatory proteins in the aortic wall, and inhibited MMP-
2 activity. Our findings suggest that montelukast suppresses
the destruction of the extracellular matrix in the aortic wall
by inhibiting the infiltration of inflammatory factors and
attenuating the activity of MMP, resulting in the prevention
of AAA formation. Given that montelukast significantly
promotes TIMP-2, whose primary role is to regulate MMP-2
enzyme activity, the drug might suppress MMP-2 by affecting
TIMP-2. This mechanism differs from that of doxycycline,
which is a potent antibiotic against microbial infections and
which directly inactivates MMPs by combining with their
active zinc site [12, 35]. The finding that montelukast had no
significant effect on MMP-9 activity in our in vivo experiment
differs from the results of previous studies [11, 27]. In our
in vitro experiment, montelukast significantly suppressed
MMP-9 gene expression in macrophages. Although MMP-
9 is secreted by a large number of cell types, including
neutrophils, fibroblasts, and endothelial cells, no studies
have investigated whether montelukast influences MMP-9
secretion by each of these cell types. Thus, it is possible that
MMP-9 secretion by these cells might have impacted our
results.

Limitations of the current study should be mentioned.
First, it is important to note that the in vivo dose of
montelukast used in this study was higher than the dose
generally administered for treatment of asthma. Referring to
previous reports [18] and considering that montelukast has
few side effects, we selected a dose of 10 mg/kg/day in mice,
while in humans the standard dose is 10 mg/day in adults and
5 mg/day in children. Second, although Ang II-infused AAA
in apoE™/~ mice was used as a model in this study because
the underlying pathophysiologic mechanism resembles that
of human AAA, we must verify the efficacy of montelukast in
another animal model, such as a calcium chloride-induced
or elastase-perfusion mouse model.

5. Conclusions

Our results suggest that montelukast induces M2 macrophage
polarization and prevents AAA formation in apoE_/ " mice.
Montelukast might have therapeutic potential in preventing
the development of AAA.

Data Availability

All data generated or analyzed during this study are included
in this article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors wish to acknowledge the Division of Experimen-
tal Animals and the Division for Medical Research Engineer-
ing, Nagoya University Graduate School of Medicine, for use

BioMed Research International

of the FACS Calibur system and a microtome cryostat (Leica
Microsystems).

Supplementary Materials

Diagram of our in vivo study protocol. In the montelukast
group, mice orally received montelukast (10 mg/kg/day)
once a day. The Saline group received the same dosage
of normal Saline. Administration of montelukast and
Saline were begun immediately after subcutaneous pump
implantation. Ultrasonography was performed every week.
(Supplementary Materials)

References

[1] R. W. Thompson, P. J. Geraghty, and J. K. Lee, “Abdominal
aortic aneurysms: basic mechanisms and clinical implications,”
Current Problems in Surgery, vol. 39, no. 2, pp. 110-230, 2002.

[2] J. A. Curciand R. W. Thompson, “Adaptive cellular immunity in
aortic aneurysms: cause, consequence, or context?” The Journal
of Clinical Investigation, vol. 114, no. 2, pp. 168-171, 2004.

[3] P. J. Murray and T. A. Wynn, “Protective and pathogenic
functions of macrophage sebsets,” Nature Reviews Immunology,
vol. 11, pp. 723-737, 2011.

[4] M. A. Dale, W. Xiong, J. S. Carson et al., “Elastin-derived
peptides promote abdominal aortic aneurysm formation by
modulating M1/M2 macrophage polarization,” The Journal of
Immunology, vol. 196, no. 11, pp. 4536-4543, 2016.

[5] A.Busch, C. Grimm, E. Hartmann et al., “Vessel wall morphol-
ogy is equivalent for different artery types and localizations of
advanced human aneurysms,” Histochemistry and Cell Biology,
vol. 148, no. 4, pp. 425-433, 2017.

[6] B. Samuelsson, “Leukotrienes: mediators of immediate hyper-
sensitivity reactions and inflammation,” Science, vol. 220, no.
4597, pp. 568-575, 1983.

[7] B. Dahlen and S.-E. Dahlen, “Leukotrienes as mediators of
airway obstruction and inflammation in asthma,” Clinical &
Experimental Allergy Reviews, vol. 25, no. 2, pp. 50-54, 1995.

[8] L. Zhao, M. P. W. Moos, R. Gribner et al., “The 5-lipoxygenase
pathway promotes pathogenesis of hyperlipidemia-dependent
aortic aneurysm,” Nature Medicine, vol. 10, no. 9, pp. 966-973,
2004.

[9] C.D.Funk, “Leukotriene modifiers as potential therapeutics for
cardiovascular disease,” Nature Reviews Drug Discovery, vol. 4,
no. 8, pp. 664-672, 2005.

(10] E.Ingelsson, L. Yin, and M. Bick, “Nationwide cohort study of
the leukotriene receptor antagonist montelukast and incident
or recurrent cardiovascular disease,” The Journal of Allergy and
Clinical Immunology, vol. 129, no. 3, pp. 702-707, 2012.

[11] A. Di Gennaro, A. C. Aratjo, A. Busch et al, “Cys-
teinyl leukotriene receptor 1 antagonism prevents experimen-
tal abdominal aortic aneurysm,” Proceedings of the National
Acadamy of Sciences of the United States of America, vol. 115, no.
8, pp- 1907-1912, 2018.

[12] A. Yamawaki-Ogata, R. Hashizume, M. Satake et al., “A doxy-
cycline loaded, controlled-release, biodegradable fiber for the
treatment of aortic aneurysms,” Biomaterials, vol. 31, no. 36, pp.
9554-9564, 2010.

[13] X. Dj, X. Tang, and X. Di, “Montelukast inhibits oxidized low-
density lipoproteins (ox-LDL) induced vascular endothelial


http://downloads.hindawi.com/journals/bmri/2019/9104680.f1.docx

BioMed Research International

(14]

(15]

(16]

(17]

[20]

[21]

[22]

(23]

(24]

[25]

attachment: An implication for the treatment of atherosclero-
sis,” Biochemical and Biophysical Research Communications, vol.
486, no. 1, pp. 58-62, 2017.

A. Yamawaki-Ogata, X. Fu, R. Hashizume et al., “Therapeutic
potential of bone marrow-derived mesenchymal stem cells in
formed aortic aneurysms of a mouse model,” European Journal
of Cardio-Thoracic Surgery, vol. 45, no. 5, pp. el56-el65, 2014.

R. Hashizume, A. Yamawaki-Ogata, Y. Ueda, W. R. Wagner, and
Y. Narita, “Mesenchymal stem cells attenuate angiotensin II-
induced aortic aneurysm growth in apolipoprotein E-deficient
mice,” Journal of Vascular Surgery, vol. 54, no. 6, pp. 1743-1752,
2011.

T.R. Jones, M. Labelle, M. Belley et al., “Pharmacology of mon-
telukast sodium (Singulair), a potent and selective leukotriene
D4 receptor antagonist,” Canadian Journal of Physiology and
Pharmacology, vol. 73, no. 2, pp. 191-201, 1995.

J. Suzuki and M. Nishikibe, “Pharmacological profile and clin-
ical effects of montelukast sodium (Singulair chewable tablet),
an antiasthmatic agent,” Folia Pharmacologica Japonica, vol. 120,
no. 5, pp. 343-352, 2002.

S.-Y. Eum, K. Maghni, Q. Hamid, H. Campbell, D. H. Eidelman,
and J. G. Martin, “Involvement of the cysteinyl-leukotrienes in
allergen-induced airway eosinophilia and hyperresponsiveness
in the mouse,” American Journal of Respiratory Cell and Molec-
ular Biology, vol. 28, no. 1, pp. 25-32, 2003.

K. W. Johnston, R. B. Rutherford, M. D. Tilson, D. M. Shah, L.
Hollier, and J. C. Stanley, “Suggested standards for reporting on
arterial aneurysms. subcommittee on reporting standards for
arterial aneurysms, ad hoc committee on reporting standards,
society for vascular surgery and north american chapter, inter-
national society for cardiovascular surgery,” Journal of Vascular
Surgery, vol. 13, no. 3, pp- 452-458, 1991.

J. A. Jones, C. Beck, J. R. Barbour et al., “Alterations in
aortic cellular constituents during thoracic aortic aneurysm
development: Myofibroblast-mediated vascular remodeling,”
The American Journal of Pathology, vol. 175, no. 4, pp. 1746-1756,
2009.

Y. Koyama and K. Tanaka, “Intracerebroventricular administra-
tion of an endothelin ET z-receptor agonist increases expression
of matrix metalloproteinase-2 and -9 in rat brain,” Journal of
Pharmacological Sciences, vol. 114, no. 4, pp. 433-443, 2010.

H. Qiu, A. Gabrielsen, H. E. Agardh et al, “Expression
of 5-lipoxygenase and leukotriene A, hydrolase in human
atherosclerotic lesions correlates with symptoms of plaque
instability,” Proceedings of the National Acadamy of Sciences of
the United States of America, vol. 103, no. 21, pp. 8161-8166, 2006.

M. Mehrabian, H. Allayee, J. Wong et al., “Identification of 5-
Lipoxygenase as a major gene contributing to atherosclerosis
susceptibility in mice,” Circulation Research, vol. 91, no. 2, pp.
120-126, 2002.

A. Di Gennaro, D. Wagsater, M. I. Mayranpaa et al., “Increased
expression of leukotriene C4 synthase and predominant for-
mation of cysteinyl-leukotrienes in human abdominal aortic
aneurysm,” Proceedings of the National Acadamy of Sciences of
the United States of America, vol. 107, no. 49, pp. 21093-21097,
2010.

M. Ergahin, 0. Cevik, D. Akakin et al., “Montelukast inhibits
caspase-3 activity and ameliorates oxidative damage in the
spinal cord and urinary bladder of rats with spinal cord injury;’
Prostaglandins & Other Lipid Mediators, vol. 99, no. 3-4, pp. 131~
139, 2012.

(26]

(27]

(28]

[29]

(30]

(31]

W
)

[34]

11

J. Jawien, M. Gajda, P. Wolkow, J. Zuranska, R. Olszanecki,
and R. Korbut, “The effect of montelukast on atherogenesis in
apoE/LDLR - Double knockout mice,” Journal of Physiology and
Pharmacology, vol. 59, no. 3, pp. 633-639, 2008.

D. Liu, S. Ge, G. Zhou et al., “Montelukast inhibits Matrix
metalloproteinases expression in atherosclerotic rabbits,” Car-
diovascular Drugs and Therapy, vol. 23, no. 6, pp. 431-437, 2009.
S. Ge, G. Zhou, S. Cheng et al., “Anti-atherogenic effects of
montelukast associated with reduced MCP-1 expression in a
rabbit carotid balloon injury model,” Atherosclerosis, vol. 205,
no. 1, pp. 74-79, 2009.

W. E Johnston, M. Salmon, N. H. Pope et al., “Inhibition of
interleukin-1f decreases aneurysm formation and progression
in a novel model of thoracic aortic aneurysms,” Circulation, vol.
130, supplement 1, no. 11, pp. S51-S59, 2014.

A.Mantovani, A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M.
Locati, “The chemokine system in diverse forms of macrophage
activation and polarization,” Trends in Immunology, vol. 25, no.
12, pp. 677-686, 2004.

R. L. Lopes, T. J. Borges, R. F. Zanin, and C. Bonorino, “IL-10 is
required for polarization of macrophages to M2-like phenotype
by mycobacterial DnaK (heat shock protein 70),” Cytokine, vol.
85, pp. 123-129, 2016.

L. Stelmach, J. Jerzynska, and P. Kuna, “A randomized, double-
blind trial of the effect of glucocorticoid, antileukotriene and
B-agonist treatment on IL-10 serum levels in children with
asthma,” Clinical & Experimental Allergy, vol. 32, no. 2, pp. 264—
269, 2002.

L. Stelmach, P. Majak, J. Jerzynska, and P. Kuna, “The effect of
treatment with montelukast on in vitro interleukin-10 produc-
tion of mononuclear cells of children with asthma,” Clinical ¢
Experimental Allergy, vol. 35, no. 2, pp. 213-220, 2005.

E. L. Henderson, Y.-J. Geng, G. K. Sukhova, A. D. Whittemore,
J. Knox, and P. Libby, “Death of smooth muscle cells and
expression of mediators of apoptosis by T lymphocytes in
human abdominal aortic aneurysms,” Circulation, vol. 99, no.
1, pp. 96-104, 1999,

R. A. Garcia, D. P. Pantazatos, C. R. Gessner, K. V. Go, V. L.
Woods Jr., and F. J. Villarreal, “Molecular interactions between
matrilysin and the matrix metalloproteinase inhibitor doxycy-
cline investigated by deuterium exchange mass spectrometry,’
Molecular Pharmacology, vol. 67, no. 4, pp. 1128-1136, 2005.



