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mRNA indicates that cys-LTs are the main products of this pathway
in the mouse AAA model, in agreement with what was observed
in human AAA (9). We also checked a trend to increase the
FLAP and LTA4H transcripts, indicating that other leukotri-
ene signaling (LTA,H) might have a (small) role in AAA
development.

In addition, immunohistochemistry was performed in CaCl,-
treated mice. The results showed focal accumulation in media
and adventitia layers of 5-LO, FLAP, and LTC,S positive cells
that partially colocalized with positive cells for mouse macro-
phage marker CD68 (Fig. 1B). This result confirms previous
reports, which indicated macrophages as important inflammatory
cells (15, 16) and a source of LTs (11) during AAA progression.

CysLT1 Antagonism Reduces CaCl,-Induced AAA. The morphological
analysis of sections stained by hematoxylin, 21 d after CaCl,
challenge confirmed a significant dilatation of the vascular wall
(aorta circumference: 2.34 = 0.57 mm) compared with NaCl-
treated control (aorta circumference: 1.16 * 0.102 mm, P =
0.0001), whereas the treatment of mice with montelukast 0.1 or
1 mg/kg/d reduced the CaCl,-induced AAA (aorta circumfer-
ence: 1.76 £ 0.22 mm, P = 0.0479 and 1.62 * 0.42 mm, P =
0.0022, respectively) (Fig. 1C). To ascertain that the protective
effect of montelukast was leukotriene dependent we induced
aneurysm in 5-LO-deficient mice (4lox5 / ) that cannot produce
leukotrienes. These mice were almost completely protected
against CaCly-induced AAA (NaCl aorta circumference: 1.16 +
0.14 mm; CaCl,: 1.37 = 0.12 mm), demonstrating that the effects
of montelukast are not an off-target action of the drug (Fig. 1C).
We also used pharmacological tools to examine the role of
CysLT?2 receptor signaling in this AAA model. Thus, we tested
the effect of a selective CysLT2 antagonist, HAMI3379 (17), in
wild-type mice. At a dose of 3 mg/kg/d, HAMI3379 had no sig-
nificant protective effect (aorta circumference: 2.24 + 0.20 mm),
demonstrating that the pathophysiological effects of cys-LTs in
this model are specifically signaled via CysLT1 (Fig. 1C).

Montelukast as Treatment of Ongoing AAA Development. To test
whether CysLT1 antagonism could not only prevent but also in-
hibit an already ongoing degenerative process in the aortic wall,
we studied the effects of the drug at two time points after in-
duction with CaCl,. Thus, in a separate set of experiments we
started treatment with 1 mg/kg/d montelukast, 7 and 14 d after
CaCl, induction (Fig. 1D), and, interestingly, the drug significantly
protected the aorta at both time points with a circumference of
1.76 £ 0.07 mm (P = 0.0075) and 1.57 + 0.06 mm (P = 0.0017),
respectively, compared to untreated mice.

Montelukast Prevents the Release of MMP-9 and MIP-1c. Cysteinyl-
leukotrienes are powerful mediators of inflammation and have
been implicated in the release of proteolytic enzymes as well as
proinflammatory cytokines and chemokines from immune cells
(18). Therefore, to detect the MMPs activity, we examined
mouse aortas by zymography. We found a sixfold increase of
MMP-9 in mice undergoing AAA induction by CaCl, (5.84 =
2.25, P = 0.0002 vs. NaCl) (Fig. 1E). Moreover, both doses of
montelukast, 0.1 and 1 mg/kg/d, significantly attenuated this in-
crease and maintained the protease almost at basal levels, cor-
responding to a twofold increase (1.84 + 0.23, P = 0.0088 and
2.17 = 0.26, P = 0.0040 vs. CaCl,, respectively), indicating that
cys-LTs were the major, albeit not the sole, mediator of MMP-
9 induction. Additionally, Alox5 / mice showed no difference in
MMP-9 activity between CaCl,- and NaCl-treated mice (P = 0.5 vs.
NaCl; Fig. 1E). Altogether, these results show that montelukast
prevents the release of MMP-9 in a leukotriene-dependent
manner.

Next we measured cytokine/chemokine levels in the aortic wall
of CaCl,-treated mice. Cytokines, i.e., interleukin (IL)-1 , IL-10,
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IL-13, tumor necrosis factor- (TNF ), and chemokines, i.e.,
monocyte chemotactic protein-1 (MCP-1) and macrophage in-
flammatory protein-1 (MIP-1 ) were analyzed in aorta ho-
mogenates. Out of these, only MIP-1 showed a significant
increase in CaCly-treated mice (17.04 = 1.12 pg/mL) compared
with basal levels (1.70 = 0.54 pg/mL, P = 0.0001 vs. change in
NaCl-treated mice). Treatment with montelukast (1 mg/kg/d)
maintained MIP-1 near basal level (2.79 * 2.42 pg/mL, P =
0.0008 vs. CaCl,) while low dose montelukast did not show any
effect (Fig. 1F). We also measured levels of MIP-1 in Alox5 /

mice and found that this chemokine was not increased during
AAA induction (Fig. 1F).

Montelukast Inhibits LTD4-Induced Expression of Cytokines and
Chemokines in Human MonoMacé Cells. MonoMac6 (MM6) cells
were treated with either 1 M montelukast (1 h) or vehicle,
followed by challenge with 100 nM LTD,4 (1 h). LTD,4 alone
increased mRNA levels of the cytokines TNF (P < 0.0001) and
IL-1 (P <0.01) as well as chemokines MIP-1 (P < 0.0001) and
MCP-1 (P < 0.0001) (Fig. 24 and Fig. S14), while no effect was
observed for the transcript levels of cytokines IL-10 and TGF 1
(Fig. S14). In addition, increased levels of TNF (P < 0.05) and
MIP-1 (P < 0.01) were detected in the supernatants of MM6
cells challenged with LTD,, while protein levels of the other
mediators were not significantly increased (Fig. 2B and Fig. S1B).
Pretreatment of cells with montelukast attenuated all LTD4-induced
increases of cytokine/chemokine mRNA and protein to levels cor-
responding to the untreated control (Fig. 2B and Fig. S1B).

Montelukast Has a Protective Effect in Aorta Rupture in Angll-Infused
ApoE~~ Mice. In this animal model, we observed a statistically
significant increase in mRNA levels of 5-LO (1.5 + 0.18 fold; P =
0.028) and FLAP (1.4 = 0.26 fold; P = 0.028) in the aortic wall
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Fig. 2. Montelukast inhibits LTD 4-induced expression of MIP-1 and TNF in
human MonoMac6 (MM6) cells. MM6 cells were pretreated with mon-
telukast or vehicle before challenge with LTD 4 (100 nM, 1 h). (A) qPCR
analysis of MIP-1 and TNF transcript levels in MM6 cells treated with ve-
hicle only (control), challenged with LTD 4 only (LTD,), or challenged with
LTD, following pretreatment with montelukast (montelukast +LTD,). (B)
Analysis of MIP-1 and TNF protein levels in supernatants of MM6 cells
treated as in A. The graphs depict results from analysis of duplicate and triplicate
samples obtained in three independent experiments. Data represent mean of
experiments =SD. *P < 0.05, ** P < 0.01, ** P < 0.001, *** P < 0.0001.
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of montelukast and reduced cardiovascular risk in men (41).
Moreover, CysLT1 antagonists are remarkably safe, allow a
once-daily dose regimen, carry few side effects, and are available
as generic drugs. Hence, we firmly believe that CysLT1 antagonists
hold promise as anti-AAA agents and should soon be tested in a
controlled clinical trial.

Materials and Methods

Animals. Wild-type and ApoE / male mice on the background C57BL/6J were
purchased from SCANBUR Sweden and Taconic, respectively. Alox5 / mice on the
C57BL/6J background were a generous gift from Geraldine Canny (University of
Lausanne, Lausanne, Switzerland). The housing and care of animals and all of the
animal procedures used in this study were in accordance with national guidelines
and approved by the Stockholm North Ethical Committee on Animal Experiments.
Details of the mouse models of AAA are described in S/ Materials and Methods.

Luminal Aortic Diameter Measurements by Ultrasound Imaging. Ultrasound was
performed in the animals before the aneurysm induction by angiotensin (Ang) Il
and PPE infusion and then weekly until the end of week 4 as described (42).

Isolated Cells in Vitro. Cultivation and treatments of a monocyte/macrophage
cell line followed a protocol described in ref. 11.
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Immunohistochemistry and Measurements of mRNA, Protein, and Protease
Activity. Histology and immunohistochemical analysis as well as meaure-
ments of cDNA and protein by gPCR and Bio-Plex analysis, respectively, are
decribed in S/ Materials and Methods. Gel zymography was used for as-
sessment of metalloprotease activity, as described (9).

Statistical Analysis. Data were analyzed with one-way ANOVA followed by
Tukey’s post hoc test. Real-time PCR and aortic dilatation in  Alox5 / mice
data were analyzed by Student ’sttest. In all cases, statistical significance was
set to P < 0.05.

For further details of materials and methods, please see S/ Materials
and Methods.
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