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Leukotriene antagonism reduces the generation of
endothelin-1and interferon-g and inhibits
eosinophilic airway in£ammation
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Abstract
The cysteinyl leukotrienes (cysLTs) and the peptide hormone endothelin (ET)-1 are potent bronchoconstrictor sub-
stances, and thesemediators are also claimed to be implicated in the development of eosinophilic airway inflammation.
Inthepresent study, wehaveinvestigatedthe effectofthe cysLT1receptor antagonistmontelukastonthe developmentof
aneosinophilic airwayinflammation 24 hafterintratracheal Sephadex (SDX) provocationinrats.Furthermore, theeffect
ofmontelukasttreatmentonthegenerationof ET-1andotherpro-inflammatorymediatorshasbeen studied.Theinflam-
matory response was significantly reduced in the animals receiving SDX+montelukast compared to animals receiving
solely SDX, as evaluated by a decrease in bronchoalveolar lavage fluid total cell count (10.371.2 vs.18.571.8�104ml�1,
Po0.001), number of eosinophils (299.7743.8 vs. 577.6746.6�102ml�1, Po0.001), and lymphocytes (116.8720 vs.
222.0734.8� 102ml�1, Po0.05), as well as the degree of tissue inflammation (Po0.05).Montelukast also inhibited the
increase in the concentration of the pro-inflammatory mediators ET-1 (28.577.5 vs. 40.977.3� pgml�1, Po0.05) and
interferon (IFN)-g (4.372.2 vs.15.678.7� pgml�1, Po0.05), but not tumor necrosis factor-g or interleukin-8. In sum-
mary, treatment with the cysLT1receptor antagonistmontelukast reduced the inflammatory response during develop-
ment of an eosinophilic airway inflammation, possibly by inhibiting the release of pro-inflammatorymediators like ET-1
and IFN-g.r2002 Elsevier Science Ltd.Allrights reserved
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INTRODUCTION
The cysteinyl leukotrienes (cysLTs) (LTC4/D4/E4) and the
peptide hormone endothelin (ET)-1are potent broncho-
constrictor substances (1^3). In addition to the broncho-
constrictor properties, these mediators seem to be
implicated in the development of the eosinophilic airway
in£ammation (4^6), which is a key feature of asthmatic
airways.CysLTs have been shown to facilitate the migra-
tion of eosinophilic granulocytes in vitro (7), and aeroso-
lized cysLTs elicit in£ux of eosinophils into guinea pig
airways in vivo(4). Moreover, LTD4 challenge has been
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reported to increase the percentage of eosinophils in
sputum from asthmatic patients(8).

The mechanism by which the cysLTs promote in£ux of
in£ammatorycells has notbeen fullyelucidated, butboth
a direct chemotactic e¡ect andrecruitmentof in£amma-
tory cells by promoting the generation of other chemo-
tactic mediators are possible mechanisms. During the
development of an experimental eosinophilic airway in-
£ammation, Namovic et al. found that the in£ux of eosi-
nophils into the airways was preceded by an increase in
the level of cysLTs (9). In comparable studies, also employ-
ing the model of Sephadex (SDX) provocation in rats, we
have found a similar pattern with regard to ET-1 (10).The
rapid generation of both cysLTs and ET-1 is consistent
with a hypothesis that these mediators may play impor-
tant roles in the initiation of an eosinophilic airway
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in£ammation. In vitro studies have indicated that cysLTs
might in fact stimulate the generation of the pro-in£am-
matory mediator ET-1 (11). Based on these ¢ndings, and
studies indicating an anti-in£ammatory e¡ect of cysLT1-
inhibitors on eosinophilic airway in£ammations (12,13),
we hypothesized that cysLT1 receptor antagonists may
inhibit the generation of the pro-in£ammatory mediator
ET-1.We havepreviously shown that inhibition of ET-1 ac-
tivity reduces the in£ammatory response in an experi-
mental eosinophilic airway in£ammation (5).

During the last years, a number of LT-inhibitors have
been developed. In clinical practice, the cysLT1 receptor
antagonists have gained most interest. An inhibitory ef-
fect on bronchoconstriction in asthmatics has been
documented (14^17). Evidence for an anti-in£ammatory
e¡ect invivo is, however, limited.To study the anti-in£am-
matory properties of the cysLT1 receptor antagonist
montelukast, we induced an eosinophilic airway in£am-
mation in rats by intratracheal instillation of SDX. SDX is
a dextran to which some rat strains are naturally sensi-
tized, and bronchial or intratracheal provocation with
these particles promotes an allergic eosinophilic in£am-
mation (18). One group of animals were treated with
montelukast prior to the bronchial challenge, while the
control group received saline.The e¡ect of montelukast
treatment on the in£ammatory response in bronchoal-
veolar lavage £uid (BALF) and lung tissue was studied.
In addition, the level of ET-1 in the BALF was measured,
as was the concentration of the pro-in£ammatory med-
iators tumor necrosis factor (TNF)-a, interleukin (IL)-8
and interferon (IFN)-g, as we previously have observed
an increase of these cytokines following SDX provoca-
tion of rats (19).

METHODS

Experimental procedure

Male Wistar rats aged 12 weeks with an average weight
of 320 g were used in the study. The experiments were
approved by the Norwegian Ethics Committee for Ani-
mal Research, and performed according to the NIH
guidelines for the use of experimental animals. SDX solu-
tion (5 mgml�1) (G-200 Super¢ne, PharmaciaUpjohn,
Uppsala, Sweden) dissolved in phosphate-bu¡ered saline
(PBS) or PBS alone was given in a volume of 0.3 ml intra-
tracheally to rats pretreated with either saline or mon-
telukast (n= 12 in each group). A dose of 2 mgkg�1body
weight of the highly selective (20) cysLT1 receptor an-
tagonists montelukast (Merck Frosst, Canada Inc.) was
chosen according to the manufacturer and administered
orally 1h prior to provocation, and repeated after 8 and
16 h. Pilot studies revealed no e¡ect of montelukast
treatment on the levels of ET-1, TNF-a, IL-8 and IFN-g
in rats receivng intratracheal PBS instead of SDX.
Bronchoalveolar lavage was performed by instillation of
3+2+2 ml PBS in the right stem bronchus, distal to the
upper lobe, and the procedure was repeated on the left
side.The lavage £uid was collected into prechilled tubes
containing EDTA and kept on ice until centrifuged at
800 g for10 min. at 41C.

Cell pro¢le in BALF and tissue in£ammation

Total cell recovery in BALF was counted in a Bˇrker he-
mocytometer, the pro¢le of the in£ammatory cells was
evaluated on Di¡-Quicks (Baxter Diagnostics AG, Dˇ-
dingen, Switzerland)-stained slides, and at least 400 non-
epithelial cells were determined.Lung and airway tissues
were embedded in para⁄n, and hematoxylin^ eosin-
stained histological sections (5mm) were screened by
two observers in a blindedmanner.The in£ammatory re-
sponse was assessed in tissues from all animals. Twenty
regions were examined and the in£ammatory response
graded as strong (score 3, 4300 in£ammatory cells),
moderate (score 2, 75^300 in£ammatory cells), weak
(score1, o75 in£ammatory cells), or absent (score 0).

Biochemical analyses

ET-1 was determined using a radioimmuno-linked en-
dothelin 1^21 speci¢c [125I] assay system (RPA 555) from
Amersham Pharmacia Biotech International, Cardi¡,
U.K.Prior to ET-1analysis, samples were extractedin du-
plicate from 2 ml BALF. The BALF was added to acetic
acid on Sep-Pak C18 cartridges (Millipore Corp., Milford,
MA, U.S.A.), which were prewashed with ethanol and
acetic acid. The extract was freeze dried and dissolved
in borate bu¡er. The ET-1 assay has a limit of detection
equivalent to1.6 pgml�1. For the samples with ET-1 con-
centrations below this limit, the values were set to
1.6 pgml�1. TNF-a was measured using a rat-speci¢c
sandwich enzyme-linked immunosorbent assay (ELISA)
(Factor-Test-Xs, Genzyme Corporation, Cambridge,
MA,U.S.A.).Valuesbelow the detection limitof this assay
system (10 pgml�1) were consequently set to 10 pgml�1.
IFN-g was analyzed using a rat speci¢c ELISA (Cytosc-
reens, BioSource International, Camarillo, CA, USA)
and IL-8 (CINC/gro) was measured with Panatests Rat
IL-8 ELISA (Panapharm Laboratories,Kumamoto, Japan).
All measurements were performed in duplicate, and va-
lues are given as means. For TNF-a, IL-8, and IFN-g as-
says, the BALF was concentrated ten-fold prior to
analysis.The BALF was concentrated using Minicon cells
(Amion Division,WR.Grace & Co., Beverly, MA,U.S.A.).
Results are given as pgml�1unconcentrated BALF.

Statistical analysis

All values are expressed as means7SEM. Statistical ana-
lyses were performedusing scienti¢c statistical software
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(SigmaStat version 2.0, Jandel Scienti¢c GmbH, Ekrath,
Germany). The groups were compared using Kruskal^
Wallis one way analysis of variance on ranks, followed
by a multiple comparisons procedure vs controls using
Dunn’s method. A P-value of less than 0.05 was consid-
ered statistically signi¢cant.

RESULTS

Cell pro¢le in BALF and tissue in£ammation

The SDX-induced increase in BALF total cell count was
strongly inhibited by treatment with montelukast
(10.371.2 vs controls; 18.571.8�104 ml�1, Po0.001) (Fig.
1(A).The numbers of eosinophils and lymphocytes were
also signi¢cantly lower in the SDX + montelukast-trea-
ted animals than in the animals receiving solely SDX (eo-
sinophils; 299.7743.8 vs 577.6746.6�102 ml�1, Po0.001,
and lymphocytes; 116.8720 vs. 222.0734.8�102 ml�1,
Po0.05) (Figs. 1(B) and (C). No signi¢cant inhibition by
montelukast could be observed with regard to the num-
ber of neutrophils and macrophages (Figs.1(D) and (E).

The histological evaluation of lung and airway sections
following SDX-provocation of the animals revealed a
pronounced in£ammation peribronchially and surround-
ing the SDX particles, dominatedby eosinophils, neutro-
phils and macrophages. Treatment with montelukast
resulted in a moderate decrease in the extent of in£am-
mation in the tissues (in£ammatory score; 1.9270.08 vs
2.1470.05, Po0.05) (Fig. 2).

Mediators in BALF

After 24 h, a signi¢cant increase in the concentration of
both ET-1, IFN-g TNF-a, and IL-8 was observed in the
SDX-treated animals, compared to controls (Fig. 3).
Treatment with montelukast prior to SDX provocation
resulted in 30% decrease in the BALF level of ET-1
(Po0.05) (Fig. 3(A)) and a 72% decrease in IFN-g
(Po0.05) (Fig. 3(B)), compared to the animals receiving
solely SDX (Fig. 3). The reduction in the concentration
of TNF-a (30% and IL-8 (60%)) did not reach statistical
signi¢cance (Figs 3(C) and (D)).

DISCUSSION
The SDX-induced in£ammatory response was reduced
by pretreatment of the animals with the cysLT1receptor
blocker montelukast. We observed a decrease in BALF
total cell count and in the number of eosinophils and lym-
phocytes, as well as a reduction in the degree of tissue
in£ammation. In addition, treatment with montelukast
signi¢cantly inhibited the SDX-induced increase in the
concentration of the pro-in£ammatory mediators ET-1
and IFN-g.
Eosinophils and lymphocytes are the two cell lines
most strongly associated with bronchial asthma (21).
Therefore, it is interesting that the observed anti-in-
£ammatory e¡ect of montelukast seems to be related
to a decrease in the number of both these cell types.
With regard to eosinophils, Diamant et al. (17) did not
observe an inhibitory e¡ect of montelukast on the in£ux
of eosinophils into the airways of asthmatic patients
after allergen challenge, however, that study was not
speci¢cally designed or powered to evaluate sputum eo-
sinophils.On the other hand, Pizzichini et al. (12) found a
reduced percentage of eosinophils in induced sputum
from asthma patients during montelukast treatment,
and, in ovalbumin-sensitized rats, montelukast has also
been shown to inhibit the in£ux of eosinophils into the
airways(13). The current study also examined the e¡ect
of montelukast treatment on the number of BALF lym-
phocytes, since these cells also play an important role in
the asthmatic airway in£ammation (21).The inhibitory ef-
fect of montelukast on the in£ux of lymphocytes, in addi-
tion to a decrease in the number of eosinophils, is
interesting. Using another cysLT1 receptor antagonist,
za¢rlukast, similar ¢ndings of a reduced number of lym-
phocytes have been shown following segmental allergen
challenge in asthmatics (22), but to our knowledge, re-
duction in the number of lymphocytes has not been re-
ported after treatment with montelukast.

The mechanisms by which cysLT1receptor antagonists
inhibit the in£ux of eosinophils and lymphocytes have
not been elucidated. A direct chemotactic e¡ect of
cysLTs on these cells may explain the rapid in£ux of leu-
kocytes into the airways (8,23).Thus, blocking cysLT1 re-
ceptors would inhibit that mechanism. On the other
hand, LTs might promote in£ux of in£ammatory cells
through the release of other pro-in£ammatory media-
tors. One study could show a blunted TNF-a release in
BALF from allergen-challenged asthmatics pretreated
with za¢rlukast (22), and in vitro, pranlukast inhibits the
IL-4 and IL-5 response from isolated mononuclear cells
(24). Finally, montelukast has recently been shown to re-
duce the number of IL-5 mRNA expressing cells after
antigen stimulation inrats (13).Thepresent study demon-
strates that montelukast signi¢cantly inhibited the SDX-
induced ET-1 release in BALF. This has previously not
been reported. During the development of an SDX-in-
duced airway in£ammation, LTs in BALF are generated
prior to the eosinophilic in£ammatory response (19)
and immediately before the generation of ET-1 (19). Since
LTs seem to be generated before ET-1, and cysLTs have
been shown to stimulate ET-1release in vitro (11), it is pos-
sible that treatment with a cysLT1 receptor antagonist
might in£uence the generation of ET-1 and thereby re-
duce the chemotactic e¡ect of this peptide in vivo. This
hypothesis is concordant with the current results, since
treatment with the cysLT1 receptor antagonist montelu-
kast inhibits the release of ET-1, as well as the in£ux of



FIG. 1. Cell pro¢le in BALF of rats evaluated 24 h after intratracheal provocation with saline (controls) or SDX, or SDX following
montelukasttreatment (n=12 in each group).Values are given asmeans7SEM.
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eosinophils and lymphocytes. The pro-in£ammatory
peptide ET-1 is associated with the development of air-
way in£ammation (5,6,10,25), and blocking of ET-recep-
tors results in a decreased in£ux of both eosinophils and
lymphocytes, a pattern similar to what is seen during
treatment with montelukast. We do not believe that
the reduced levels of ET-1is a result of a reduced number
of in£ammatory cells after cysLT1 receptor antagonism,
since ET-1 is produced mainly in bronchial epithelial cells
and in macrophages (10). In previous studies, as well, we
have observed changes in ET-1levels in BALF without al-
terations in the number of macrophages (5,10).

The IFN-g response in the present study was also in-
hibited by the treatment with montelukast, possibly due
to reduction of the number of lymphocytes, since IFN-g
is mainly produced by these cells (26). Another possibi-
lity is that the IFN-g release is blunted due to decreased
ET-1 concentration, since decreased levels of IFN-g has
been demonstrated after treatment with an ET receptor
antagonist in the SDX model (19). Importantly, IFN-g
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upregulates monocyte and macrophage functions (27)
and is also a potent activator of eosinophilic granulocytes
(26).The concentration of TNF-a, which may be synthe-
sised from a variety of cells including airway epithelial
FIG. 2. Evaluation of airway tissue in£ammation in rats evalu-
ated 24 h after i.t. provocationwith saline (controls) or SDX, or
SDX followingmontelukasttreatment.

FIG. 3. Mediatorsin BALFofratsevaluated 24 h afterintratrachea
telukasttreatment (n=12 in each group).Values are given asmeans7
cells, macrophages, mast cells and eosinophils (28),
was not signi¢cantly reduced by montelukast treatment
in the current study, neither was the concentration
of IL-8. However, there was a clear trend in the
direction of reduced levels of these cytokines in BALF,
as well.

In conclusion, treatment with the cysLT1 receptor an-
tagonistmontelukast signi¢cantly reduced the in£amma-
tory response in an SDX-induced airway in£ammation in
rats, as evaluated by a decrease in BALF total cell count,
the number of eosinophils and lymphocytes, as well as
the degree of tissue in£ammation. The generation of
ET-1 and IFN-g in BALF was also reduced by monte-
lukast treatment, indicating one possible mechanism
for the anti-in£ammatory e¡ect of this cysLT1 receptor
antagonist.

Acknowledgements
The authors thank Hanne KWhler, Annlaug -degaard and
Sonja Flagestad for skillfull technical assistance. This
study was supported by the Anders Jahre’s Fund for the
Promotion of Science, the Norwegian Research Council
and MSD Norway.
lprovocationwith saline (controls) or SDX, or SDX followingmon-
SEM.



906 RESPIRATORYMEDICINE
REFERENCES
1. Smith LJ, Greenberger PA, Patterson R, Krell RD, Bernstein PR.

The effect of inhaled leukotriene D4 in humans. Am Rev Respir Dis
1985; 131: 368–372.

2. Hay DW, Hubbard WC, Undem BJ. Endothelin-induced contrac-

tion and mediator release in human bronchus. Br J Pharmacol.
1993; 110: 392–398.

3. Advenier C, Sarria B, Naline E, Puybasset L, Lagente V. Contractile

activity of three endothelins (ET-1, ET-2 and ET-3) on the human

isolated bronchus. Br J Pharmacol 1990; 100: 168–172.

4. Underwood DC, Osborn RR, Newsholme SJ, Torphy TJ, Hay DW.

Persistent airway eosinophilia after leukotriene (LT) D4 adminis-

tration in the guinea pig: modulation by the LTD4 receptor

antagonist, pranlukast, or an interleukin-5 monoclonal antibody.

Am J Respir Crit Care Med 1996; 154(4 Pt 1): 850–857.

5. Finsnes F, Skj�nsberg OH, T�nnessen T, Næss O, Lyberg T,

Christensen G. Endothelin production and effects of endothelin

antagonism during experimental airway inflammation. Am J Respir
Crit Care Med 1997; 155: 1404–1412.

6. Fujitani Y, Trifilieff A, Tsuyuki S, Coyle AJ, Bertrand C. Endothelin

receptor antagonists inhibit antigen-induced lung inflammation in

mice. Am J Respir Crit Care Med 1997; 155: 1890–1894.

7. Munoz NM, Douglas I, Mayer D, Herrnreiter A, Zhu X, Leff AR.

Eosinophil chemotaxis inhibited by 5-lipoxygenase blockade and

leukotriene receptor antagonism. Am J Respir Crit Care Med 1997;

155: 1398–1403.

8. Diamant Z, Hiltermann JT, van Rensen EL, Callenbach PM, Veselic-

Charvat M, van DV, Sont JK, Sterk PJ. The effect of inhaled

leukotriene D4 and methacholine on sputum cell differentials in

asthma. Am J Respir Crit Care Med 1997; 155: 1247–1253.

9. Namovic MT, Walsh RE, Goodfellow C, Harris RR, Carter GW,

Bell RL. Pharmacological modulation of eosinophil influx into the

lungs of Brown Norway rats. Eur.J. Pharmacol. 1996; 315: 81–88.

10. Finsnes F, Christensen G, Lyberg T, Sejersted OM, Skj�nsberg OH.

Increased synthesis and release of endothelin-1 during the initial

phase of airway inflammation. Am JRespir Crit CareMed 1998; 158(5

Pt 1): 1600–1606.

11. Patrignani P, Modica R, Bertolero F, Patrono C. Differential effects

of leukotriene C4 on endothelin-1 and prostacyclin release by

cultured vascular cells. Pharmacol Res 1993; 27: 281–285.

12. Pizzichini E, Leff JA, Reiss TF, Hendeles L, Boulet LP, Wei LX,

Efthimiadis AE, Zhang J, Hargreave FE. Montelukast reduces airway

eosinophilic inflammation in asthma: a randomized, controlled trial.

Eur Respir J 1999; 14: 12–18.

13. Ihaku D, Cameron L, Suzuki M, Molet S, Martin J, Hamid Q.

Montelukast, a leukotriene receptor antagonist, inhibits the late

airway response to antigen, airway eosinophilia, and IL-5-

expressing cells in brown Norway rats. J Allergy Clin Immunol
1999; 104: 1147–1154.

14. Bronsky EA, Kemp JP, Zhang J, Guerreiro D, Reiss

TF. Dose-related protection of exercise bronchoconstriction by

montelukast, a cysteinyl leukotriene-receptor antagonist, at the

end of a once-daily dosing interval. Clin Pharmacol Ther 1997; 62:
556–561.
15. Reiss TF, Sorkness CA, Stricker W, Botto A, Busse WW, Kundu S,

Zhang J. Effects of montelukast (MK-0476); a potent cysteinyl

leukotriene receptor antagonist, on bronchodilation in asthmatic

subjects treated with and without inhaled corticosteroids. Thorax
1997; 52: 45–48.

16. Leff JA, Busse WW, Pearlman D, Bronsky EA, Kemp J, Hendeles L,

Dockhorn R, Kundu S, Zhang J, Seidenberg BC, etal. Montelukast,

a leukotriene-receptor antagonist, for the treatment of mild

asthma and exercise-induced bronchoconstriction. N Engl J Med
1998; 339: 147–152.

17. Diamant Z, Grootendorst DC, Veselic-Charvat M, Timmers MC,

De Smet M, Leff JA, Seidenberg BC, Zwinderman AH, Peszek I,

Sterk PJ. The effect of montelukast (MK-0476), a cysteinyl

leukotriene receptor antagonist, on allergen-induced airway

responses and sputum cell counts in asthma. Clin Exp Allergy
1999; 29: 42–51.

18. Kallstrom L, Brattsand R, Lovgren U, Svensjo E, Roempke K. A rat

model for testing anti-inflammatory action in lung and the effect of

glucocorticosteroids (GCS) in this model. Agents Actions 1986; 17:
355–357.

19. Finsnes F, Lyberg T, Christensen G, Skjonsberg OH. Effect of

endothelin antagonism on the production of cytokines in

eosinophilic airway inflammation. Am J Physiol Lung Cell Mol.Physiol
2001; 280: L659–665.

20. Jones TR, Labelle M, Belley M, Champion E, Charette L, Evans J,

Ford-Hutchinson AW, Gauthier JY, Lord A, Masson P. Pharma-

cology of montelukast sodium (Singulair), a potent and selective

leukotriene D4 receptor antagonist. Can J Physiol Pharmacol 1995;

73: 191–201.

21. Barnes PJ. Pathophysiology of asthma. Br JClin Pharmacol 1996; 42:
3–10.

22. Calhoun WJ, Lavins BJ, Minkwitz MC, Evans R, Gleich GJ, Cohn J.

Effect of zafirlukast (Accolate) on cellular mediators of inflamma-

tion: bronchoalveolar lavage fluid findings after segmental antigen

challenge. Am J Respir Crit Care Med 1998; 157(5 Pt 1): 1381–1389.

23. Laitinen LA, Laitinen A, Haahtela T, Vilkka V, Spur BW, Lee TH.

Leukotriene E4 and granulocytic infiltration into asthmatic airways.

Lancet 1993; 341: 989–990.

24. Tohda Y, Nakahara H, Kubo H, Haraguchi R, Fukuoka M, Nakajima

S. Effects of ONO-1078 (pranlukast) on cytokine production in

peripheral blood mononuclear cells of patients with bronchial

asthma. Clin Exp Allergy 1999; 29: 1532–1536.

25. Filep JG, Fournier A, Foldes-Filep E. Acute pro-inflammatory

actions of endothelin-1 in the guinea-pig lung: involvement of ETA

and ETB receptors. Br J Pharmacol 1995; 115: 227–236.

26. Valerius T, Repp R, Kalden JR, Platzer E. Effects of IFN on human

eosinophils in comparison with other cytokines. A novel class of

eosinophil activators with delayed onset of action. JImmunol 1990;

145: 2950–2958.

27. Nathan CF, Murray HW, Wiebe ME, Rubin BY. Identification of

interferon-gamma as the lymphokine that activates human

macrophage oxidative metabolism and antimicrobial activity. J
Exp Med 1983; 158: 670–689.

28. Barnes PJ. Cytokines as mediators of chronic asthma. Am J Respir
Crit Care Med 1994; 150(5 Pt 2): S42–S49


	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	FIGURE 1
	FIGURE 2
	FIGURE 3

	Acknowledgements
	REFERENCES

