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Abbreviations used

CysLT: Cysteinyl leukotriene

CysLTER: Cysteinyl leukotriene receptor E

EIB: Exercise-induced bronchoconstriction

ICS: Inhaled corticosteroid

LABA: Long-acting inhaled b2-agonist

5-LO: 5-Lipoxygenase

LT: Leukotriene

LTRA: Leukotriene receptor antagonist
Cysteinyl leukotrienes are important mediators of asthmatic
responses. They are the most potent bronchoconstrictors
known; their release is triggered by exposure to inhaled
allergens after exercise and after aspirin ingestion by subjects
with aspirin-sensitive asthma. The cysteinyl leukotrienes
promote inflammatory cell migration into the airways, as well as
bone marrow eosinophilopoiesis after allergen inhalation.
Leukotriene inhibitors are effective at attenuating asthmatic
responses to all of these stimuli and are also effective at treating
persistent asthma. These drugs are a viable alternative to low-
dose inhaled corticosteroid (ICS) treatment but should be
reserved for patients who cannot or will not use ICSs, often
because of concerns about potential side effects of ICS
treatment, which limits their use, particularly in children.
Leukotriene receptor antagonists are also alternatives to long-
acting inhaled b2-agonists as add-on therapy to ICSs, but their
efficacy together with ICSs is less than that of ICS/long-acting
inhaled b2-agonist combinations. Leukotriene receptor
antagonists have an excellent safety profile. (J Allergy Clin
Immunol nnnn;nnn:nnn-nnn.)
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Slow-reacting substance of anaphylaxis was initially identified
as a factor with the ability to potently stimulate smooth muscle
contraction.1 The chemical structures of slow-reacting substance
of anaphylaxis were identified as 5(S)-hydroxy-6(R)-gluta-
thionyl-7,9-trans-11,14-cis-eico-satetraenoic acid2 and its cys-
teinyl-glycyl and cysteinyl congener. These molecules are now
known as the cysteinyl leukotrienes (CysLTs) leukotriene (LT)
C4, LTD4, and LTE4, respectively, and were so named because
the parent molecule was originally isolated from leukocytes and
its carbon backbone is a triene.3
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The oxidative pathway of lipid metabolism, known as the
5-lipoxygenase (5-LO) pathway, required for the production of
the CysLTs has also been elucidated.4 The catalytic action of
5-LO on arachidonic acid yields LTA4, which is unstable. In 3
cell types, eosinophils, mast cells, and alveolar macrophages,
LTA4 can be converted to LTC4 catalyzed by LTC4 synthase.
LTC4 is then exported to the extracellular space through a specific
transmembrane transporter.5 In the extracellular space LTC4 is
converted into LTD4, which in turn is cleaved by extracellular
dipeptidases to form LTE4, which is excreted in bile and urine.
In neutrophils LTA4 is converted to LTB4, which is a dihydroxy
as opposed to a CysLT, by the action of LTA4 epoxide hydrolase.6

The CysLTs are the most potent constrictors of human airway
smooth muscle yet described both in vitro and in vivo.7,8 In addition,
they can cause tissue edema9 and eosinophil migration,10 can stim-
ulate airway secretions,11 and promote cell cycling and prolifera-
tion of airway smooth muscle12 and hematopoietic cells.13 Two
subtypes of the receptors for CysLT1 (for which LTD4 has the high-
est affinity) and CysLT2 (for which LTC4 and LTD4 have equal af-
finity) have had their molecular structures identified.14,15 A third
receptor with a preferential response to LTE4 has now been de-
scribed,16 but its structure has not yet been reported. There are 2
known receptors for LTB4, a high-affinity receptor, which is a 7-
transmembrane–spanning receptor known as the BLT receptor
1,17 and a low-affinity receptor, which is known as BLTreceptor 2.18

Many specific and selective antagonist drugs that block the
binding of LTs to CysLT1 receptors have been identified. This
class of molecules has been given the generic suffix –lukast,
and drugs based on these are known as leukotriene receptor antag-
onists (LTRAs). Three of these, together with 1 LT synthesis
inhibitor, have been approved for use in the treatment of asthma,
and 1 has been approved for allergic rhinitis.

LT INHIBITORS IN MODELS OF PROVOKED

ASTHMA
Studies with provoked models of asthma, such as exercise-

induced bronchoconstriction (EIB) or allergen-induced asthma,
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FIG 1. Mean maximal decrease in FEV1 after exercise after treatment with

placebo or an LT inhibitor (summary of data from references 22-24, 26,

and 27).
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have been helpful in determining a pathophysiologic role for the
CysLTs in asthma. CysLTs have been demonstrated to be
produced after these challenges in asthmatic subjects,19,20 but
the most convincing evidence of a causative role of LTs in asthma
comes from studies of the effectiveness against asthma of drugs
that inhibit the action or formation of LTs. These studies have
also helped in establishing the efficacy of the anti-LT drugs.

EIB is a common feature of asthma and a real-life stimulus that
can occur in patients with current asthma.21 All of the currently ap-
proved LTRAs attenuate EIB. The earliest study showing benefit
was conducted with MK-571,22 but subsequently, other LTRAs
have shown benefit, including zafirlukast23 and montelukast.24

These drugs inhibit the maximum bronchoconstrictor response af-
ter exercise by 30% to 70% (Fig 1). In addition, when these drugs
are administered before exercise, they greatly shorten the time to
recovery of normal lung function. Treatment with the 5-LO
inhibitor zileuton had similar effects in patients in whom broncho-
constriction was induced by means of either cold-air hyperventi-
lation25 or exercise.26 These studies indicate that cooling and
drying of the airways together promote the generation of LTs,
which results in bronchoconstriction. However, the degree of pro-
tection achieved with LT modifiers varies among patients; admin-
istration of an LTRA affords complete protection in some but very
little in others.27 Comparisons have been made between the pro-
tection afforded by LTRAs and that afforded by long-acting in-
haled b2-agonists (LABAs) in their respective ability to protect
against EIB with regular use.28 This study demonstrated that tol-
erance develops with the regular use of salmeterol over time, but
this did not occur with montelukast, which was therefore superior
to salmeterol by 8 weeks of treatment.

Allergen-induced asthma
The inhalation of an allergen by a patient with allergic asthma

has several consequences. The first is acute bronchoconstriction
that develops within 15 minutes and usually resolves within
2 hours (the early asthmatic response). In up to 70% of patients, a
late asthmatic response occurs, which begins 3 to 4 hours after
inhalation and lasts up to 24 hours.29 The late asthmatic response
is associated with an increase in airway inflammatory cells (pre-
dominantly eosinophils, mast cells, and lymphocytes)30 and air-
way hyperresponsiveness to a variety of inhaled agents; the
hyperresponsiveness can last from days to weeks.31

Two types of data indicate that the CysLTs have an important
role in the pathogenesis of allergen-induced responses. First,
urinary excretion of LTE4 increases after the early asthmatic
response.19 Second, several LT inhibitors, including the LTRAs
zafirlukast32 and MK-57133 and the biosynthesis inhibitors MK-
59134 and BAYx1005,35 significantly reduce bronchoconstriction
during the early and late asthmatic responses (Fig 2). Pretreat-
ment with a combination of an antihistamine and an LTRA elim-
inates the residual bronchoconstriction during the early and late
allergen responses36; this observation indicates that histamine
and the LTs are the major mediators of these responses. LTRAs
are also effective at attenuating allergen-induced airway hyper-
responsiveness measured 24 hours after administration of aller-
gen,37,38 although they are not as effective in this regard as
inhaled corticosteroids (ICSs).38

CysLTs are also important in causing allergen-induced airway
inflammation. Inhaled LTE4,10,39 but not inhaled LTD4,39

increases the number of eosinophils in the airways of patients
with asthma (Fig 3). A possible explanation for this discrepancy
REV 5.0 DTD � ymai7733_09-0
is provided by the discovery of a selective receptor for LTE4

(CysLT receptor E), the discovery of which is reviewed in the sup-
plement by Austen et al.40 In addition, treatment with the LTRAs
or the 5-LO inhibitor zileuton reduced the number of airway in-
flammatory cells after allergen challenge.38,41,42 Also, montelu-
kast has been demonstrated to attenuate allergen-induced
dendritic cell trafficking43 and bone marrow eosinophilopoiesis.13
Aspirin-induced asthma
In up to 8% of patients with asthma, ingestion of aspirin or

other COX-1 inhibitors caused profound and sometimes life-
threatening bronchoconstriction and naso-ocular, dermal, and
gastrointestinal responses.44 These patients have an increase in
LTC4 synthase activity,45 perhaps as a result of a mutation in
the promoter region of the LTC4 synthase gene.46 Pretreatment
with a variety of LTRAs have been shown to prevent bronchocon-
strictor responses after the inhalation of lysine aspirin,47,48

whereas pretreatment with the 5-LO inhibitors inhibited the bron-
choconstriction after oral administration of aspirin.49,50 Further-
more, LTRAs improved lung function in subjects with aspirin-
sensitive asthma in the absence of aspirin challenge.51 These
results indicate that LT inhibitors are the treatment of choice for
patients with aspirin-induced asthma.
TREATMENT OF PERSISTENT ASTHMA
Patients with persistent asthma have symptoms of asthma and

require rescue b2-agonist use on most days and often have noctur-
nal symptoms; also, their lung function might be abnormal.52,53

Clinical trials evaluating either LTRAs or 5-LO inhibitors in
patients with persistent asthma have demonstrated improved
asthma control, as measured based on improved airway function,
decreased need for rescue treatment with b2-agonists, improved
asthma symptoms, and decreased frequency of exacerbations of
asthma requiring oral corticosteroid therapy.
Acute bronchodilator effects
LTRAs improve airway function in patients with persistent

asthma who have airflow obstruction at baseline and demon-
strated responsiveness to b2–agonist bronchodilators within 1 to
3 hours.54-56 The magnitude of the improvement in FEV1 varied
from 8% to 20% and was present irrespective of whether pa-
tients were taking concomitant ICSs.57 The bronchodilator ef-
fect was greater in patients with more substantial degrees of
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FIG 2. Effect of LT inhibitors on allergen-induced early (EAR; top panel) and late (LAR; bottom panel)

asthmatic responses (summary of data from references 33, 35, 37, and 38).
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airway obstruction, and its magnitude is about half that of the
response to b-adrenergic agonists. The LTRA montelukast has
also been evaluated in a small study,58 which has shown benefit
in the management of acute severe asthma in the emergency
department.

Improved asthma control
Over the past 3 years, asthma treatment guidelines have

focused on targeting asthma control as the parameter to deter-
mine treatment needs.52,53 This approach is both logical (because
achieving good asthma control is the main outcome objective of
treatment) and easy to grasp. The tools for the assessment of con-
trol have been published and validated.59,60 The management of
an asthmatic patient becomes an iterative process in which
asthma control is assessed by the health care practitioner at an
initial visit and a decision is made on the treatment needed.
The patient is then evaluated at the next appointment to decide
whether asthma control has been achieved. If so, then treatment
is continued or reduced; if not, then treatment is increased. The
best outcome for the patient is to achieve current (day-to-day)
asthma control, during which the patient is asymptomatic all of
the time, has normal lung function, and has no limitations in
activities.

Another component of overall asthma control is the reduction
of future risks in asthmatic patients. These risks consist of acute
severe exacerbations, progressive decrease in lung function, and
side effects from medications.53
REV 5.0 DTD � ymai7733_09-04
The potential benefit of LTRAs or 5-LO inhibitors on overall
asthma control has not been formally evaluated, but all aspects of
asthma control have been shown to benefit from treatment with
LTRAs and 5-LO inhibitors. These drugs have been demonstrated
to reduce symptoms and the need for rescue b2-agonist use and
improve lung function in clinical trials.54,56,61,62 In addition,
both classes of LT inhibitors reduce the risks of severe asthma
exacerbations.61-63 There are, however, no data currently avail-
able to suggest that LT inhibitors alter the decrease in lung func-
tion over time that is observed in a subset of asthmatic patients.64

Comparisons with ICSs
ICSs are the current mainstay of treatment in patients with

persistent asthma. They improve symptoms, lung function, and
airway hyperresponsiveness and reduce asthma exacerbations.
ICSs have potent anti-inflammatory effects in asthmatic airways
and, in particular, reduce eosinophilic airway inflammation. Sev-
eral studies have directly compared the efficacy of low-dose ICSs
and LT inhibitors in patients with persistent asthma and have
demonstrated overall greater efficacy of low-dose ICSs for most
outcomes of asthma control.65-67 However, there is variability in the
individual responses of asthmatic patients to these classes of anti-
asthma drugs, with higher bronchodilator use, bronchodilator re-
sponsiveness, exhaled nitric oxide levels, and eosinophil cationic
protein levels; greater airway hyperresponsiveness; and pulmonary
function values being associated with a greater response to ICS
treatment in children.66
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FIG 3. Airway eosinophils (red staining) in airway biopsy specimens 4 hours after inhalation of diluent

(A), LTD4 (B), and LTE4 (C). The graph shows the mean values for 6 asthmatic subjects (drawn from data

in reference 39).
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ICSs improve airway responsiveness to inhaled methacho-
line,68,69 which is the most widely used method of measuring air-
way hyperresponsiveness in patients with asthma. LTRAs do not
provide any improvement in this outcome.69 In addition, ICSs
improve some of the measures of airway remodeling in patients
with asthma,70-72 whereas this has not yet been demonstrated
for the LTRAs.

Zileuton has broader actions than the LTRAs because it inhibits
the formation of both the CysLTs and LTB4, whereas the receptor
antagonists only block the action of the CysLTs. However, to date,
there are no published studies directly comparing the 2 classes of
drugs. Zileuton has not been widely used to treat asthma because
of the initial need to take it 4 times daily and concerns about liver
toxicity (see below).

Add-on therapy to ICSs
Asthma treatment guidelines recommend adding a second

treatment to ICSs rather than increasing to a high dose of ICS
when low-dose ICSs are not providing adequate asthma con-
trol.52,53 LTRAs have been compared with LABAs in this regard
in adult patients. These studies have consistently found clinical
benefit when an LTRA is added to an ICS, but this benefit has
been less than that demonstrated with LABAs as the add-on
treatment.73,74

Safety
An idiosyncratic syndrome similar to the Churg–Strauss syn-

drome, with circulating eosinophilia, cardiac failure, and associ-
ated eosinophilic vasculitis, has been reported in a few patients
REV 5.0 DTD � ymai7733_09-0
treated with zafirlukast75 or montelukast.76 Almost all these
patients had been receiving high-dose ICSs or oral corticosteroids
and were able to reduce the dose as a consequence of treatment
with the LTRA. It is unclear whether the increased reports of
this rare syndrome are due to increased case findings among
patients with asthma receiving a new drug, whether the syndrome
is unmasked as a result of the reduction in the corticosteroid dose,
or whether it represents an idiosyncratic effect of LT antagonists
or LT modifiers in general.

An asymptomatic increase in hepatic aminotransferase levels
occurred in 4.4% of patients receiving high-dose zileuton com-
pared with 1.6% of patients receiving placebo.77 Most of the high
values occurred during the first 3 months of therapy, and they
resolved with either continued therapy or discontinuation of treat-
ment. It is therefore recommended that serum alanine aminotrans-
ferase concentrations should be measured when zileuton therapy
is initiated, monthly for 3 months, and periodically thereafter.

GUIDELINE RECOMMENDATIONS FOR THE USE OF

LT INHIBITORS IN ASTHMA
Asthma treatment guidelines now recommend maintenance

treatment with drugs that reduce airway inflammation and improve
overall asthma control for all patients with persistent asthma.52,53

The mainstay of maintenance asthma treatment are low-dose ICSs.
This is because they demonstrate superior efficacy for almost all
clinical outcomes when compared with other treatments, including
LTRAs. However, the guidelines also recognize that other mainte-
nance treatments are also effective and might play an important
role in asthma management. Thus for patients who are being
482 � 15 July 2009 � 2:26 am
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initially treated with maintenance asthma treatment, LT inhibitors
are recommended as an alternative to low-dose ICSs for patients
who either will not or cannot take ICS therapy. This is often be-
cause of concerns about potential side effects of ICS treatment,
which, although generally unfounded, limit their use, particularly
in children. Also, LT inhibitors are alternatives to LABAs as an
add-on to an ICS when low-dose ICS therapy is not providing op-
timal asthma control, but again, their efficacy together with an ICS
is less than that of ICS/LABA combinations.

There are 2 situations in which LT inhibitors might have
particular advantages over other drugs for asthma treatment. The
first is EIB. The long-lasting protection of LTRAs without the
development of tolerance, which occurs with regular b2-agonist
use, might be of value for children who want to exercise at school
without having to use an intermediate-acting inhaled b-adrener-
gic agonist or for adults whose jobs require exercise under atmo-
spheric conditions likely to induce an asthmatic episode.

The second situation is aspirin-sensitive asthma. Virtually all the
physiologic effects of aspirin-sensitive asthma are due to
CysLTs.78 Also, the magnitude of improvement in asthma control
appears to be greater in subjects with aspirin-sensitive asthma
when compared with those who do not.79 Thus all subjects with as-
pirin-sensitive asthma should have a therapeutic trial with LTRAs.
CONCLUSIONS
CysLTs are important mediators of a variety of asthmatic

responses. They remain the most potent bronchoconstrictors
known and are released after exposure to inhaled allergens, after
exercise, and after aspirin (or other COX-1 inhibitor) ingestion by
subjects with aspirin-sensitive asthma. The CysLTs also cause
eosinophil and dendritic cell migration into the airways, as well as
bone marrow eosinophilopoiesis after allergen inhalation in
asthmatic subjects. LT inhibitors are effective at attenuating
asthmatic responses to all of these stimuli and are also effective
in treating persistent asthma. These drugs are a viable alternative
to low-dose ICS treatment but should be reserved for patients who
cannot or will not use ICSs. Also, LTRAs are alternatives to
LABAs as an add-on treatment to ICSs when low-dose ICS
therapy alone is not providing optimal asthma control but with the
caveat that their efficacy together with ICSs is less than that of
ICS/LABA combinations. LTRAs have an excellent safety profile.

Despite LT inhibitors being available for more than 10 years for
the treatment of asthma, some issues still need to be resolved
about the use of inhibitors of this pathway. To date, little is known
about the importance of the CysLTs in the initiation of the atopic
diathesis or in the onset of asthma in individuals at risk (partic-
ularly atopic children). The central role of the CysLTs in all
aspects of allergen-induced responses in patients with established
asthma, together with the epidemiologic evidence of the impor-
tance of environmental allergens in causing asthma,80 suggests a
plausible hypothesis that their inhibition might be a useful sec-
ondary prevention measure in atopic children. In addition, the
long-term benefits of LT inhibitors on airway remodeling or the
accelerated decrease in lung function, which are features of
asthma, have not been established.

There is also a paucity of information concerning the roles of
the CysLT2 receptor (for which LTC4 is the primary ligand) or the
CysLTER (for which LTE4 is the primary ligand) in patients with
asthma or other allergic diseases. This is particularly relevant for
the CysLTER because LTE4 appears to be particularly important
REV 5.0 DTD � ymai7733_09-04
in causing eosinophil recruitment in human airways and eosino-
phils are now recognized as a critical effector cell in asthma.81,82

Resolution of these issues awaits the availability of selective
antagonists of these receptors. Finally, the value of using LT syn-
thesis inhibitors, which prevent production of both LTB4 and the
CysLTs when compared with an LTRA, particularly in patients
with severe asthma, and can be associated with an increase in air-
way neutrophils, has not been established.

What do we know?

d CysLTs are important mediators of asthmatic responses
and promote airway inflammation.

d LT inhibitors markedly attenuate allergen-induced and
aspirin-induced asthmatic responses and EIB.

d LTRAs are administered orally either once (montelukast)
or twice (zafirlukast) daily and are selective antagonists of
the CysLT1 receptor.

d LT inhibitors are effective therapy for persistent asthma
but less so than low-dose ICS therapy.

d LT inhibitors are effective when added to ICS therapy but
less so than LABAs.

d LTRAs have an excellent safety profile.

What is still unknown?

d The effects of CysLTs on airway remodeling or the de-
crease in lung function in patients with asthma.

d The benefits of LTRAs as an effective secondary preven-
tion strategy for asthma in high-risk children.

d The role of CysLT2 receptors in patients with asthma.

d The role of receptors for CysLTER in asthma and, in par-
ticular, whether blockade of these receptors attenuates
airway eosinophilia.

d The efficacy of LT synthesis inhibitors in severe neutro-
phil-associated asthma.
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