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Abstract It has been recognized for many years that leuko-
trienes play an important role in mediating various effects of
the allergic reaction. Recent evidence has shown that they
play a role in other diseases including chronic sinusitis,
particularly those sub-types involving eosinophils. Leuko-
trienes can be separated into the fairly well characterized
cysteinyl leukotrienes and less well characterized leukotri-
ene B4. Effects of the leukotrienes are mediated through
receptors that are expressed on a variety of cell types and
can be modulated based on the inflammatory environment
present. The pharmaceutical industry has long been interest-
ed in blocking leukotriene action and as such, two
approaches have been developed that led to drugs approved
for treatment of allergic disease. The most widely used class
is the cysteinyl type 1 receptor antagonists, which block
binding of the cysteinyl leukotrienes to the cell. The second
class is an inhibitor of the 5-lipoxygenase enzyme that
prevents synthesis of both the cysteinyl leukotrienes and
leukotriene B4. This review will focus on the role that
leukotrienes play in chronic sinusitis and consider the ratio-
nale for choosing either a leukotriene antagonist or synthesis
inhibitor as a treatment option. We will also discuss off-label
uses for other medications that might be useful in these
diseases as they relate to their ability to modulate leukotri-
ene action.
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Introduction

Diseases within the sinuses produce one of the most com-
mon health care problems, affecting ~16% of the population
and having a significant adverse impact on quality of life
and daily functioning [1]. Historically, chronic sinusitis (CS)
was considered a singular disease and as such all patients
received the same treatment options. Current practice
parameters suggest the presence of two subtypes of CS,
CS with nasal polyps (NP) and CS without NP [2, 3]. In
recent years, this idea has been challenged, and it is now
recognized that there exist multiple variants of CS including
non-eosinophilic sinusitis (NES), chronic hypereosinophilic
sinusitis (CHES), aspirin exacerbated respiratory disease
(AERD), allergic fungal sinusitis (AFS), and cystic fibrosis
(CF), each with specific disease processes and pathways
requiring unique approaches to management [4••].

In the late 1930s, the slow-reacting substance of anaphy-
laxis was described based on the identification of a bio-
chemical that, in an antihistamine-resistant fashion,
mediated the slow onset, but sustained contraction of
guinea-pig ileum smooth muscle. It was not until 1979 that
this chemical messenger was successfully identified as a
group of compounds known as the leukotrienes (LT); further
divided into the cysteinyl leukotrienes (cysLTs: LTC4, LTD4

and LTE4) and LTB4. These compounds are secreted by
many cell types with mast cells, basophils and eosinophils
being the most important. LTs have been studied in patients
with asthma and allergic disease including effects on bron-
choconstriction and delayed allergic responses, and, for
these reasons, leukotriene modifiers and antagonists have
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been manufactured. For other diseases including CS variants
like CHES and AERD, the shear volume of cells that pro-
duce CysLTs, largely the eosinophil, leads us to believe they
are important in the pathogenesis of disease and that med-
ications altering CysLT production or activity may be im-
portant to consider as a potential therapeutic options. This
review examines the role of LT synthesis inhibitors and LT
receptor antagonists in the treatment of chronic sinusitis.

Leukotriene Synthesis

Leukotrienes are generated from the metabolic breakdown
of arachidonic acid and consist of the CysLTs (LTC4, LTD4

and LTE4) and LTB4 (Fig. 1). Biosynthesis of LTs begins
with activation of a family of enzymes termed the phospho-
lipases, with phospholipase A2 being the most important,
resulting in the conversion of membrane phospholipids into
arachidonic acid. Following activation, the enzyme 5-
lipoxygenase (5-LO) translocates from the cytosol to the
perinuclear envelope where in association with 5-
lipoxygenase-activating protein (FLAP), arachidonic acid
is oxygenated to form 5-hydroperoxy-eicosatetraenoic acid
(5-HPETE) and then it is dehydrated to generate LTA4 [5].
5-LO is a calcium dependant enzyme that is active in a

variety of cell types including mononuclear phagocytes, B
lymphocytes, granulocytes, and mast cells [6]. FLAP forms
a trimeric unit that serves as a membrane anchor to which 5-
LO binds and is the initial docking site for arachidonic acid
before transfer to 5-LO [7]. LTA4 is unstable and is either
converted to LTB4 by LTA4 hydrolase or, alternatively,
LTA4 can be metabolized into the cysteinyl leukotriene
LTC4 by the enzyme LTC4 synthase (LTC4S) (or the related
enzyme microsomal glutathione transferase II [MSGT-II])
via conjugation with glutathione. Like FLAP, LTC4S also
exists as a trimer. Glutathione binds between adjacent
monomers of LTC4S creating a hydrophobic environment
in which LTA4 can dock following generation by 5-LO/
FLAP [8]. LTC4 is exported from the cell via the multi-
drug transporter ATP-binding cassette (Abc)c1 where hy-
drolysis and removal of the amino acid glutaminate occurs
by action of serum γ-glutamyl transferase giving rise to
LTD4. LTE4 is produced following cleavage of a glycine
residue from LTD4 by the enzyme dipeptidase, leaving
behind the single amino acid cysteine from which this
family derives its name [9]. LTE4 is the final end product
of CysLT synthesis and is excreted in the urine without
further modification. LTs have been implicated in the path-
ogenesis of many diseases and as such there has been an
intense effort by the pharmaceutical industry to develop
compounds that antagonize their action.

Leukotriene Receptors

Response to CysLTs is mediated through high affinity inter-
actions with two cloned receptors that are referred to as the
CysLT1 and CysLT2 receptors. While sharing only 38%
amino acid identity, both receptors are seven transmembrane
domain G protein-coupled receptors that utilize calcium as a
second messenger [10, 11]. The two receptors can be dis-
tinguished by their relative potency for binding the CysLTs:
CysLT1 receptor LTD4>LTC4>>LTE4 and CysLT2 receptor
LTD4 0 LTC4>>LTE4. Thus, the CysLT1 receptor has an
approximately 10-fold higher affinity for LTD4 than that for
LTC4. At the time of the cloning of the two CysLT receptors,
there was pharmacological evidence for a third CysLT re-
ceptor as human pulmonary artery stimulated with LTC4

was resistant to inhibition with all known receptor antago-
nists [12]. It was also known that subjects with AERD had a
unique sensitivity to LTE4, which also led to the suggestion
that additional CysLT receptors must exist. To date, at least
two selective leukotriene E4 receptors have been described
(P2Y12 and CysLTER) with their binding affinity being
LTE4>LTC4 0 LTD4 [13, 14, 15•]. Based on phylogenetic
similarity, the GPR17 orphan receptor has been shown to
respond to both uracil nucleotides and CysLTs. Expression
is found in the heart, brain and kidney undergoing ischemic

Fig. 1 Leukotriene synthesis pathway indicating the enzymes that are
involved in each step of synthesis and the locations of action for the
leukotriene synthesis inhibitor and receptor antagonists
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damage and may represent another LT receptor [16], how-
ever several groups have been unable to replicate this find-
ing and even suggest that it may be a negative regulator of
CysLT action [17, 18].

The distribution of the CysLT receptors on peripheral
blood leukocytes is shown in Table 1 [11, 19, 20]. High
levels of expression of both the CysLT1 and CysLT2 recep-
tors have been observed on eosinophils and mast cells
whereas only low levels of the CysLT1 receptor are
expressed on neutrophils. Few circulating T lymphocytes
express either class of receptor (~4% to 8%), however
higher levels are seen in inflamed tissue [11, 21]. In addition
to these immune cells, the CysLT1 and 2 receptor has been
found on smooth muscle cells and the CysLT2 receptor is
expressed on heart Purkinjie fiber cells, adrenal chromaffin
cells, brain and human umbilical vein endothelial cells
(HUVEC) [19, 22]. In contrast to lung fibroblasts that can
express the CysLT1 receptor [23], nasal polyp derived fibro-
blasts do not express either the CysLT1 or 2 receptors [24].

For response to LTB4, two G protein-coupled receptors,
BLT1 and BLT2, have been identified as mediating action.
The receptors share 45% amino acid identity and it is
believed they arose due to gene duplication as BLT2 uses
the BLT1 promoter and its sequence overlaps a 5′ untrans-
lated region of a BLT1 splice variant. The BLT1 receptor
displays higher affinity and specificity for LTB4 than the
BLT2 receptor [25]. The expression pattern for the receptors
in peripheral blood leukocytes is shown in Table 1. In
general, BLT1 expression is highest in peripheral blood
leukocytes with lower levels found on spleen, heart and
brain and lung fibroblasts [23, 25]. Of the leukocytes, neu-
trophils and monocytes have the highest BLT1 levels. BLT2
receptors are ubiquitously expressed with high levels ob-
served in spleen, liver, ovaries and peripheral blood leuko-
cytes. Within the leukocyte population, it is interesting to
note that high levels are found on both CD4+ and CD8+ T
cell populations, B cells and dendritic cells [26].

LT receptor expression can be modulated depending on
cell type and stimulus. This has obvious implications for

drug targeting, as many of these cells and cytokines are
present in the tissue of CS patients. Interleukin (IL)-4
increases cell surface expression of both the type 1 and 2
CysLT receptors on mast cells without altering mRNA or
protein levels; presumably by stimulating vesicles with pre-
assembled CysLT receptors to fuse with the outer cellular
membrane [27, 28]. In a more traditional manner, IL-4
stimulates mRNA and cell surface expression of the CysLT1
and CysLT2 receptors in human monocytes, eosinophils, T
cells and B cells [29, 30]. Similar to IL-4, IFN-γ increases
CysLT2 receptor mRNA expression on human monocytes,
T cells and B cells and eosinophils [30, 31]. On human
endothelial cells, both IL-4 and IFN-γ stimulate CysLT2
receptor mRNA production [32, 33]. IL-5 can increase
CysLT1 receptor mRNA and cell surface expression on
human eosinophils [34]. Few studies exist on the modula-
tion of the LTB4 receptors. Of the cytokines, IFN-γ and IL-
1β have been shown to increase mRNA and protein expres-
sion of the BLT1 receptor and TNF-α and IL-1β lead to
increases in the BLT2 receptor [35]. Non-cytokine stimula-
tion of BLT1 receptor expression can be produced by lipo-
polysaccharide, dexamethasone and LTB4.

The Role of Leukotrienes in Chronic Sinusitis

The extreme example for the role of CysLTs in chronic
sinusitis is AERD. AERD was originally defined by the
“triad” of nasal polyps, asthma, and aspirin sensitivity
(Samter’s triad) [36]. Aspirin intolerance occurs in as many
as 20% of adult asthmatics and up to 30% of asthmatics with
chronic sinusitis or nasal polyposis [37]. The underlying
respiratory disease activates an intense infiltration of mast
cells and eosinophils into the respiratory mucosa that syn-
thesize and secrete high levels of CysLTs [38, 39]. Mast
cells also release histamine, tryptase and PGD2; vasodilatory
and bronchoconstricting agents that augment the LT re-
sponse. AERD subjects display dramatic upregulation of
the two essential enzymes involved in CysLT synthesis, 5-

Table 1 Leukotriene receptor
expression on leukocytes Cell Type CysLT1 receptor CysLT2 receptor BLT1 receptor BLT2 receptor

Eosinophil ++ + + +

Monocyte ++ + ++ +

Alveolar macrophage + + + Unknown

Neutrophil + – ++ +

Mast cell + + + +

Basophil + + + –

CD4+ T cell + + + ++

CD8+ T cell Unknown Unknown + ++

B cell + + + ++

Dendritic cell + ++ – +
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LO and LTC4S [40, 41]. This over-expression drives both
the constitutive over-production of CysLTs and the life-
threatening surge in CysLTs that occurs with ingestion of
aspirin and other non-selective COX inhibitors [42]. CysLTs
have important pro-inflammatory and pro-fibrotic effects
that contribute to the extensive hyperplastic sinusitis and
nasal polyposis that characterize this disorder. In addition to
their over-production, these patients display greatly en-
hanced sensitivity to the CysLTs, reflecting over-
expression of the CysLT receptors [21, 43], including both
the two well characterized receptors (CysLT1 and CysLT2)
and newly described selective LTE4 receptors [13, 14, 15•].

CHES is an inflammatory disease characterized by the
prominent accumulation of eosinophils in the sinuses and,
when present, associated NP tissue [38, 44, 45]. While NPs
frequently occur with CF, AFS and AERD, in the absence of
one of these conditions, the presence of nasal polyposis
(especially in the concomitant presence of asthma) has been
proposed as presumptive evidence for CHES [46, 47]. How-
ever, CHES can only be unambiguously diagnosed upon
histochemical staining of tissue for eosinophils or via quan-
tification of eosinophil-derived mediators (such as eosino-
phil cationic protein or major basic protein). In CHES, the
sinus tissue demonstrates a marked increase in cells that
express cytokines (IL-5, GM-CSF, etc.), chemokines
(CCL5, CCL11, CCL24, etc.), and pro-inflammatory lipid
mediators (e.g., cysteinyl leukotrienes (CysLTs)) that are
responsible for the differentiation, survival, and activation
of eosinophils [38, 48, 49]. As eosinophils are a prominent
source of many of these cytokines and lipid mediators, this
suggests that CHES is a disease of unrestrained inflamma-
tion and that once eosinophils are recruited, they provide the
growth factors necessary for their further recruitment, pro-
liferation, activation, and survival [44, 48, 49]. Thus, CHES
behaves as a self-perpetuating syndrome and, as such, does
not respond well to surgery alone [4••].

In patients with CHES and NPs, the role of LTs and
CysLT receptors has not been extensively studied. We have
demonstrated increased levels of CysLTs in polyp tissue
from patients with CHES as compared to tissue from
patients with NES or healthy sinus tissue, which was sub-
sequently confirmed in a follow-up study [38, 39]. Our
study also found CHES patients had increased mRNA tran-
scripts for the proteins involved in the metabolic pathway of
LT synthesis. As mentioned above, in AERD there is upre-
gulation of CysLT synthesis pathways that leads to a life-
threatening surge in CysLT secretion following ingestion of
aspirin or other non-steroidal anti-inflammatory drugs
(NSAIDs) in AERD which can be measured in bronchoal-
veolar lavage samples or through quantification of urinary
LTE4 [50–52]. CysLTs are capable of inducing vascular
leakage, mucous secretion, myofibroblast proliferation, and
eosinophil recruitment, adhesion, and survival. Since CHES

and AERD are characterized by CysLT overproduction,
enhanced CysLT responsiveness [53], and CysLT receptor
over-expression [21], it appears that CysLTs in a feed-
forward manner contribute to the ongoing and repeated
hyperplastic inflammation and fibrosis of CHES [38].

Pharmacological Inhibition of Leukotriene Action

To antagonize or to inhibit LTs, that is the question. There
has been an intense effort put forth by the pharmaceutical
industry to develop molecules that block LT action. To date,
only four have been approved for use in treating asthma or
allergic rhinitis. The structures of these compounds are
shown in Fig. 2 and their location of action in the LT
pathway is indicated in Fig. 1. Zileuton is the only 5-LOX
inhibitor on the market and as such has the capacity to
prevent synthesis of both the CysLTs and LTB4. These
attributes would seemingly make this the drug of choice,
however, even with the advent of a sustained release ver-
sion, zileuton suffers from a lack of potency and potential
hepatic toxicity in some individuals necessitating periodic
liver enzyme testing. Montelukast, zafirlukast and pranlu-
kast all act by antagonizing the CysLT1 receptor. The bene-
fits of these drugs are that they can be taken once to twice
daily and are generally well tolerated with few side effects
reported. The downside is that only the CysLT1 receptor is
blocked and they have no effect on actions mediated
through the CysLT2 receptor, LTE4 receptors or by LTB4.
A few LTB4 receptor antagonists have been developed, but
none have reached market at this time. One compound,
LY293111 was in Phase II clinical trials for pancreatic
cancer [54]. A LTA4 hydrolase inhibitor (DG031) was in
Phase I trials for the prevention of heart attacks, but this trial
has been suspended for unknown reasons. Neither com-
pound will be discussed further.

Reflecting the important role of the CysLTs in AERD,
these patients are often therapeutically responsive to leuko-
triene modifiers. Although reported to improve asthma and
upper airway symptoms, and appropriate as first line thera-
py, these patients seem less responsive to the leukotriene
receptor antagonists (eg, montelukast and zafirlukast). In
contrast, the leukotriene synthesis inhibitor zileuton has
been shown in placebo-controlled clinical trials to improve
asthma, reduce corticosteroid requirements, reduce nasal
polyps, and restore anosmia [55•]. The greater beneficial
response to this agent is poorly understood, but could reflect
either a role for other leukotrienes (eg, LTB4 and 5(S)
HETE) or for the CysLTs primarily acting through other
CysLT receptors (such as the putative LTE4 receptor(s))
[13, 14, 15•].

There are very few well performed controlled studies of
leukotriene modifiers in CHES and most of the published
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studies with leukotriene modifiers were conducted as add-
on therapy to intranasal corticosteroids, making them even
more difficult to interpret. In one study, 24 patients who
were actively treated with intranasal steroids were followed
for 3 months after starting montelukast. Nasal polyp symp-
tom scores improved in 17 of the subjects and eosinophil
polyp counts dropped when compared to pretreatment val-
ues [56]. Similar results in terms of improvements in nasal
symptom scores were observed in a single-blind placebo-
controlled crossover study of patients with asthma and nasal
polyps [57]. In addition, this group also documented a
reduction in nasal fluid levels of CysLTs, ECP, neurokinin
A and substance P. An open-label study performed by
Wilson, et al., showed improvement in nasal symptom
scores, but not in objective parameters in 32 patients with
CRS treated with montelukast [58]. LT modifiers are likely
to provide benefit in CHES through both direct reduction of
eosinophil recruitment and activation in the sinuses and
through their ability to diminish eosinophilopoiesis and
promote apoptosis. CysLT1 receptor antagonists (zafirlukast
and montelukast) have been suggested to have efficacy in
CHES/NP in uncontrolled trials [59]. Recently, this group
has reported results of a double-blind placebo-controlled
trial with montelukast. Postoperative CT scans of patients
on montelukast showed either improvement or no change in
comparison to the perioperative scans while 30% of patients
in the placebo group had CT scans that worsened following
surgery. Endoscopic evaluation revealed that nasal polyps
recurred in 60% of the placebo patients compared to only
25% in the montelukast group [60]. These findings are
supported by two groups, who were able to demonstrate
that the recurrence rate of nasal polyps in aspirin sensitive
asthmatics was reduced when given montelukast [61, 62].

Long-term double-blind placebo controlled trials are
needed to determine the efficacy of these drugs on CHES
and AERD. However, leukotriene modifiers are indicated
for use in asthmatics, and it has long been understood that a
subset of these patients have significant sinusitis. Therefore,
it may fall on clinicians to evaluate the effectiveness of

leukotriene modifiers in sinusitis when they place asth-
matics with sinus disease on these medications.

Indirect Inhibition of Leukotriene Activity
by Other Pharmacological Agents

As discussed above, the vast majority of CysLTs and LTs in
sinus disease are derived from one cell, the eosinophil and,
to a lesser extent, the mast cell. Therefore, it stands to reason
that interfering with the eosinophil’s ability survive or to
synthesize these biochemicals will lead to improvement of
symptoms in patients with sinus disease.

In work done by Boyce et al., mast cells treated with IL-4
had increased expression of LTC4S and enhanced calcium
flux and ERK phosphorylation through the CysLT1 receptor
[63–65]. Steinke et al. demonstrated that IL-4 could increase
CysLT1 and 2 receptor expression on eosinophils, mono-
cytes, and lymphocytes [30]. As such, one could speculate
that treatment with anti-IL-4 will improve symptoms in
eosinophilic sinusitis by decreasing the effects CysLTs can
have on target cells via down-regulation of receptors and the
enzyme involved in synthesis. Several IL-4 antagonists are
currently in development for the treatment of asthma.

There has been renewed interest in the past several years in
anti-IL-5 drugs, particularly in eosinophilic asthma. Evidence
suggests that IL-5 is elevated in nasal polyps of patients with
CHES. In 2006, a double-blind placebo-controlled trial of 24
subjects with nasal polyps randomized to receive 3 mg/kg,
1 mg/kg, or placebo of humanized anti-IL-5 was published
[66]. Reduced peripheral blood eosinophils and ECP levels
were found in treated patients. Unfortunately, only half of
these patients displayed decreased polyp burden. In post-hoc
analysis, the responders were found to have increased IL-5 in
their polyps prior to treatment, suggesting that with proper
screening a subset of subjects may be candidates for treatment
[66]. Mepolizumab, another anti-IL-5 drug, reduces steroid
dosages in patients who suffer from Churg Strauss Syndrome
(CSS), an eosinophilic vasculitic process that leads to severe

Fig. 2 Structures of the
molecules commercially
available that modulate 5-
lipoxygenase or cysteinyl type
1 receptor activity
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asthma, sinusitis, peripheral eosinophilia, pulmonary infil-
trates, and tissue infiltration by eosinophils. In a pilot study
by Kim, et al., seven patients with CSS were treated with
4 monthly injections of mepolizumab. At the end of 4 months,
all seven subjects had decreased steroid requirements and
improved symptoms. After cessation of mepolizumab, all
symptoms including sinus problems returned [67••].

Imatinib is a 2-phenylaminopyrimidine derivative that
functions as a specific inhibitor of a number of tyrosine
kinase enzymes. It is an effective treatment in chronic my-
elogenous leukemia and gastrointestinal stromal tumors
(GIST), and, more recently, there is evidence that it is
effective in certain types of hypereosinophilic syndromes
and mastocytosis [68, 69]. It has been shown to have anti-
eosinophil and mast cell properties particularly through its
inhibition of tyrosine kinase, and, as such, it should be
beneficial in patients particularly with CHES and AERD.
An open-label trial of eight patients with CHES was per-
formed and showed decreased peripheral eosinophils in
seven patients and improved symptoms in four [70].

Macrolides possess anti-inflammatory effects likely second-
ary to their ability to inhibit inflammatory mediators including
IL-1β, IL-8, and ICAM-1. Recent in vitro studies of clarithro-
mycin have shown suppression of IL-5, IL-8, and GM-CSF
equal to that of prednisolone in nasal biopsy samples of
patients with CRS [71]. Suppression of IL-5 and GM-CSF in
this manner could lead to decreased peripheral blood eosino-
philia and, potentially, decreased tissue eosinophilia leading to
improvement in patients with CRS. In a study from Japan, 56
subjects with CRS and nasal polyps were treated with roxi-
thromycin daily for 3 months. A total of 53.6% had overall
improvement based on subjective and objective criteria [72].

Phospholipase A2 inhibitors have been marketed for
various diseases including atherosclerosis, rheumatoid ar-
thritis, Crohn’s disease, and colitis. Unfortunately, these
medications have met with several problems leaving most
terminated after phase II trials. GSK has one PLA2 inhibitor
(darapladib) that is still in phase II trials for its ability to
stabilize atherosclerotic plaques in coronary artery disease.
Another secreted PLA2 inhibitor created by Eli Lilly has
completed phase I and II trials for its ability to improve
survival during sepsis [73, 74]. One could speculate that a
PLA2 inhibitor in sinusitis could lead to complete block of
leukotriene production in those with eosinophilic disease.
Interestingly, the ashwagandha plant (Withania somnifera)
used in Ayurvedic medicine is a PLA2 inhibitor, but no
clinical trials have been performed to prove its efficacy.

Conclusions

LTs play an important role in the pathogenesis of allergic
and non-allergic diseases. This led to the development of

drugs that either blocked LT action or inhibited LT synthesis.
Despite the recognized morbidity and financial expense
incurred by those who suffer CS and the documented high
levels of LTs and cells that respond to LTs in CS, few
clinical studies have addressed the benefits of modifying
LT action in these diseases. In order to lessen the impact of
CS, studies are needed for the approved LT modifiers cur-
rently on the market in order to expand their clinical useful-
ness. In addition, as new drugs are developed, clinical trials
should include sinusitis as an indication. With this, we may
finally get new drugs in the arsenal that will help combat
this often-overlooked disease.
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