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INTRODUCTION 

Asthma is a chronic inflammatory lung disease that affects 14 to 1 5 million persons in 
the United States alone. It is the most common chronic disease of childhood, affecting 
approximately 4.8 million children 3

· 
21

• Asthmatics have more than 1 00 million days of 
restricted activity and they have more than 470,000 annual hospitalizations. Even more 
striking is the fact that more than 5,000 people die from asthma each year 21 • 

It is now well-established that asthma is a disease that involves chronic airway 
inflammation. No longer is it thought to be simply a disease of episodic bronchial smooth 
muscle constriction. In light of this newly-acquired knowledge, our management strategies 
are changing. As outlined in the recently-published Guidelines for the Diagnosis and 
Management of Asthma:Expert Panel Report 2 39

, effective asthma management must include 
comprehensive pharmacologic therapy that is aimed at reversing and preventing asthma­
associated inflammation. While quick-relief bronchodilators are still required to treat asthma 
symptoms and exacerbations, long-term anti-inflammatory control medications are the 
mainstay of asthma treatment. Currently, the most potent and effective medications in this 
category are the corticosteroids, and, these agents, in their inhaled form, should be used 
regularly by all asthmatics with persistent disease 39

• 

Despite the effectiveness of inhaled glucocorticoids, side effects do occur, especially at 
high doses. In addition, in some patients, these agents have limited efficacy. Therefore, in 
light of these limitations, investigators have been stimulated to discover new approaches to 
asthma therapy. Therefore, over the last few years, asthma research has focused on the 
development of agents that can, more effectively, inhibit the actions of specific inflammatory 
mediators. 

The leukotrienes (L Ts) are a family of lipid mediators that have pro-inflammatory 
properties. They are derived from arachidonic acid and evidence is accumulating that 
supports an important role for these mediators in asthma as well as in other inflammatory 
diseases 135 • For this reason, over the last few years, research has focused on the 
development of both leukotriene antagonists and inhibitors. Currently, two are on the market 
in the United States as anti-asthmatic medications. The purpose of this review is to discuss 
the role of leukotrienes in asthma and to summarize the results of the clinical experience with 
leukotriene modifying agents in asthmatic patients. 

HISTORY 

In 1925, Joseph Harkavy, a research fellow at the Institute of Pharmacology in Leiden, 
discovered a substance in the sputum of asthmatic patients that could elicit spasms in 
isolated muscle strips. Subsequently, in a follow-up study in the United States, he again 
isolated a smooth muscle-stimulating substance in sputum extracts from asthmatic 
individuals. This substance generated either one of two characteristic patterns: progressive 
increasing contractions or violent spasm along with contraction. While this substance 
appeared to be similar to histamine, it was thought to be distinct 127

. In 1940, Kellaway and 
Trethewie 73 demonstrated conclusively that the contractions observed by Harkavy were not 
produced by histamine and they coined the term "slow-reacting, substance of anaphylaxis" 
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(SRS-A) to describe this newly-defined mediator. 

During the 1930's and 1940's, biogenic amines were 11 hOt 11 research interests for many 
investigators. Von Euler at the Karolinska Institute in Stockholm observed that the seminal 
fluid substance responsible for uterine muscle contraction and relaxation was different from all 
known active compounds. Von Euler named this substance prostaglandin because of its 
location in both the prostate and vesicular glands. Subsequently, prostaglandins were 
isolated from various tissues and body fluids and were found to cause both 
bronchoconstriction and vasodilation. Von Euler's work opened the door to a new era of 
research into the chemical mediators responsible for inflammation. 

In 1960, Brocklehurst 12 observed and reported that lung segments obtained from an 
asthmatic individual released SRS-A upon allergen exposure. This finding suggested that 
SRS-A was involved in the development of asthmatic symptoms since it was able to cause 
more prolonged muscle contraction than any other smooth-muscle constrictors, including 
histamine. Along with these studies, others, using animal models, also demonstrated that 
SRS-A was a potent bronchoconstrictor 36

• Because of its probable role in the pathogenesis 
of asthma, the race was on to determine the structure of SRS-A. 

In the late 1970's, Samuelsson 123 won the race. He identified the component 
molecules of SRS-A as being the cysteinylleukotrienes C4 , 0 4 , and E4 • In addition, he 
described the bronchoconstrictor, chemotactic, and pro-inflammatory properties of the 
leukotrienes. Thus, it was becoming clear that these molecules played a central role in 
asthma, allergy and inflammation. Because of his great contribution, Samuelsson was 
awarded the Nobel Prize for Physiology or Medicine along with Sune Bergstrom and Sir John 
Vane in 1982. 

PATHOPHYSIOLOGY OF ASTHMA 

Clinically, asthma is characterized by bronchoconstriction, wheezing, breathlessness 
with exertion, cough, increased mucous production, blood and tissue eosinophilia and 
nonspecific airway hyperreactivity. The disease affects both large and small airways, but not 
the alveoli. While there are complex events that occur that lead to the development of 
asthma, the structural changes that are seen with this disease result from chronic 
inflammation. Principally, the bronchi and bronchioles are involved with extensive denudation 
of airway epithelium and the formation of markedly hyperplastic goblet cells. The basement 
membrane is thickened due to the deposition of sub-basement membrane collagen and the 
lamina propria is infiltrated with lymphocytes, eosinophils, and neutrophils 70

• 
72

• The smooth 
muscle is contracted and hyperplastic and the submucous glands are hyperplastic and actively 
produce mucus. There is an increase in mast cells in the airway and many of these are 
degranulated. The airway lumen often is filled with mucus, edema fluid, eosinophils, 
inspissated mucus plugs, Charcot-Leyden crystals and Curshchmann 27 spirals which are casts 
of the airways formed by the exudate. 

Reduction in small airway diameter is the key pathophysiologic event responsible for 
the clinical manifestations of asthma. The causes of airway obstruction are multiple and 
include: airway wall edema, increased luminal secretions, cellular infiltration of the airway wall 
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and bronchial smooth muscle contraction 70
• Airway resistance is increased making 

expiration difficult. The result is a reduction in forced expiratory volumes (FEV 1 ) and flow 
rates as well as hyperinflation of the lung and air trapping. 

Smooth muscle contraction. In light of the fact that airway obstruction reverses within 
minutes after treatment with ~-adrenergic agonists, it appears that smooth muscle contraction 
plays a significant role in airway obstruction in asthma. The mediators responsible for this 
contraction are predominantly derived from mast cells and include: histamine, bradykinin, 
leukotrienes L TC4 , L TD4 , and L TE4 , prostaglandins PGF2a and PGD2 , thromboxane A 2 and 
platelet-activating factor (PAF). 

The biologic effects of histamine are wide-ranging and are mediated through the 
activation of three receptor subtypes, termed H1, H2, and H3 • Activation of histamine via its 
H1 receptor results in airway smooth muscle contraction, increased vascular permeability and 
prostaglandin and thromboxane production. Histamine also initiates vagally-mediated reflex 
parasympathetic actions, causes venule dilation and is responsible for increased vascular 
permeability. The fact that atropine-like agents cause bronchodilation in some asthmatics 
suggests that histamine-mediated parasympathetic stimulation may contribute to the 
bronchoconstriction seen in asthma. However, it is not thought that histamine plays a major 
role in the pathophysiology of the bronchospasm seen in asthma since little, if any, 
improvement occurs with antihistamine therapy. 

The role for prostaglandins in asthma also is not well-defined. It is known that PGF20 , 

PGD2 , PGG 2 , and thromboxane A 2 can cause airway bronchoconstriction. However, since 
aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) (agents known to reduce 
prostaglandin production) fail to improve airway function in asthmatics, it is thought that 
prostaglandins do not play a key role in the pathophysiology of airway obstruction in asthma. 

In contrast to histamine and the prostaglandins, the leukotrienes appear to play a 
significant role in asthma-associated bronchoconstriction. Moreover, the leukotrienes have a 
more sustained mechanism of action. The fact that leukotriene receptor antagonists produce 
both acute and chronic bronchodilation suggests that these chemical mediators are, at least 
partially, responsible for the bronchoconstriction associated with asthma. 

Edema. Mucosal airway edema results from the leakage of serum proteins into the 
interstitial space due to increased capillary permeability. Increased permeability is caused by 
several mast cell-derived mediators including: histamine, PGE2 , L TC4 , L TD4 , PAF and 
bradykinin. The importance of airway edema in asthma was revealed by Dunnill 38 in 1 960. 
Upon performing pathologic examinations of asthmatic lung tissue he found that the most 
striking abnormality was the marked mucosal edema that was present. More recently, 
mucosal edema has been visualized by bronchoscopy after airway allergen challenge7

· 
70

• 

Inflammation. Upon examining the mucosa of asthmatics who have died in status 
asthmaticus, a mixed cellular infiltrate that consists of eosinophils, neutrophils, macrophages, 
CD4 + T lymphocytes, mast cells, and plasma cells is observed. In addition, the airway lumen 
is filled with secretions rich in eosinophils (and their products), neutrophils, and epithelial cell 
clumps. It is thought that the eosinophil and neutrophil infiltrates result from the release or 
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generation of factors from activated mast cells. These include histamine, chemotactic factors 
and arachidonic acid metabolites 70

• In addition, the mast cell also generates newly 
synthesized cytokines that can elicit cellular infiltrates hours after the initial antigen-induced 
event 90

• This late asthmatic response is characterized microscopically by the influx of 
inflammatory cells, and functionally by a decline in pulmonary function and an increase in 
airway hyperresponsiveness. 

The early asthmatic response occurs within minutes after allergen exposure. 
During this short time interval, mast cells degranulate releasing mediators, such as histamine, 
PGD2 and tryptase, that are detectable in bronchoalveolar lavage fluid 95 and that lead to 
increased vascular permeability and subsequent edema. These mediators, along with newly­
generated cytokines, cause the upregulation of cell adhesion molecules, intercellular adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), both of which enable 
eosinophils to attach to the pulmonary endothelium and extravasate into the lung 137

• Release 
of eosinophil-derived proteins leads to epithelial denudation, mucus secretion and airway 
irritability. It has been demonstrated in monkey models of asthma, that if ICAM-1 expression 
is prevented after allergen challenge, eosinophilia and airway hyperresponsiveness do not 
occur 137

• 

Mucus hypersecretion. Patients who have died from asthma are found to have diffuse 
collections of mucus and mucus plugs, both of which appear to contribute markedly to airway 
obstruction. Increased mucus production occurs due to both hyperplasia of submucosal 
glands and increased numbers of epithelial goblet cells. In addition, inflammatory mediators 
act on submucosal glands to produce mucus. Those that are thought to be important in 
mucus secretion include: L TD4 , L TC4 , PGF20 , PGD 2 , PGI 2 , PGE 1 and PGA2 • Cholinergic, 
adrenergic, and sensory neuropeptides also stimulate mucus secretion as well 126

• 

Airway hyperresponsiveness. In the presence of various irritating stimuli, asthmatic 
airways demonstrate an exaggerated nonspecific airway reactivity. These stimuli include: 
cold air, exercise, chemicals, laughing, and coughing. In the laboratory, provocations are 
elicited with histamine, methacholine, PGF20 , cold air hyperventilation and ultrasonic mist 25

• 

Airway hyperresponsiveness is present in all asthmatics and in some individuals with chronic 
bronchitis and allergic rhinitis. It has been shown that asthmatics who have not wheezed for 
years may continue to have persistent abnormal airway reactivity. In addition, there is a 
correlation between the degree of airway hyperresponsiveness and disease severity 70

• 

Airway hyperresponsiveness may return to normal if allergens are avoided, immunotherapy is 
initiated or anti-inflammatory medications are used regularly 69

. Over the last decade, both 
airway hyperresponsiveness and airway inflammation have become the primary targets of 
asthma therapy. 

LEUKOTRIENE SYNTHESIS 

Before embarking upon a discussion of novel asthma treatments that inhibit the actions 
of the leukotrienes, it is important to understand the biochemistry of the leukotrienes 
themselves. The leukotrienes are derived from arachidonic acid, a ubiquitous 20-carbon fatty 
acid that is often found esterified in the sn-2 position of cell membrane phospholipids 135

• 

Leukotrienes, along with prostaglandins, thromboxanes, and lipoxins, are members of a larger 
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group of molecules known as eicosanoids 123
• Importantly, leukotrienes are not stored in a 

preformed state. They are synthesized de novo after trauma, infection, and inflammation 54 • 

Upon activation of effector 
cells, phospholipase A 2 is 
translocated from the cytosol to 
the cell membrane and is 
activated resulting in the cleavage 
of arachidonic acid from 
membrane phospholipids. Once 
released, arachidonic acid may 
undergo oxygenation or it may be 
reincorporated into cell membrane 
phospholipids by reacylation. 
While there are several pathways 
by which arachidonic acid 
subsequently may be metabolized, 
this review will focus only upon 
the 5-lipoxygenase pathway 
(Figure 1 ). 

Arachidonic acid is 
converted to 5-hydroperoxy­
eicosatetraenoic acid (5-HPETE) 
by a catalytic complex consisting 
of 5-lipoxygenase and 5-
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Figure 1 • 5-Lipoxygenase pathway to leukotriene generation93 • 

lipoxygenase activating protein (FLAP) 103
• 

107
• This same enzyme complex then converts 

HPETE toLTA4 • Subsequently, LTA4 may be converted into LTB4 by LTA4 hydrolase. 
Alternatively, in the presence of L TC4 synthase 83

, L T A4 is conjugated to reduced glutathione 
to form L TC4 

91
• L TC4 is then exported from the cytosol to the extracellular 

microenvironment where y-glutamyltranspeptidase cleaves the glutamic acid moiety yielding 
L TD4 

92
• L TE4 , the final product, is then formed upon cleavage of the glycine moiety from 

L TD4 
114

• L TC4 , L TD4 , and L TE4 are known as the cysteinyl leukotrienes and together these 
molecules comprise the biologic material previously known as the slow reacting substance of 
anaphylaxis (SRS-A). 

The sites of leukotriene synthesis are dependent upon the cellular distribution of the 
enzymes responsible for their formation. Since 5-lipoxygenase is found only in cells of the 
myeloid lineage, L TA4 formation is limited to these cells only 118

• In contrast to 5-
lipoxygenase, the enzymes farther down the arachidonic acid cascade have a more wide 
distribution. Therefore, while L T A4 production is limited to a few cell types, the enzymes 
responsible for its metabolism are much more widely distributed. In addition, the fact that 
L T A 4 is exported once synthesized enables a much broader range of cells to act as leukotriene 
secretors 54

• 

The predominant myeloid cells that have 5-lipoxygenase activity are mast cells 124
, 

eosinophils 138
, macrophages 117

, monocytes, basophils 118 and B lymphocytes 65
• Even 
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amongst these cells, there is much variation in the types and amounts of leukotrienes that are 
secreted 54

• Monocytes and macrophages have been shown to release both LTB4 and LTD4 

after both immunologic and nonimmunologic stimulation 41
• 50• 139 • In contrast, the other 

myeloid cells described above produce significant quantities of either L TB4 or L TC4 , but not 
both. Both eosinophils 66

• 
138 and mast cells 98 predominantly produce L TC4 after stimulation 

while the principal 5-lipoxygenase product of neutrophils 53 and basophils 128 is L TB4 • 

While 5-lipoxygenase has limited cellular distribution, L T A4 hydrolase and L TC4 

synthase are found in a variety of cell types . This broadened enzyme distribution, in addition 
to the fact that L T A 4 is actively secreted from the cells that synthesize it 28

, enable 
leukotriene production to be amplified in inflammatory sites 54

• Thus, while endothelial cells 
and platelets lack 5-lipoxygenase, both contain L TC4 synthase and therefore are able to 
produce L TC4 from neutrophil-synthesized L T A 4 

40
• 

99
• Erythrocytes too lack 5-lipoxygenase, 

but they do contain L T A 4 hydrolase and thus can form L TB4 from neutrophil-derived L T A4 
44 • 

LEUKOTRIENE RECEPTORS 

The receptors for L TB4 and the cysteinyl leukotrienes L TC4 , L TD4 and L TE4 are distinct. 
For L TB4 , there exists two separate binding sites, one of low affinity and one of high affinity, 
on the surface of neutrophils 48

• 
49

• 
94

• These receptors are G-coupled and are members of the 
rhodopsin-like receptor superfamily. 

At the present time, there exists controversy regarding the number and specificity of 
receptors for the cysteinyl leukotrienes 54

• In the lungs of both rats 116 and guinea pigs 55
, a 

highly selective L TC4 receptor has been identified. However, a receptor of this type has not 
been identified in human lung tissue 15

• In humans, it has been found that the cysteinyl 
leukotrienes mediate their biological activity via a recently-described specific receptor termed 
the cysteinyl leukotriene receptor type 1 (CysL T1) 

26
• Previously, this receptor was known as 

the leukotriene 0 4 receptor and it too is a member of the rhodopsin-like superfamily. Its 
predominant location is smooth muscle cells 52

• Since L TD4 receptor antagonists inhibit the 
contractile activity of both L TC4 and L TD4 it is thought that both of these molecules interact 
with a single common LTD4 receptor 15

• 
16

· 
6

• An alternative hypothesis is that L TC4 activates 
the L TD4 receptor after its conversion to L TD4 • L TE4 acts as a partial agonist of the L TD4 

receptor 54
• Neither the CysL T1 receptor nor a second cysteinyl leukotriene receptor (CysL T2 ) 

that has been identified has been cloned. 

ROLE OF LEUKOTRIENES IN ASTHMA 

The cysteinyl leukotrienes play a major role in both hypersensitivity and inflammatory 
conditions including asthma. Predominantly, they act upon smooth muscle and the 
vasculature and in the lung they are the major mediators of bronchoconstriction. The 
leukotrienes appear to be more potent and more sustained mediators of contraction of smooth 
muscle than are arachidonic acid cyclooxygenase products. Upon stimulating asthmatic lung 
tissue with allergen, the timecourse and the severity of the bronchospasm noted is 
attributable to the large amount of L TC4 , L TD4 , and LTE4 that are released. Bronchospasm 
provoked in this way is unaffected by pretreatment with antihistamines or inhibitors of 
cyclooxygenase, but it is diminished by inhibitors of the 5-lipoxygenase pathway 31

• The 
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cysteinyl leukotrienes are 1 00- to over 1 000-fold more potent than histamine in causing 
contraction of human and guinea pig lung parenchymal strips 37 and the bronchospasm that is 
produced is more prolonged than that produced by histamine 56 • . When the cysteinyl 
leukotrienes are administered by inhalation to either healthy individuals or those with asthma 
all three are capable of producing bronchoconstriction, with L TD4 being the most potent of the 
three mediators . In addition, asthmatic airways have been shown to be more responsive to 
the contractile effects of L TD4 than the airways from normal individuals, but there does 
appear to be wide inter-individual variability 4

• 
22

• 

Individuals with asthma have increased nonspecific airway reactivity compared to 
nonasthmatic individuals. In other words, little stimulus is required to produce a 
bronchoconstrictive response in asthmatic patients and the more hyperresponsive the 
airways, the more severe the asthma 121 and the more medication required to control 
symptoms 67 • While few studies have been performed to determine the role played by 
leukotrienes in causing airway hyperresponsiveness, some supportive data does exist. A 
recent study by Fischer and colleagues 43 showed that regular treatment of asthmatics with a 
5-lipoxygenase inhibitor for thirteen weeks improved airway hyperresponsiveness to cold air 
for up to ten days following the completion of therapy. Thus, the positive effect noted was 
of much longer duration than the expected duration of action of the enzyme inhibitor drug 
used for treatment. These findings are consistent with the hypothesis that leukotrienes do 
contribute to airway hyperresponsiveness in asthma and that inhibition of their synthesis may 
lead to decreased airway hyperreactivity, possibly through reducing airway inflammation 111

• 

The only other asthma medications known to have a beneficial effect beyond their known 
duration of action are the glucocorticosteroids 68

• 

The cysteinyl leukotrienes are known to have profound effects on the vasculature. In 
addition to causing vasoconstriction of vascular smooth muscle, these mediators also cause 
increased vascular permeability. Piacentini and Kaliner 115 found that when cysteinyl 
leukotrienes were applied topically to hamster cheek pouches, there was an increased 
extravasation of markers such as Evans Blue dye. In addition, in humans, it has been shown 
by several investigators 18

• 
130 that intradermal application of L TC4 , L TD4 and L TE4 leads to the 

generation of a wheal and flare reaction. This increased vascular permeability induced by 
leukotrienes is thought to be important in asthma pathogenesis for two reasons. It allows 
proinflammatory cells to migrate into sites of inflammation and it causes plasma leakage into 
the airway wall and lumen resulting in reduced airway caliber and increased bronchial 
hyperresponsiveness 115

• 

As stated previously, airway inflammation plays a key role in asthma pathogenesis and, 
numerous studies have demonstrated that even mild asthmatics possess both mast cells and 
activated eosinophils in their airway wall and lumen 9

• 
75

• That cysteinyl leukotrienes 
contribute to the cellular infiltration noted has been demonstrated in several studies. Diamant 
and colleagues 35 demonstrated that eosinophils are increased in number in induced sputum 
samples from asthmatic patients after inhalation of LTD4 • In addition, it has been shown that 
inhalation of L TE4 by asthmatics leads to increased eosinophils in airway biopsies 81

• 

Unlike the cysteinyl leukotrienes, the importance of L TB4 in asthma pathogenesis is not 
known. L TB4 is a potent neutrophil chemoattractant in human lungs and these cells are 
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thought to play a role in both fatal 133 and nocturnal asthma 102 • LTB4 also is a 
chemoattractant for eosinophils 125

, it induces T-lymphocyte production of IL-5 140 and it 
potentiates the effects of IL-4 on lgE production 141

• The fact that this leukotriene has been 
found in the bronchoalveolar lavage (BAL) fluid of asthmatics 84 suggests that this mediator, 
like the cysteinyl leukotrienes may play a role in asthma pathogenesis . Other primary 
functions of the leukotrienes are outlined in Table 1. 

Table 1. Primary Leukotriene Functions 135 

Mediator Activity 

Smooth muscle contraction 
Bronchoconstriction 
Stimulation of airway mucus and electrolyte secretion 
Dilation and increased permeability of microvasculature 
Constriction of coronary/cerebral arteries 
Depression of myocardial contractility 
Stimulation of gastric acid secretion 

Induction of airway hyperreactivity 

Initiation of LH release 

Elicitation of leukocyte chemotaxis and activation 
Increased leukocyte adherence to endothelium 
Suppression of T lymphocyte function 
Enhancement of NK cell activity 
Stimulation of keratinocyte proliferation 

MEASUREMENT OF LEUKOTRIENES IN BIOLOGICAL FLUIDS 

The identification of leukotrienes in biological fluids has been difficult since they are 
present in nanomolar and picomolar concentrations. In addition, the leukotrienes have a very 
short half-life in vivo and they are susceptible to oxidative degradation during sample 
preparation 106 • Another difficulty lies in the fact that these mediators are artificially 
generated easily and they may be released from blood leukocytes during blood sampling 33

• 

For this reason, leukotriene analysis of blood samples is of little use clinically. However, 
unlike blood sample analysis, it has been demonstrated that production of L TB4 by isolated 
and stimulated white blood cells provides useful information regarding the role played by this 
mediator in various disease states 104

• 
105

• 

For determination of systemic cysteinyl leukotriene production, analysis of urinary 
metabolites may be performed . It has been shown that after radiolabeled L TC4 is 
administered to humans [3H]L TE4 is the main urinary metabolite 113

• In patients with asthma, 
L TE4 excretion has been shown to be elevated after allergen challenge 77 and after aspirin 
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challenge of aspirin-sensitive asthmatics 77
• It is also increased in patients with nocturnal 

asthma 10
• 

The presence of leukotrienes can be determined quantitatively using various analytic 
techniques: bioassays, HPLC, RIA, enzyme immunoassays, chromatography and mass 
spectrometry 106

• The preferred method for unequivocal identification is gas chromatography­
mass spectrometry 108

• In addition to identifying L TE4 in urine, the cysteinyl leukotrienes have 
been demonstrated in lavage fluid of asthmatics, as well, using these methods 84 • The fact 
that these mediators are elevated in patients with asthma, along with their known 
pharmacologic effects, make them a natural target for therapeutic intervention. 

LEUKOTRIENE MODIFYING DRUGS: EARLY DEVELOPMENT 

In order to 
interfere with the 
actions of the 
leukotrienes, in 
theory, any of the 
enzymes in their 
biosynthetic pathway 
may be targeted for 
inhibition. However, 
to date, only one 
enzyme, 5-
lipoxygenase, has 
been selectively 
inhibited 
successfully20 • In 
addition, several 
FLAP inhibitors that 
prevent arachidonic 
acid from binding to 
the FLAP molecule, 
have been developed 

5-LO inhibitors 
e g. zileuton 
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tl ~ 
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Figure 2. The four groups of antiasthma drugs directed against L T synthesis and 
activity68

• 

as well. Both of these classes of drugs interfere with leukotriene biosynthesis and thus, block 
the formation of both the cysteinyl leukotrienes and L TB4 • In addition to these agents, 
another class of drugs exist that block the activity of the leukotrienes at the receptor level. 
Competitive cysteinyl leukotriene receptor antagonists block the activity of LTC4 , LTD4 , and 
L TE4 at the CysL T1 receptor and L TB4 may be competitively inhibited by L TB4 antagonists 
acting at its receptor. Figure 2 demonstrates the sites of action of the four classes of 
leukotriene modifying drugs and Table 2 provides the status of the various antileukotrienes 
that are or have been studied in humans. 
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Table 2. Antileukotrienes in Human Disease 111 

DRUG DRUG CLASS CURRENT STATUS 

Zileuton 5-lipoxygenase inhibitor Available in the United States 
Genleuton 5-lipoxygenase inhibitor Withdrawn from development 
BAYx1005 FLAP antagonist Withdrawn from development 
MK-886 FLAP antagonist Withdrawn from development 
LY171883 CysL T1 antagonist Withdrawn from development 
MK-571 CysL T1 antagonist Withdrawn from development 
Cinalukast CysL T1 antagonist Withdrawn from development 
Montelukast CysL T1 antagonist In phase Ill clinical tria ls 
Pranlukast CysL T, antagonist Available in Japan; In phase Ill 

clinical trials in the United States 
Verlukast CysL T, antagonist Withdrawn from development 
Zafirlukast CysL T, antagonist Available in the United States and 

several European countries 

Cysteinyl Leukotriene Receptor Antagonists. One of the first receptor antagonists 
developed was FPL-55712 in the late 1970's 2

• This agent was shown to reduce the smooth 
muscle contraction induced in guinea-pig trachea and human bronchial tissue after in vitro 
antigen application. In the last 20 years, since this initial antagonist was identified, hundreds 
of cysteinyl leukotriene antagonists have been developed 136

, but, of these, less than twenty 
have undergone clinical evaluation. 

The discovery of the cysteinyl leukotriene receptor antagonists helped to elucidate the 
important role played by the leukotrienes as mediators of asthma . A common initial stage in 
clinical evaluation was to evaluate the effect of leukotriene antagonists on L TD4-induced 
bronchoconstriction in normal volunteers or individuals with mild to moderate asthma. Early 
studies revealed that the L TD4 dose-response curve was shifted to the right when individuals 
were pretreated with various investigational leukotriene antagonists 13

• Most of the early 
agents that were developed were structural analogs of FPL-55712 and, thus, all contained a 
common hydroxyacetophenone moiety linked to an acidic group. While each of these early 
hydroxyacetophenone antagonists demonstrated variable inhibition of L TD4 -induced smooth 
muscle contraction in vitro, none of these agents were efficacious in humans. They caused 
only minimal effects on the early asthmatic response to inhaled allergen in sensitized subjects 
and they had no effect on the late asthmatic response or on airway hyperreactivity 56

• 

Studies that were conducted in chronic asthma also were disappointing. In a large study 
conducted by Cloud and colleagues 2

\ tomelukast (l Y171883) produced only a 7% 
improvement in FEV 1 and only minor reductions in ~-agonist use. It is generally believed that 
the disappointing results that were seen with these first generation antagonists were due to a 
combination of low potency and poor specificity 56

• The low potency seen with these agents 
existed because of their weak receptor binding affinity. None caused greater than a 6-fold 
shift in the dose-response curve for inhaled L TD4-induced bronchoconstriction in humans 13

• 

While the early receptor antagonists were not clinically effective, their discovery was 
an impetus to further research in this area. A major advance occurred with the development 
of MK-571, a quinolyl carboxylate LTD4 antagonist. This agent was found to have an affinity 
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for the LTD4 receptor comparable to the natural L TD4 ligand. In asthmatic patients, a plasma 
concentration of 0.55 ug/ml caused a mean rightward shift in the dose-response curve (for 
inhaled L TD4-induced bronchoconstriction) of at least 44-fold. At a mean plasma 
concentration of 10 ug/ml (280 mg dose), the shift was increased to at least 83-fold 74

• MK-
5 71 significantly inhibited both the early and late asthmatic responses 74 and it markedly 
inhibited exercise-associated bronchospasm as well 100

• In a six-week placebo-controlled 
chronic asthma trial, MK-571 was given at a dose of 75 mg tid po for two weeks followed by 
140 mg tid po for four weeks 101 • At the completion of the trial, FEV1 was improved 8-14% 
and both asthma symptoms and ~-agonist use were reduced by 30%. While these results 
confirmed the therapeutic benefit of leukotriene inhibitors in chronic asthma, the clinical 
development of this agent was suspended when it was discovered that it caused an increase 
in peroxisomal enzymes in mice, a feature that has been linked to the possible occurrence of 
hepatic tumors in humans 13

• 

Further studies of the enantiomers of racemic MK-571 revealed that peroxisomal 
proliferation was associated totally with the S enantiomer of this compound 51

• The R­
enantiomer, verlukast (MK-679), lacked this property and was chosen, therefore, for further 
study. It was found to improve lung function in moderately severe asthmatics by 1 3% 85 and 
it caused a 4.4-fold shift in the dose-response curve to inhaled aspirin in aspirin-sensitive 
asthmatics 30 • In addition, a single oral 825 mg dose produced a marked bronchodilator 
response in a group of aspirin sensitive asthmatics in the absence of aspirin challenge 29

• The 
fact that this improvement was demonstrated in individuals who also were taking inhaled 
corticosteroids suggests that leukotriene production is unaffected by corticosteroids. Also, 
these findings suggest that leukotriene antagonists may add extra benefit beyond that 
provided by corticosteroids in aspirin-sensitive asthmatics and that leukotrienes are involved in 
the pathogenesis of asthma of this type 13

• 
29

• While this agent also appeared to be as 
beneficial as MK-571 in a chronic asthma trial, its development was halted due to the fact 
that 5% of the patients studied developed liver function abnormalities 45

• 

Despite the problems with the early agents, there are several potent, selective cysteinyl 
leukotriene receptor antagonists that either have made it to market or that are about to be 
launched. Zafirlukast is one of these drugs. It was recently approved in the United States, it 
is active both orally and by inhalation, and it appears to be one of the most potent leukotriene 
antagonists that has been developed. Pranlukast (ON0-1 078), another orally active agent, 

. was the first cysteinyl leukotriene to be marketed and used in clinical practice 47
• It became 

available in Japan in 1995, but it has not yet been marketed in the United States. Several 
other agents are at various stages of clinical development. Of these, montelukast (MK-04 76) 
has been the most extensively evaluated and it is to be marketed soon in the United States. 
The clinical efficacy of each of the agents that are available for use in the United States wiil 
be discussed in subsequent sections. 

5-Lipoxygenase Inhibitors. An alternative method of inhibiting leukotriene activity in 
asthma is to block their synthesis using agents that inhibit either 5-lipoxygenase or FLAP. 
Unlike the cysteinyl leukotriene antagonists, the 5-lipoxygenase/FLAP inhibitors block both the 
synthesis of the cysteinyl leukotrienes as well as L TB4 • 

5-lipoxygenase is a nonheme iron-containing enzyme that is responsible for the 
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dioxygenation of arachidonic acid in the leukotriene synthesis pathway of arachidonic acid 
metabolism. While several inhibitors of this enzyme have been developed, progress has been 
challenged by the complex nature of the reactions catalyzed by this enzyme along with the 
fact that this protein is unstable when it is purified. To date, it remains unclear exactly how 
the inhibitors of this enzyme function. Some are thought to complex with iron in the active 
site of the enzyme while others are thought to cause inhibition by an antioxidant mechanism. 

The early 5-lipoxygenase inhibitors were nonselective, they had problems with toxicity 
and they lacked oral bioavailability. The first agents that were developed were the 
hydroxamate 5-lipoxygenase inhibitors that interacted with the catalytically important iron 
moiety 13

• Many inhibitors of this type were identified that had potent in vitro inhibitory 
activity. Unfortunately, in vivo studies of these agents yielded disappointing results. A major 
limitation was that, in vivo, the hydroxamate was rapidly hydrolyzed to an inactive 
carboxylate compound 132

• Subsequently, key structural modifications were made that yielded 
agents with improved in vivo activity. However, despite these modifications, studies 
performed in rats and dogs revealed that, due to rapid glucuronidation, the half-lives of these 
agents were only about one hour. Clinical investigation of these inhibitors in humans was 
suspended due to the accumulation of metabolites that resulted from extensive in vivo 
metabolism. Thus, because of the limited pharmacokinetic properties of the hydroxamic acid 
inhibitors in humans, they were not considered feasible clinical 5-lipoxygenase inhibitors 13

• 

The search was on to discover alternative novel inhibitors that were less susceptible to 
metabolism. It resulted in the identification of a new class of agents, the N-hydroxyurea 
series of 5-lipoxygenase inhibitors 19

• These drugs had in vitro 5-lipoxygenase inhibitory 
activity comparable to the hydroxamate compounds, but, unlike the earlier agents, they had 
significantly reduced glucuronidation rates. Despite the fact that hundreds of N-hydroxyureas 
have been studied, only one, zileuton (A-64077), was chosen to be evaluated clinically. 
Subsequently, this drug has been shown to be an effective orally-active, selective 5-
lipoxygenase inhibitor in man 14

• Studies demonstrating the clinical effectiveness of this 
agent in asthma will be discussed in a subsequent section. 

FLAP Inhibitors. As stated above, leukotriene synthesis depends upon the interaction 
of 5-lipoxygenase with FLAP. The mechanism of cooperativity between these two molecules 
is not completely known. FLAP is thought either to be a membrane-docking protein for 5-
lipoxygenase or an arachidonic acid-presenting protein. The initial FLAP-inhibitor drug that 
was discovered and that was used in clinical evaluations was MK-886. This drug was shown 
to reduce the early asthmatic response to allergen by 58% and the late response by 44%. 
Urinary production of LTE4 was markedly reduced as well 46

• Subsequently, a second 
generation FLAP inhibitor, MK-0591, was developed that had even more potent FLAP binding 
activity and leukotriene inhibitory activity than MK-886. In one study in which MK-0591 was 
give to eight asthmatic men prior to allergen challenge, the drug blocked leukotriene synthesis 
in vivo as demonstrated by an almost complete (98%) inhibition of ionophore-stimulated blood 
cell synthesis of L T84 ex vivo and by an 87% inhibition of urinary L TE4 excretion. In addition, 
the early response to allergen was inhibited by 79% and the late response by 39% 34

• 

Despite these promising results, none of the FLAP inhibitors have yet been marketed. 
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EFFECT OF ZAFIRLUKAST IN ACUTE CHALLENGE STUDIES 

In September, 1996, zafirlukast (Accolate®) or ICI 204,219 was approved by the 
United States Food and Drug Administration. It is a very potent leukotriene receptor 
antagonist in that it produces a 1 00-fold rightward shift in the dose-response curve to inhaled 
L TD4 • The following section will discuss the experience of this agent in acute challenge 
studies and clinical asthma. 

Allergen challenge. Inhalation of environmental allergens by sensitized patients results 
in an early asthmatic response that is characterized by acute bronchospasm that usually 
resolves within two hours. In a large number of these patients, the early response is followed 
by a second episode of bronchospasm, termed the "late-phase response", that occurs 
approximately three to four hours after inhalation and that lasts as long as 24 hours 110• The 
late phase response is associated with increased airway hyperresponsiveness that may last 
days to weeks. Also, it is accompanied by migration of inflammatory cells into the airway 
and by air way wall edema. 

Drugs that affect the bronchoconstriction induced by allergen challenge classically are 
examined for their ability to block early phase reactions, late phase reactions and/or bronchial 
hyperreactivity as measured by methacholine or histamine challenges. Many of the early 
leukotriene receptor antagonists had no effect on the late phase asthmatic reaction and they 
were minimally effective in clinical studies. In contrast to these early agents, zafirlukast was 
shown to have potent activity both in vitro and in vivo 76

• 

One of the first double-blind, 
placebo-controlled clinical studies that 
demonstrated the beneficial effects of 
zafirlukast on allergen-induced 
bronchoconstriction and airway 
hyperreactivity was performed by Taylor 
and colleagues 134 in 1991. Ten atopic 
subjects with mild asthma were selected 
on the basis of the demonstration of an 
immediate drop in FEV 1 of at least 1 5% 
after allergen challenge and eight of these 
individuals completed the study. Patients 
ingested a single 40 mg dose of 
zafirlukast or matched placebo. Two 
hours later they underwent an aerosolized 
allergen challenge. FEV1 was measured 
every ten minutes after allergen challenge 
for one hour and then every twenty 
minutes for another hour. Thereafter, 
FEV 1 was determined every thirty minutes 
for an additional four hours. After 
placebo, inhalation of allergen caused a 
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Figure 3. Effect of Zafirlukast on allergen-induced 
bronchoconstriction 134 

maximum fall in FEV1 of 32.4%, ten minutes after allergen challenge. In contrast, the 
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maximum fall in FEV1 noted with zafirlukast was only 6.3%, ten minutes after allergen 
challenge (Figure 3). The allergen-induced late phase response was attenuated as well but 
not to the same extent as the early response. In addition, there was suppression of the 
allergen-induced increase in nonspecific bronchial hyperreactivity. 

A subsequent study revealed that an even greater shift in the antigen dose-response 
curve could be achieved if the inhaled route of delivery was used as opposed to the oral route 
109

• These results suggested that the inhaled route of administration may provide a higher 
local concentration of active drug in the airway than does the oral route. Despite this 
possibility, currently, leukotriene synthesis inhibitors and receptor antagonists are being 
developed as oral formulations due to the superior duration of action of oral agents, the ability 
of oral agents to deliver the drug to the lower airway in a reproducible fashion and the 
preference of an oral form over inhaled formulations by patients 14

• 

It is thought that cysteinyl leukotrienes produced during the early asthmatic response 
may play a role in promoting cellular infiltration during the late phase response. A recent 
study provides evidence in support of this hypothesis. Calhoun and colleagues 17

, in a double­
blind, placebo-controlled crossover study, assessed the efficacy of oral zafirlukast in altering 
the cellular inflammatory response to antigen challenge in eleven asthmatic patients. After 
five days of treatment with either drug or placebo, patients underwent segmental antigen 
bronchoprovocation (SBP) followed by bronchial alveolar lavage (BAL) immediately and 48 
hours after allergen challenge. In comparison to placebo, zafirlukast produced a marked 
decrease in basophil number, lymphocyte number and histamine concentration 48 hours after 
SBP ( 1 6000 versus 0 cells/mL; 61 000 versus 41 000 cells /mL; and 9078 versus 6445 pg/mL, 
respectively; p < 0.01). Eosinophils showed a trend toward reduction. In addition, there was 
a significant reduction in superoxide production by alveolar macrophages. These exciting 
results suggest that cysteinyl leukotriene receptor antagonists are capable of altering cellular 
infiltration and activation associated with allergen challenge. 

Exercise-induced asthma. In addition 
to having a beneficial effect in allergen­
induced asthma, zafirlukast has been 
shown to inhibit exercise-induced asthma 
as well. Finnerty and colleagues 42 

evaluated the effect of 20 mg of zafirlukast 
on the bronchoconstrictor response to 
exercise in eight asthmatic patients in a 
placebo-controlled, randomized crossover 
study. Two hours after drug 
administration, a six minute treadmill 
exercise test was performed followed by an 
assessment in change in FEV 1 over 30 
minutes postexercise. The mean 
timecourse of exercise-induced 
bronchoconstriction following 
administration of placebo and zafirlukast is 
shown in Figure 4. As shown, the mean 
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maximum percentage fall in FEV 1 following exercise in the zafirlukast group was markedly less 
than that demonstrated by the placebo group. In seven of the eight individuals studied, 
zafirlukast caused a marked reduction of the maximum bronchoconstriction response exhibited 
and it caused almost total inhibition of the response in three of these individuals. 

More recently, it has been shown that cinalukast, a potent receptor antagonist, causes 
an even greater reduction in exercise-induced bronchoconstriction and one that is more long­
lasting than that seen with zafirlukast. Exercise-induced bronchoconstriction was decreased 
by more than 80% in asthmatic patients and this effect lasted for more than eight hours after 
drug administration 5 • This agent is not available for clinical use, however. 

EFFECT OF ZAFIRLUKAST IN CLINICAL ASTHMA 

While there are numerous reports of the effectiveness of leukotriene receptor 
antagonists in asthma induced in the laboratory setting, there are fewer examples of the 

·beneficial effect of these agents in clinical asthma. In 1991, Hui and Barnes 58 published the 
first report of the effect of zafirlukast in chronic asthma. The ten patients evaluated in the 
double-blind, placebo-controlled crossover study had a baseline FEV1 that was 50-80% of 
predicted and all had at least a 1 5% increase in baseline FEV 1 following inhalation of the 
bronchodilator, salbutamol. Before each of the two study days, which occurred at least a 
week apart, inhaled bronchodilators were held for at least six hours and oral theophylline was 
held for at least 24 hours. On both study days, baseline FEV 1 was similar. Nine of the ten 
subjects were taking inhaled corticosteroids and these agents were not discontinued during 
the study period. After receiving either placebo or 40 mg zafirlukast, FEV1 was measured 
every thirty minutes for four hours. On the day of active treatment FEV1 increased 
significantly from baseline compared with the placebo treatment day. A significant increase 
was noted at one hour and it persisted during the four-hour study period. Despite the fact 
that this study was small and that it demonstrated only an 8% improvement in mean baseline 
FEV 1 following zafirlukast treatment, its findings suggested that there is a persistent 
generation of cysteinyl leukotrienes in patients with chronic asthma even in the face of regular 
inhaled corticosteroid treatment. 

More recently, several studies have 
been conducted in which the treatment 
periods with zafirlukast have been much 
more prolonged. A key, and often quoted 
study, was published by Spector and 
colleagues 131 in 1994. In this multicenter, 
double-blind, placebo-controlled study, 276 
subjects with mild to moderate asthma 
were randomized to treatment for six 
weeks with total daily doses of zafirlukast 
of 10 mg, 20 mg, 40 mg or placebo if they 
had a baseline FEV1 between 40 and 75% 
of predicted (in the absence of 
bronchodilator therapy) and a daytime 
asthma score of > 1 0 (range 0-21 ) for 
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seven consecutive days. None of these patients were taking inhaled corticosteroids. 
Symptom scores, pulmonary function tests and rescue medication use was evaluated each 
week during the treatment period. It was found that the 40 mg dose of zafirlukast was more 
effective than placebo in reducing nighttime awakenings, first morning asthma symptoms, 
daytime asthma score (Figure 5) and albuterol use. It was also more effective than placebo in 
increasing peak expiratory flow rates (PEFR) and FEV 1 • Compared with baseline values, 
patients receiving 40 mg of zafirlukast experienced a 46% decrease in night-time awakenings, 
a 30% decrease in albuterol use and a 26% improvement in daytime asthma symptoms. In 
addition, increases in FEV 1 were more pronounced in those subjects who had a baseline FEV 1 

below 45%, a finding that suggests that zafirlukast may be more effective in individuals who 
have a greater potential for improved lung function. 

More recently, the long-term efficacy of zafirlukast was evaluated in a thirteen-week, 
double-blind, placebo-controlled trial in patients with mild to moderate asthma 97

• Seven 
hundred sixty-two patients were enrolled in the trial and each were taking as needed ~­
agonists only, each had a cumulative daytime asthma score of 8 or more per week and each 
had an FEV1 of 55% or greater of predicted. It was found that the onset of action of 
zafirlukast was within the first week of therapy and improvements were noted in pulmonary 
function, asthma symptoms and ~-agonist use. These improvements were maintained 
throughout the study. Forty milligrams of zafirlukast resulted in a 20% decrease in nighttime 
awakenings, a 29% decrease in morning asthma symptoms, a 27% decrease in daily asthma 
symptoms and a 22% decrease in ~-agonist use. There was also a 7% increase in both FEV1 

and morning PEFR over baseline. The improvements in daytime symptoms, nocturnal 
awakenings, ~-agonist use and pulmonary function seen in the zafirlukast-treated group were 
significant compared to the values of the placebo-treated group. 

In summary, the data suggest that zafirlukast is a highly selective and potent 
leukotriene receptor antagonist that appears to be effective in the treatment of patients with 
mild to moderate asthma. Its place in current asthma management guidelines and its safety 
profile will be discussed in subsequent sections. 

EFFECT OF ZILEUTON IN ACUTE CHALLENGE STUDIES 

In spring of 1997, zileuton (Zyflo®) or A-64077 was approved by the United States 
Food and Drug Administration. As stated previously, this agent was the first selective, orally 
active 5-lipoxygenase inhibitor to demonstrate effective leukotriene inhibition in man 14

• The 
following section will discuss the experience of this agent in acute challenge studies. 

Allergen challenge. In an initial allergen challenge study, no improvement was noted in 
allergen-induced asthma despite the fact that marked 5-lipoxygenase inhibition could be 
demonstrated 57 • More recently, the results obtained in lung challenge studies in ragweed­
sensitive patients were more promising. Kane and colleagues 71 found that patients given 
zileuton 600 mg orally qid for seven days were protected against the effects of segmental 
allergen challenge. Both eosinophil migration into BAL fluid and capillary permeability were 
decreased in treated patients. In addition, the urinary increase in L TE4 resulting from allergen 
challenge was decreased by 86% in these individuals. 
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Cold air challenge. In 1990, Israel and colleagues 60 demonstrated the effects of 
zileuton on asthma induced by cold, dry air. In a randomized, double-blind, placebo­
controlled, crossover study, the effects of zileuton (800 mg) on the bronchoconstriction 
induced by hyperventilation of cold air was evaluated in thirteen cold-air-sensitive asthmatic 
patients. Each of these patients was known to respond to cold air challenge with at least a 
20% fall in FEV 1 and the baseline mean FEV 1 of the group was 81 % of predicted. In the six 
weeks prior to the study, none of the patients had used oral or inhaled corticosteroids nor had 
they had an upper respiratory infection. To verify that zileuton indeed was effectively 
blocking the 5-lipoxygenase enzyme, ex vivo L TB4 production was used as a marker of 5-
lipoxygenase activity. Blood samples of patients taken three hours after zileuton 
administration (immediately prior to cold air challenge) and activated with ionophore 
demonstrated a 74% reduction in L TB4 production compared to that seen with blood samples 
taken before treatment. While there was no significant difference between the mean FEV 1 

three hours after placebo and the mean FEV 1 three hours after study drug, zileuton did 
increase the tolerance of these asthmatics to the hyperventilation of cold, dry air by 47%. In 
other words, the provocative dose of cold air that was required to cause a 10% fall in FEV 1 

(PD10FEV1 ) was increased by 47% after treatment with zileuton. This level of benefit was 
greater than that reported for cromolyn sodium 86 • 

Aspirin challenge. Aspirin­
sensitive asthmatics develop 
bronchoconstriction and, in many 
cases, nasa-ocular, gastrointestinal 
and/or dermal reactions after ingestion 
of aspirin (ASA) or nonsteroidal anti­
inflammatory compounds 122

• It has 
been hypothesized that inhibition of 
cyclooxygenase by ASA may lead to 
upregulation of 5-lipoxygenase activity 
with resultant increased formation of 
leukotriene products in these 
patients87

• In support of this 
hypothesis, it has been found that, in 
ASA sensitive asthmatics, ASA 
ingestion leads to increased urinary 

110 -Q) 
c 
~ 
en 100 ca 
..c 
0 
eft. 
- 90 ... 
> w 
u. ASA ASA 

80~--~--~·--~~~--~r-~ 
1 2 3 4 5 6 

Time (hrs) 

Figure 6. Effect of zileuton on change in FEV, after ASA 
challenge. Triangles: zileuton; squares: placebo 62

• 

L TE4 levels compared to placebo ingestion. In contrast, L TE4 levels are unaffected in non­
ASA sensitive asthmatics after ASA ingestion 23

• 

An important study that demonstrated the importance of 5-lipoxygenase products as 
mediators of the bronchoconstriction and associated reactions seen after ASA ingestion in 
ASA sensitive asthmatics was published by Israel and colleagues 62 in 1993. In this study, 
the effects of zileuton was evaluated in a group of eight asthmatic patients that had known 
ASA sensitivity and L TE4 hyperexcretion. The subjects were randomized in a double-blind, 
crossover trial to examine the effects of zileuton (600 mg po qid for six to eight days) versus 
placebo on the response to ASA challenge. As shown in Figure 6, zileuton significantly 
inhibited the fall in FEV 1 demonstrated after ASA challenge. In the patients who received 
placebo, ASA challenge caused a 18.6% decrease in baseline FEV 1 while in those who 
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received zileuton the ASA-induced decrease was only 4.4%. Zileuton also prevented the 
nasal, gastrointestinal and dermal responses associated with ASA administration. In addition, 
zileuton reduced the mean maximal urinary L TE4 levels seen after ASA challenge by 68%. 

More recently, Dahlen and colleagues 32 demonstrated in a crossover study of 40 ASA­
sensitive asthmatics on inhaled glucocorticords that add-on treatment with zileuton, 600 mg 
qid po for six weeks, caused significant bronchodilation and decreased nasal symptoms. 
These results suggest that 5-lipoxygenase inhibitors may produce additional clinical benefit 
when added to glucocorticoid treatment. 

EFFECT OF ZILEUTON IN CLINICAL ASTHMA 

There are several randomized, controlled 
trials that have been conducted with zileuton 
to determine its effectiveness in clinical 
asthma. One of the first of these was 
performed by Israel and colleagues 61 and 
published in 1993. In this randomized, 
double-blind, placebo-controlled, multicenter 
study, 139 asthmatic patients, each of whom 
had a baseline FEV 1 of 40% to 75% of 
predicted and each of whom were not 
receiving inhaled or oral glucocorticoids, 
received either zileuton, 600 mg po qid, 800 
mg po bid, or placebo for four weeks. While all 
groups had a slight initial improvement in mean 
FEV 1 after enrollment, only those who received 
zileuton showed statistical improvement 
compared with the dummy lead-in period by 
the fourth week of the study. The subjects 
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Figure 7. Change in forced expiratory volume after 
four weeks of administration of zileuton or placebo 61 

who received 2.4 g/d of zileuton demonstrated a 0.32 L improvement, a 13.4% increase, in 
mean FEV 1 at four weeks compared with a 0.05 L increase in patients taking placebo Ffigure 
7). In addition, symptoms and frequency of f3-agonist use decreased with zileuton, 2.4 g/d. 
These results indicated that 5-lipoxygenase inhibition could improve airway function, could 
cause decreased symptoms and could cause decreased f3-agonist use in patients with asthma. 
Therefore, this study was pivotal in that it provided the first evidence that 5-lipoxygenase 
inhibitors may have an important role in the treatment of chronic asthma. 

More recently, two additional studies have demonstrated similar results. Following 
their initial study in 1993, Israel and colleagues 64 performed a subsequent randomized, 
double-blind, parallel-group study in which mild to moderate asthmatics were evaluated 
following treatment with zileuton for three months. Four hundred and one patients with mild 
to moderate asthma, whose only treatment was inhaled f3-agonists, received either zileuton 
(600 mg qid or 400 mg qid) or placebo for thirteen weeks. As in the previous study, zileutin 
treatment caused significant improvement in the FEV 1 compared to placebo treatment ( 1 5. 7% 
versus 7. 7%) over the trial period. In addition, f3-agonist use was significantly decreased and 
quality. of life significantly increased in the group treated with 2.4 g/d of zileuton. 
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Liu and colleagues 96 demonstrated similar findings. In this recently published six­
month multicenter, double-blind, parallel-group, placebo-controlled trial, 373 mild to moderate 
asthmatic patients were treated with either zileuton (600 mg qid or 400 mg qid) or placebo 
for six months. Patients in both zileuton groups had significantly increased FEV 1 values as 
compared to the placebo group by day eight of the study. On day 36, FEV 1 improvement was 
16% and 12% above baseline for patients treated with zileuton 600 mg qid and 400 mg 
zileuton qid, respectively, compared to an improvement of only 6% for the placebo group. In 
the group that received the higher dose of zileuton, morning peak expiratory flow rate 
improved by 7% to 1 0%; daytime and nocturnal symptoms decreased by 37% and 31 %, 
respectively; ~-agonist use decreased by 31 %; and the proportion of patients who required 
rescue steroid medications was reduced by 62%. Importantly, in both of the above studies 
FEV 1 did not deteriorate significantly during the study periods. Therefore, the results obtained 
in these trials extend previous findings that demonstrated that patients do not develop a 
tolerance to the effects of 5-lipoxygenase inhibitors. 

In summary, data from the above three studies suggest that zileuton is a potent 5-
lipoxygenase inhibitor that is effective in the treatment of patients with mild to moderate 
asthma. Its place in current asthma management guidelines, its safety profile and its potential 
steroid sparing effect will be discussed in subsequent sections. 

MONTELUKAST, A NEW CYSTEINYL LEUKOTRIENE RECEPTOR ANTAGONIST ON THE 
"LAUNCHPAD" 

Within the next month 
or two, a new cysteinyl 
receptor antagonist, 
montelukast (Singulair®) will 
be marketed in the United 
States. This compound 
resulted from efforts to find 
structurally diverse agents 
that had greater potency than 
other leukotriene antagonists 
but, even more importantly, 
that did not have effects on 
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Figure 8. Increase in FEV, a percentage improved from the day one 
predosing baseline value 119

• 

single 40 mg oral dose, a greater than 50-fold shift in the L TD4 dose-response curve persisted 
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for twenty four hours 11 and, in another study, a single 1 00 mg dose caused a 1 0 -1 2 % 
increase in baseline FEV 1 in moderate asthmatics throughout the nine hours in which they 
were evaluated 129

• 

More recently, in a double-blind, placebo-controlled, crossover study, 29 patients with 
asthma with FEV1 values between 50% to 80% were treated with montelukast, 200 mg po 
tid, for ten days. Fifteen of these individuals received concomitant treatment with inhaled 
corticosteroids also. Compared with placebo, montelukast caused marked improvement in 
FEV 1 on days 1 and 11 (the days on which spirometry was performed) compared to placebo 
three and four hours after dosing (Figure 8). In addition, compared to placebo, significant 
improvements also were noted ·in daytime asthma symptom scores and as-needed ~-agonist 
use. As importantly, it was demonstrated that the benefits seen with montelukast occurred 
irrespective of the presence of concomitant treatment with inhaled steroids. These results 
suggest that inhibiting the actions of leukotrienes may complement corticosteroid therapy in 
asthma treatment 119 • More recent studies have demonstrated the effectiveness of 
montelukast in both exercise- 89 and ASA-induced asthma 78

• In addition, it has been shown 
to be effective in chronic asthma over a three month period 120 

STEROID SPARING EFFECT OF LEUKOTRIENE MODIFIERS 

To date, only a few studies have been performed to determine whether the addition of 
a leukotriene modifying agent permits reductions in dosages of inhaled corticosteroids in 
patients with asthma. Bateman and colleagues 8 evaluated the effect of adding zafirlukast, 
20 mg bid, on inhaled steroid dosage. Three hundred fifty nine patients with mild, stable 
asthma who were being treated with 400-750 ug/day inhaled corticosteroids were 
randomized to receive either zafirlukast or placebo . It was found that the difference in 
outcomes measured between the placebo and treatment groups did not reach statistical 
significance. Groups did not differ in regards to daytime symptoms, daily ~-agonist use, or 
morning peak flow values. In another study of patients who were on higher doses of inhaled 
steroids (800-2000 ug/day), similar results were reported 82

• While these results suggest 
that there is no beneficial effect of zafirlukast in reducing inhaled steroid dosages, the authors 
felt that the study designs were not capable of showing a difference in steroid sparing effect 
between zafirlukast and placebo 59

• 

More promising results have been obtained with zileuton and montelukast. Israel and 
colleagues 63 analyzed the requirement for steroid treatment in a double blind study designed 
to evaluate the clinical efficacy of thirteen weeks of treatment with zileuton in patients with 
moderate asthma. Four hundred and one patients who had an FEV 1 of 40%-80% of predicted 
and who had reversible bronchoconstriction were randomized to receive placebo, zileuton, 
400 mg qid, or zileuton, 600 mg qid. During the study, patients were treated with as-needed 
~-agonists alone. Inhaled corticosteroids, cromolyn and nedocromil were not allowed, but oral 
corticosteroids were administered if patients experienced an asthma exacerbation. Upon 
analyzing corticosteroid use based upon entry FEV 1 , a marked steroid sparing effect was 
found in those patients who had an FEV1 less than 50% of predicted. Thus, these results 
reveal that 5-lipoxygenase inhibition decreases the need for acute steroid use in more severe 
asthmatics. In addition to this finding, a more recent study by O'Connor and colleagues 112 

showed that the addition of zileuton to low doses of inhaled beclomethasone was as effective 
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as higher doses of beclomethasone alone in controlling asthma. 

Leff and colleagues 88 determined whether or not montelukast would allow inhaled 
corticosteroids to be tapered in clinically-stable asthmatics in a double-blind, randomized, 
parallel study. Two hundred twenty six adult asthmatics who had a baseline FEV 1 > 70% of 
predicted entered into a single-blind, six-week evaluation in which inhaled corticosteroids 
were tapered. Those who remained stable, but who required moderate to high doses of 
inhaled corticosteroids were randomized to receive either 10 mg montelukast or placebo for 
twelve weeks. A composite clinical score was calculated 79

, and based upon the score, the 
inhaled steroid dose was tapered, maintained or increased. Compared to placebo, 
montelukast allowed steroids to be tapered to an extent that was statistically significant. At 
the end of the study, the mean last tolerated dose of corticosteroids was 727 ug in the 
placebo group versus only 526 ug in the montelukast group. These results suggest that 
montelukast may allow clinically-significant tapering of inhaled corticosteroids in patients who 
require moderate to high doses of inhaled corticosteroids. 

PRACTICAL DIFFERENCES REGARDING ZILEUTON AND ZAFIRLUKAST 1
• 

142 

• Neither zileuton nor zafirlukast are indicated for the reversal of acute bronchospasm. 
However, therapy with both drugs can be continued during acute asthma 
exacerbations. 

• Zafirlukast is dosed twice a day while zileuton is dosed four times a day . . 
• The bioavailability of zafirlukast may be decreased when taken with food. Patients 

should take zafirlukast at least one hour before or two hours after meals. The 
bioavailability of zileuton is not affected by food. 

• Both zileuton and zafirlukast are approved for use in adults and children ages 12 and 
older. 

• Zafirlukast inhibits the cytochrome P450 2C9 isoenzyme system and due to this 
inhibition there is a significant increase in the mean half-life ( + 36%) of co-administered 
warfarin. No formal drug interaction studies have been performed with other drugs 
known to be metabolized by the cytochrome P450 2C9 isoenzyme (eg, tolbutamide, 
phenytoin, carbamazepine). However, it is recommended that "care be exercised" 
when zafirlukast is coadministered with these agents. 

• Coadministration of zafirlukast with terfenadine causes a decrease in the mean serum 
concentration of zafirlukast. No effect of zafirlukast on terfenadine plasma 
concentrations or ECG parameters has been demonstrated. 

• Coadministration of zafirlukast with aspirin causes a 45% increase in zafirlukast plasma 
levels; Coadministration of zafirlukast with theophylline causes a 30% decrease in 
zafirlukast plasma levels with no effect on serum theophylline levels. Coadministration 
of zafirlukast with erythromycin causes a 40% decrease in zafirlukast plasma levels. 

• When administered together, zileuton decreases the clearance rates of theophylline, 
warfarin, propranolol and terfenadine. 

• Most frequent adverse reactions reported with zileuton are: headache, unspecified pain, 
abdominal pain, asthenia, accidental injury, dyspepsia, nausea and myalgia. Dyspepsia 
was the only reaction that was significantly more common in patients taking zileuton 
compared to those taking placebo. 

• Most frequent adverse reactions reported with zafirlukast are: headache, infection, 
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nausea, diarrhea, generalized pain, asthenia and abdominal pain. None of these 
reactions were significantly more common in patients taking zafirlukast compared to 
those taking placebo. 

• Elevations of one or more liver function tests may occur during zileuton therapy. For 
this reason, it is recommended that hepatic transaminases be measured before 
treatment, once-a-month for the first three months of treatment and then every two to 
three months for the remainder of the first year. Subsequently, measurements should 
be made periodically thereafter. If clinical signs of liver dysfunction develop or if 
transaminases rise greater than 5 times the upper limits of normal, zileuton should be 
discontinued and transaminase levels followed until they normalize. 

• An FDA advisory was released on July 23, 1997 regarding a possible drug side effect 
associated with zafirlukast. The FDA learned of six asthma patients who developed 
Churg-Strauss Syndrome while taking zafirlukast. These reported cases occurred in 
patients whose steroidal asthma medications were being gradually lowered or 
discontinued during zafirlukast treatment. Despite this possible association, the FDA 
currently believes that the benefits of this drug outweigh any of its known or potential 
risks. 

POSITION OF LEUKOTRIENE MODIFIERS IN ASTHMA MANAGEMENT GUIDELINES 

As stated in the recently published Guidelines for the Diagnosis and Management of 
Asthma: Expert Panel Report 2 39

, anti-inflammatory therapy is the key component in the 
pharmacologic management of asthma. At the present time, glucocorticoids are the most 
effective and most commonly used anti-inflammatory agents that are used for asthma 
treatment. While the mode of action of these agents is complex, their efficacy probably is 
due to the fact that they act upon multiple inflammatory processes. For the most part, 
glucocorticoids are well-tolerated when inhaled. However, side effects may occur, especially 
at high doses. 

It is unlikely that the new leukotriene modifying agents will replace inhaled 
corticosteroid therapy in the management of chronic asthma. However, the studies described 
in this review do show that antileukotriene drugs cause improvement in a variety of asthma­
associated parameters. At this time, it is unclear how these drugs will fit into asthma 
management schemes. In order to make this determination, comparative data that describes 
the efficacy of these drugs in relation to that of the inhaled corticosteroids is required. 

From the studies that have been published, it does appear that the antileukotrienes may 
play an important role in patients with certain specific types of asthma. In those asthmatic 
individuals who are aspirin-sensitive, studies reveal that these agents effectively block aspirin­
induced bronchospasm 62 • Thus, these agents should be considered in the management of 
aspirin-sensitive asthmatics if there is no contraindication. 

Another place for the antileukotrienes may be in the management of the patient with 
mild, persistent asthma as has been recommended in the new Expert Panel Report 39

• The 
recommended treatment for these individuals includes daily anti-inflammatory therapy, either 
inhaled corticosteroids or cromolyn or nedocromil. Possibly, the introduction of a leukotriene 
modifier may allow inhaled steroid dosages to be lowered. 
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SUMMARY 

The antileukotrienes offer a new dimension to asthma management. It has been shown 
that these agents effectively inhibit the actions of the leukotrienes and that they have a 
beneficial effect in chronic asthma as well as in asthma that has been induced. Thus, these 
findings suggest that leukotrienes play an important role as mediators of the asthmatic 
response. However, we now must await the results of studies that are in progress to 
determine exactly where these therapeutic agents will be positioned in asthma treatment 
protocols in the future. 

REFERENCES 

1. Abbott. Professional information brochure, Zyflo (zileuton tablets) . Chicago, Illinois, 1997. 

2 . Adams G, Lichtenstein,LM: Antagonism of antigen induced contraction of guinea pig and human 
airways. Nature 270:255, 1977. 

3. Adams P, Marano, MA: Current estimates from the National Health Interview Survey, 1994. Vital Health 
Stat 10:94, 1995. 

4 . Adelroth E, Morris, MM, Hargreave, FE, et al.: Airway responsiveness to LTC4 and D4 and to 
methacholine in patients with asthma and normal controls. NEJM 315:480, 1986. 

5. Adelroth E, Inman, MD, Summers, E, et al.: Prolonged protection against exercise-induced 
bronchoconstriction by the leukotriene D4-receptro antagonist cinalukast. J Allergy Clin lmmunol 
99:210, 1997. 

6. Aharony D, Falcone, RC. Binding of tritiated LTD-4 and the peptide leukotriene antagonist tritiated ICI-
198615 to receptors on human lung membranes. In: Zor U, Naor, Z, Danon, A, ed. New Trends in Lipid 
Mediators Research . Basal : Karger, 1989:67. 

7. Atkinson T, Kaliner, MA. Vascular mechanisms in rhinitis. In: Busse W, Holgate, S, ed. Asthma and 
Rhinitis. Cambridge, MA: Blackwell Scientific Publications, 1994. 

8. Bateman E, Holgate, ST, Sinks, SM, et al.: A multicentered study to assess the steroid-sparing potential 
of Accolate (zafirlukast 20 mg bid) [abstract]. Eur J Allergy Clin lmmunol 50:320, 1995. 

9 . Beasley R, Roche, WR, Roberts, JA, et al.: Cellular events in the bronchi in mild asthma and after 
bronchial provocation. Am Rev Respir Dis 139:806, 1989. 

10. Bellia V, Cultitta, G, Mirabella, A, et al. : Urinary leukotriene E4 as a marker of nocturnal asthma 
[abstract]. Am Rev Resp Dis 145:A16, 1992. 

11. BottA, Delepeleir, I, Tochette, F, et al.: MK-0476 causes prolonged, potent, LTD4 receptor antagonism 
in the airways of asthmatics [abstract]. Am J Respir Crit Care Med 149:A465, 1994. 

12. Brocklehurst W: The release of histamine and formation of a slow reacting substance (SRS-A) during 
anaphylactic shock. J Physiol 151 :416, 1960. 

13. Brooks C, Summers, JB: Modulators of leukotriene biosynthesis and receptor activation. J Med Chern 
39:2629, 1996. 

14. Brooks D, Carter, GW. The discovery of zileuton. In: Merluzzi V, Adams, J, ed. The Search for Anti ­
Inflammatory Drugs. Boston : Birkhauser, 1995:129. 

23 



15. Buckner C, Krell, RD, Laravuso, RB, et al.: Pharmacological evidence that human intralobar airways do 
not contain different receptors that mediate contractions to leukotriene C4 and leukotriene D4. J 
Pharmacal Exp Ther 237:558, 1986. 

16. Buckner C, Saban, R, Castleman, WL, et al.: Analysis of leukotriene receptor antagonists on isolated 
human intralobar airways. Ann NY Acad Sci 524:181, 1988. 

17. Calhoun W, Lavins, BJ, Glass, BJ: Effect of Accolate (Zafirlukast ) on bronchoalveolar lavage fluid (BAL) 
after segmental antigen bronchoprovocation (SBP) in patients with mild to moderate asthma [abstract]. 
Am J Res Crit Care Med 151 :A42, 1995. 

18. Camp R, Coutts, AA, Greaves MW, et al.: Responses of human skin to intradermal injection of 
leukotrienes. Brit J Pharmacal 80:497, 1980. 

19. Carter G, Young, PR, Albert, DH, et al.: A-64077, a new orally active 5-lipoxygenase inhibitor. In: Zor U, 
Naor, Z, Danon, A, ed. Leukotrienes and Prostanoids in Health and Disease, New Trends in Lipid 
Mediators Research. Vol. 3. Basel: Karger, 1989:50. 

20. Carter G, Young, PR, Albert, DH, et al.: 5-lipoxygenase inhibitory activity of zileuton. J Pharmacal Exp 
Ther 256:929, 1991. 

21. CDC: Asthma mortality and hospitalization among children and young adults, United States, 1990-1993. 
MMWR 45:350, 1996. 

22. Chanarin N, Johnston, SL: Leukotrienes as a target in asthma therapy. Drugs 47:12, 1994. 

23. Christie P, Tagari, P, Ford, HA, et al.: Urinary leukotriene E4 concentrations increase after aspirin 
challenge in aspirin-sensitive asthmatic subjects. Am Rev Respir Dis 143:1025, 1991. 

24. Cloud M, Enas, GC, Kemp, J, et al.: A specific LTD4/LTE4 receptor antagonist improves pulmonary 
function in patients with mild chronic asthma. Am Rev Respir Dis 140:1336, 1989. 

25. Cockcroft D, Hargreave, FE. Airway hyperresponsiveness: Definition, measurement and clinical 
relevance. In: Kaliner M, Persson, C, Barnes, P, ed. Asthma: its pathology and treatment. New York: 
Marcel Dekker, 1990. 

26. Coleman R, Eglen, RM, Jones RL, et al.: Prostanoid and leukotriene receptors: a progress report from 
the IUPHAR working parties on classification and nomenclature. Adv Prostaglandin Thromboxane Leukot 
Res 23:283, 1995. 

27. Curschmann H: Ueber bronchiolitis exsudativa und ihr verhaltnis zum asthma nervosum. Dtsch Arch Klin 
Med 32:1, 1883. 

28. Dahinden C, Clancy, RM, Gross, M, et al.: Leukotriene C4 production by murine mast cells: evidence of 
a role for extracellular leukotriene A4. Proc Natl Acad Sci USA 82:6632, 1985. 

29 . Dahlen B, Margolskee, DJ, Zetterstrom, 0, et al.: Effect of the leukotriene receptor antagonist MK-0679 
on baseline pulmonary function in aspirin sensitive asthmatic subjects. Thorax 48:1205, 1993. 

30 . Dahlen B, Margolskee, DJ, Zetterstrom, 0, et al.: The leukotriene receptor antagonist MK-0679 blocks 
airway obstruction induced by inhaled lysine-aspirin in aspirin-sensitive asthmatics. Eur Respir J 6:1 018, 
1993. 

31. Dahlen S, Hansson, G, Hedqvist, P, et al.: Allergen challenge of lung tissues from asthmatics elicits 
bronchial contraction that correlates with the release of leukotrienes C4, D4, and E4. Proc Natl Acad Sci 
USA 80:1712, 1983. 

24 



32. Dahlen S, Nizankowska, E, Dahlen, B, et al.: The Swedish-Polish treatment study with the 5-
lipoxygenase inhibitor zileuton in aspirin-intolerant asthmatics [abstract]. Am J Respir Crit Care Med 
151:1446, 1995. 

33. Denzlinger C, Guhlmann, A, Scheuber, PJ, et al.: Metabolism and analysis of cysteinyl leukotrienes in 
the monkey. J Bioi Chern 261:15601, 1986. 

34. Diamant Z, Timmers, MC, VanderVeen, H, et al.: The effect of MK-0591, a novel 5-lipoxygenase 
activating protein inhibitor, on leukotriene biosynthesis and allergen-induced airway responses in 
asthmatic subjects in vivo. J Allergy Clin lmmunol 95:42, 1995. 

35 . Diamant Z, Rensen, EL, Callenbach, PM, et al.: Cell differentials in induced sputum after inhaled 
leukotriene D4 in subjects with mild asthma [abstract]. Am J Respir Crit Care Med 153, 1996. 

36. Drazen J, Austen, KF: Effects of intravenous administration of slow-reacting substance of anaphylaxis, 
histamine, bradykinin, and prostaglandin F2 alpha. J Clin Invest 53:1679, 1974. 

37. Drazen J, Austen, KF, Lewis, RA, et al.: Comparative airway and vascular activities of leukotrienes C-1 
and D in vivo and in vitro. Proc Natl Acad Sci USA 77:4354, 1980. 

38. Dunnill M: The pathology of asthma with special reference to changes in the bronchial mucosa. J Clin 
Pathol 13:27, 1960. 

39. Expert Panel Guidelines for the Diagnosis and Management of Asthma: National Institutes of Health; 
National Heart, Lung, and Blood Institute, 1997. 

40. Feinmark S, Cannon, PJ: Endothelial cell leukotriene C4 synthesis results form intercellular transfer of 
leukotriene A4 synthesized by polymorphonuclear leukocytes. J Bioi Chern 261 :16466, 1986. 

41. Ferreri N, Howland, WC, Spiegelberg, HL: Release of leukotrienes C4 and B4 and prostaglandin E2 from 
human monocytes stimulated with aggregated lgG, lgA and lgE. J lmmunol 136:4188, 1986. 

42 . Finnerty J, Wood-Baker, R, Thomson, H, et al.: Role of leukotrienes in exercise-induced asthma­
Inhibitory effect of ICI 204219, a potent leukotriene D4 receptor antagonist. Am Rev Respir Dis 
145:746, 1992. 

43. Fischer A, McFadden, DA, Frantz, R, et al.: Effect of chronic 5-lipoxygenase inhibition on airway 
hyperresponsiveness in asthmatic subjects. Am J Respir Crit Care Med 152(4 Pt 1):1203, 1995. 

44. Fitzpatrick F, Liggett, W, McGee, J, et al .: Metabolism of leukotriene A4 by human erythrocytes. A 
novel cellular source of leukotriene B4. J Bioi Chern 259 :11403, 1984. 

45. Ford-Hutchinson A. Leukotriene antagonists and biosynthesis inhibitors : Novel therapies for the 
treatment of human bronchial ashtma and other diseases, Ninth International Conference on 
Prostaglandins and Related Compounds, Florence, Italy, 1994. Vol. 3. 

46. Friedman B, Bel, EH, Buntinx, A, et al.: Oral leukotriene inhibitor (MK-886) blocks allergen-induced 
airway responses. Am Rev Respir Dis 147:839, 1993. 

4 7. Fujimura M, Sakahato, S, Kamis, Y, et al.: The effect of a leukotriene antagonist ONO 1078 on 
bronchial hyperresponsiveness in patients with asthma. Respir Med 87:133, 1993. 

48. Goldman D, Goetzl, EJ: Specific binding of leukotriene B4 to receptors on human polymorphonuclear 
leukocytes. J lmmunol 129:1600, 1982. 

49. Goldman D, Goetzl, EJ: Heterogeneity of human polymorphonuclear leukocyte receptors for leukotriene 

25 



B4. Identification of a subset of high affinity receptors that transduce the chemotactic response. J Exp 
Med 159:1027, 1984. 

50. Goldyne M, Burrish, GF, Poubelle, P, et al.: Arachidonic acid metabolism among human mononuclear 
leukocytes. Lipoxygenase-related pathways. J Bioi Chern 259:8815, 1984. 

51. Grossman S, DeLuca, JG, Zamboni, RJ, et al.: Enantioselective induction of peroxisomal proliferation in 
CD-1 mice leukotriene antagonists. Toxicol Appl pharmacal 116:217, 1992. 

52. Harris R, Carter, GW, Bell, RL, et al.: Clinical activity of leukotriene inhibitors. lnt J lmmunopharmacol 
17:147, 1995. 

53. Henderson W, Klebanoff, SJ: Leukotriene production and inactivation by normal, chronic granulomatous 
disease and myloperoxidase-deficient neutrophils. J Bioi Chern 258:13522, 1983. 

54. Henderson W, Jr: The role of leukotrienes in inflammation. Ann Intern Med 121:684, 1994. 

55. Hogaboom G, Mong, S, Wu, HL, et al.: Peptidoleukotrienes:distinct receptors for leukotriene C4 and D4 
in the guinea-pig lung. Biochem Biophys Res Commun 116:1136, 1983. 

56. Holgate S, Bradding, BM, Sampson, AP: Leukotriene antagonists and synthesis inhibitors: New 
directions in asthma therapy. J Allergy Clin lmmunol 98:1, 1996. 

57. Hui K, Taylor, IK, Taylor, GW, et al.: Effect of a 5-lipoxygenase inhibitor on leukotriene generation and 
airway responses after allergen challenge in asthmatic patients. Thorax 46:184, 1991. 

58. Hui K, Barnes, NC: Lung function improvement in asthma with a cysteinyl leukotriene receptor 
antagonist. Lancet 337:1062, 1991. 

59. lnd P: Anti-leukotriene intervention: is there adequate information for clinical use in asthma? Resp Med 
90:575, 1996. 

60. Israel E, Dermarkarian, R, Rosenberg, M, et al.: The effects of a 5-lipoxygenase inhibitor on asthma 
induced by cold, dry air. N Engl J Med 323:1740, 1990. 

61. Israel E, Rubin, P, Kemp, JP, et al.: The effect of inhibition of 5-lipoxygenase by zileuton in mild-to­
moderate asthma. Ann Intern Med 119:1059, 1993. 

62. Israel E, Fischer, AR, Rosenberg, MA, et al.: The pivotal role of 5-lipoxygenase products in the reaction 
of aspirin-sensitive asthmatics to aspirin. Am Rev Respir Dis 148:1447, 1993. 

63. Israel E, Cohn, J, Dube L, Drazen, J, Zileuton Study Group: Chronic 5-lipoxygenase inhibition by zileuton 
significantly decreases the requirement for acute steroid treatment of asthma . Resp Crit Care Med 
151 :A678, 1995. 

64. Israel E, Cohn, J, Dube, L, et al.: Effect of treatment with zileuton, a 5-lipoxygenase inhibitor, in 
patients with asthma. JAMA 275:931, 1996. 

65. Jakobsson P-J, Odlander, B, Steinhilber, D, et al.: Human B lymphocytes possess 5-lipoxygenase 
activity and convert arachidonic acid to leudotriene B4. Biochem Biophys Res Commun 178:302, 1991. 

66. Jorg A, Henderson, WR, Murphy, RC, et al.: Leukotriene generation by eosinophils. J Exp Med 155:390, 
1982. 

67. Juniper E, Frith, PA, Hargreave, FE: Airway responsiveness to histamine and methacholine:relationship 
to minimum treatment to control symptoms of asthma. Thorax 37:288, 1982. 

26 



68. Juniper E, Kline, PA, Vanzieleghem, MA, et al.: Reduction of budesonide after a year of increased use: a 
randomized controlled trial to evaluate whether improvements in airway responsiveness and clinical 
asthma are maintained. J Allergy Clin lmmunol 87:483, 1991. 

69 . Kaliner M: How the current understanding of the pathophysiology of asthma influences our approach to 
therapy. J Allergy Clin lmmunol 92:144, 1993. 

70. Kaliner M. Pathogenesis of asthma. In: Rich R, ed. Clinical Immunology: Principles and Practice. Vol. 1. 
St. Louis: Mosby, 1996:909. 

71. Kane G, Tollino, M, Pollice, M, et al.: Insights into lgE-mediated lung inflammation derived from a study 
employing a 5-lipoxygenase inhibitor. Prostaglandins 50:1, 1995. 

72. Kay A: Asthma and inflammation. J Allergy Clin lmmunol 87:893, 1991. 

73. Kellaway C, Trethewie, ER: The liberation of a slow-reacting smooth muscle-stimulating substance in 
anaphylaxis. Q J Exp Physiol 30:121, 1940. 

74. Kips J, Joos, GF, DeLepeleire, I, et al.: MK-571, a potent antagonist of leukotriene D4-induced 
bronchoconstriction in the human. Am Rev Respir Dis 144:617, 1991 . 

75. Kirby J, Hargreave, FE, Gleich, GJ, et al.: Bronchoalveolar cell profiles of asthmatic and nonasthmatic 
subjects. Am Rev Respir Dis 136:379, 1987. 

76. Krell R, Aharony, D, Buckner, CK, et al.: The preclinical pharmacology of ICI 204,219. Am Rev Respir 
Dis 141 :978, 1990. 

77 . Kumlin M, Dahlen, B, Bjorck, T, et al: Urinary excretion of leukotriene E4 and 11 -dehydro-thromboxane 
B2 in response to bronchial provocation with allergen, aspirin, leukotriene D4 and hist amine in 
asthmatics. Am Rev Resp Dis 146:96, 1992. 

78. Kuna P, Malmstrom, K, Dahlen, SE, et al.: Montelukast (MK-0476), a CysL T1 receptor antagonist, 
improves asthma control in aspirin-intolerant asthmatic patients [abstract], American Thoracic Society 
International Conference, San Francisco, 1997. 

79. Kundu, S, Noonan, N, Friedman, BS, et al: Use of a composite clinical score allows safe tapering of 
inhaled corticosteroids in asthmatic patients [abstract], American Thoracic Society International 
Conference, San Francisco, 1997. 

80. Labelle M, Belley, M, Gareau, Y, et al.: Discovery of MK-0476, a potent and orally active leukotriene 04 
receptor antagonist devoid of peroxisomal enzyme induction. Bioorg Med Chern Lett 5:283, 1995. 

81. Laitinen L, Laitinen, A, Haahtela, T, et al.: Leukotriene E4 and granulocytic infiltration into asthmatic 
airways. Lancet 341 :989, 1993. 

82. Laitinen L, Zetterstrom, 0, Holgate, ST, et al. : Effects of Accolate (zafirlukast 20 mg bid) in permitting 
reduced therapy with inhaled steroids: a multicenter trial in patients with doses of inhaled steroid 
optimized between 300 and 2000 meg per day [abstract). Eur J Allergy Clin lmmunol 50:320, 1995. 

83. Lam B, Penrose, JF, Freeman, GJ, et al.: Expression cloning of a eDNA for human leukotriene synthase, 
an integral membrane protein conjugating reduced glutathione to leukotriene A4. Proc Natl Acad Sci 
USA 91:7663, 1994. 

84. Lam S, Chan, H, LeRiche, JC, et al.: Release of leukotrienes in patients with bronchial asthma. J Allergy 
Clin lmmunol 81:711, 1988. 

27 



85. Lammers J, Van Daele, P, Van den Elshout, RM, et al.: Bronchodilator properties of an inhaled 
leukotriene 04 antagonist (verlukast--MK-0679) in asthmatic patients. Pu lm pharmacal 5:121 , 1992. 

86. Latimer K, O'Byrne, P, Morris, MM, et al.: Bronchoconstriction stimulated by airway cooling: better 
protection with combined inhalation of terbutaline sulphate and cromolyn sodium than with either alone. 
Am Rev Respir Dis 128:440, 1983. 

87. Lee T: Mechanisms of aspirin sensitivity. Am Rev Respir Dis 145:S34, 1992. 

88. Leff J, Israel, E, Noonan, MJ, et al.: Montelukast (MK-0476) allows tapering of inhaled cortidosteroids 
(ICS) in asthmatic patients while maintaining clinical stability [abstract], American Thoracic Society 
International Conference, San Francisco, 1997. 

89. Leff J, Bronsky, EA, Kemp, J, et al.; Montelukast (MK-0476) inhibits exercise-induced 
bronchoconstriction (EIB) over 12 weeks without causing tolerance [abstract], American Thoracic 
Society International Conference, San Francisco, 1997. 

90. Lemanske R, Kaliner, M. Late phase allergic reactions. In: Middleton E, Jr, Reed, CE, Ellis, EF, et al., ed. 
Allergy: Principles and Practice. Vol. 1. St. Louis: Mosby, 1993:320. 

91. Lewis R, Drazen, JM, Austen, KF, et al.: Identification of the C(6)-S-conjugate of leukotriene A with 
cysteine as a naturally occuring slow reacting substance of anaphylaxis (SRS-A). Importance of the 11 -
cis-geometry for biological activity. Biochem Biophys Res Commun 96:271, 1980. 

92. Lewis R, Austen, KF, Drazen, JM, et al.: Slow reacting substances of anaphylaxis: identification of 
leukotrienes C-1 and D from human and rat sources. Proc Natl Acad Sci USA 77:3710, 1980. 

93. Lewis R, Austen, KF, Soberman, RJ: Leukotrienes and other products of the 5-lipoxygenase pathway. 
NEJM 323:645, 1990. 

94. Lin A, Ruppel, PL, Gorman, RR: Leukotriene B4 binding to human neutrophils . Prostaglandins 28:837, 
1984. 

95. Liu M, Bleeker, ER, Lichtenstein, Let al.: Evidence for elevated levels of histamine, prostaglandin 02 
and other bronchoconstricting prostaglandins in the airways of subjects with mild asthma. Am Rev 
Respir Dis 142:126, 1990. 

96. Liu M, Dube, LM, Lancaster, J, Zileuton Study Group: Acute and chronic effects of a 5-lipoxygenase 
inhibitor in asthma: A 6-month randomized multicenter trial. J Allergy Clin lmmunol 98:859, 1996. 

97. Lockey R, Lavins, BJ, Snader, L: Effects of 13 weeks of treatment with ICI 204,219 (Accolate) , in 
patients with mild to moderate asthma [abstract]. J Allergy Clin lmmunol 95(1 )Part 2:350, 1995. 

98. MacGiashan D, Jr, Schleimer, RP, Peters, SP, et al.: Generation of leukotrienes by purified human lung 
mast cells. J Clin Invest 70:747, 1982. 

99. Maclouf J, Murphy, RC: Transcellular metabolism of neutrophil-derived leukotriene A4 by human 
platelets. A potential cellular source of leukotriene C4. J Bioi Chem 263:174, 1988. 

100. Manning P, Watson, RM, Margolskee, OJ, et al: Inhibition of exercise-induced bronchostriction by MK-
571, a potent leukotriene 04-receptor antagonist. N Engl J Med 323:1736, 1990. 

101. Margolskee D, Bodman, S, Dockhorn, R, et al.: The therapeutic effects of MK-571, a potent and 
selective LTD4 receptor antagonist in patients with chronic asthma. J Allergy Clin lmmunol 87:309, 
1991. 

28 



102. Martin R, Cicutto, LC, Smith, HR, et al.: Airways inflammation in nocturnal asthma. Am Rev Respir Dis 
143:351,1991. 

103. Matsumoto T, Funk, CD, Radmark, 0, et al.: Molecular cloning and amino acid sequence of human 5-
lipoxygenase. Proc Natl Acad Sci 85:26, 1988. 

104. Mayatepek E, Becker, K, Gana, L, et al.: Leukotrienes in the pathophysiology of kwashiorkor. Lancet 
342:958, 1993. 

105. Mayatepek E, Hoffmann, GF, Carlsson, B, et al.: Impaired synthesis of lipoxygenase products in 
glutathione synthetase deficiency. Pediatr Res 35:305, 1994. 

106. Mayatepek E, Hoffmann, GF: Leukotrienes: biosynthesis, metabolism, and pathophysiologic significance . 
Pediatr Res 37:1, 1995. 

107. Miller D, Gillard, JW, Vickers, PJ, et al.: Identification and isolation of a membrane protein necessary for 
leukotriene production. Nature 343:278, 1990. 

108. Murphy R: Mass spectrometric quantitation and analysis of leukotrienes and other 5-lipoxygenase 
metabolites . Prostaglandins 28:597, 1984. 

109. Nathan R, Glass, M, Minkwitz, MC: Inhaled ICI 204,219 blocks antigen-induced bronchoconstriction in 
subjects with bronchial asthma. Chest 105:483, 1994. 

110. O'Byrne P, Dolovich, J, Hargreave FE: Late asthmatic responses. Am Rev Resp Dis 136:740, 1987. 

111. O'Byrne P, Israel, E, Drazen, JM: Antileukotrienes in the treatment of asthma. Ann Intern Med 127:472, 
1997. 

112. O'Connor B, Godard, P, Dube, LM, European Zileuton Study Group. The effect of zileuton, a 5-
lipoxygenase inhibitor, plus low-dose inhaled beclomethasone, compared to higher dose beclomethasone 
alone in patients with asthma [abstract], American Thoracic Society International Conference, 1996. 

113. Orning L, Kaijser, L, Hammarstrom, S: In vivo metabolism of leukotriene C4 in man: urinary excretion of 
leukotriene E4. Biochem Biophys Res Commun 130:214, 1985. 

114. Parker C, Huber, MM, Hoffman, MD, et al.: Formation of the cysteinyl form of slow reacting substance 
(leukotriene E4) in human plasma. Biochem Biophys Res Commun 97:1038, 1980. 

115. Piacentini G, Kaliner, MA: The potential roles of leukotrienes in bronchial asthma. Am Rev Resp Dis 
143:S96, 1991. 

116. Pong S, DeHaven, RN, Kuehl, FA, Jr, et al.: Leukotriene C4 binding to rat lung membranes. J Bioi Chern 
258:9616, 1983. 

117. Rankin J, Hitchcock, M, Merrill, W, et al.: lgE-dependent release of leukotriene C4 from alveolar 
macrophages. Nature 297:329, 1982. 

118. Reid G, Kargman, S, Vickers, PJ, et al.: Correlation between expression of 5-lipoxygenase-activating 
protein, 5-lipoxygenase, and cellular leukotriene synthesis. J Bioi Chern 265:19818, 1990. 

119. Reiss T, Altman, LC, Chervinsky, P, et al.: Effects of montelukast (MK-0476), a new potent cysteinyl 
leukotriene (LTD4) receptor antagonist, in patients with chronic asthma. J Allergy Clin lmmunol 98:528, 
1996. 

120. Reiss T, Chervinsky, T, Edwards, R, et al.:. Montelukast (MK-0476), a CysLT1 receptor antagonist, 

29 



improves asthma outcomes over a 3-month period [abstract], American Thoracic Society, San Francisco 
International Conference, 1997. 

121. Ryan G, Latimer, KM, Dolovich, J, et al.: Bronchial responsiveness to histamine: relationship to diurnal 
variation of peak flow rate, improvement after bronchodilator, and airway calibre. Thorax 37, 1982. 

122. Samter M, Beers, R: Intolerance to aspirin: clinical studies and consideration of its pathogenesis. Ann 
Intern Med 68:975, 1968. 

123. Samuelsson B: Leukotrienes: mediators of immediate hypersensitivity reactions and inflammation. 
Science 220:568, 1983. 

124. Schleimer R, MacGiashan, OW, Jr, Peters, SP, et al.: Characterization of inflammatory mediator release 
from purified human lung mast cells . Am Rev Respir Dis 133:614, 1986. 

125. Sehmi R, Wardlaw, AJ, Cromwell, 0, et al.: lnterleukin-5 selectively enhances the chemotactic response 
of eosinophils obtained from normal but not eosinophilic subjects. Blood 79:2952, 1992. 

126. Shelhamer J, Borson, B, Patow, C et al. Respiratory mucus. In: Kaliner M, Barnes, PJ, ed. The Airways: 
Neural Control in Health and Disease. New York: Marcel Dekker, 1988. 

127. Simons F. Understanding the mechanisms of the allergic response. In: Simons F, ed. Ancestors of 
Allergy. New York: Global Medical Communications Ltd., 1994:118. 

128. Sorensen L, Mullarkey, MF, Bean, MA, et al.: Propagation and characterization of human blood 
basophils. lnt Arch Allergy Appl lmmunol 86:267, 1988. 

129. Sorkness C, Reiss, TF, Zhang, J, et al.: Bronchodilation with a selective and potent leukotriene 04 
antagonist (MK-476) [abstract]. Am J Respir Crit Care Med 149:A216, 1994. 

130. Soter N, Lewis, RA, Lorey, EF, et al. : Local effects of synthetic leukotrienes in human skin . J Invest 
Dermatol 80:115, 1983. 

131. Spector S, Smith, LJ, Glass, M, Accolate Asthma Trialists Group: Effects of 6 weeks of therapy with 
oral doses of ICI 204,219, a leukotriene 04 receptor antagonist, in subjects with bronchial asthma. Am 
J Respir Crit Care Med 150:618, 1994. 

132. Summers J, Gunn, BP, Mazdiyasni, H, et al.: In vivo characterization of hydroxamic acid inhibitor of 5-
lipoxygenase. J Med Chem 30:2121, 1987. 

133. Sur S, Crotty, TB, Kephart, GM, et al.: Sudden-onset fatal asthma. A distinct entity with few eosinophils 
and relatively more neutrophils in the airway submucosa? Am Rev Respir Dis 148:713, 1993. 

134. Taylor I, O'Shaughnessy, KM, Fuller, RW, et al.: Effect of cysteinyl-leukotriene receptor antagonist ICI 
204,219 on allergen-induced bronchoconstriction and airway hyperreactivity in atopic subjects. Lancet 
337:690, 1991. 

135. Valone F, Boggs, JM, Goetz!, EJ. Lipid mediators of hypersensitivity and inflammation. In: Middleton E, 
Jr, Reed, CE, Ellis, EF, Adkinson, NF, Jr, Yunginger, JW, Busse, WW, ed. Allergy: Principles and 
Practice. Vol. 1. St Louis: Mosby, 1993:302. 

136. vonSprecher A, Beck, A, Gerspacher, M, et al.: Peptidoleukotriene antagonists : State of the art. Chimia 
46:304, 1992. 

137. Wegner C, Gundel, RH, Reilly, P, et al.: Intercellular adhesion molecule-1 (ICAM-1) in the pathogenesis 
of asthma. Science 247:456, 1990. 

30 



138. Weller P, Lee, CW, Foster, OW, et al.: Generation and metabolism of 5-lipoxygenase pathway 
leukotrienes by human eosinophils: predominant production of C4. Proc Natl Acad Sci USA 80:7626, 
1983. 

139. Williams J, Czop, JK, Austen, KF: Release of leukotrienes by human monocytes on stimulation of their 
phagocytic receptor for particulate activators. J lmmunol 132:3034, 1984. 

140. Yamaoka K, Kolb, JP: Leukotriene 84 induces interleukin 5 generation from human T lymphocytes. Eur J 
lmmunol 23:2392, 1993. 

141. Yamaoka K, Dugas, 8, Paul-Eugene, N, et al.: Leukotriene 84 enhances IL-4-induced lgE production from 
normal human lymphocytes. Cell lmmunol 156:124, 1994. 

142. Zeneca. Professional information brochure, Accolate tablets (zafirlukast). Wilmington, Delaware: IPR 
Pharmaceuticals Inc., 1996. 

31 




