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Introduction

Feldberg, Kellaway, and Trethewie!? a half century ago
first recognized that stimulated lung tissue can produce
a material, SRS-A (slow reacting substance of anaphylaxis),
which slowly induces sustained contractions of guinea pig
smooth muscle; however, it was not until the chemical
characterization of SRS-A? by Samuelsson“€ and Corey’®
as several discrete chemical entities that rapid progress was
made in the elucidation of the 5-lipoxygenase (5-LO)
pathway. Products of the 5-LO pathway include the
peptide and non-peptide leukotrienes (LTs), the hydro-
peroxy- and hydroxyeicosatetraenoic acids (HPETEs and
HETEs)® and the lipoxins, most of which are involved in
a broad variety of functions and disease processes. In-
hibitors of 5-LO could represent a major breakthrough in
asthma therapy and could have therapeutic utility in a
number of other inflammatory disease states including
rheumatoid arthritis, inflammatory bowel disease, pso-
riasis, and glomerulonephritis. In this review, we describe
the properties and pharmacology of 5-LO and its products,
then place the 2-quinolinyl(bridged)aryl class of 5-LO in-
hibitors into perspective, and finally make a prognosis for
clinical efficacy. Special emphasis is placed on the dis-
covery of 2-quinolinyl(bridged)aryl system as modulators
AA cascade because we thought that the history of this
particular class would be informative, especially when
related to all the other classes of 5-LO inhibitors. In ad-
dition, there are frequent references to cyclooxygenase
(CO), the other major enzyme in the AA cascade, since
inhibition of the CO pathway is thought to explain the
therapeutic effects of nonsteroidal antiinflammatory agents
(NSAIDs) in rheumatic diseases.l® Since a Perspective
entitled “Peptide Leukotrienes: Current Status of
Research” was published in J. Med. Chem. which sum-
marized the state-of-the-art of peptide LT antagonists,!!

*Current address: Glycomed, Inc., 860 Atlantic Ave., Alameda,
CA 94501.

we will not concentrate on this aspect of modulation of the
5-LO pathway, although many of the 2-quinolinyl-
(bridged)aryl compounds have LTD, antagonist properties.
For a comprehensive monograph on LTs, their involve-
ment in disease, and compounds that modulate their ef-
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(3) Actually, Brocklehurst in 1960 first used the term “slow re-
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pounds. Adv. Prostaglandin Thromboxane Res. 1980, 6, 1-8.

(7) Corey, E. J.; Niwa, H.; Falck, J. R.; Mioskowski, C.; Arai, Y.;
Marfat, A. Recent Studies on the Chemical Synthesis of Ei-
cosanoids. Adv. Prostaglandin Thromboxane Res. 1980, 6,
19-25.

(8) Corey, E. J.; Clark, D. A.; Goto, G.; Marfat, A.; Mioskowski,
C.; Samuelsson, B.; Hammarstrom, S. Stereospecific Total
Synthesis of a “Slow-reacting Substance” of Anaphylaxis,
Leukotriene C-1. J. Am. Chem. Soc. 1980, 102, 1436-1439.

(9) For a recent review of HPETEs, see: Pace-Asciak, C. R.;
Asotra, S. Biosynthesis, Catabolism, and Biological Proper-
ties of HPETEs, Hydroperoxide Derivatives of Arachidonic
Acid. Free Radical Biol. Med. 1989, 7, 409-433.

(10) Simon, L. S.; Mills, J. A. Nonsteroidal Antiinflammatory
Drugs. N. Engl. J. Med. 1980, 302, 1179-1185, 1237-1243.
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Figure 1. Arachidonic acid cascade.
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Figure 2. A mechanism of the reaction of 5-LO with AA.
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Rokach.?? in particular!* were published. We will introduce what is

I. Properties and Sources of the 5-LLO Enzyme known about the mechanism of action for the 5-LO en-
The 5-L.O enzyme, which is found primarily in cells of m‘;mtﬂl ﬂ%ﬁg?i?iﬁﬂ?ﬁﬁgjﬂfﬂg atl:i

myeloid origin such as polymorphonuclear leukocytes pa

(PMNs) and eosinophils, catalyzes the first step of the

biochemical pathway (Figure 1) in which arachidonic acid (13) Samuelsson, B.; Funk, C. D. Enzymes Involved in the Bio-
(AA) is converted into the LTs. Recently, reviews on the Mniede i Iammedi S0k e 169,064,
(14) Yamamoto, S Mammalian Lipoxygenase: Molecular and

(12) Leukotrienes and Lipoxygenases; Rokach, J., Ed.; Elsevier: Catalytic Properties. Prostaglandins, Leukotrienes, Essen.
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deoxyribonucleic acid (DNA) technology is having on the
study of 5-LO structure and function.

5-LO Mechanism of Action. Excellent discussions of
LO mechanisms were recently published!®!® which can
provide additional references beyond the scope of our
Perspective. We have summarized a large amount of data
on 5-LO and present it as a plausible mechanism of action
which is shown in Figure 2. However, we caution the
reader not to take this representation for the 5-LO
mechanism of action too literally for reasons which will
become apparent from our subsequent discussions on the
oxidation states of iron, radical intermediates, and per-
oxides as cofactors.

The 5-LO enzyme is postulated to be normally in the
dormant ferrous state (Fe?*). It is found in the cytosol
which is spatially removed from AA, the substrate found
in the cell membrane. Upon activation by hydroperoxides,
adenosine triphosphate (ATP) and calcium (Ca?*), the
5-LO enzyme is converted to the active ferric form (Fe®*)
and this form translocates, possibly due to a change from
a hydrophilic conformation into a hydrophobic confor-
mation, to the cell membrane where it docks with a trans-
membrane protein FLAP (five lipoxygenase activating
protein). Once docked to the cell membrane, it acts on the
substrate AA which is then oxidized in a stereoselective,
free radical process. First, there is a removal of the TH(S)
hydrogen of AA which is then followed by a reaction of
oxygen (O,) with the AA radical complex. All that remains
is the oxidation of the iron in 5-LO and concurrent re-
duction of the hydroperoxide radical to complete the cycle
and give 5-HPETE. In addition, the 5-LO enzyme serves
another purpose, the catalytic conversion of 5-HPETE to
LTA, What follows are some of the facts and contro-
versies concerning the 5-LO mechanism of action.

Although it is generally accepted that 5-LO contains a
non-heme iron,'”18 the exact nature of the iron is contro-
versial. Either Fe?* or Fe?* forms are claimed as the
resting state of the iron in 5-LO. Most work investigating
the nature of the iron in LO was done on soybean 15-LO
due to its greater stability and availability. Incorporation
of ¥Fe into 15-LO has unequivocally established that the
native enzyme contains high spin Fe?*.'®* Mossbauer
spectral analysis of 15-LO enriched in 5'Fe revealed that
the iron appears to cycle between Fe?* and Fe?*® Recent
work on 15-LO suggests that higher iron species such as
ferryl are not involved.2! The Fe?* form was assumed to
be involved in oxygen binding. This may not be a valid
assumption since it was found that native 15-LO does not

(15) Feiters, M. C.; Boelens, H.; Veldink, G. A.; Vliegenthart, J.
F. G.; Navaratnam, S.; Allen, J. C.; Nolting, H.-F.; Hermes,
C. X-ray Absorption Spectroscopic Studies on Iron in Soy-
bean Lipoxygenase: A Model for Mammalian Lipoxygenases.
Rec. Trav. Chim. Pays-Bas. 1990, 109, 133-146.

(16) Siedow, J. N. Plant Lipoxygenase: Structure and Function.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991, 42, 151-155.

(17) Percival, M. D. Human 5-Lipoxygenase Contains an Essential
Iron. J. Biol. Chem. 1991, 266, 10058-10061.

(18) Kroneck, P. M. H.; Cucurou, C.; Ullrich, V.; Ueda, N.; Suzuki,
H.; Yoshimoto, T.; Matsuda, S.; Yamamoto, S. Porcine Leu-
kocyte 5- and 12-Lipoxygenase are Iron Enzymes. FEBS
Lett. 1991, 287, 105-107.

(19) Dunham, W. R.; Carroll, R. T.; Thompson, J. F.; Sands, R.
H.; Funk, J., M. O. The Initial Characterization of the Iron
Environment in Lipoxygenase by Mossbauer Spectroscopy.
Eur. J. Biochem. 1990, 190, 611-617.

(20) Funk, M. O.; Carroll, R. T. Role of Iron in Lipoxygenase
Catalysis. J. Am. Chem. Soc. 1990, 112, 5375-5376.

(21) Wiseman, J. S.; Skoog, M. T.; Clapp, C. H. Activity of Soy-
bean Lipoxygenase in the Absence of Lipid Hydroperoxide.
Biochemistry 1988, 27, 8810-8813.
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bind oxygen.?? Thus, it is assumed that resting 5-LO is
in the inactive Fe?* form and that the 5-LO enzyme
functions largely as an activator of AA through interaction
with Fe?* iron. If the analogy to lipid peroxidation can
be used, the iron would involve species that are not readily
reducible.? The reduction potential for the iron in 15-LO
was estimated to be +0.6V.2¢ The Fe?* iron in 15-LO
appears to be surrounded by six oxygen and/or nitrogen
ligands, four of which are imidazoles.®® One water or
hydroxide molecule appears to be coordinated to the active
site Fe?* iron of 15-L0.2% Recently it was proposed that
the iron in 5-LO may involve an “outer sphere” rather than
“inner sphere” type process.?’

There are considerable data which favor a radical
mechanism for LO catalysis.?®3! For example, dimers of
fatty acids are formed in the absence of oxygen. Also, there
is now evidence for the formation of a peroxy radical that
is bound to soybean L0.32 Further support for the radical
mechanism with soybean LO was shown with radical
trapping experiments.?® Porcine leukocyte 5-1.O was
found to possess a pseudoperoxidase activity.3* The steps
in the radical mechanism involve a stereospecific hydrogen
removal and O, addition which are reported to take place
from opposite sides of the pentadiene system.?3 In the

(22) Feiters, M. C.; Aasa, R.; Malmstrom, B. G.; Slappendel, S.;
Veldink, G. A.; Vliegenthart, J. F. G. Substrate Fatty Acid
Activation in Soybean Lipoxygenase-1 Catalysis. Biochim.
Biophys. Acta 1985, 831, 302-305.

(23) Braughler, J. M.; Chase, R. L.; Pregenzer, J. F. Oxidation of
Ferrous Iron during Peroxidation of Lipid Substrates. Bio-
chim. Biophys. Acta 1987, 921, 457-464.

(24) Nelson, M. J. Catecholate Complexes of Ferric Soybean Lip-
oxygenase 1. Biochemistry 1988, 27, 4273-4278.

(25) Navaratnam, S.; Feiters, M. C.; Al-Hakim, M.; Allen, J. C.;
Veldink, G. A.; Vliegenthart, J. F. G. Iron Environment in
Soybean Lipoxygenase-1. Biochim. Biophys. Acta 1988, 956,
70-76.

(26) Nelson, M. J. Evidence for Water Coordinated to the Active
Site Iron in Soybean Lipoxygenase-1. J. Am. Chem. Soc.
1988, 110, 2985-2986.

(27) Bill, T. J.; Chen, S.; Pascal, R. A.; Schwartz, J. “Outer
Sphere” Oxidation of Nonconjugated Dienes by Simple Iron
(ITI) Complexes: a New Mechanistic Consideration for Oxi-
dation of Arachidonic Acid by Lipoxygenases. J. Am. Chem.
Soc. 1990, 112, 9019-9020.

(28) Chamulitrat, W.; Mason, R. P. Lipid Peroxyl Radical Inter-
mediates in the Peroxidation of Polyunsaturated Fatty Acids
by Lipoxygenase. J. Biol. Chem. 1989, 264, 20968-20973.

(29) Cowling, R. A.; Nelson, M. J. Radicals Found in Purple Lip-
oxygenase. FASEB J. 1990, 4, A1958.

(30) Nelson, M. J.; Seitz, S. P.; Cowling, R. A. Enzyme-Bound
Pentadienyl and Peroxy Radicals in Purple Lipoxygenase.
Biochemistry 1990, 29, 6897-6903.

(31) Van der Zee, J.; Eling, T. E.; Mason, R. P. Formation of Free
Radical Metabolites in the Reaction between Soybean Lip-
oxygenase and Its Inhibitors. Biochemistry 1989, 28,
8363-8367.

(32) Nelson, M. J.; Cowling, R. A. Observation of a Peroxy Radical
in Samples of “Purple” Lipoxygenase. J. Am. Chem. Soc.
1990, 112, 2820-2821.

(33) Washi, H.; Parker, C. E.; Mason, R. P.; Tomer, K. B. Radical
Adducts of Nitrosobenzene and 2-Methyl-2-nitropropane
with 12,13-Epoxylioleic Acid Radical, 12,13-Epoxylinolenic
Acid Radical and 14,15-Epoxyarachidonic Acid Radical.
Biochem. J. 1991, 276, 447-453.

(34) Reindeau, D.; Falgueyret, J.-P.; Guay, J.; Ueda, N.; Yama-
moto, S. Pseudoperoxidase Activity of 5-Lipoxygenase Stim-
ulated by Potent Benzofuranol and N-Hydroxyurea Inhib-
itors of the Lipoxygenase Reaction. Biochem. J. 1991, 274,
287-292.

(35) Corey, E. J.; Lansbury, P. T. Stereochemical Course of 5-
Lipoxygenation of Arachidonate by Rat Basophil Leukemic
Cell (RBL-1) and Potato Enzymes. J. Am. Chem. Soc. 1983,
105, 4093-4094.
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porcine leukocyte 5-LO system, hydroxamic acid- and
hydroxyurea-containing 5-LO inhibitors are oxidized
during the catalysis to nitroxide radicals which is indicative
of a radical mechanism and this also suggests that the 5-LO
enzyme can oxidize other substrates besides polyunsatu-
rated fatty acids and may be regulated by reduction of the
iron species.

The first step in the 5-LO reaction can be thought of
as an enzymatically assisted lipid peroxidation. Both lipid
peroxidation and the 5-LO reaction involve an oxidation
of a fatty acid or ester in a radical process. From an
evolutionary perspective, the lipid peroxidation pathway
probably preceded the 5-L.O enzyme and some insight into
the mechanism of the 5-LO enzyme may be gained by
conmdermg its older nonenzymatic prototype. Iron is im-
portant in both 5-LO and lipid peroxidation and both
reactions have free radical chain reaction character.’’
Tyrosine radical was postulated as the hydrogen ab-
stracting species in the CO reaction.?® It is tempting to
hypothesize that a similar species may be involved in the
5-LO reaction.® Site-directed mutagenesis could partly
answer this question concerning the need for a tyrosine
residue in the active site of 5-LO.

Cofactors associated with 5-LO include various per-
oxides, ATP, and calcium. Contrary to earlier reports, 4!
not only organic hydroperoxides but also hydrogen per-
oxide can activate 5-L0;%24 however, other recent studies
with high levels (100 pM) of tert-butyl hydroperoxide
failed to show an increase in 5-LO products.*4® Super-
oxide generation in PMNs from asthmatics is significantly
increased after antigen challenge.# Therefore, we spec-
ulate there is a link between NADPH oxidase, the su-
peroxide producing enzyme,*” and activation of 5-LO, since

(36) Stubbe, J. Protein Radical Involvement in Biological Cata-
lysis? Annu. Rev. Biochem. 1989, 58, 257-85.

(87) Braughler, . M; Burton, P. S.; Chase, R. L.; Pregenzer, J. F.;
Jacobsen, J.; VanDoornik, F. J.; Tustin, J. M.; Ayer, D. E;
Bundy, G. L. Novel Membrance Localized Iron Chelators as
Inhibitors of Iron-dependent Lipid Peroxidation. Biochem.
Pharmacol. 1988, 37, 3853-3860.

(38) Karthein, R.; Dietz, R.; Nastainczyk, W.; Ruf, H. H. Higher
Oxidation States of Prostaglandin H Synthase. EPR Study
of a Transient Tyrosyl Radical in the Enzyme During the
Peroxidase Reaction. Eur. J. Biochem. 1988, 271, 313-320.

(39) Prince, R. C. Tyrosine Radicals. Trends Biol. Sci. 1988, 13,
286-288.

(40) Haiing, J. L.; Axelrod, R. Induction Period in the Lip-
oxidase-Catalyzed Oxidation of Linoleic Acid and Its Aboli-
tion by Substrate Peroxide. J. Biol. Chem. 1958, 232,
193-202.

(41) Rouzer, C.; Samuelsson, B. The Importance of Hydroper-
oxide Actxvatlon for the Detection and Assay of Mammalian
5-Lipoxygenase. FEBS Lett. 1986, 204, 293-296.

(42) Riendeau, D.; Denis, D.; Choo, L. Y.; Nathaniel, D. J. Stim-
ulation of 5-Lipoxygenase Activity under Conditions which
Promote Lipid Peroxidation. Biochem. J. 1989, 263, 565~572.

(43) Kulkarni, A. P.; Mitra, A.; Chaudhuri, J.; Byczkowski, J. Z;
Richards, I. Hydrogen Peroxide: A Potent Activator of Di-
oxygenase Activity of Soybean Lipoxygenase. Biochem.
Biophys. Res. Commun. 1990, 166, 417-423.

(44) Robison, T. W.; Forman, H. J. t-Butyl Hydroperoxide Stim-
ulates Alveolar Macrophage Biosynthesis of Cyclooxygenase
Products. Prostaglandins 1990, 40, 13-28.

(45) Robison, T. W.; Duncan, D. P.; Coates, T. D.; Forman, H. J.
Inhibition of Production of LTB, and Chemotactic Agent
from Rat Alveolar Macrophages Treated with t-Butyl Hy-
droperoxide is Independent of ATP Depletion. Biochim.
Biophys. Acta 1990, 1045, 9-16.

(46) Levy, R.; Lad, P. M,; Goldberg, B.; Easton, J.; Kaplan, M.
Superoxide Generation in Neutrophils of Asthmatics Before
and After Bronchial Provocation with Antigen. J. Allergy
Clin. Immunol. 1990, 85, 297.
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dismutation of superoxide generates hydrogen peroxide.
Conversely, 5-LO inhibitors attenuate hydrogen per-
oxide-induced lung injury*® and high concentrations can
inhibit the formation of 5-LO products by depletion of the
essential cofactor ATP.# An activated 5-LO, therefore,
appears to require the presence of hydroperoxides or
“hydroperoxide tone” to remain active. A kinetic scheme
of 5-LO from human PMN shows that calcium plays a
major regulatory role.®® It is not clear, however, whether
calcium is a cofactor for 5-LO. Finally, a pyrroloquinoline
quinone was reported as a cofactor for 5-LO, but this work
has not been reproduced.®-52

Additional physical characteristics of the 5-LO enzyme
recently determined include the energy of activation,
stability, and kinetics. The determination of the activation
energy of the steps in the reactions of 5-LO with AA from
human PMN as a function of temperature® indicates that
the activation energy for the first step in the 5-LO reaction
is 5.2 keal/mol (essentially diffusion controlled); however,
the second step, the conversion of 5-HPETE to LTA, has
a considerably higher activation energy (16 kcal/mol).
Therefore, the first is consistent with a radical mechanism.
The 5-LO enzyme is fairly unstable, possessing a half-life
of 45 min at 37 °C.3% Although the enzyme has complex
kinetics, the K, and V,, for human PMNs was recently
reported as 11.9 uM and 8.5 mmol/min per mg of protein,
respectively.’” These values should be accepted with
caution since the manner of substrate preparation may
influence enzyme kinetics due to poor water solubility of
fatty acid substrates and the tendency of AA to form
micelles.’

(47) Cross, A. R. Inhibitors of Leukocyte Superoxide Generating
Oxidase: Mechanisms of Action and Methods for Their
Elucidation. Free Radicals Biol. Med. 1990, 8, 71-93.

(48) Burghuber, O. C.; Strife, R. J.; Zirrolli, J.; Henson, P. M,;
Henson, J. E.; Mathias, M. M.; Reeves, J. T.; Murphy, R. C,;
Voelkel, N. F. Leukotriene Inhibitors Attenuate Rat Lung
Injury Induced by Hydrogen Peroxide. Am. Rev. Respir. Dis.
1985, 131, 778-785.

(49) Sporn, P. H. 8.; Peters-Golden, M. Hydrogen Peroxide In-
hibits Alveolar Macrophage 5-Lipoxygenase Metabolism in
Association with Depletion of ATP. J. Biol. Chem. 1988, 263,
14776-14783.

(50) Sud'ina, G. F.; Kobel'kov, G. M.; Barskii, O. A.; Varfolomeev,
8. D. Kinetic Scheme of the Action of 5-Lipoxygenase from
Human Neutrophils. Biochemistry USSR 1990, 55,
1341-1353.

(51) Duine, J. A.; Jongejan, J. A. Quinoproteins, Enzymes with
Pyrrolo-Quinoline Quinone as Cofactor. Annu. Rev. Bio-
chem. 1989, 58, 403-26.

(52) van der Meer, R. A.; Duine, J. A. Pyrroloquinoline Quinone
(PQQ) is the Organic Cofactor in Soybean Lipoxygenase-1.
FEBS Lett. 1988, 235, 194-200.

(53) Lagutina, I. O.; Sud’ina, G. F.; Kobel'kov, Varfolomeev, S. D.
Regulation of the Activity of 5-Lipoxygenase from Potato
Tubers under the Action of Temperature. Biochemistry
USSR 1990, 55, 520-525.

(54) Konig, W.; Schonfeld, W.; Raulf, M.; Koller, M.; Knoller, J.;
Scheffer, J.; Brom, J. The Neutrophil and Leukotrienes-Role
in Health and Disease. Eicosanoids 1990, 3, 1-22.

(55) Fitzsimmons, B. J.; Rokach, J. Enzyme Inhibitors and Leu-
kotriene Receptor Antagonists. In Leukotrienes and Lip-
oxygenases; Rokach, J., Ed.; Elsevier: New York, 1989; p 430.

(56) Rouzer, C. A. Regulation and Structure of Human Leukocyte
6-Lipoxygenase. In Lipoxygenases and their Products;
Crooke, S. T., Wong, A., Eds.; Academic Press: New York,
1991; p 52.

(57) Soberman, R. J.; Austen, K. F. Kinetics of the Arachidonic
Acid 5- and 15-Lipoxygenases of the Human Polymorpho-
nuclear Leukocyte. Adv. Prostaglandins, Thromboxanes,
Leukotriene Res. 1985, 15, 169-171.
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As stated above, 5-HPETE is converted to LTA, by
5-LO. It is known that the synthesis of LTA, proceeds
from 5-HPETE through stereospecific removal of the
pro-R C-10 hydrogen followed by radical migration and
epoxide formation.’* However, one of the anomalies as-
sociated with the LTA, synthase component of 5-LO is the
relatively inefficient manner in which 5-HPETE is con-
verted to LTA, compared to the rate of AA conversion.
This could be a reflection of its higher activation energy.5?
Only 20% of the 5-HPETE produced from AA is converted
to LTA, in an isolated 5-LO enzyme preparation, indi-
cating a loose coupling of the two activities. This is in
contrast to whole cell studies, where as much as 60-80%
of the AA is converted to LTA,. Further studies have
demonstrated that the steady-state concentration of 5-
HPETE has no effect on the rate of LTA, production from
AA or on the fraction of 5-HPETE produced from AA that
is converted to LTA,, even though exogenous 5-HPETE
is capable of inhibiting the oxidation of AA which suggests
the presence of a single catalytic site for the two activities.
The fact that exogenous 5-HPETE does not effectively
compete with 5-HPETE produced from AA for LTA,
production implies that equilibration between free and
enzyme-bound 5-HPETE does not occur prior to disso-
ciation from the enzyme.5

A final cautionary note involves the possibility for the
existence of 5-LO isozymes. Although not much is known
about 5-LO isozymes, it is likely that the various subtypes
will have different physical properties and will be located
in different cell types. Certainly, isozymes of 15-LO are
known.

The Cellular Presence of 5-LO. There is considerable
controversy in the literature concerning cellular presence
of 5-LO and the sources of LTs. This is due to the fact
that few cells actually possess the 5-LO enzyme whereas
virtually all cells possess LTA, hydrolase.l%° Conse-
quently, if a cell is provided with an external source of
LTA,, it will make LT products even though it does not
possess the 5-LO enzyme. Indeed, human tonsil B lym-
phocytes and peripheral B and T cells are devoid of 5-LO
activity but can synthesize LTB, in the presence of acti-
vated monocytes that provide them with LTA,.6162 Im-
munohistochemical studies of the distribution of 5-L.O can
definitively answer the question of whether certain cell
types possess the 5-LO enzyme. A recent report on porcine
leukocytes revealed that neutrophils and eosinophils are
positively stained but lymphocytes are not.®* In summary,
5-LO is largely found in cells of myeloid origin, for instance
mast cells, basophils, and macrophages.

(58) Schewe, T.; Rapoport, S. M.; Kuhn, H. Enzymology and
Physiology of Reticulocyte Lipoxygenase: Comparison with
Other Lipoxygenases. Adv. Enzymol. 1986, 58, 194.

(59) DeWolf, W. E. Enzymatic Studies on Purified 5-Lip-
oxygenase. In Lipoxygenases and their Products; Crooke, S.
T., Wong, A., Eds.; Academic Press: New York, 1991; pp
126-128.

(60) Lewis, R. A.; Austen, K. F.; Soberman, R. J. Leukotrienes and
Other Products of the 5-Lipoxygenase Pathway. N. Engl. J.
Med. 1990, 323, 645-655.

(61) Jakobsson, P.-J.; Odlander, B.; Claesson, H.-E. Effects of
Monocyte-lymphocyte Interaction on the Synthesis of Leu-
kotriene B,. Eur. J. Biochem. 1991, 196, 395-400.

(62) For a recent review on transcellular metabolism of LTs, see:
Serhan, C. N. Components of the Arachidonic Acid Signalling
Cascade: A Brief Update and Hypothesis. Adv. Rheumatol.
Inflammation 1991, 1, 147-149.

(63) Komatsu, N.; Natsui, K.; Ueda, N.; Watanabe, K.; Yamamo-
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The profiles of 5-LO products are similar in PMNs from
various species under given conditions of stimulation, but
vary drastically according to incubation conditions.846
Nonphysiological stimuli such as A23187 tend to over-
whelm the enzymatic capacity of LTA, hydrolase leading
to nonenzymatic hydrolysis. In human whole blood, LTs
are synthesized predominantly by PMNs;% however, care
must be taken in assigning 5-LO to certain cell types. For
example, it was thought that infiltrating PMNs were the
source of 5-LO products in reperfusion injury, but it was
latter found that canine myocytes also possess the 5-LO
enzyme.®’

In contrast to PMNs, human eosinophils from asth-
matics produce significantly more LTC, than eosinophils
from healthy donors.?:7° Human eosinophils produce
approximately 10 times more LTC, than PAF and the
amount of LTC, that remains cell-associated depends on
the activating stimulus.”

Hypereosinophilia may play a proinflammatory role in
bronchial asthma, and the recent characterization of LTB,
receptors on guinea pig eosinophils suggests that LTB,
may play a role in the recruitment of eosinophils.”? It was
shown, however, that guinea pig PMNs do not participate
in the late phase reaction.” Although there appears to
be no causal link between eosinophil infiltration and the
development of increased airway reactivity,’ it may be
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necessary for the cells to be activated.”™

Recombinant DNA Technology and the 5-LO En-
zyme. Many aspects of 5-LO research are impacted by
the development of molecular biological techniques for the
detection and sequence analysis of genes that encode for
the enzymes, as well as for the cloning, site-specific mu-
tagenesis and expression of their cDNAs in cells. For
example, human 5-LO, recently cloned, sequenced, and
expressed, appears to contain 674 amino acids, has a hy-
drophobic nature, and lacks signal sequences. This se-
quence is homologous to lipases, suggesting a mechanism
for peripheral association of 5-LO with the plasma mem-
brane.”* The human 5-LO gene spans more than 82
kilobases, consists of 14 exons, and has been expressed in
a baculovirus/insect system.* The human 5-LO promoter
was characterized® and antibodies to human 5-LO were
prepared.®> Human 5-LO was recently expressed in
yeast.®® Indeed, recombinant 5-LO work has recently not
only made this scarce enzyme readily available® but has
also provided both an alternate source for antibody gen-
eration and, through site-directed mutagenesis, new
knowledge of which residues are important for catalytic
iron binding.1%60%% Pglymerase chain reaction technology
has recently been applied to human eicosanoid-forming
enzyme RNA.®” The FLAP gene was characterized® and
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thus it is anticipated that a source of this protein produced
in significant quantities will soon be available for study
in drug design.

Site-directed mutagenesis of human 5-L.O was performed
to determine if several histidines, which are known to
coordinate iron, are involved as ligands of iron.®® Three
groups independently located essential histidines at pos-
itions 367 and 372 of the human 5-LO enzyme. Recom-
binant 5-LO studies have also confirmed that the 5-LO
enzyme contains both 5-L0O and LTA, synthase activities.!?
The recombinant biology performed on the 5-LO enzymes
has thus provided the tools for significant progress to be
made in understanding this enzyme on a molecular level
and should facilitate future studies on inhibitors of 5-L.0.13

I1. Pathophysiology of 5-LO Products

The elucidation of the 5-LO biosynthetic pathway and
the chemical synthesis of L'T's has provided the theoretical
bases and the tools to gain insight into many aspects of
asthma pathophysiology. Smooth muscle contraction, in-
flammatory cell influx, mucus production, and edema are
the principal pathophysiological characteristics of asthma.
In fact, the marked ability of the peptide LTs (LTC,,
LTD,, and LTE,) to promote bronchoconstriction and
mucus hypersecretion is well documented in animals and
man.® In addition, LTD, produces airway hyperreac-
tivity, a hallmark of asthma, in normal humans,®! and in
a related study, LTC,, LTD,, and LTE, in asthmatics
cause a long-lasting hyperreactivity which was not observed
in normal subjects.* Another metabolite of the 5-LO
cascade is the nonpeptide LT, LTB,.*® This LT is a
potent chemokinetic, chemotactic, and aggregating agent
for a variety of leukocytes, and in vivo, it stimulates cell
accumulation and effects vascular smooth muscle, which
ma);4 partially account for the edema component of asth-
ma.

Supplies of well-characterized and pure LTs made
available by synthetic organic chemistry®>® have allowed
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for extensive pharmacological studies to be conducted on
the effects of LTs. Because of the ready availability of
5-LO metabolites and analogs it was soon discovered that
LTs have far-ranging pharmacological activities that go
well beyond the range of the bronchopulmonary system.5°
Indeed, an enormous amount of evidence has accumulated
that describes the deleterious actions of LTs in human
allergic diseases”” and inflammation.*® In this section, we
first establish that the production of LTs is harmful in
asthma and diseases of the lung, and then proceed to
discuss the effects these endogenously generated agents
have on other systems including the immune, cardiovas-
cular, and central nervous systems.

5-LO Products in Asthma and Other Diseases of
the Lung. The clinical evidence for the adverse effects
of the products of the 5-LO cascade in asthma is exten-
sive.® Both the peptide and nonpeptide L'Ts are impli-
cated in the etiology of asthma and other diseases of the
lung including adult respiratory distress syndrome
(ARDS), bronchopulmonary dysplasia, and cystic fibrosis.
Higher plasma levels of LTC, are found in asthmatics
compared with control subjects, and the levels of LTC, are
significantly higher during asthmatic attack than during
remission. In atopic asthmatics, levels of LTC, in bron-
choalveolar lavage fluid are significantly elevated after
antigen challenge.!® In asthmatics, LTC, causes nar-
rowing not only of central airways but also of peripheral
airways,'%! with higher levels of LTC, correlated with the
severity of the disease.’®? Bronchial lavage of asthmatics
reveals significant levels of LTE, in contrast to healthy
subjects who have no LTs.!® The amount of LTE, in the
blood of asthmatics in remission is comparable to controls
and is significantly lower than that in blood of asthmatics
undergoing a wheezing attack.’** LTs may also be in-
volved in aspirin-induced asthma since elevated levels of
LTC, are found in the nasal fluid of aspirin-sensitive
asthmatics.'® This is corroborated by related studies
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measuring LTE, levels in the urine of subjects with this
disease.'® Indeed, peptide LT levels in urine are elevated
in asthmatics.!®” Urinary levels of LTE, in asthmatics are
elevated after antigen challenge.!® Exercise-induced
asthma also appears to involve LTs. For example, levels
of LTE, in urine are significantly increased in severe
asthmatics who had just exercised.!® Thus, LTC,, LTE,,
and LTE, are clearly present in humans and correlate with
the severity of asthma.

The severity of ARDS, bronchopulmonary dysplasia,
and cystic fibrosis also correlates to synthesis and excretion
of levels of peptide LTs.!® The involvement of LTs in
ARDS was the subject of a recent review.!!! By measuring
urinary LTE, levels, it was shown that there is a persistent
generation of peptide LTs in ARDS.!*2 Both LTD, and
5-HETE produce significant mucous thickening.!’®* The
amount of LTE, in the urine of patients with multiple
trauma with and without ARDS is elevated compared to
controls.'* In infants with bronchopulmonary dysplasia,
both alveolar macrophage numbers and peptide LT levels
are elevated relative to normal infants.’®* Finally, LT
levels in both sputum and urine are elevated in children
with cystic fibrosis.l’® The sum of the above evidence
clearly shows that 5-LO products play a fundamental role
as pathophysiological mediators of asthma and other
pulmonary diseases.

Inflammation and Other Diseases Which Involve
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the 5-LO Pathway. In addition to asthma, other in-
flammatory diseases known to involve products of the
5-LO pathway include psoriasis, ulcerative colitis, and
rheumatoid arthritis.!'"1® LTs induce inflammatory
changes in human skin following local administration.!!?
Both 5-LO and 12-LO products are important for cell
recruitment,'? whereas both LTC, and LTD, are growth
factors for human melanocytes.!?! Continuous antigen
challenge in atopics resulted in persistent release of hist-
amine and LTB,.12 LTC, levels are significantly elevated
after antigen challenge of human skin.'® LTB, levels are
elevated in patients with atopic eczema.!* In rheumatoid
arthritis, LTB, levels in both peripheral blood and synovial
fluid are significantly elevated in patients.!®1% LTB, is
also elevated in synovial fluid obtained from patients with
osteoarthritis.'?’ In patients with rheumatoid arthritis,
serum levels of LTB, are not only elevated relative to
normal subjects but also correlate with concentrations of
LTB, in the synovium.1?

With respect to the gastrointestinal effects, evidence is
equivocal for involvement of LT's in NSAID-induced lesion
formation.!® It appears that L'Ts are not the exclusive
or primary mediators in ethanol-induced gastric mucosal
damage and that the protection observed with some 5-LO
inhibitors is due to effects other than inhibition of LT
synthesis.'® However, 5-LO products do appear to be
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involved in inflammatory bowel disease.!®!

Peptide LTs are also implicated in the pathophysiology
of several cardiovascular disorders,'*? including coronary
vasospasm and myocardial ischemia.!3313 Peptide LTs
are reported to be among the most potent coronary vaso-
constrictors and appear to act as important mediators of
shock and reperfusion injury.!®® A 5-LO product, 5-
HETE, inhibits angiotensin II-mediated aldosterone se-
cretion.!® 5-LO products are also modulators of cardiac
potassium channels.!¥ LTs appear to mediate arteriolar
oxygen reactivity which can be blocked by 5-LO inhijb-
itors.}¥®¥ LTB, can promote leukocyte endothelium ad-
hesion and this may be a significant event in ischemia
reperfusion injury. It was thought that activated human
monocytes oxidize low-density lipoproteins by a LO-de-
pendent pathway; however, this effect is not blocked by
5-LO inhibitors.'®® Nevertheless, LTD, is a potent coro-
nary constrictor in the perfused cat coronary artery.}4
Although 5-LO inhibitors are not being developed for
coronary vasospasm and myocardial ischemia indications,
these agents may be discovered to have beneficial side
effects on the cardiovascular system in clinical studies (for
example, see FLM 5011 below which has entered clinical
trials for a myocarditis indication).

In the central nervous system, 12-LO and 9-LO path-
ways seem more important.!4!143  LTs were the major
eicosanoids found in cerebrospinal fluid of preterm infants
with posthemorrhagic hydrocephalus.'* A recent report
implicated a LO metabolite as a mediator of somatosta-

(131) Wallace, J. L. 5-Lipoxygenase: A Rational Target for Ther-
apy of Inflammatory Bowel Disease? Trends Pharmacol. Sci.
1990, 11, 51-53.

(132) Lefer, A. M. Lipoxygenase-Derived Eicosanoids of Arachi-
donic Acid as Mediators of Circulator Disease States. ISI
Atlas of Science: Pharmacology 1988, 2, 109-115.

(133) Lefer, A. M. Leukotrienes as Mediators of Ischemia and
Shock. Biochem. Pharmacol. 1986, 35, 123-127.

(134) Hand, J. M,; Will, J. A,; Buckner, C. K. Effects of Leuko-
trienes on Isolated Guinea Pig Pulmonary Arteries. Eur. J.
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(1385) Scheuch, D. W.; Rudolph, W.; Schwab, W. On the Impor-
tance of Lipoxygenase Pathway in the Pathogenesis of En-
dotoxin Shock. Clin. Chem. 1990, 36, 1164.

(136) Stern, N.; Natarajan, R.; Tuck, M. L.; Laird, E.; Nadler, J.
L. Selective Inhibition of Angiotensin-II-Mediated Aldo-
sterone Secretion by 5-Hydroxyeicosatetraenoic Acid. En-
docrinology 1989, 125, 3090-3095.
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1572,

(139) Sparrow, C. P.; Olszewski, J. Cellular Oxidative Modification
of Low Density Lipoprotein Does Not Require Lip-
oxygenases. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 128-131.

(140) Roth, D. M.; Lefer, A. M. Studies on the Mechanism of
Leukotriene-induced Coronary Artery Constriction. Prosta-
glandins 1988, 26, 573-581.

(141) Williams, J. H.; Bliss, T. V. P. An In Vitro Study of the Effect
of Lipoxygenase and Cyclo-oxygenase Inhibitors of Arachi-
donic Acid on the Induction and Maintenance of Long-term
Potentiation in the Hippocampus. Neurosci. Lett. 1989, 107,
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(142) Buttner, N.; Siegelbaum, S. A.; Volterra, A. Direct Modula-
tion of Aplysia S-K* Channels by a 12-Lipoxygenase Metab-
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tin-induced increase of neuronal M-current and this effect
could be blocked by 5-LO inhibitors.}4

The 5-Lipoxygenase Cascade and the Immune
System. The effects of products of the 5-LO cascade on
the immune system are of increasing interest44!4" since
these effects are manifested in cancer and autoimmune
diseases. For example, in brain tumors there is a corre-
lation between increasing malignancy and increased LT
production.*® Also, the action of tumor promoters can
be blocked by 5-LO inhibitors.¥® 5-LO inhibitors enhance
the proliferation of human B celis!® and at the same time
block the proliferation of murine mastocytoma cells'®! and
human glioma cells.’®? 5-HETE stimulated malignant and
normal cell growth which can be blocked by a 5-LO in-
hibitor.!® Finally, LTD, and LTB, stimulated prolifer-
ation of leukemia cells can be blocked by 5-LO inhib-
itors.1® It is important to note these effects that LT's have
on cell proliferation since it would implicate the use of
5-LO inhibitors in the treatment of cancer.

However, in contrast to the above detrimental effects
of LTs and the potential of 5-LO inhibitors in the treat-
ment of cancer, it is reported that LTs can stimulate
macrophages to destroy tumor cells and this effect can be
blocked by 5-LO inhibitors.!5 In addition, peritoneal
macrophages significantly enhance NK cell activity by
production of 5-HPETE and LTB,.!% If considered in
terms of warding off cancer or infection, this finding is
significant since there is very little evidence for the ben-
eficial effects of LTs.
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Interestingly, LTs do protect against radiation and this
has implications for radiation therapy of tumors.!%
Possibly, a 5-LO inhibitor or LT antagonist could prevent
this undesired radioprotection within tumors.

5-LO inhibitors may have a positive effect with respect
to mutagenesis induced by xenobiotics. For example,
benzopyrene is metabolized to protein-binding species in
the p{sgsence of 5-LO and this is blocked by 5-LO inhib-
itors.

A 5-LO inhibitor structurally related to LTA, suppresses
antigen-specific immunoglobulin E- (IgE) responses in
lymphocytes.!® The 5-LO enzyme expression is appar-
ently enhanced in virally infected rats.!®® Patients that
have undergone bone marrow transplants frequently suffer
from capillary leak syndrome which is associated with
elevated LT levels.!®! It would be interesting to see if a
5-LO inhibitor could block this leakage.

The question of whether lymphocytes can actually
synthesize LTs has been controversial.1¢216 Recent ev-
idence implicates 5-LO products in transduction of mito-
genic signals in T lymphocytes'® and human B celis.'®® In
fact, human B cells possess 5-LO activity.1%

There are reports of LT effects on renal and hepatic
function and renal transplantation. Synthesis of LTs is
associated with glomerulonephritis.” Peptide LTs pro-
duce a decrease in renal blood flow and glomerular fil-
tration rate.!®® Infiltration of monocytes and PMNs is
found in experimental models of liver injury, which can
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Products in Radiation Injury and Radioprotection. In Leu-
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be inhibited by a 5-LO inhibitor.1®® Production of LTs
is stimulated during acute renal allograft rejection.!”
There have been recent reports that 5-LO inhibitors can
prevent renal allograft rejection.!”

The lipoxins (LXs) were recently reviewed,'’? and al-
though the pharmacology of these compounds is still being
defined, they appear to counter some of the untoward
effects of the LTs. For example, LXA, antagonizes LTD,
at the receptor which provides evidence of endogenous LT
receptor antagonists.!” LXA, also inhibits the micro-
vascular effects of LTB, in a hamster cheek pouch model
of inflammation.!” Production of LTB, in human PMNs
is inhibited by LXA, and LXB,.!"" LXA, is found in
bronchoaveolar fluids of patients with various pulmonary
diseases and is absent in BAL (bronchial alveolar lavage)
from normal subjects.1™

Thus, with the exception of the lipoxins and data con-
cerning whether LTs can stimulate macrophages, there is
clear and ample reason to inhibit the synthesis of both the
peptide and nonpeptide LTs by 5-LO inhibitors.

Since modification of cell-cell adhesion has generated
considerable interest of late, it is interesting to note that
LTB, induces hyperadhesiveness in human endothelial
cells which leads to increased binding of PMNs."”” In fact,
MK-886 was shown to prevent oxidized LDL (low-density
lipoprotein) induced adhesion of leukocytes to the en-
dothelium.!”® In addition, LTB, increases IgE binding,
IgE-dependent adherence, and cytotoxicity of human eo-
sinophils.!”®
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3-QMP.

III. Quinolinyl(bridged)aryl Class of Inhibitors

Since there are extensive tabulations of 5-LO inhibitors
in the literature,!®*1%2 no attempt is made in this Per-
spective to comprehensively review all these compounds;
only the more significant examples from each class will be
discussed. First, the discovery of the 2-quinolinyl-
(bridged)aryl system as modulators of the AA cascade is
placed in perspective with respect to other classes of 5-LO
inhibitors. We then discuss many compounds that have
entered Phase 1 clinical trials and some of the newer, more
interesting preclinical compounds, e.g. ICI-216,800.18 We
also add half inhibitory concentration (ICy,) values rou-
tinely after the first mention of a 5-LO inhibitor.

Since the elucidation of the 5-LO biosynthetic pathway
there has been a debate as to whether it is better with
respect to drug discovery to inhibit the 5-LO enzyme or
to antagonize peptide or nonpeptide LTs. Recent evidence
suggests that 5-L.O enzyme inhibitors may be superior to
LT receptor antagonists. For example, 5-LO inhibitors
block the action of the full spectrum of 5-LO products,1841%
whereas LT antagonists by definition can effectively block
the effect of only one LT. In addition, LT antagonists
appear to prolong the half-lives of LTs by hindering me-
tabolism.}®¢ Finally, 5-LO inhibitors also block some of
the effects of PAF.187-18
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One approach to generating new leads as modulators of
the AA cascade was based on work by Vanderhoek who
reported that 15-HETE is an inhibitor of 5-LO.1% It was
speculated that HETEs may be acting through feedback
inhibition to attenuate 5-LO activity. Therefore in 1980,
we prepared analogs of 15-HETE, where the aliphatic
double bonds were replaced by aromatic rings.!®! When
comparing computer-generated, space-filling models of
15-HETE with aromatic ring-stabilized analogs, it was
apparent that the 11,13-cis, trans double bonds could
satisfactorily be substituted with a phenyl ring. Less
straightforward, however, was finding a surrogate ring
system for the remaining 5 or 8 double bond while re-
taining a good isosteric fit with 15-HETE. A number of
systems were tried but the solution consisted of bridging
C-3 to C-7 and substituting a methyleneoxy group for the
C-8-C-9 double bond(Figure 3). Target structure 1 was
prepared along with a number (>30) of analogs including
ortho, meta, and para isomers of the tethered carboxylic
acid group. Compound 1 possesses 5-LO inhibitory activity
versus rat PMNs (IC;, = 2.5 uM); however, versus oval-
bumin (OA) induced bronchoconstriction in the guinea pig,
compound 1 and its direct analogs are devoid of activity.
Since all of the compounds in the series are very hydro-
phobic, we considered inserting a basic nitrogen into the
terminal ring, with the goal of obtaining a compound ca-
pable of forming a water-soluble salt. Several pyridyl and
quinolyl derivatives were prepared'®? and one, REV-5901
(ICs = 0.16 uM, rat PMN), is active in vivo.}®3

REV-5901 significantly inhibits the release of LT's from
human lung tissue challenged with either antigen or cal-
cium ionophore at 1 and 10 uM. As an antagonist of
peptide LTs, it has a K; value of 0.7 uM versus [°H]-LTD,
binding to membranes from guinea pig lung. REV-5901
does not appear to have either significant antihistamine
or anticholinergic activity. In guinea pig bronchocon-
striction studies, REV-5901 (id, 30 mg/kg) inhibits the
response to LTD, by 74%. Upon oral administration in
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as Mediators of Platelet Activating Factor-Induced Increased
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man, it is rapidly absorbed, undergoes facile and extensive
metabolism, and the metabolites are highly protein bound.
No limiting toxicity was observed in animals and, in man,
no significant adverse toxicity was observed up to doses
of 1000 mg. Recently, REV-5901 was acquired by Perdue
Frederick as PF-5901 and is under development as a
treatment of inflammatory bowel disease.1?

Although the 2-quinolinyl(bridged)aryl structure of
REV-5901 has served as a template for most of the com-
pounds in this class of modulators of the AA cascade, the
first report of a 2-quinolinyl(bridged)aryl system as a
modulator of eicosanoid synthesis was by Dewhirst and
the Forsyth Dental Infirmary for Children. He claimed
in the patent literature several bridged bis-aryl systems
including 2-(2-quinolinylmethoxy)phenol (2-QMP) (Figure
4) as inhibitors of sheep vascular gland CO with utility as
antiinflammatory agents.!® Thus, we prepared a number
of agents mentioned in Dewhirst’s patent including 2-QMP
and related isomers.® Using rat PMNs, 2-QMP has CO
inhibitory activity [IC;s, = 5.82 uM vs prostaglandin E,
(PGE),] but is only marginally active as a 5-LO inhibitor
(ICs = 53.0 uM vs 5-HETE). In contrast, the meta hy-
droxyl isomer, 3-QMP, possesses selective 5-LO inhibitory
activity (IC5, = 6.07 uM vs 5-HETE and >100 ¢M vs
PGE,), also using rat PMNs. To our surprise, in vivo,
3-QMP has significant LTD, antagonist activity (50 mg/kg,
82% inhibition of LTD,-induced bronchoconstriction in
the guinea pig). By contrast, the ortho hydroxyl isomer,
2-QMP, is only marginally active (50 mg/kg, 28% inhib-
ition) as an antagonist of peptide LTs.

A Strategy for the Eighties. The observation that
there are agents that both inhibit 5-LO and antagonize
peptide LTs was critical to our future design strategy.
Data to support the dual nature of some modulators of the
AA cascade came from our laboratories and others. For
example, the hydroxyacetophenone peptide LT antagonists
Wy-44,329 (ICs, = 32 M, rat PMN)!¥” and FPL-55,712
(ICso = 21 uM, rat RBL-1)!*® were reported as 5-LO in-
hibitors, and conversely, the 2-(2-quinolinylmethoxy)-
phenol 5-LO inhibitor, REV-5901, was reported as a weak
peptide LT antagonist.'®® In addition, several 5-LO in-
hibitors reported in the literature have a bis-aryl system,'®
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Patent 4,244,956, 1981.

(196) Kreft, A. F.; Pattison, T. W.; Musser, J. H. 3-(2-Quinolinyl-
alkoxy)phenols. U.S. Patent 4,642,347, 1987.

(197) Kreft, A. F.; Klaubert, D. H.; Bell, S. C.; Pattison, T. W.;
Yardley, J. P.; Carlson, R. P.; Hand, J. M,; Chang, J. Y;
Lewis, A. J. Novel 1,3-Bis(aryloxy)propanes as Leukotriene
D, Antagonists. J. Med. Chem. 1986, 29, 1134-1138.

(198) Casey, F. B.; Appleby, B. J.; Buck, D. C. Selective Inhibition
of the Lipoxygenase Metabolic Pathway of Arachidonic Acid
by the SRS-A Antagonist, FPL-55,712. Prostaglandins 1983,
25, 1-11.
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which is also found in many CO inhibitors.2® Thus, we
adopted as a design strategy, the synthesis of agents that
had the potential to not only inhibit the AA cascade but
had as an additional feature the potential to antagonize
the effects of LTs.

Hydroxyacetophenones. Our next design focused on
the LTD, antagonist component of dual modulation by
employing the hydroxyacetophenone moiety of FPL-
55,712.21  FPL-55,712 has been extensively used as a
pharmacological tool to define the role that peptide LTs
play in immediate hypersensitivity reactions in man and
animals.?? Although many research groups have syn-
thesized LT antagonists by substantial modification of the
right-hand portion of FPL-55,712 while retaining the
left-hand hydroxyacetophenone moiety,? our approach
was different in that we wanted to explore the 5-LO in-
hibitory activities of the hydroxyacetophenone moiety.

Therefore, a series of compounds combining a hydrox-
yacetophenone moiety with the (phenylamino)oxo-
carbozxylic acid group found in Wy-44,329 was prepared
(Figure 5).2! We wanted to determine the minimum
requirements of dual activity for Wy-44,329; this resulted
in removing much of the bridging element. We also
wanted to insert a methylene spacer of various lengths in
the oxamate moiety because an analogous system was
previously reported in the patent literature as having LTD,
antagonist activity.?® We were able to generate 5-LO
inhibitors in this series. Indeed, for 5-LO inhibitory ac-
tivity the overall structure can be significantly varied since
many analogs were active; however, against LTD,-induced
bronchospasm in the guinea pig only compound 2 has any
significant inhibitory activity. Although we were successful
in preparing a 5-LO inhibitor with LTD, antagonist ac-
tivity, the oral in vivo potency for this hydroxyaceto-
phenone bridged (phenylamino)-4-oxoalkanoic acid is not
sufficient to warrant further development.

Hydroxamic Acids Reported As 5-LO Inhibitors.
We continued to be attracted to the (phenylamino)-4-
oxobutanoic acid substructure on theoretical grounds be-
cause it partially approximates the C-1 through 10 hy-
drocarbon backbone of AA and 5-HETE, and the 5-
hydroxy-6-mercapto-8-vinylhexanoic acid portion of LTD,.
It was considered that the amide pK, is similar to that of
the C-5 carbinol of both LTD, and 5-HETE and that the
amide/acid functional distance approximates the carbi-
nol/acid functional distance in 5-HETE and LTD,.

In order to increase in vivo potency, we decided to
substitute the 2-oxymethylquinoline group found in 3-

(199) Egan, R. W.; Gale, P. H. Comparative Biochemistry of Lip-
oxygenase Inhibitors. In Prostaglandins, Leukotrienes and
Lipoxins; Bailey, J. M., Ed.; Plenum Publishing Corporation:
New York, 1985; pp 593-607.

(200) Gryglewski, R. J. Structure-activity Relationships of Some
Prostaglandin Synthetase Inhibitors. In Prostaglandin
Synthetase Inhibitors; Robinson, H. J., Vane, J. R., Eds.;
Raven Press: New York, 1974; pp 33-52.

(201) Kees, K. L.; Musser, J. H.; Chang, J.; Skowronek, M.; Lewis,
A. J. Synthesis and Antiallergic Activity of a Novel Series of
5-Lipoxygenase Inhibitors. J. Med. Chem. 1986, 29,
2329-2334.

(202) Chand, N. FPL-55,712-An Antagonist of Slow Reacting Sub-
stance of Anaphylaxis (SRS-A). Agents Actions 1979, 9,
133-140.

(203) Musser, J. H.; Kreft, A. F.; Lewis, A. J. Leukotriene Antag-
onists. In CRC Handbook of Eicosanoids: Prostaglandins
and Related Lipids; Willis, A. L., Ed.; CRC Press: Boca
Raton, 1989; Vol. 2, pp 345-372.

(204) Kadin, S. B. Carboxyacylamino)phenylalkenamides and Es-
ters Thereof as SRS-A Antagonists. U.S. Patent 4,296,129,
1981.
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Figure 6. Hydroxamic acids and hydroxyureas subsequently
reported as 5-LO inhibitors,

QMP for the hydroxyacetophenone of 2.2° It was also
thought that a 2-oxymethylquinoline group could either
simulate the fatty acid backbone of 5-HETE or LTD,, or
the cysteinylglycine of LTD,. In sharp contrast to the
hydroxyacetophenone series, many of the initial com-
pounds inhibit LTD,-induced bronchoconstriction in the
guinea pig while only a few are 5-LO inhibitors. We then
decided to synthesize a hydroxamic acid analog.

A hydroxamic acid function would more closely ap-
proximate the C-5 carbinol of 5-HETE and LTD, and it
would also have the potential to chelate iron in the active
sites of 5-LO/CO.2¢ Therefore, Wy-45,911 (Figure 5) was
prepared and it both inhibits the 5-LO enzyme (IC;, = 1.4
eM, rat PMN) and antagonizes LTD, receptors.?’ Note
that Wy-45,911 is the first hydroxamic acid-containing
5-LO inhibitor described in the literature that was inves-
tigated in vivo.2®® Actually, iron was shown to be an
essential component of 15-LO and is postulated to be an
essential part of the active site of 5-L0.%® Corey was the

(205) Musser, J. H.; Kubrak, D. M.; Chang, J.; Lewis, A. J. Syn-
thesis of [[(Naphthalenylmethoxy)- and [[(Quinolinylmeth-
oxy)phenyllamino]oxoalkanoic Acid Esters. A Novel Series
of Leukotriene D, Antagonists and 5-Lipoxygenase Inhib-
itors. J. Med. Chem. 1986, 29, 1429-1435.

(206) Maurer, P. J.; Miller, M. J. Total Synthesis of a Mycobactin:
Myobactin S§2. J. Am. Chem. Soc. 19883, 105, 240~245,

(207) Musser, J. H.; Kubrak, D. M.; Chang, J.; Lewis, A. J. Wy-
45,911: A Novel Leukotriene Antagonist With Lipoxygenase
Inhibitory Activity. Adv. Prostaglandin, Thromboxane
Leukotriene Res. 1987, 17, 536-539.

(208) Corey was the first to publish (1984) that hydroxamic acids
are 5-LO inhibitors but only in vitro results were reported;
see: Corey, E. J.; Cashman, J. R.; Kantner, S. 8.; Corey, D.
R. Rationally Designed, Potent Competitive Inhibitors of
Leukotriene Biosynthesis. J. Am. Chem. Soc. 1984, 106,
1503-1504.
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first to demonstrate that certain iron chelating hydroxamic
acids can inhibit 5-L.0.2¢ More recent hydroxamic acids
and hydroxyureas reported as 5-LO inhibitors include
A-64077 (ICs, = 0.5 uM, rat RBL-1),20 BWA4C (ICy, =
0.14 gM, human PMN),?! A-69412 (IC5, = 11 pM, rat
RBL-1),%1? Ly-233,569 (ICs = 0.1 uM, human PMN),?3
BMY 30094 (IC;, = 6 uM, human PMN),? tepoxalin (IC;,
=015 uM rat RBL-1),215 CGS-22,745 (ICso = 0.6 uM,
guinea pig PMN),%1¢ and RG-6820 (IC;,O = 0.35 uM, human
PMN)217 (Figure 6). An interesting series of hydroxamic
acid-containing 5-LO inhibitors based on CO inhibitors was
recently reported.?’® Definitive proof that hydroxamic
acids and hydroxyureas inhibit 5-LO by iron chelation is
still lacking and it is possible that they also inhibit the
enzyme by radical scavenging (vide infra).

Not only did hydroxamic acid Wy-45,911 markedly in-
hibit the formation of 5-LO products but also it inhibited
CO products to a lesser extent in rat PMNs.2? Similarly,
in mouse peritoneal macrophages the IC;, value against
LTC, is 0.45 uM and maximal inhibition is obtained with
5 uM. Wy-45,911 also reduces thromboxane B, (TxB,)
synthesis; however, the activity is significantly weaker (ICz,
= 4.52 uM). PGE, synthesis is also reduced by Wy-45,911

(209) Aharony, D.; Smith, J. B.; Silver, M. J. Platelet Arachidonate
Lipoxygenase. In The Leukotrienes; Chakrin, L., Bailey, D
M., Eds.; Academic Press: New York, 1984; pp 113-115.

(210) Carter, G. W.; Young, P. R.; Albert, D. H.; Bouska, J.; Dyer,
R.; Bell, R. L.; Summers, J. B.; Brooks, D. W. 5-Lipoxygenase
Inhibitory Activity of Zileuton. J. Pharmacol. Exp. Ther.
1991, 256, 929-937.

(211) Jackson, W. P,; Islip, P. J.; Kneen, G.; Pugh, A.; Wates, P. J.
Acetohydroxamic Acids as Potent, Selective, Orally Active
5-Lipoxygenase Inhibitors. J. Med. Chem. 1988, 31, 499-500.

(212) Young, P. R.; Bell, R. L.; Bouska, J.; Lanni, C.; Summers, J.
B.; Brooks, D. W.; Carter, G. W. A-69412: a New, Water
Soluble 5-Lipoxygenase Inhibitor with a Long Duration of
Activity. FASEB J. 1991, 5, A1273.

(213) Hahn, R. A.; MacDonald, B. R.; Simpson, P. J.; Wang, L.;
Towner, R. D.; Ho, P. P. K.; Goodwin, R. M.; Breau, A. P.;
Suarez, T.; Mihelich, E. D. Characterization of LY233569 on
5-Lipoxygenase and Reperfusion Injury of Ischemic Myo-
cardium. J. Pharmacol. Exp. Ther. 1991, 256, 94-102.

(214) Tramposch, K. M.; Zusi, F. C.; Marathe, S. A,; Stanley, P. L.;
Nair, X.; Steiner, S. A.; Quigley, J. W. Biochemical and
Pharmacological Properties of a New Topical Anti-inflam-
matory Compound, 9-Phenylnonanohydroxamic Acid (BMY
30094). Agents Actions 1990, 30, 443—-450.

(215) Argentieri, D. C,; Ritchie, D. M.; Tolman, E. L.; Ferro, M. P.;
Wachter, M. P.; Mezick, J. A.; Capetola, R. J. Topical and In
Vitro Pharmacology of Tepozxalin (ORF 20485)- a New Dual
Cyclooxygenase (CO)/ Lipoxygenase (LO) Inhibitor. FASEB
J. 1988, 2, A369.

(216) Kimble, E.; Kowalski, T.; White, D.; Raychaudhuri, A.; Pas-
tor, G.; Chertock, H.; Lee, W.; Neale, R.; Hamdan, A.; Was-
ley, J. CGS 22745: a Selectively Orally Active Inhibitor of
5-Lipoxygenase. Agents Action 1991, 34, 125-128,

(217) Huang, F.; Shoupe, T. S.; Lin, C. J.; Lee, T. D. Y.; Chan, W.;
Tan, J.; Schnapper, M.; Suh, J. T.; Gordon, R. J.; Sonnino,
P. A; Sutherland, C. A.; Van Inwegen, R. G.; Coutts, S. M.
Differential Effects of a Series of Hydroxamic Acid Deriva-
tives on 5-Lipoxygenase and Cyclooxygenase from Neutro-
phils and 12-Lipoxygenase from Platelets and Their in Vivo
Effects on Inflammation and Anaphylaxis. J. Med. Chem.
1989, 32, 1836-1842.

(218) Flynn, D. L.; Capiris, T.; Cetenko, W. J.; Connor, D. T.; Dyer,
R. D,; Kostlan, C. R.; Nies, D. E.; Schrier, D. J.; Sircar, J. C.
Nonsteroidal Antiinflammatory Drug Hydroxamic Acids.
Dual Inhibitors of Both Cyclooxygenase and 5-Lipoxygenase.
J. Med. Chem. 1990, 33, 2070-2072.

(219) Chang, J.; Musser, J. H.; Hand, J. H. Effect of a Novel Leu-
kotriene D, Antagonist with 5-Lipoxygenase and Cyclo-
oxygenase Inhibitory Activity, Wy-45,911, on Leukotriene D,
and Antigen-Induced Bronchoconstriction in the Guinea Pig.
Int. Arch. Allergy Appl. Immunol. 1988, 86, 48-54.
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Figure 7. Dual 5-LO inhibitors/LTD, antagonists derived from
phenylephrine.

Figure 8. A 2-oxymethylquinoline system as a topical CO/LO
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Figure 9. Sulfonamide LTD, antagonist series that have 5-
LO/CO inhibitory activity.

(ICs = 7.20 uM). We were gratified with respect to our
dual-modulation strategy to find out that in addition to
its effect on AA metabolism, Wy-45,911 inhibits compe-
titively LTD,-induced contractions of the isolated guinea
pig trachea but not those of LTC, in the presence or ab-
sence of glutathione (GSH), a v-glutamyltranspeptidase
inhibitor. Tracheal contractions induced by histamine or
pilocarpine are not significantly altered by Wy-45,911,
suggesting a LT-specific effect. The drug inhibits the
tracheal contractions induced by antigen, even in the
presence of GSH. This latter effect could be the result of
5-LO inhibition since the conversion of the progenitor,
LTC,, to LTD, is inhibited by GSH. The drug inhibits
both LTD,-induced and antigen-induced bronchocon-
striction when administered either intraduodenally or in-
tragastrically into intact guinea pigs though it is more
potent against LTD,-induced bronchoconstriction.

However, Wy-45,911 was positive in the Ames assay for
mutagenicity and consequently no further work was carried
out with this series. The (phenylamino)-4-oxobutanoic acid
group was used in the preparation of an Ames negative
compounds but these agents are metabolically unstable;
they undergo cyclodehydration to yield a pyrolidine-2,5-
dione moiety.? To avoid molecules capable of metabolic
activation resulting in electrophile formation, consideration
of a 5-hydroxyhexanoate group was abandoned.

We wanted to continue to explore additional surrogates
of the 5-hydroxyhexanoate group. Therefore, it was de-
cided to replace the hydroxamic acid of Wy-45,911 with
a carbinol moiety and the C-1 carboxylate with a function
incapable of intramolecular reaction with the C-5 hydroxyl
moijety. With these requirements in mind, the use of
phenylephrine for the synthesis of potential LT antagonists
of novel structure was considered.

Phenylephrine was an attractive starting material for
the following reasons: (a) it is meta-substituted which is
important for activity as demonstrated in the Wy-45,911
series, (b) it has an acidic alcohol function which can be
selectively alkylated, (¢) the R and S enantiomers of
phenylephrine are commercially available, and (d) it has

Wy-47,288

(220) Musser, J. H.; Kubrak, D. M.; Chang, J.; DiZio, S. M.; Hite,
M.; Hand, J. M,; Lewis, A. J. Leukotriene D, Antagonists and
5-Lipoxygenase Inhibitors. Synthesis of Benzoheterocyclic-
[(Methoxyphenyl)amino] oxoalkanoic Acid Esters. J. Med.
Chem. 1987, 30, 400-405.
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a basic nitrogen which can be reacted with various acy-
lating agents to give amides and the resulting amides are
unlikely to react intramolecularly to form a ring.

After completing a thorough structure—activity rela-
tionship (SAR) study of phenylephrine derivatives as 5-L.O
inhibitors and LTD, antagonists, Wy-47,120 (IC;, = 2 uM,
rat PMN) was designated the lead (Figure 7).?2* Wy-
47,120 is Ames negative and metabolically stable; however,
it has an unacceptable ancillary pharmacological profile.
An intravenous (iv) bolus injection of Wy-47,120 causes
convulsions in guinea pigs. So we sought to prepare other
systems containing the 2-oxymethylquinoline substructure
that are nontoxic.

As part of the SAR on 3-QMP, the phenol was replaced
by naphthalene to give 2-oxymethylquinoline Wy-47,288
(Figure 8). It was tested in several cell-free and cellular
models of AA metabolism.??2 In both rat PMNs and
mouse macrophages, it is markedly more potent against
5-LO-catalyzed reactions (IC;, = 0.4, 0.2 uM, respectively)
than CO-catalyzed reactions (IC;, = 6.3, 44.0 uM, re-
spectively). Several animal models of skin inflammation
were employed to characterize Wy-47,288. When applied
to mouse ear surfaces, it inhibits AA (EDj, = 0.3 mg/ear)
and tetradecanoylphorbol acetate (TPA) induced inflam-
mation (40% at 1 mg/ear). Similarly, ear edema and
epidermal proliferation are reduced by 50% upon admin-
istration of Wy-47,288 (1 mg/ear) at 30 min and 5 h after
TPA. It also inhibits oxazoline-induced contact hyper-
sensitivity in mouse ears (EDg, = 0.4 mg/ear) and UVB-
induced guinea pig skin erythema (EDj, = 0.25 mg/spot).
These antiinflammatory effects are attributed to inhibition
of 5-LO and CO since Wy-47,288 demonstrated no ap-
preciable inhibition of 12-LO (rabbit platelet), 15-LO
(soybean), or phospholipase A, (human platelet). Fur-
thermore, no systemic adverse effects are observed after
topical, parenteral, or oral administration of Wy-47,288,
suggesting that Wy-47,288 is a safe, topically active 5-
LO/CO inhibitor for treating skin inflammation. However,
topical activity was not sufficient for development since
our design strategy now included the synthesis of agents
that not only inhibit the AA cascade and have LTD, an-
tagonist effects but also have activity via the oral route.

We then sought an alternative, achiral isostere corre-
sponding to the C-5 hydroxyl of 5-HETE to append to our
2-oxymethylquinoline substructure. The sulfonamide
moiety is recognized as a bioisostere of an alcohol.?? By
incorporating a sulfonamide into Wy-45,911 we arrived at
target structure 3 (Figure 9).%* As a first approximation
of target 3, we decided to prepare the simple ethane-
sulfonyl derivative 4 and test it as a 5-LO inhibitor and
inhibitor of both LTD,- and OA-induced bronchocon-
striction in the guinea pig. Many sulfonamides in the series
clearly demonstrate the ability to inhibit 5-LO and LTD,-

(221) Musser, J. H.; Kubrak, D. M.; Bender, R. H. W.; Kreft, A,;
Nielsen, S. T.; Lefer, A. M.; Chang, J.; Lewis, A. J.; Hand, J.
M. Phenylephrine Derivatives as Leukotriene D, Antagonists.
J. Med. Chem. 1987, 30, 2087-2093.

(222) Carlson, R. P.; O’Neil-Davis, L.; Calhoun, W.; Datko, L. J.;
Musser, J. H.; Kreft, A. F.; Chang, J. Effect of a 5-Lip-
oxygenase {5-LO)/Cyclooxygenase (CO) Inhibitor Wy-47,288
on Cutaneous Models of Inflammation. Agents Actions 1989,
26, 319-328.

(223) Thornber, C. W. Isosterism and Molecular Modification in
Drug Design. Chem. Soc. Rev. 1979, 8, 563-580.

(224) Musser, J. H.; Kreft, A. F.; Bender, R. H. W.; Kubrak, D. M.;
Carlson, R. P.; Chang, J.; Hand, J. M. N-[(Arylmethoxy)-
phenyl] and N-[(Arylmethoxy)naphthyl] Sulfonamides: Po-
tent Orally Active LTD, Antagonists of Novel Structure. J.
Med. Chem. 1989, 32, 1176-1183.
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Figure 10. Ritolukast—a LTD, antagonist with 5-L0/CO in-
hibitory activity.

and OA-induced bronchoconstriction in the guinea pig;
however, inhibition is highly variable. Since the pK, for
the hydroxamic acid of Wy-45,911 is lower than the leads
in subsequent series, we considered making analogs of 4
in which the sulfonamide NH is more acidic.

Ritolukast—A Leukotriene D, Antagonist with
5-Lipoxygenase Inhibitory Activity. Several sulfon-
amide analogs were prepared of which ritolukast (Wy-
48,252) was shown to be chemically stable and Ames
negative, and was our most potent intragastrically active
LTD, antagonist (Figure 10). Ritolukast contains a tri-
fluoromethanesulfonamide group. Apparently, replace-
ment of alkyl with trifluoromethyl not only lowers the pK,
of the NH but also provides a potent LTD, antagonist with
5-LO inhibitory activity that is consistently active by in-
tragastric administration.

Ritolukast was assessed for its ability to modulate AA
metabolism in several inflammatory cells.?® In rat PMN,
it effectively inhibits the conversion of exogenous AA to
5-HETE and thromboxane B, (TxB,). Synthesis of im-
munoreactive LTB, (IC5, = 4.6 uM) and TxB, (IC;, = 3.3
uM) from endogenous substrate by these cells in the ab-
sence of exogenous AA is similarly inhibited. Ritolukast
also inhibits LTC, and PGE, synthesis by zymosan-acti-
vated mouse peritoneal macrophages (IC;, = 4.4 and 4.3
M, respectively). 5-LO-catalyzed reactions in human
PMNs, lung mast cells, and basophils activated by various
stimuli are dose-dependently inhibited by ritolukast, while
PGD, synthesis by lung mast cells is inhibited at 100 M.
By contrast, 12-LO, phosphodiesterase activity, and hist-
amine release from mast cells and basophils are unaffected
by ritolukast. These data suggest that ritolukast inhibits
the synthesis of AA metabolites, a feature that may con-
tribute to its pharmacological actions in vivo.

In a guinea pig lung LTD, receptor binding assay, ri-
tolukast’s affinity for the receptor is 28 times that of
LY-171,883, a LTD, receptor antagonist with demon-
strated clinical efficacy.??® This affinity is corroborated
by a related study with a soluble LTD, receptor prepara-
tion (K; = 60 nM).2¥ In another study, ritolukast is twice
as effective as LY-171,883 in displacing LTD, from guinea
pig lung membranes.?® The binding affinity of ritolukast
translated into potent in vitro antagonism of both LTD,
and antigen-induced contractions of guinea pig tissue.

(225) Chang, J.; Borgeat, P.; Schleimer, R. P.; Musser, J. H.; Kreft,
A. F; Marshall, L. A.; Hand, J. M. Wy-48,252 (1,1,1-Tri-
fluoro-N-[3- (2-Quinolinylmethoxy)phenyllmethanesulfon-
amide), an Orally Active Leukotriene Antagonist: Effects on
Arachidonic Acid Metabolism in Various Inflammatory Cells.
Eur. J. Pharmacol. 1988, 151, 506.

(226) O’Sullivan, B. P.; Mong, S. Binding of Radiolabeled High
Affinity Antagonist to Leukotriene D, Receptor in Guinea
Pig Lung Membranes: Interconversion of Agonist-Receptor
Binding Affinity States. Mol. Pharmacol. 1989, 35, 795-802.

(227) Mong, S.; Sarau, H. Post Soluble Binding to the Leukotriene
D, Receptor From Guinea Pig Lung Membrane. Mol.
Pharmacol. 1989, 37, 60-64.

(228) Cohen, N.; Weber, G.; Banner, B.; Lopresti, R.; Schaer, B.;
Focella, A.; Zenchoff, G. B.; Chiu, A.; Todaro, L.; O'Donnell,
M.; Welton, A. F.; Brown, D.; Garippa, R.; Crowley, H.;
Morgan, D. W. 3,4-Dihydro-2H-1-benzopyran-2-carboxylic
Acids and Related Compounds as Leukotriene Antagonists.
J. Med. Chem. 1989, 32, 1842-1860.
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Ritolukast is approximately 1 order of magnitude more
potent than LY-171,883 in blocking LTD,-induced con-
tractions of guinea pig trachea (pA, = 7.62 and 6.68, re-
spectively).?® In the presence of indomethacin and
chlorpheniramine, ritolukast inhibits antigen-induced
contractions of guinea pig trachea in a dose-dependent
manner.?® Ritolukast also inhibits LTD +induced calcium
mobilization in differentiated U-937 cells.?*!

In several in vivo animal models of asthma, ritolukast
showed impressive activity relative to first generation
compounds, substantiating the LTD, binding studies and
in vitro testing results. In allergic sheep, ritolukast (10
mg/ kg, ig) effectively reduces both the early and late re-
sponses to inhaled antigen.??> The potency of ritolukast
in this model is comparable to YM-16,638, a LTD, receptor
antagonist with demonstrated clinical efficacy.?® In the
same study, ritolukast also significantly reduces the in-
crease in specific lung resistance induced by LTD,. In
guinea pigs, intraduodenally administered ritolukast is
approximately 1 order of magnitude more potent than
LY-171,883 in preventing LTD,-induced changes in dy-
namic compliance and airway conductance.? In contrast
to pure 5-LO inhibitors, ritolukast is able to reverse an
ongoing bronchoconstriction induced by LTD,. This
ability to reverse an ongoing contraction induced by LTD,
is consistent with previous studies?® of other LTD, an-
tagonists. Ritolukast is also effective in preventing anti-
gen-induced bronchoconstriction in guinea pigs (IDg, = 600
ng/kg, po).

In several animal species, ritolukast has good oral

(229) Hand, J. M.; Schwalm, S. F.; Englebach, I. M.; Auen, M. A.;
Musser, J. H.; Kreft, A. F. Pharmacological Characterization
using Selected Antagonists of the Leukotriene Receptors
Mediating Contraction of Guinea-Pig Trachea. Prostaglan-
dins 1989, 37, 181-191.

(230) Hand, J. M.; Schwalm, S. F.; Auen, M. A,; Kreft, A. F.;
Musser, J. H.; Chang, J. Wy-48,252 (1,1,1-Trifluoro-N-[3-(2-
quinolinemethoxy)phenyllmethane Sulfonamide) an Orally
Active Leukotriene D, Antagonist: Pharmacological Char-
acterization In Vitro and In Vivo in the Guinea Pig. Pros-
taglandins, Leukotrienes, Essent. Fatty Acids. 1989, 37,
97-106. )
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J. Biol. Chem. 1989, 264, 19845-19855.
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gic Sheep. Prostaglandins 1988, 35, 733-745.

(233) Tomioka, K.; Garrido, R.; Stevenson, J. S.; Abraham, W. M.
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YM-16638 on Antigen-induced Early and Late Airway Re-
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(234) Hand, J. M.; Auen, M. A ; Chang, J.; Englebach, I. M. Pre-
vention and Reversal of Aerosol LTD,-induced Changes in
Guinea Pig Pulmonary Mechanics by Wy-48,252, an Orally
Active LTD,/E, Receptor Antagonist. Int. Arch. Allergy
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Clark, L.; Osborn, R.; Torphy, T. J. Inhibition of LTD,-in-
duced Bronchoconstriction in Guinea Pigs by SK&F
104353-Z,. Abstracts of Papers, 10th JUPHAR, Sydney,
Australia, August 23-28, 1987; 033, (b) ICI-204,219: Krell,
R. D.; Buckner, C. K.; Keith, R. A.; Snyder, D. W.; Brown,
F. J.; Bernstein, P. R.; Matassa, V.; Yee, Y. K.; Hesp, B.;
Giles, R. E. ICI 204,219: a Potent, Selective Peptide Leuko-
triene Receptor Antagonist. J. Allergy Clin. Immunol. 1988,
81, 276. (c) LY-171,883: Silbaugh, S. A.; Stengel, P. W.;
Pechous, P. A.; Marshall, W. S. Reversal of Leukotriene D,
and Leukotriene E,-induced Airway Constriction in the
Guinea Pig. Am. Rev. Resp. Dis. 1989, 140, 610-614.

Journal of Medicinal Chemistry, 1992, Vol. 35, No. 14 2515

H

A~ NocH, 5
o

H

N\

Qe T
[ R= N=N

00,0

oA N'S\CL 7
H CH,

Figure 11. Other LTD, antagonists with 5-LO and/or CO in-
hibitory activity.

-0

o]

OH NH3*

&7 Naproxen Ho/j/\o“
HO
Ny o N/ C °
o
0 o= T m‘x
8 Wy-60,295
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bioavailability (49-102%) and acceptable plasma half-life
(0.5-17.7 h).%¢ Due to the excellent preclinical pharma-
cological activity in LT-mediated disease models and fa-
vorable pharmacokinetic profile, ritolukast was selected
for clinical development; however, it was withdrawn be-
cause of a constellation of minor undesirable side effects.
None of the side effects, such as reversible bladder hy-
perplasia, precluded development but taken together made
the safety margin for ritolukast, a chronically administered
drug, unacceptable.

The search for additional sulfonyl moieties to bond with
the aniline of ritolukast brought us back to the initial
target structure 3. Both ester 3 and the corresponding
carboxylic acid shows LTD, antagonist and 5-LO inhibi-
tory activity (intraduodenal administration), but both are
less potent than ritolukast.

We also examined ritolukast in inflammatory models.
In the rat PMN assay, ritolukast inhibits both 5-L.O and
CO, but demonstrates only modest activity in rat carra-
geenan paw edema assay (20% inhibition at 100 mg/kg,
ig) and is inactive in the mouse ear edema assay (ig).

The structural feature common to many of our 5-LO
inhibitors and LTD, antagonists and to 5-HETE and
LTD, is an acidic moiety. Although at the time we were
not aware of the structure of the more recent LTD, an-
tagonists, such as, SKF-104,353,28" ICI-204,219%%¢ and
RS-411,% we did know that the pK, of the hydroxamic

(236) Lihotz, L.; Tio, C. O.; Hand, J. M.; Stevenson, J. S.; Abraham,
W. M,; Dyroff, M. C.; Sisenwine, S. F. Pharmacokinetics of
1,1,1-Trifluoro-N-{3-(2-quinolinylmethoxy) phenyl}methane-
sulfonamide (Wy-48,252) in Guinea Pigs, Rats, Dogs and
Sheep. FASEB J. 1988, 2, A380.

(2387) Gleason, J. G.; Hall, R. F.; Perchonock, C. D.; Erhard, K. F;
Frazee, J. S.; Ku, T. W,; Kondrad, K.; MaCarthy, M. E.;
Mong, 8.; Crooke, S. T.; Chi-Russo, G.; Wasserman, M. A.;
Torphy, T. J.; Muccitelli, R. M.; Hay, D. W.; Tucker, S. S.;
Vickery-Clark, L. High Affinity Leukotriene Receptor An-
tagonists. Synthesis and Pharmacological Characterization
of 2-Hydroxy-3-{(2-carboxyethyl)thio]-3-[2-(8-phenyloctyl)-
phenyllpropanoic Acid. J. Med. Chem. 1987, 30, 959-961.

(238) Matassa, V. G.; Maduskuie, T. P.; Shapiro, H. S.; Hesp, B,;
Snyder, D. W.; Aharony, D.; Krell, R.; Keith, R. A. Evolution
of a Series of Peptidoleukotriene Antagonists: Synthesis and
Structure/activity Relationships of 1,3,5-Substituted Indole
and Indazoles. J. Med. Chem. 1990, 33, 1781-1790.

(239) Nakai, H.; Konno, M.; Kosuge, S.; Sakuyama, S.; Toda, M.;
Arai, Y,; Obata, T.; Katsube, N.; Miyamoto, T.; Okegawa, T.;
Kawasaki, A. New Potent Antagonists of Leukotrienes C, and
D, 1. Synthesis and Structure-activity Relationships. J.
Med. Chem. 1988, 31, 84-91.



2516 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 14

acid in Wy-45,911, and the trifluoromethanesulfonamide
in Wy-48,252 is low. Therefore, we started to design and
synthesize novel [(quinolinylmethoxy)phenyl] analogs
containing acidic moieties. We also wanted to identify a
compound to follow ritolukast into development and to
determine whether the addition of acidic moieties to our
[(quinolinylmethoxy)phenyl] system would provide potent
orally active inhibitors of 5-L0 and LTD,-induced bron-
choconstriction.

Three series of [(quinolinylmethoxy)phenyl] compounds
were then prepared as 5-LO inhibitors and LTD, antago-
nists.? The hydroxamate 5, the tetrazole 6, and the
sulfonylcarboxamide 7 (Figure 11) inhibit LTD,-induced
bronchoconstriction in guinea pigs with oral ED;s of 7.9,
0.4, and 3.0 mg/kg, respectively. Compounds 5, 6, and 7
are also active as 5-LO inhibitors in the rat PMN assay
with IC5s values of 14.2, 6.2, and 3.9 uM, respectively.
Only 6 shows a dose-related inhibition of CO (IC;, = 13.4
uM). In contrast to ritolukast, 5-7 in the rat carrageenan
paw edema assay show good oral activity. The antiin-
flammatory activity of 5-7 may be due not only to LTD,
antagonism but also to their ability to inhibit 5-L.O and
in the case of 6 to inhibit CO. Although we were not able
to develop more potent LTD, antagonists relative to ri-
tolukast, we were able to discover LTD, antagonists with
a dual action which may have potential therapeutic use
against both the early and late phases of asthma.

In order to convert Wy-47,288 into an orally active
compound, hybrids of it and naproxen, an orally active CO
inhibitor, were prepared. Of these, 8 (Figure 12) generated
the most interest.?!

Compound 8 is a 5-LO inhibitor both in vitro (ICs, =
0.13 uM vs LTB,, rat PMN) and in vivo (ED;, = 11.1
mg/kg vs LTC,, mouse zymosan peritonitis) but is mar-
ginally active (30% at 100 pM) as a CO inhibitor (rat
PMN). The selectivity of 8 is further demonstrated by the
fact that it has no affect on soybean 15-LO or rabbit
platelet 12-L.O. Furthermore, 8 has neither a low redox
potential (peak potential = 1.41 V) nor free radical sca-
venging activity. Finally, 8 does not interfere with sub-
strate availability since human platelet phospholipase A,
hydrolysis is not affected. Compound 8 does possess an-
tiinflammatory activity (EDs, = 756 mg/kg po, rat carra-
geenan edema) without gastrointestinal toxicity (doses up
to 300 mg/kg, po).

Although 8 appeared promising, two further require-
ments needed to be met for further development. First,
a single enantiomer was needed since 8 is a racemic mix-
ture, and second, greater in vivo potency was required.
Both the R and S enantiomers were prepared and both are
equally active as 5-L.O inhibitors in vitro and in vivo. We
decided to go with the S enantiomer, Wy-50,295, because
of the considerable literature on NSAIDs which indicates
that the S configuration of arylpropanoic acids is meta-
bolically favored. The second obstacle was surmounted
by the preparation of the tromethamine salt.?2 Appar-

(240) Musser, J. H.; Kreft, A. F.; Bender, R. H. W.; Kubrak, D. M,;
Grimes, D.; Carlson, R. P.; Hand, J. M,; Chang, J. N-[(Aryl-
methoxy)phenyl] Carboxylic Acids, Hydroxamic Acids, Tet-
razoles, and Sulfonylcarboxamides. Potent Orally Active
Leukotriene D, Antagonists of Novel Structure. J. Med.
Chem. 1990, 33, 240~245,

(241) Musser, J. H.; Kreft, A. F.; Kubrak, D. M.; Marshall, L. A,;
Carlson, R. P.; Sturm, R. J.; Grimes, D.; Weichman, B.;
Chang, J. The Conversion of a Cyclooxygenase Inhibitor into
an Agent with Selective 5-Lipoxygenase Inhibitory Activity:
Synthesis of Wy-49,232. 4th Cyprus Conference on New
Methods in Drug Research, Paphos, Cyprus, Abstr. 31, May
21-27, 1989.
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ently, the increased water solubility afforded by tro-
methamine salt formation greatly improves the oral ab-
sorption which results in increased in vivo potency.
Wy-50,295—A 5-Lipoxygenase Inhibitor with Leu-
kotriene D, Antagonist Activity. Wy-50,295 trometh-
amine is a potent, selective 5-LO inhibitor in several in
vitro 5-LO enzyme systems (rat PMN, IC;, = 0.1 uM;
human PMN, IC;, = 0.8 uM).#® Consistent with previ-
ously reported 5-LO inhibitors, the enantiomers are
equipotent.2* This contrasts with a recently reported
5-LO inhibitor ICI-216,800.45 The inhibitory activity
appears to be both competitive and reversible, and does
not involve antioxidant mechanisms. Selectivity of Wy-
50,295 tromethamine for the 5-LO enzyme was demon-
strated by a lack of effect against 12-L.0, 15-LO, CO, and
phospholipase A; enzymes. In vivo inhibition of 5-LO by
orally administered Wy-50,295 tromethamine was dem-
onstrated in the rat passive Arthus model (EDy, = 1.7
mg/kg).#¢ In this model, the potency of Wy-50,295 tro-
methamine at 3 h is superior to A-64,077 and L-663,536,
two 5-LO inhibitors with demonstrated clinical efficacy.
The in vivo activity of Wy-50,295 tromethamine was
corroborated by demonstration of activity in an ex vivo
model of 5-LO inhibition, the rat blood leukocyte assay
(EDg, = 23 mg/kg, po).2’ Wy-50,295 is also an LTD,-
receptor antagonist with a binding affinity in guinea pig
lung membranes comparable to LY-171,883 (K; = 2.8
pM)#6 and a pA, value of 6.06 against LTD,-induced
contractions of isolated guinea pig trachea.?®* In a model
of allergic asthma where bronchoconstriction in sensitized
guinea pigs was induced by antigen, prior oral adminis-
tration of Wy-50,295 tromethamine inhibits the broncho-
constriction response (EDj, = 7.3 mg/kg).?® These results

(242) Kreft, A. F.; Musser, J. H.; Kubrak, D. M.; Banker, A. L.;
Marshall, L. A.; Carlson, R. P.; Sturm, R.; Holloway, D.; Bo-
rella, L.; Heaslip, R.; Grimes, D.; Weichman, B.; Chang, J. Y.
Wy-50,295- a Selective Orally Active 5-Lipoxygenase Inhib-
itor. Abstracts of Papers, 199th National Meeting of the
American Chemical Society, Boston, MA, 1990; American
Chemical Society: Washington, DC, 1990; MEDI 151.

(243) Marshall, L. A.; Marinari, L.; Dietrich, S.; Holloway, D.; Os-
borne, M.; Kreft, A.; Musser, J.; Sturm, R.; Chang, J. Y. The
Biochemical Properties of a Novel, Orally-active 5-Lip-
oxygenase Inhibitor, Wy-50,295 Tromethamine. FASEB J.
1990, 4, Al144,

(244) Carlson, R. P.; Calhoun, W.; O'Neill-Davis, L.; Tomchek, L.;
Lugay, J.; Kreft, A.; Musser, J.; Hand, J.; Chang, J.; Marshall,
L. Biochemical and Antiinflammatory Activity of an Orally
Selective 5-Lipoxygenase (5-LO) Inhibitor, Wy-49,232 and its
(S) and (R) Enantiomers. Pharmacologist 1989, 31, 195.

(245) McMillan, R. M.; Girodeau, J.-M.; Foster, S. J. Selective
Chiral Inhibitors of 5-Lipoxygenase with Anti-inflammatory
Activity. Br. J. Pharmacol. 1990, 101, 501-503.

(246) Berkenkopf, J. W.; Weichman, B. M. Comparison of Several
New 5-Lipoxygenase Inhibitors in a Rat Arthus Pleurisy
Model. Eur. J. Pharmacol. 1991, 193, 29-34.

(247) Grimes, D.; Heaslip, R. J.; Marshall, L. A,; Sturm, R. J.;
Musser, J. H.; Kreft, A. F.; Scatina, J. A.; Berkenkopf, J. W.;
Carlson, R. P.; Weichman, B. M.; Chang, J. Y. Wy-50,295
Tromethamine: a Novel, Potent, Orally Active 5-Lip-
oxygenase Inhibitor. Am. Rev. Resp. Dis. 1990, 141, A31.

(248) Weichman, B. M.; Berkenkopf, J. W.; Chang, J. Y.; Heaslip,
R. J.; Kreft, A. F.; Lewis, A. J.; Musser, J. H.; Grimes, D.
Wy-50,295 Tromethamine: An Orally Active 5-Lipoxygenase
Inhibitor with Anti-Allergic Activity. Agents Actions Sup-
plements 1991, 34, 201-209.

(249) Grimes, D.; Sickels, B. D. The Leukotriene (LT) D,-antago-
nist Activity of the 5-Lipoxygenase (5-L0O) Inhibitor Wy-
50,295 Tromethamine. Pharmacologist 1990, 32, 173.

(250) Grimes, D.; Sickels, B. D.; Talerico, S. D. Wy-50,295 Tro-
methamine: Effects Against Leukotriene-dependent Bron-
choconstriction in the Ovalbumin Sensitized Guinea Pig.
FASEB J. 1990, 4, A612.
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are corroborated by in vitro data where Wy-50,295 tro-
methamine inhibits antigen-induced contractions of sen-
sitized guinea pig tracheal rings with greater efficacy than
either A-64077 or L-663,536.%! Wy-50,295 also displays
LTD,-receptor antagonist activity in vivo, giving an EDg,
of 6.6 mg/kg po against LTDinduced bronchoconstriction
in anesthetized guinea pigs.

In inflammatory models, Wy-50,295 tromethamine
displays a profile quite different from classical nonsteroidal
antiinflammatory drugs.®? Although structurally related
to naproxen, a CO inhibitor with gastrointestinal side
effects, Wy-50,295 does not cause gastrointestinal lesions
at doses up to 300 mg/kg, po. In the AA-induced mouse
ear edema model, Wy-50,295 tromethamine displays good
activity when administered orally (EDj, = 12.7 mg/kg).
In cotton top tamarin monkeys with ulcerative colitis,
Wy-50,295 free acid at 50 mg/kg b.i.d. not only reduces
LTB, synthesis ex vivo but also prevents relapse of the
active disease.2® In the collagen-induced arthritis rat
model, Wy-50,295 tromethamine reduces both inflamma-
tion and histopathology at day 42 and continues to retard
the disease even at day 98, in contrast to indomethacin.?

Both Wy-50,295 and REV-5901 block the synthesis of
PAF (platelet-activating factor), unlike other inhibitors of
LT biosynthesis such as MK-886.2% This newly described
activity may contribute to the observed pharmacological
profile of these compounds and may differentiate the
quinoline-containing 5-L.O inhibitors from the other types
of 5-LO inhibitors. The exact mechanism of this effect
remains to be clarified. Wy-50,295 tromethamine is 100%
bioavailable with a long duration of action. Due to Wy-
50,2955 dual mechanism of action in modulating the effects
of LTs and its excellent in vivo activity, this quinolinyl-
(bridged)aryl compound was selected for development in
LT-mediated diseases such as asthma and allergic rhinitis.

Other 2-Quinolinyl(bridged)aryl Compounds. The
quinolinyl(bridged)aryls are now approaching the hy-
droxacetophenones as the key structural class of 5-LO
inhibitors and LTD, antagonists.?® Following our lead,
20 other pharmaceutical companies have synthesized 2-
quinolinyl(bridged)aryl systems and listed below are rep-
resentative examples.

SR-2,640 and ETH-615. SR-2,640 is a 2-quinolinyl-
(bridged)aryl LTD, antagonist in clinical development by

(251) Heaslip, R. J.; Hardysh, B. A.; Berkenkopf, J. W.; Weichman,
B. M. Wy-50,295 Tromethamine: a Potent Inhibitor of Al-
lergically-induced Leukotriene (LT) Release and Smooth
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FASEB J. 1990, 4, A612.
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§-Lipoxygenase Inhibitor, in Antiinflammatory, Analgesic
and Antipyretic Models. FASEB J. 1990, 4, A1122,

(253) Panzini, B.; King, N.; Sehgal, P.; Podolsky, D. K. Role of
Leukotrienes in the Colitis of the Cotton-top Tamarin: Ef-
fect of a 5-Lipoxygenase Inhibitor. Gastroenterology 1990,
98, A468.

(254) Caccese, R.; Cummons, T. A.; Chang, J. Y.; Adams, L. M.
Effect of the 5-Lipoxygenase (5-LO) Inhibitor Wy-50,295
Tromethamine and Indomethacin on Lipopolysaccharide
(LPS)-challenged Collagen-induced Arthritis (CIA) in Mice.
FASEB J. 1991, 5, A511.

(255) Hogaboam, C. M.; Donigi-Gale, D.; Shoupe, T. S.; Bisson-
nette, E. Y.; Befus, A. D.; Wallace, J. L. Platelet-activating
Factor Synthesis by Peritoneal Mast Cells and its Inhibition
by Two Quinoline-based Compounds. Br. J. Pharmacol.
1992, 105, 87-92.

(256) Musser, J. H. Leukotriene D, Receptor Antagonists: A New
Approach to Antiasthma Drug Therapy. Drug News Per-
spect. 1989, 2, 202-213.
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Figure 13. Other 2-quinolinyl(bridged)aryl 5-LO inhibitors and
LTD, antagonists.

Leo of Denmark (Figure 13).%7 At relatively high con-
centrations in rat PMNs, SR-2,640 inhibits 5-LO (IC;, =
10 uM) and CO (ICy, = 2 uM), whereas with LTD,-induced
contraction of guinea pig ileum, inhibition is in the na-
nomolar range (IC; = 3 nM). In guinea pigs, SR-2,640
inhibits both LTD, and antigen-induced bronchocon-
striction, and a single dose in human volunteers is well
tolerated. The poor pharmacokinetic profile of SR-2,640
in guinea pigs does not translate to man, indicating the
limited value of animal pharmacokinetic testing, at least
for this series. Interestingly, a related quinoline-containing
5-LO inhibitor ETH-615 inhibits not only 5-LO (ICy, =
0.02 M, human PMN) but also IL-8 gene expression,?
RG-12,525. Not all analogs of REV-5901 retain 5-L.O
inhibition. RG-12,525 is Rorer’s 2-quinolinyl(bridged)aryl
peptide LT antagonist currently undergoing clinical
evaluation which apparently lacks 5-LO inhibitory activ-
ity.®® RG-12,5625 has the tetrazole moiety that is also
found in L'Y-171,883; the latter compound was withdrawn
from clinical trials because of long-term toxicity. RG-
12,525 competitively inhibits [*H]-LTD, binding to lung
membranes (K; = 3.0 nM). It is also antagonizes the
spasmogenic activity of LTC,, LTD,, and LTE, on lung
strips with a Kp of 2.7 nM; however, the LTC, results may
be an artifact since this peptide LT is rapidly metabolized
to LTD,. LTD,-induced wheal formation is inhibited with

(257) Ahnfelt-Ronne, I.; Kirstein, D.; Kaergaard-Nielsen, C. SR-
2640 (2-[3-(2-Quinolinyimethoxy)phenylamino}benzoic Acid):
A Novel Leukotriene Antagonist. Agents Actions 1989, 26,
82-83.

(258) Larsen, C. G.; Paludan, K.; Kristensen, M.; Deleuran, B.;
Thomsen, M. K.; Jorgensen, P.; Pedersen, F. S.; Matsushima,
K.; Thestrup-Pedersen, K. ETH615, a Novel Inhibitor of
Interleukin-8 (IL-8) Production. J. Invest. Dermatol. 1990,
95, 478.

(259) Huang, F.; Galemmo, R. A.; Johnson, W. H.; Poli, G. B;
Morrissette, M. M.; Mencel, J. J.; Warus, J. D.; Campbell, H.
F.; Nuss, G. W.; Carnathan, G. W.; Van Inwegen, R. G. De-
velopment of a Novel Series of (2-Quinolinylmethoxy)-
phenyl-Containing Compounds as High Affinity Leukotriene
D, Receptor Antagonists. 2. Effects of an Additional Phenyl
Ring on Receptor Affinity. J. Med. Chem. 1990, 33,
1194-1200.
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orally dosed RG-12,525 (EDy, = 5 mg/kg). Likewise,
anaphylactic death is also inhibited by oral RG-12,525
(EDjy, = 2.2 mg/kg).

L-660,711. The quinoline L-660,711 (MK-571)%0
emerged from Zamboni’s group at Merck Frosst as one of
their most potent LTD, antagonists. Structurally, L-
660,711 combines a 2-quinolinyl(bridged)aryl system with
the dithioacetal moiety developed by SKF researchers. In
contrast to most other quinoline-containing LT modula-
tors, L-660,711 does not inhibit 5-L.O0. Apparently, the
substitution of a trans double bond for an oxymethylene
bridge eliminates the 5-LO inhibitory component. In the
conscious monkey, L-660,711 causes total blockade of
bronchoconstriction induced by LTD,. In vitro, the
(+)-enantiomer is significantly more active in binding to
the receptor; however, in vivo not much difference between
the enantiomers is seen. L-660,711 was in advanced clinical
development; however, reports of hepatotozxicity lead its
withdrawal. Like the Merck group, we also employed the
2-quinolinyl(bridged)aryl system in combination with
SKF's dithioacetal moiety to design novel LT modulators,
a representative example is Wy-48,126,26

Recently, others have joined us in speculating that the
ideal compound modulating the effects of the LTs would
possess both L'T-receptor antagonism and 5-LO synthesis
inhibitory activity.®? These activities appear to be
functionally additive!® and, coupled with the reported
ability of LTD, antagonists to reverse ongoing broncho-
constriction in asthma models, may extend the use of these
compounds beyond solely prophylatic therapy.®

IV. Mechanisms of 5-LO Inhibition

At least four mechanisms can be considered for 5-LO
inhibition: (1) the antioxidant and/or free radical sca-
venger mechanism, (2) the iron chelation mechanism, (3)
the inhibition of 5-LO translocation mechanism, and (4)
the substrate mimic mechanism. The study of the mech-
anisms of the various 5-LO inhibitors may afford more
than mere academic knowledge. It may be possible that
co-administration of two 5-LO inhibitors acting by dif-

(260) Jones, T. R.; Zamboni, R.; Belley, M.; Champion, E.; Char-
ette, L.; Ford-Hutchinson, A. W.; Frenette, R.; Gauthier, J-Y.;
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ferent mechanisms may have a synergistic effect and thus
would not compete with but rather complement each other.
This is especially likely with a combination of a translo-
cation inhibitor with a compound from one of the other
three classes of inhibitors since the compounds will not be
competing for the same site of action. Likewise, an agent
which possesses more than one mechanism of action may
have a net therapeutic effect which is greater than the sum
of the individual component mechanisms.

With respect to our 2-quinolinyl(bridged)aryl system,
we decided early not to design compounds with low oxi-
dation potentials as possible 5-L.O inhibitors because there
are many physiologically important enzymes with a
mechanism of action based on one-electron transfer and
universal redox inhibition can translate into toxicity.
Results for Wy-45,911 (peak potential = 1.19 V), Wy-
47,288 (peak potential = 1.34 V), and ritolukast (peak
potential = 1.20 V) indicate that the 5-LO/CO inhibitory
activities for these agents are not likely due to an anti-
oxidant mode of action. Note also that the 5-LO inhibitor
Wy-50,295 has a peak potential of 1.41 V.

Considering that conversion of AA into LTs via 5-
HPETE is a radical-based oxidation, it is not surprising
that the largest class of 5-LO inhibitors is the anti-
oxidant/free radical scavengers. Although lack of spe-
cificity can be a problem in this class due to the ubiquitous
nature of oxidative processes in biological systems, several
antioxidant 5-LO inhibitors have demonstrated clinical
efficacy: lonapalene (psoriasis), docebenone (AA-861, al-
lergic rhinitis), and R-68,151 (psoriasis).

Mechanism of Inhibition of 5-LO by Hydroxamic
Acids. The mechanism of the inhibition of the 5-LO
enzyme by hydroxamic acids and hydroxyureas is not well
established and currently is somewhat controversial. In-
itially, it was assumed that the compounds inhibited 5-LO
by virtue of chelation of the essential iron in the active site
of the enzyme; however, recently several papers have
provided evidence that this is not the whole story and that
there also seems to be a antioxidant component to these
compounds. Some of these hydroxamic acids and hy-
droxyureas are oxidized by the 5-LO enzyme. It was re-
cently shown that hydroxamic acid-containing 5-LO in-
hibitors reduce the active-site iron of soybean LO and in
the process are oxidized. %4 The prototypical hydroxyurea
A-64,077 (zileuton) is oxidized by 5-LO to a nitroxide.?6
Related hydroxyurea derivatives are also able to reduce
5-L0.* Interestingly, nitroxides are capable of bearing free
radical chains so that the nitroxides generated from hy-
droxamic acids and hydroxyureas may also inhibit the
5-LO enzyme but by radical scavenging. The hydroxamic
acid BWA4C and the related hydroxyurea BW70C are not
powerful redox compounds yet both inhibited lipid per-
oxidation. This property appears to be separate from their
iron-chelating ability, thus suggesting a site-directed
peroxyl radical scavenging ability.266

Low Redox Inhibitors, Toxicity and Specificity. In
contrast to Wy-50,295 (peak potential = 1.41 V), BW-755C
(ICso = 3 uM, human PMN) has a low oxidation potential

(264) Nelson, M. J.; Batt, D. G.; Thompson, J. S.; Wright, S. W.
Reduction of the Active-site Iron by Potent Inhibitors of
Lipoxygenase. J. Biol. Chem. 1991, 266, 8225-8229,

(265) Chamulirat, W.; Mason, R. P. The Formation of Nitoxide
Free Radical Metabolites from Derivatives of N-Hydroxurea
Inhibitors of Lipoxygenase. Prostaglandin, Leukotrienes,
Lipoxins & PAF; XIth Washington International Spring
Symposium, May 13-17, 1991; Abstr. 366.

(266) Garland, L. G.; Salmon, J. A. Hydroxamic Acids and Hy-
droxureas as Inhibitors of Arachidonate 5-Lipoxygenase.
Drugs Future 1991, 16, 547-558.
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Figure 14. Translocation of the 5-LO enzyme. (*) FLAP is five lipoxygenase activating protein.

(peak potential = 0.65 V), suggesting it inhibits 5-LO and
CO by donating an electron during catalysis. Furthermore,
a recent spectrophotometric study revealed that BW-755C
is quickly oxidized by cytochrome oxidase in mitochondria,
suggesting that the oxidative conversion is associated with
its inhibitory action.26” In support of this, it was shown
that both BW-755C and phenidone must first be oxidized
by the peroxidase activity of the 5-L0 enzyme before in-
hibition can occur.?® The inactivation of the 5-LO enzyme
by these compounds appears to involve the formation of
a covalent bond between the enzyme and either a pheni-
done or BW755C metabolite. BW-755C has not been
developed as a drug presumably because of toxicity which
may be attributed to promiscuous redox enzyme inhibition.
The toxicity of both BW755C%% and the structurally-re-
lated phenidone (IC;, = 12 uM, human PMN) is appar-
ently due to methemoglobin formation associated with
nonspecific redox properties of these compounds.82
Furthermore, phenidone analogs also induce methemo-
globinemia,” and NDGA, a commercial antioxidant-type
5-LO inhibitor, failed early toxicological evaluation pre-
sumably for the same reasons.?® Some of the compounds
in a new series of redox 5-LO inhibitors, the indazolinones,
also cause methemoglobinemia.?”* QOthers have warned
of the potential problems of utilizing an antioxidant ap-
proach for orally active compounds that will be systemi-
cally absorbed.272273

(267) Kawai, K.; Hasegawa, J.; Shiojiri, H.; Nozawa, Y.; Tsurmi, K.;
Fijimura, H. Interaction of BW 755C, a Potent Inhibitor of
Lipoxygenase and Cyclooxygenase, With Mitochondrial Cy-
tochrome Oxidase. Experientia 1985, 41, 490-492,

(268) Cucurou, C.; Battioni, J. P.; Thang, D. C.; Nam, N. H.;
Mansuy, D. Mechanisms of Inactivation of Lipoxygenases by
Phenidone and BW755C. Biochemistry 1991, 30, 8964-8970.

(269) Holgate, S. T.; Phillips, G. D. Leukotriene Inhibitors and
Antagonists in Asthma. In Allergy and Asthma; Kay, A. B,
Ed.; Blackwell Scientific Publications: Boston, 1989; p 40.

(270) Hlasta, D. J.; Casey, F. B.; Ferguson, E. W.; Gangell, 8. J.;
Heimann, M. R.; Jaeger, E, P,; Kullnig, R. K.; Gordon, R. J.
5-Lipoxygenase Inhibitors: The Synthesis and Structure-
Activity Relationships of a Series of 1-Phenyl-3-

pyrazolidinones. J. Med. Chem. 1991, 34, 1560-1570.

(271) Bruneau, P.; Delvare, C.; Edwards, M. P.; McMillan, R. M.
Indazohnones, a New Senes of Rodox-Actxve 5-L1poxygenase
Inhibitors with Built-In Selectivity and Oral Activity. J.
Med. Chem. 1991, 34, 1028-1036.

(272) Ford-Hutchinson, A. W. Development of Novel 5-Lip-
oxygenase Inhibitors. In Lipoxygenases and their Products;
Crooke, S. T., Wong, A., Eds.; Academic Press: New York,
1991; pp 139-140.

Table I. Translocation SAR in RBL2H3 Cells

inh LTC, inh inh isolated
compd syn (nM)*  translocn (nM)  5-LO (nM)?
Wy-50,295 50+1 535 6400 £+ 1600
Wy-47,288 450 + 25 500 + 10 >10000
Wy-45,911 780 £ 50 750 + 250 1530 = 370
MK-886 3£05 35 >20000
naproxen >10000 >10000 >20000

¢ Measures inhibition of release of LTC, from whole cells stimu-
lated with A-23187, n = 3-4. ®Measures inhibition of LTB, syn-
thesis on the isolated enzyme, n = 2-3.

However, we do not contend that all low redox 5-LO
inhibitors are toxic. In fact, the orally active 5-LO inhibitor
AA-861 and several topically active 5-LO inhibitors [e.g.,
lonapalene (RS-43179) and R-68,151] have shown clinical
efficacy with no reports of side effects. As noted above,
hydroxamic acids and hydroxyureas also have a radical
scavenging component and it appears that the majority of
5-LO inhibitors may fall under this class. We only caution
that compounds with a low redox potential may be pre-
disposed with toxicological problems, such as methemo-
globinemia.

Evidence for the specificity of low redox 5-LO inhibitors
is mixed. For example, indazolinones, BW-755C, pheni-
done, and NDGA inhibit CO in addition to 5-LO.#4
NDGA also inhibits cytochrome P-450%" and voltage-ac-
tivated calcium currents, independently of 5-LO inhib-
ition?® Work on antioxidant 5-LO inhibitors, the
(arylethenyl)phenols, has produced more potent inhibitors
of CO than 5-L0.?”” Finally, lonapalene and AA-861,

(273) Ford-Hutchinson, A. W.; Young, R.; Gillard, J. Leukotriene
Blockers, Novel Therapeutic Strategies for the Treatment of
Asthma. Drug News Perspect. 1991, 4, 264-271.

(274) See Table III in Bruneau, P.; Delvare, C.; Edwards, M. P.;
McMillan, R. M. Indazolinones, a New Series of Redox-Ac-
tive 5-Lipoxygenase Inhibitors with Built-In Selectivity and
Oral Activity. J. Med. Chem. 1991, 34, 1028-1036.

(275) Agarwal, R.; Wang, Z. Y.; Bik, D. P.; Mukhtar, H. Nordi-
hydroguaiaretic Acid, an Inhibitor of Lipoxygenase, also In-
hibits Cytochrome P-450-Mediated Monooxygenase Activity
in Rat Epidermal and Hepatic Microsomes. Drug Metab.
Dispos. 1991, 19, 620624,

(276) Korn, S. J.; Horn, R. Nordihydroguaiaretic Acid Inhibits
Voltage-activated Ca’** Currents Independently of Lip-
oxygenase Inhibition. Mol. Pharmacol. 1990, 38, 524-530.

(277) Lazer, E. S.; Farina, P. R.; Gundel, R. H.; Wegner, C. D.
2,6-Disubstituted 4-(2-arylethenyl)phenol 5-Lipoxygenase
Inhibitors: Development and Profile of BI-L-239. Drugs
Future 1991, 16, 641-646.
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which are claimed to be selective 5-LO inhibitors, were
recently shown to inhibit platelet CO%*”® and both PG
production and histamine release in skin mast cells.?’®

Inhibition of Five Lipoxygenase Activating Protein
(FLAP). In contrast to NSAIDs which largely inhibit the
CO enzyme by either redox inhibition or substrate mimicry
(important exceptions are aspirin and related compounds),
5-LO inhibitors can modulate 5-L.O by different mecha-
nisms acting at different sites of the biosynthetic pathway.
The putative steps involved in the 5-LO biosynthetic
pathway were discussed in the 5-L.O Mechanism of Action
section. Inhibition of 5-LO translocation is the most re-
cently discovered mechanism of 5-LO inhibition, and
possible sites of inhibition are shown in Figure 14. Both
SmithKline Beecham? and Merck?! recently have shown
that the 5-LO enzyme translocates from the cytosol to the
cell membrane upon activation by binding to a tran-
smembrane protein designated FLAP.%#228 This trans-

(278) Gibert, C.; Vila, L.; Puig, L.; Sola, J.; Moragas, J. M. Effect
of Lonapalene on Metabolism of Exogenous Arachidonic Acid
in Human Platelets. Skin Pharmacol. 1989, 2, 86-92,

(279) Cohan, V.; McKenzie-White, J.; Triggiani, M.; Massey, W.;
Kagey-Sobotka, A.; Lichtenstein, L. M. Heterogenecity of
Human Mast Cells and Basophils. Biochem. Pharmacol.
1989, 38, 4455—-4459.

(280) (a) Wong, A.; Hwang, S. M.; Cook, M.; Hogaboom, G. K.;
Crooke, S. T. Interactions of 5-Lipoxygenase with Mem-
branes: Studies on the Association of Soluble Enzyme with
Membranes and Alterations in Enzyme Activity. Biochem-
istry 1988, 27, 6763-6769. (b) Wong, A.; Hwang, S. M.; Cook,
M. The Regulation of 5-Lipoxygenase Activity in Rat Baso-
philic Leukemia Cells. Adv. Prostaglandin, Thrombozxane,
Leukotriene Res. 1990, 20, 28-34. (c) Wong, A.; Cook, M.;
Foley, J. J.; Sarau, H. M.; Marshall, P.; Hwang, S. M. Influx
of Extracellular Calcium is Required for the Membrane
Translocation of 5-Lipoxygenase and Leukotriene Synthesis.
Biochemistry 1991, 30, 9346-9354.

(281) (a) Rouzer, C.; Kargman, S. Translocation of 5-Lipoxygenase
to the Membrane in Human Leukocytes Challenged with
Ionophore A23187. J. Biol. Chem. 1988, 263, 10980-10988.
(b) Rouser, C.; Kargman, S. The Role of Membrane Trans-
location in the Activation of Human Leukocyte 5-Lip-
oxygenase. In Leukotrienes and Prostanoids in Health and
Disease; Zor, U., Naor, Z., Danon, A., Eds.; Karger: Basel,
1989; pp 25-29. (c) Rouzer, C.; Ford-Hutchinson, A. W,;
Morton, H. E.; Gillard, J. W. MK-886, a Potent and Specific
Leukotriene Biosynthesis Inhibitor Blocks and Reverses the
Membrane Association of 5-Lipoxygenase in Ionophore-
challenged Leukocytes. J. Biol. Chem. 1990, 265, 1436~1442,
(d) Reid, G. K.; Kargman, S.; Vickers, P. J.; Mancini, J. A.;
Leveille, C.; Ethier, D.; Miller, D. K.; Gillard, J. W.; Dixon,
R. A. F.,; Evans, J. F. Correlation between Expression of 5-
Lipoxygenase-activating Protein, 5-Lipoxygenase, and Cellu-
lar Leukotriene Synthesis. J. Biol. Chem. 1990, 265,
19818-19823. (e) Ford-Hutchinson, A. W. Regulation of the
Production and Action of Leukotrienes by MK-571 and MK-
886. Adv. Prostaglandin Thromboxane Leukotriene Res.
1990, 21, 9-16. (f) Gillard, J. W.; Ford-Hutchinson, A. W.;
Chan, C.; Charleson, S.; Denis, D.; Foster, A.; Fortin, R.;
Leger, S.; McFarlane, C. S.; Morton, H.; Piechuta, H.; Rien-
dau, D.; Rouzer, C. A.; Rokach, J.; Young, R. N.; MacIntyre,
D. E.; Peterson, L.; Bach, T.; Eierman, G.; Hopple, S.;
Humes, J.; Hupe, L.; Luell, S.; Metzger, J.; Meuer, R.; Miller,
D. K.; Opas, E.; Pacholok, S. L-663,536 (MK-886) (3-[1-(4-
(Chlorobenzyl)-3-t-butylthio-5-isopropylindol-2-yl}-2,2-di-
methylpropanoic Acid), a Novel, Orally Active Leukotriene
Biosynthesis Inhibitor. Can. J. Physiol. Pharmacol. 1989, 67,
456-464.

(282) Miller, D. K.; Gillard, J. W.; Vickers, P. J.; Sadowski, S.;
Leveille, C.; Mancini, J. A.; Charleson, P.; Dixon, R. A. F,;
Ford-Hutchinson, A. W.; Fortin, R.; Guathier, J. Y.; Rodkey,
J.; Rosen, R.; Rouzer, C.; Sigal, I. S.; Strader, C. D.; Evans,
J. F. Identification and Isolation of a Membrane Protein
Necessary for Leukotriene Production. Nature 1990, 343,
278-281.
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Figure 15. Examples of CO inhibitor to 5-LO inhibitor con-
version: hybrid structures of NSAIDs and 2-oxymethylquinoline.

location step is necessary not only because the majority
of the AA substrate is found in the cell membrane but also
because the 5-L.O enzyme is auto-inactivating and a con-
tinuous supply of fresh enzyme is required for an unin-
terrupted production of LTs. One very distinctive feature
of pure 5-LO translocation inhibitors is that they are in-
active against the isolated 5-LO enzyme or against broken
cell preparations. The 5-LO translocation inhibitor MK-
886 (IC5, = 2.5 nM, human PMN) appears to have modest
clinical efficacy in allergic asthma.

A recent study clearly indicated that inhibition of 5-LO
translocation is significant part of the mechanism of action
of both Wy-50,295 and Wy-47,288 (Table I).2¢ In both
rat RBL-2H3 cells and human monocytes, the inhibition
of A-23,187-induced LT synthesis by racemic Wy-50,295
(Wy-49,232) is mirrored by the inhibition of 5-LO trans-
location in a dose-related manner at similar concentrations.
The effect is specific since a close structural analog (na-
proxen) which is inactive in inhibiting L'T synthesis is also
inactive against 5-LO translocation. The activity of a
simpler analog of Wy-50,295 lacking the carboxylic acid
side chain, Wy-47,288, in preventing 5-LO translocation
argues that the quinolinylmethoxyaryl group may be a
pharmacophore for the inhibition of 5-LO translocation.
At low concentrations (<150 nM) of racemic Wy-50,295,
the translocation mechanism is predominant with the
substrate-mimic mechanism only becoming significant at
higher concentrations. The potency of racemic Wy-50,295

(283) (a) Dixon, R. A. F.; Dieh}, R. E,; Opas, E.; Rands, E.; Vickers,
P. J.; Evans, J. F,; Gillard, J. W.; Miller, D. K. Requirement
of a 5-Lipoxygenase-activating Protein for Leukotriene Syn-
thesis. Nature 1990, 343, 282-284. (b) Ford-Hutchinson, A.
W. FLAP: a Novel Drug Target for Inhibiting the Synthesis
of Leukotrienes. Trends Pharmacol. Sci. 1991, 12, 68-70.

(284) Wong, A.; Hwang, S. M,; Kreft, A.; Marshall, L. Wy-49,232
(a-Methyl-6-(2-quinolinylmethoxy)-2-naphthaleneacetic acid)
Inhibits and Reverses the Calcium Ionophore A23,187-In-
duced 5-Lipoxygenase Translocation in Rat Basophilic Leu-
kemia Cells. XI Washington International Spring Symposi-
um, May 13-17, 1991; Abstr. 307.
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in inhibiting LT synthesis is 1 order of magnitude less than
the known 5-L.O translocation inhibitor MK-886 in RBL-
2H3 cells (IC5, = 46.8 and 5 nM, respectively). In human
monocytes racemic Wy-50,295 is comparable to MK-886
in preventing LT synthesis (ICs;, = 188 and 50 nM, re-
spectively); however, in human PMN’s racemic Wy-50,295
is significantly less potent than MK-886 (ICs, = 2000 and
60 nM, respectively). The reason for these differences is
not clear. The individual enantiomers of Wy-50,295 are
of comparable potency to the racemic mixture in both
inhibition of LT synthesis and 5-LO translocation in
RBL-2HS3 celis. Evidence that Wy-50,295 inhibits trans-
location by binding to FLAP is derived from competition
studies with radiolabeled MK-886. Indeed, Wy-50,295 and
its racemate Wy-49,232 can displace radiolabeled MK-886
from FLAP.285 The results of our translocation studies
are corroborated by other researchers who also claim that
both racemic Wy-50,295 and REV-5901 are translocation
inhibitors.286

The recognition that the indole class of 5-LO translo-
cation inhibitors competes with the quinoline-class of 5-LO
translocation inhibitors at the same binding site of FLAP
has lead to the design of a new type of quinoline-containing
5-LO translocation inhibitor. This compound, L-689,037
(ICs = 2 nM, human PMN), is termed a quindol since it
is a hybrid of the indole and quinoline classes of translo-
cation inhibitors. It binds to FLAP tighter than members
of either class.2®” The structural similarity of the quino-
line-indomethacin hybrid WAY-121,520 (IC;, = 4 nM,
mouse macrophage) to the quindol L-689,037 should be
noted. Interestingly, WAY-121,520 is also a PLA, inhib-
itor, although at much higher concentrations than those
necessary for 5-LO inhibition,?%

An interesting question is why is MK-886 a pure 5-L.O

translocation inhibitor whereas Wy-50,295 is not only a

5-LO translocation inhibitor but also an inhibitor of the
isolated 5-LO enzyme. It is speculated that Wy-50,295
possesses direct inhibitory activity on the 5-LO enzyme
because, unlike MK-866, it can mimic the shape of AA. In
support of this argument, the inhibition of LT biosynthesis
by Wy-50,295 is reversed by the addition of AA. In con-
trast, addition of AA in the presence of MK-886 has no

(285) Marshall, L. A.; Chang, J. Y.; Kreft, A. F.; Musser, J. H.;
Wong, A. Wy-50,295 (S-a-methyl-6-(2-quinolinylmethoxy)-2-
naphthaleneacetic acid) Inhibits A23187-Induced Leukotri-
ene Synthesis and 5-Lipoxygenase (5-L.0) Membrane
Translocation. 4th Interscience World Conference on In-
flammation, April 15-18, 1991, Geneva, Switzerland; Abstr.
246,

(286) Evans, J. F.; Leveille, C.; Mancini, J. A.; Prasit, P.; Therien,
M.; Zamboni, R.; Gauthier, J. Y.; Fortin, R.; Charleson, P.;
Macintyre, D. E; Luell, S.; Bach, T. J.; Meurer, R.; Guay, J.;
Vickers, P. J.; Rouzer, C. A,; Gillard, J. W.; Miller, D. K.
5-Lipoxygenase-Activating Protein Is the Target of a Quino-
line Class of Leukotriene Synthesis Inhibitors. Mol. Phar-
macol. 1991, 40, 22-27.

(287) Mancini, J. A.; Prasit, P.; Coppolino, M. G.; Charleson, P.;
Leger, S.; Evans, J. F.; Gillard, J. W.; Vickers, P. J. 5-Lipox-
ygenase-Activating Protein is the Target of a Novel Hybrid
of Two Classes of Leukotriene Biosynthesis Inhibitors. Mol.
Pharmacol. 1992, 41, 267-272.

(288) Kreft, A.; Nelson, J.; Musser, J.; Shah, U.; Kubrak, D.;
Banker, A.; Failli, A.; Steffan, R.; Schiehser, G.; Sturm, R.;
Holloway, D.; Carlson, R.; Berkenkopf, J.; Howell, R.; Wo-
eppel, S.; Gray, W.; Grimes, D.; Weichman, B.; Chang, J.;
Bauer, J.; Sung, M-L.; Lock, Y.; Marshall, L.; Glaser, K.
Structure-activity Relationships Leading to WAY-121,520,
a Tris-aryl Indomethacin-based PLA, Inhibitor. Abstracts
of Papers. 203rd National Meeting of the American Chem-
ical Society, San Francisco, Spring 1992; American Chemical
Society: Washington, DC, 1992; MEDI 144.
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Figure 16. 5-LO inhibitors in the clinic for topical indications.

effect on the ability of MK-886 to block LT biosynthesis.
What MK-886 and Wy-50,295 have in common is that both
can mimic the shape of 5-HPETE which we speculate may
be an endogenous ligand for FLAP. The 5-LO enzyme
self-destructs after several turnovers and for the 5-LO
reaction to continue there must be a signal continuously
generated that promotes 5-LO enzyme translocation to
replenish the destroyed enzyme. Since it is known that
AA does not promote 5-LO translocation, this leaves 5-
HPETE as the most likely candidate for an endogenous
FLAP ligand. This hypothesis could be tested by exam-
ining 5-HPETE for FLAP binding.

Generality of Cyclooxygenase to 5-Lipoxygenase
Inhibitor Conversion. As part of our design strategy to
introduce oral activity into our quinoline-containing 5-L.O
inhibitors, we turned to other orally active CO inhibitors
to determine if the naproxen example is an isolated case
or if the conversion of CO inhibitors into 5-LO inhibitors
is a general phenomenon. Replacement of either an ex-
isting substituent or a hydrogen in the CO inhibitors, su-
lindac, etodolac, carprofen, diclofenac, oxaprozin, indo-
methacin, and des-a-methylflurbiprofen (Figure 15), by
a quinolinylmethoxy group afforded new hybrid structures
which are 5-LO inhibitors. In contrast to Wy-50,295, which
is a selective 5-LO inhibitor, some of these new hybrids
are dual inhibitors of 5-LO and CO. For example, the
quinoline/etodolac hybrid, 9, is a dual inhibitor of 5-L.O
and CO (91% and 47% inhibition, respectively, at 10 uM,
rat PMN). In contrast, the quinoline/fluribprofen hybrid
10, the quinoline/oxaprozin hybrid, 11, and the quino-
line/ carprofen hybrid, 12, are pure 5-LO inhibitors (100%,
96%, and 92% inhibition of 5-LO at 10 uM, rat PMN,
respectively). Apparently, replacement of an existing
substituent or a hydrogen atom of a CO inhibitor by a
quinolinylmethoxy group is a general route to novel 5-LO
inhibitors. It is tempting to speculate that the mechanism
of inhibition of 5-LO by these quinoline hybrids may in-
volve the inhibition of 5-LO translocation as has been
demonstrated for other members of this class of 5-LO
inhibitors (Wy-50,295, Wy-47,288, L-674,573).2%

V. 5-LO Inhibitors in the Clinic

There are two types of 5-LO inhibitors in clinical trials:
topically- and orally-administered drugs. Several 5-LO

(289) Kreft, A. F.; Failli, A.; Musser, J. H.; Kubrak, D. M.; Banker,
A. L,; Steffan, R.; Demerson, C. A.; Nelson, J.; Shah, U.; Grey,
W.; Marshall, L. A.; Holloway, D.; Sturm, R.; Carlson, R. P.;
Berkenkopf, J. R.; Grimes, D.; Weichman, B.; Chang, J. Y.
Conversion of a Cyclooxygenase (CO) Inhibitor into a 5-Lip-
oxygenase (LO) Inhibitor-a General Route to Novel Antiin-
flammatory and Antiallergy Drugs. Drugs Exp. Clin. Res.
1991, 17, 381-387.
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Figure 17. Orally active 5-LO inhibitors in the clinic.

inhibitors of the antioxidant type are undergoing clinical
trials for the treatment of psoriasis. One of the more
advanced compounds, lonapalene (ICy, = 0.5 uM, rat
RBL-1) (Figure 16) has shown efficacy in psoriasis in
several studies.? Qther topically active antioxidant-type
5-LO inhibitors include R-68151 (ICs; = 0.5 uM, rat
RBL-1) which has also shown efficacy in psoriasis,?!
DuP-654 (ICs, = 19 nM, rat RBL-1),22 NDGA (IC5, = 5
1M, rat blood), and CP-70490 (ICs, = 0.3 uM, mouse).?*
NDGA lacks specificity in that it also inhibits cytochrome
P-450,%"5 whereas CP-70490 is also an IL-1 synthesis in-
hibitor.

Many of the reported orally active 5-LO inhibitors being
evaluated in the clinic have more than one physiological
property. For example, SC-45662 (ICy, = 3.7 uM vs 5-
HETE, rat RBL-1) (Figure 17) is one of a number of 2,6-
dialkylphenol-containing antioxidant-type, orally active
5-LO inhibitors which have entered clinical trials;** it also
is claimed to inhibit superoxide generation induced by
either fMLP or C5a. From a series of 250 analogs of caffeic
acid, TMK-688 (IC;, = 0.32 uM vs LTB,, mouse masto-
cytoma) was selected for clinical development.®® It is also

(290) Jones, G. H.; Venuti, M. C.; Young, J. M.; Murthy, D. V. K,;
Loe, B. E.; Simpson, R. A.; Berks, A. H.; Spires, D. A.; Ma-
loney, P. J.; Kruseman, M.; Rouhafza, S.; Kappas, K. C,;
Beard, C. C.; Unger, S. H.; Cheung, P. Topical Nonsteroidal
Antipsoriatic Agents. 1. 1,2,3,4-Tetraoxygenated Naphtha-
lene Derivatives. J. Med. Chem. 1986, 29, 1504-1511.

(291) Degreef, H.; Dockx, P.; De Doncker, P.; De Beule, K.; Cau-
wenbergh, G. A Double-Blind Vehicle-Controlled Study of
R-68-131 in Psoriasis—A Topical 5-Lipoxygenase Inhibitor.
J. Am. Acad. Dermatol. 1990, 22, 751-755.

(292) Batt, D. G.; Maynard, G. D.; Petraitis, J. J.; Shaw, J. E,;
Galbraith, W.; Harris, R. R. 2-Substituted-1-naphthols as
Potent 5-Lipoxygenase Inhibitors with Topical Antiinflam-
matory Activity. J. Med. Chem. 1990, 33, 360-370.

(293) Liston, T. E.; Wakshull, E.; Falkner, F. C. The Pharmacok-
inetics and Metabolism of the Topically Active 5-Lip-
oxygenase Inhibitor CP-70490 in Rats, Mice, Dogs, and
Monkeys In Vivo and Human Skin In Vitro. Pharmacologist
1990, 32, 142.

(2904) Smith, W.; Mueller, R.; Nakao, A.; Partis, R.; Thompson, J.;
Yang, D. C.; Jung, G.; Port, C.; Fuller, G. SC-45662: A Spe-
cific 5-Lipoxygenase Inhibitor with Antiallergy and Antiin-
flammatory Activity. FASEB J. 1988, 2, A1109.

(295) Murota, S.; Tomioka, H.; Ozawa, S.; Suzuki, T.; Wakabaya-
shi, T. Development of an Orally Active Antiallergic Drug:
TMK-688. In Leukotrienes and Prostanoids in Health and
Disease; Zor, U., Naor, Z., Danon, A., Eds.; Karger: Basel,
1989; pp 56-61.

Perspective

a prodrug of TMK-777, an antioxidant-type 5-LO inhibitor
that results from hydrolysis of the carbonate found in
TMK-688. Interestingly, these compounds also are anti-
histamines. FLM 5011 is a orally active 5-LO inhibitor,
presumably of the iron chelator class, that has entered
clinical trials for a myocarditis indication.?%

AA-861 (docebenone) is an orally active, antoxidant-type
5-LO inhibitor (IC;, = 80 nM vs LTB,, rat macrophages)
that has shown clinical efficacy in a number of diseases;?’
however, the selectivity of AA-861 was questioned re-
cently.?®

HWA 131 is a orally active, antioxidant-type 5-LO in-
hibitor that has entered clinical trials for an antirheumatic
indication. Although HWA 131 is only moderately potent
as a 5-LO inhibitor (ICg, = 25 uM vs LTB,, human PNMs),
it also has immunomodulating properties.?®®

CV-6504 is a novel, orally active, antioxidant-type 5-LO
inhibitor (IC5 = 62 nM, rat RBL-1) with added activity
against thromboxane synthesis and lipid peroxidation
which has entered clinical trials for a glomerular nephritis
indication.?®®

Perhaps the most impressive clinical results have been
shown by an iron chelating-type 5-LO inhibitor, A-64077
(zileuton), despite the fact that it has a relatively short
half-life in man (2.5 h). In 11 patients with mild to
moderate inflammatory bowel disease, 800 mg of A-64077
administered orally for 28 days results in significant im-
provement of symptoms in eight of the patients.3® Ina
related double-blind, placebo-controiled study of 11 pa-
tients with inflammatory bowel disease, 800 mg of A-64077
given orally results in marked improvement in total sig-
moidal score, total symptom score, biopsy score, and global
evaluation.®! In a double-blind, placebo-controlled study
of eight patients suffering from allergic rhinitis, oral ad-

‘ministration of 800 mg of A-64077 results not only in in-

hibition of LT synthesis in nasal lavage but also in a sig-
nificant reduction in nasal congestion.’? Preliminary
double-blind, placebo-controlled studies of oral A-64077
(800 mg, b.i.d.) in rheumatoid arthritis shows a trend to-
ward a greater decrease in the number of swollen and
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painful joints.*® In a randomized, double-blind, crossover
study of cold air-induced asthma, oral administration of
800 mg of A-64077 significantly ameliorated the asthmatic
response.’* In a multicenter, randomized, double-blind,
placebo-controlled study of spontaneous asthma, oral ad-
ministration of either 600 mg or 800 mg of A-64,077 for
4 weeks significantly improved airway function and
symptomatology.?® BWAAJC is also an iron chelating-type
5-LO inhibitor that has entered clinical trials; however, its
short half-life precluded evaluation of efficacy. The clinical
efficacy shown by A-64077 in a wide range of inflammatory
diseases has been the most convincing demonstration of
the promise of §-LO inhibitors.

Further back in clinical development are the newest class
of inhibitors of LT synthesis, the translocation inhibitors.
MK-886 is the prototype inhibitor of 5-LO translocation
(Figure 18). In a double-blind, placebo-controlled,
crossover clinical trial of asthma, oral administration of
MK-886 resulted in significant reduction of the antigen-
induced early-phase reaction and delayed the onset of the
late reaction.3® PF-5901 (formerly REV-5901) is a
translocation inhibitor under clinical development for an
inflammatory bowel disease indication. The related
quinoline ETH-615 is in clinical development as a topical
agent for the treatment of psoriasis and other skin diseases.
Finally, Wy-50,295 tromethamine is a translocation in-
hibitor with a secondary direct 5-L.O inhibitory component
which has been given safely in up to 1000-mg doses to
normal volunteers.

VI. Summary

In conclusion, an effective modulator of the AA cascade
for the treatment of asthma and other inflammatory dis-
eases may require 5-LO inhibitory activity as well as LTD,
antagonism in order to limit the effects of LTB,, LTD,,
and 5-HPETE. The unknown role of LTC, with respect
to bronchoconstriction and mucus production could mask
the efficacy of a pure LTD, antagonist in man, whereas
the chemotactic property of LTB, for eosinophils can
contribute to lung inflammation. Indeed, it is observed
that the blood of patients with bronchial asthma has in-
creased numbers of hypodense eosinophils.*” In addition,
the formation of lipid-derived peroxide radicals, such as
5-HPETE, are believed to be responsible for various types
of cellular injuries associated with the inflammatory dis-
ease process. Because inhibition of the CO pathway is
thought to explain the therapeutic effects of nonsteroidal
antiinflammatory agents in rheumatic diseases, a 5-LO
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inhibitor with CO inhibitory activity may also be desirable
profile for an antiasthma agent.

The validation of the LT hypothesis of disease had to
wait for the demonstration of a clinical effect by either a
LTD, receptor antagonist or a LT synthesis inhibitor (5-
LO inhibitor). Only very recently has this evidence become
available and it is now apparent that compounds that
antagonize LTD, receptors®® or inhibit LT synthesis®®
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Figure 18. Standard 5-LO inhibitors and LTD, antagonists.

have shown clinical efficacy in a wide range of diseases.
Due to the breakthrough nature of this approach, certain
of these compounds are being considered for expedited
development.?? The absence of side effects seen in the
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clinical trials of selective 5-LO inhibitors is gratifying and
argues that LTs are not important in homeostasis. Only
time will tell whether 5-LO inhibitors will take their place
in the therapeutic armamentarium; however, the recent
demonstration of clinical efficacy by a number of these
compounds is a significant step in this direction.
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