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Preface

This volume contains eight reviews on topics of current interest in medicinal
chemistry. These cover the following subjects: inhibitors of 5-lipoxygenase
and their anti-inflammatory activities; class III electrophysiological agents
for therapy of antiarrhythmia; the chemistry and biological activities of
non-peptide selective kappa opioid ligands; pyridazine derivatives with car-
diovascular and other activities; centrally acting dopamine D2 receptor
ligands: agonists; medicinal chemistry of the herb feverfew; ondansetron
and related 5-HT; antagonists; synthetic inhibitors of bacterial and mam-
malian interstitial collagenases.

We are grateful to our authors for their critical appraisal of the expanding
literature of these fields. We thank owners of copyright material for grant-
ing permission to reproduce extracts from their journals, and also the staff
of our publishers for their continuing help and encouragement.

June 1991 G.P. Ellis
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2 ANTI-INFLAMMATORY 5-LIPOXYGENASE INHIBITORS

INTRODUCTION

Oxidation of arachidonic acid in mammalian cells gives rise to a number
of metabolites, collectively called eicosanoids, which are intimately involved
in inflammation and other physiological and pathological processes (for a
general overview of eicosanoids, see [1]). Prostaglandins (PGs) were the first
members of this family to be identified and characterized, and are involved
in inflammatory and pain responses. The clinically useful non-steroidal anti-
inflammatory drugs (NSAIDs) of today are considered to act by inhibiting
the enzyme cyclo-oxygenase (CO), which converts arachidonic acid to pros-
taglandins. More recently, a second major pathway of arachidonate metab-
olism has been characterized, in which arachidonic acid is converted to pro-
inflammatory products called leukotrienes (LTs). The enzyme S-lipoxygen-
ase (5-LO) initiates this cascade. (A number of excellent reviews of the 5-LO
pathway and the LTs are available, for instance [2—5].)

5-LO activity is found in a variety of mammalian cells, most notably leu-
kocytes, with the enzymes from neutrophils and the rat basophilic leukemia
(RBL-1) cell line being the most studied; several have been purified and
cloned [5]. 5-LO is a cytosolic enzyme which requires calcium, ATP and ad-
ditional uncharacterized cell components for optimal activity. Characteriza-
tion and kinetic studies with 5-LO enzymes are often difficult, because of
self-inactivation and complex cofactor requirements.

5-LO catalyses the stereospecific conversion of arachidonic acid (1) to a
S-hydroperoxyeicosatetraegnoic acid (S-HPETE) (2). The enzyme contains

OOH

(CH,},COOH =\F (CH,);COOH
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non-heme iron in the active site, and the mechanism of the transformation
probably involves an organoiron intermediate or a dienyl radical which is
trapped by molecular oxygen to produce (2) (for discussions and leading ref-
erences, see [6,7]). Reduction of (2) generates S-HETE (3), while enzymatic
dehydration produces the unstable epoxide leukotriene A4 (LTA,) (4). LTB,
(5) arises from the enzymatic hydration of (4), while addition of glutathione
generates LTCy4 (6). The latter compound, along with its proteolytic metab-
olites LTD4 and LTE,, constitutes slow-reacting substance of anaphylaxis
(SRS-A).

Additional lipoxygenases are known which oxygenate different positions
on the arachidonic acid chain. 12-LO, resulting in the formation of 12-
HETE (7), is best known in platelets, while the 15-LO from soybean has
been studied in detail for many years [8]. 15-HETE (8) is also produced by
mammalian cells; the enzymes from neutrophils and particularly rabbit reti-
culocytes are the best characterized.

HO, — — — —
PEN (CHZ),COOH m(wz)gcoor{
H
CsHay R NS CsHyy

@) g O

S-LO products (3)—(6) mediate a large number of physiological effects
[3.4,9]. Various of the LTs are chemotactic for inflammatory cells, cause
smooth muscle contraction leading to such effects as vasoconstriction and
bronchoconstriction, and increase capillary permeability, contributing to
oedema. More recently, effects on cell proliferation and immune function
have been described. Much evidence has accumulated implicating LTs in
disease states having inflammatory components [10-12], including arthritis,
asthma and allergy [13,14], psoriasis and other inflammatory skin diseases
[15-17], inflammatory bowel diseases such as ulcerative colitis and Crohn’s
disease [18,19], and more recently in circulatory diseases, such as shock and
myocardial ischaemia [20,21].

The standard NSAIDs, of which indomethacin (9) is a prototype, do not
significantly affect the generation of LTs in most circumstances. In the hope

MeO COOCH
A Me
N (9)

(¢}

Cl



4 ANTI-INFLAMMATORY 5-LIPOXYGENASE INHIBITORS

of finding anti-inflammatory drugs with reduced side-effects or greater effi-
cacy, a major effort has been mounted by the pharmaceutical industry over
the past decade to identify either selective inhibitors of 5-LO, or dual inhibi-
tors of CO and 5-LO. )

The literature of leukotrienes and 5-LO inhibition is vast (well over 1000
papers and patents dealing with inhibition of this pathway were found by
computer searching of various databases), so a comprehensive analysis of
the field is not possible in this short chapter. Several previous reviews have
appeared (for instance [22,23]); the broadest overview is that of Fitzsim-
mons and Rokach [24], with coverage to early 1988. The present survey em-
phasizes more recent reports, and compounds and series for which anti-in-
flammatory activity and/or structure—activity relationships (SARs) have
been described. Patents have been cited only when they provide structure—
activity information which is not available in other published form. The
compounds and series discussed are organized roughly along structural and
mechanistic lines; this organization is necessarily somewhat arbitrary, due
to the large variety of structures for which 5-LO inhibitory activity has been
reported. References dealing solely with inhibition of other lipoxygenases
(12-LO and 15-LO) are not generally included.

METHODS OF EVALUATION

Numerous testing systems and protocols have been used to study 5-LO inhi-
bitors in different laboratories, complicating attempts to compare com-
pounds and series. In vitro, a variety of both cell-free and cellular prepara-
tions have been employed as primary screens. The most commonly used
cell-free system is the crude cytosolic fraction from broken RBL-1 cells [25];
various broken neutrophil preparations are also used, and more recently pu-
rified enzymes have occasionally been employed. The formation of 5-LO
products is generally determined by radioimmunoassay or (in older work)
HPLC or bioassay methods.

Inhibition of the release of 5-LO products from intact stimulated leuko-
cytes is another widely used evaluation method. Most commonly, the calci-
um ionophore A23187 is used to stimulate the production and release of 5-
HETE and LTBy by neutrophils (from a variety of species, usually human
or rat). Macrophages stimulated with opsonized zymosan (releasing LTC,
and PGs), and antigen-induced LT release by lung tissue isolated from
sensitized guinea-pigs have also been used. The formation of 5-HETE and
LTB, in ionophore-stimulated whole blood can be useful; when product re-
lease in whole blood from drug-treated animals (or humans) is measured,
bioavailability can be estimated as well.
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While ionophore-stimulated 5-LO product release from neutrophils is
often used as an indication of 5-LO inhibition, one must interpret these re-
sults cautiously. For example, halothane, an inhalation anaesthetic which
may cause membrane perturbation [26], and colchicine, a microtubule dis-
rupter [27], both were active, but presumably not because of 5-LO inhibi-
tion. A23187 is assumed to stimulate 5-LO by raising the intracellular calci-
um level, but this agent causes many other effects which may or may not
be related to 5-LO activation, including changes in membrane potential,
protein phosphorylation, phospholipid turnover, cyclic nucleotide levels,
and DNA and protein synthesis [28]. Also, the effects of some putative 5-LO
inhibitors on product release from neutrophils has been shown to vary with
the stimulant used [29].

One class of agents which inhibits LT production in stimulated cell sys-
tems, but probably not by direct 5-LO inhibition, is the anti-inflammatory
corticosteroids, represented by dexamethasone (10) [30-34]. The well-
known inhibition of PG production seen with corticosteroids is not due to
direct CO inhibition, but has been attributed to the inhibition of arachidon-
ic acid mobilization by phospholipase A,, caused by enhanced biosynthesis
of one or more proteins called lipocortins [35] (although this hypothesis is
now being seriously questioned [36]). More recent evidence indicates the
possibility of down-regulation of CO enzyme levels [37—39]; similar mecha-
nisms involving altered gene regulation could be involved in the observed
effects on LT production as well.

Likewise, retinoic acid (11) and its derivatives [40,41], as well as synthetic
aromatic retinoids (arotinoids) [42,43], inhibited A23187-stimulated release

Me Me
Me Me
X -COOH
Me {11)

from both human and rat neutrophils at low concentrations; however, in
neutrophil homogenates the potency was 10- to 100-fold less [41]. These ef-
fects are probably not due to 5-LO inhibition, since retinoids have a variety
of effects on cell proliferation and differentiation, immune function, and in-
flammation [44], and are thought to mediate these effects by altering gene
expression via soluble receptors related to the steroid receptors (see refer-
ences cited in [45]). In general, 5-LO inhibition by an agent cannot be as-
sumed based on inhibition of the release of products from cells, unless speci-
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ficity for LT production or direct 5-LO inhibition in cell-free systems is also
demonstrated.

Many different in vivo models have been used to evaluate 5-LO inhibitors
as potential anti-inflammatories, antipsoriatics, and antiasthmatics. 5-LO
products may be involved in the standard anti-inflammatory screening mod-
els (such as carrageenan paw oedema and adjuvant arthritis) which are used
for NSAIDs [46], but these models appear to be most sensitive to CO inhibi-
tors. Other animal systems which are poorly responsive to NSAIDs have
been used to evaluate potential 5-LO inhibitors, including carrageenan pleu-
risy and sponge models [46], peritoneal passive anaphylaxis in rats (see, for
example, [47] and references cited therein), and the pleural reverse passive
Arthus reaction in rats (see, for example, [48]). While various types of skin
inflammation [49] have been applied to 5-LO inhibitor screening, the pre-
mier model is mouse ear oedema induced by topically applied arachidonic
acid, with either topical or oral dosing of drugs [50,51]. A commonly used
model for asthma is antigen-induced bronchoconstriction in sensitized guin-
ea-pigs, which can be manipulated to indicate inhibition of LT-derived ef-
fects (see, for example, [52]). In many of these models, levels of 5-LO prod-
ucts can be measured in exudate fluids or isolated tissues, providing
additional evidence for the mechanism of action of the administered agents.

In this review, drug concentrations or doses are assumed to be ICsy or
EDs values unless indicated otherwise. Abbreviations for routes of admin-
istration are p.o. (oral), i.p. (intraperitoneal) and i.v. (intravenous). The fol-
lowing abbreviations are used for common biological testing systems:

AAE: arachidonic acid-induced ear oedema

CPE: carrageenan paw oedema

cRBL: crude cytosolic enzyme preparation from RBL-1 cells
GPB: antigen-induced guinea-pig bronchoconstriction

ISN:  ionophore-stimulated neutrophil product release
RAA: rat adjuvant-induced arthritis

SUBSTRATE AND PRODUCT ANALOGUES

Much early effort in 5-LO inhibition centered on substrate and product ana-
logues. One goal, especially of the Corey group at Harvard, was to study
the 5-LO reaction by creating mechanism-based irreversible inhibitors, or
by removing the substrate protons which are abstracted by the enzyme.
These approaches, which included preparation of acetylenic, methylated,
cyclized, or thia-analogues of arachidonic acid, and cyclopropyl analogues
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Me Me

— S COOMe
Yo g, O
CgH
Gty — ALgMis
Cl
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(12), (13): R = (CHo)sCOOH

of LTBy, have been reviewed previously [24]. Structures (12)—(14) represent
newer inhibitors [53-55]. In general, no anti-inflammatory activity has been
reported for any of these substrate/product analogues. However, the LTB4
analogues TEI-8005 (15) and TEI-1338 (16), which inhibited LT production
by ionophore-stimulated human blood at micromolar concentrations, also
showed oral activity in CPE (1-3 mg/kg) and topical activity in endotoxin-
induced endophthalmitis in rabbit eyes [56].

A series of hexadiendioic acid derivatives such as (17) (of uncertain ster-
eochemistry) inhibited cRBL and rat ISN (2 uM in both), and also inhibited
AAE (10 pg/ear topically, 20 mg/kg p.o.) [57].The thioether group in (17)
was required for activity, but the nature of the alkyl group was unimpor-
tant. Benzoyl groups or preferably esters were required at each end of the
molecule. In vivo activity did not correlate with 5-LO inhibition.

<] ACH,1COR EtS OH
>:CH-HC:<
EtOOC COOEt

(15) R=OH a7
(16) R = NHCgH,(2-COOMe)

PHENOLIC COMPOUNDS

Beginning as early as 1970 [58], a vast array of phenolic compounds have
been explored as inhibitors of lipoxygenases. Since phenols are well-known
as reducing agents, activity against an oxidase would not be unexpected. Al-
though the structural details vary widely, all active compounds of this class
contain at least one free aromatic hydroxyl group, or a phenolic ester which
presumably acts as a prodrug form of the phenol. Consideration of various
SARs reveals little in common, although within structural series great speci-
ficity may be seen. Lipophilic character is a common feature of most of these
inhibitors, as might be expected for activity against an enzyme whose nor-
mal substrate is a fatty acid. (Surprisingly, however, incorporation of a car-
boxyl group into many of these molecules destroys activity.) The require-
ment for lipophilicity in a reducing agent is demonstrated by the inactivity
of ascorbic acid (18), a water-soluble physiological antioxidant, in rat ISN
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below millimolar concentrations [59,60]. However, a palmitate ester of (18)
is a potent inhibitor (1.5 uM) of LTB, synthesis in human ISN and in cell

homogenates [60].
o
HOCHZCH(OH)‘qO (18)

HO OH

CATECHOLS AND ORTHO-AMINOPHENOLS

One of the earliest reports of LO inhibition concerned the effects of ortho-
dihydroxybenzene (catechol) derivatives on soybean 15-LO [58]. Lipophilic
catechols, notably nordihydroguaiaretic acid (NDGA) (19), were more po-
tent (10 uM) than pyrocatechol itself. The inactivation was, under some
conditions, irreversible, and was accompanied by oxidation of the phenolic
compound. The ortho-dihydroxyphenyl moiety was required for the best po-
tency, and potency also correlated with overall lipophilicity of the inhibitor
[61]. NDGA and other phenolic compounds have been shown by electron
paramagnetic resonance spectroscopy to reduce the active-site iron from
Fe(I1I) to Fe(II) [62]; one-electron oxidation of the phenols occurs to yield
detectable free radicals [63]. Electron-poor, less easily oxidized catechols
form stable complexes with the active-site iron atom [64].

CHO OH
HO HO HO X _COOH
)2 )2
Me
HO HO HO
(19) iPr  (20) (21)

NDGA also inhibits 5-L.O in a variety of systems [65—68]. In vivo, anti-
inflammatory activity has been reported in lipopolysaccharide (LPS)-in-
duced knee inflammation in rats [69] and in AAE and croton oil induced
ear oedema [70,71]. However, in a 14-day clinical trial in psoriasis, no effi-
cacy was seen following topical application of NDGA [72]. Although this
compound has been used as an archetypal 5-LO inhibitor in many studies,
the general antioxidant properties of this compound require caution in these
interpretations.

A large number of catechol-containing compounds have been reported to
inhibit a variety of 5-LOs, most commonly in cRBL and ISN. Many of these
are natural products or synthetic analogues, such as gossypol (20) [67,73],
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caffeic acid (21) and derivatives [74—79], and a wide variety of other ortho-
dihydroxyphenyl compounds [76, 80-89]. In general, most inhibit 5-LO
(0.1-10 #M) in cells or free enzyme systems, are somewhat less potent
against 12-LO, and are often significantly less potent as inhibitors of CO.
Potency is often roughly correlated with lipophilicity, and methylation of
one of the hydroxyls (giving a guaiacol moiety) reduces but does not abolish
activity. No in vivo anti-inflammatory effects have been reported for most
of these compounds, with a couple exceptions having AAE activity [71,85].

Many reports have appeared over the last decade dealing with 5-LO inhi-
bition by flavonoids. The most studied compound is quercetin (22), which
inhibited cRBL (0.2 uM) as well as the generation of 5-LO products by rat
peritoneal macrophages (ca. 5 uM) [90,91]. Like other catechols, it has been
shown to undergo oxidation by soybean 15-LO [92]. Topical anti-inflamma-
tory effects were seen in croton oil ear oedema [71], but surprisingly not in
AAE [93]. Activity has been reported in rat carrageenan pleurisy, at doses
of 100 mg/kg (p.o.) [91] and 10-20 mg/kg (i.p.) [94]; oedema and cell influx
were both inhibited, and concentrations of LTB, and (to a lesser extent)
PGF,, were reduced.

R’ ” R R R &
22) OH OH OH OH H OH
23) OH OH H OH OMe OMe
24) OPOsH, OH H  OCgHi; OMe OMe
25) H H H OH OH OH

L]

In one study, cirsiliol (23) was the most potent flavonoid against cRBL
(0.1 uM) [95]. Conversion of the 5-hydroxyl to a lipophilic alkyl ether gave
more potent analogues (0.01 uM), with 5—10 carbon chains optimal [96].
A phosphate ester derivative (24) was the only one reported to show in vivo
activity, inhibiting by 80% the ischaemia/reperfusion-induced increase in
LTC, in gerbil brain when given at 200 mg/kg i.v. [97]. Baicalein (25) is an-
other example of a flavonoid inhibiting the 5-L.Os from rat and human neu-
trophils and lymphocytes [98—100]. This compound showed no effect in
CPE or cotton pellet granuloma, but did give some inhibition of adjuvant
arthritis at 100 mg/kg p.o. [101].

SARs for flavonoids in vitro have been reviewed [24]; briefly, the 3',4'-di-
hydroxy substitution is required for the best activity, and alkylation of the
hydroxyl group at C5 usually reduces potency [95]. Opening the pyranone
ring or reducing the A>3 double bond also causes a loss of potency [102].

A recent catecholic isoflavanoid, Zy 16372 (26), showed micromolar po-
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tency in human macrophages and also inhibited AAE (5 uM/ear topically)
[103]. The naphthalenediol (27) was a potent inhibitor of cRBL (4.7 nM),
and inhibited both PGE, and LTB, release from rat peritoneal macrophages
(2—-3 uM) [104]. Oral activity was seen at 1 mg/kg in rat acetic acid-induced
colitis, where cell accumulation was inhibited by 46 %.

OMe OH
HO. nPr COOH
HO
O OMe o)
CH,)s0
HO o HO (CHo)s
26) 27)

A few ortho-aminophenols, which are isoelectronic with catechols, have
also been reported as 5-LO inhibitors. The parent is relatively weak (15 uM
in crude guinea-pig neutrophil cytosol), but lipophilic 4-substitution, (28)
or (29), increased the potency dramatically (0.4 uM and 0.14 uM, respec-
tively) [105,106]. These compounds were roughly equipotent in ISN as 5-LO
and CO inhibitors. A more highly substituted analogue, ONO-LP-016 (32),
was somewhat less potent, but gave much greater selectivity for 5-LO over
CO (3 uM and 100 uM, respectively). Two 70 mg/kg i.p. doses of (32) inhi-
bited oedema and LTC, formation in gerbil brain following ischaemia/re-
perfusion [107].

OH
H

N

o 28) R'=H, R°=SPh, R®=H

OH OH
NH,
29) R' = H, R? = S-2-benzofuranyl, R®=H
30) R'=H, R?=Me, R® = 4-Me-CgHs-CH,
cl
3
32) But

R3

(
(
(

1
: ¢

1) R'=Me, R’ =H, R’ = 24hiazolyl
R2

N-Substituted ortho-aminophenols can also inhibit 5-L.O. The N-aryl-
methyl derivative (30) was a potent inhibitor of cRBL (0.029 xM), and inhi-
bited the release of SRS-A in rat passive peritoneal anaphylaxis (75% at 200
4M 1.p.; inactive p.o.) [108]. Variation of the 4-substituent, as well as the
para-substituent on the benzyl group, indicated that overall lipophilicity
was important for good potency; electronic effects in the benzyl group had
a much smaller effect. CBS-113A (31) [109,110] inhibited human ISN (0.3
#M), and was about 50-fold less potent against CO and 15-LO in rabbit
platelets. This compound also scavenged free radicals, inhibited the oxida-
tive burst in neutrophils following phagocytosis, and reduced the LPS-stim-
ulated release of interleukin 1 (IL-1) from cultured endothelial cells. Topi-
cally, CBS-113A inhibited various models of conjuctivitis and uveitis in
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rabbits, rats, and guinea-pigs, as well as AAE (60% at 1 mg/ear). At 10 uM
(i.p.), leukocyte influx in rat carrageenan pleurisy was inhibited, but no oral
activity was seen.

BHT DERIVATIVES AND RELATED STERICALLY HINDERED PHENOLS

Butylated hydroxytoluene (BHT) (33) is another widely used lipophilic anti-
oxidant. Inhibition of 12-LO and 15-LO has been reported at millimolar
concentrations, with somewhat more potent activity against CO
[58,111,112]. More recently, BHT was found to inhibit 5-LO from potato
[113] and RBL-1 cells [114] at concentrations near 1 uM. However, anti-in-
flammatory activity has not been reported.

In the past decade a number of anti-inflammatory derivatives of BHT
have been reported. The earliest was the 4-thenoyl analogue R-830 (prife-
lone) (34) from Riker, which showed a typical NSAID anti-inflammatory
profile following oral dosing [115]. Additionally, prifelone inhibited the re-
versed passive Arthus reaction and (topically) oxazolone-contact sensitivity
and UV erythema. Besides CO inhibition (0.5 xM), it also displayed activity
as an antioxidant, and inhibited 5-LO in guinea-pig lung (20 uM). The 3-
pyrrolyl compound (35) from Syntex had a similar profile [116]. Interesting-
ly, attachment of a carboxylic acid group, giving (36) and the benzene ana-
logue (37), caused loss of the CO potency (> 100 gM) while sparing the
cRBL activity (20 gM); oral activity was seen in GPB for these analogues
[117,118].

tBu tBu tBu

HO HO HO Os _x
| H—n >
tBu Me Bu X 1Bu ZY
0
(33) (34)X=8, R=H (3)X=0, Y=ChHy
(35) X=NH, R=H (39) X= NOMe, Y = CH,
(36) X =8, R=COOH {40)X=NH, Y=$
(37) X = CH=CH, R - COOH {41)X=NMe, Y =S

Kanegafuchi’s a-benzylidene butyrolactone derivative KME-4 (38) also
resembled an NSAID in vivo, but with a better in vitro balance of CO and
5-LO inhibition (¢cRBL and guinea-pig neutrophil sonicate: ca. 1 uM; semi-
nal vesicle and rabbit platelet CO: 22.5 and 0.44 uM, respectively) [119—
122]. Additionally, KME-4 inhibited carrageenan pleurisy following oral
dosing [123]. At least one ortho-alkyl group must be ¢-butyl for good activity
in vivo and as a CO inhibitor; replacement of the other by halogen destroyed
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the activity, as did saturation of the double bond. Replacement of the lac-
tone by a lactam or thiohydantoin also give about the same activity, but
lactam N-methylation or enlargement of the ring reduced potency in vivo
[124—126]. However, a closely related compound from Eisai, E-5110 (39),
was very similar to KME-4 with somewhat greater in vivo potency [127,128].
Inhibition of the release of IL-1 from human monocytes (1.2 uM) was also
seen with E-5110 [129]. LY 178002 (40), from Lilly, possessed a very similar
profile; methylation on nitrogen giving L.Y256548 (41) reduced potency
slightly in this series [130—132].

Several BHT analogues bearing heteroaryl groups at the 4-position have
been described. A variety of such compounds, including indoles, benzoxaz-
oles, and the thiazoloimidazole derivative (42) showed NSAID-like anti-
inflammatory activity, but no 5-LO inhibition was reported [133,134]. A
more recent compound from Hoechst, HWA-131 (43), was similar in vivo
but was inactive against seminal vesicle CO [135]. However, rabbit mucosal
CO and platelet aggregation were inhibited in the 1-2 uM range; activity
in human ISN (5-25 uM) was shown. The SAR (in RAA) for this com-
pound parallelled that of (38) and analogues in that at least one r-butyl
group was required for activity while the best compounds had two r-butyls.

N M
(42) R'=1Bu, K = ~(/\/J\/> 1 2 ~("
1 NT g (45) R'=1Bu,R"= CH=CH N
R 2 N-NH
HO NS
7R
43) R' =1Bu, %= d l (46) R' =1Bu, R® = CH=CH-3-pyricy!
X0 (47) R' =tBu, R? = CH=CH-2-thienyl
R! R2 Me (48) R' =Me, R® = CH=CH-2-thienyl
OMe (49)
(44) R' =Me, B2~ —/ |
N
H

R'=Me, R’ = CH=CH-(4-F-Ph)

Replacement of the r-butyls by methyls, giving the related TZI1-41127
(44), gave preferential inhibition of 5-LO over CO in rat ISN (2 yuM and
25 uM, respectively) [136]. Inhibition of the release of SRS-A in A23187-
induced pleurisy in rats was seen (30 mg/kg p.o.) [137], as was activity in
coronary occlusion/reperfusion injury in beagles and rats [138]. Enlarge-
ment of the methyl or methoxy group on the heterocycle was consistent with
good activity, but replacement of the alkoxy by halogens or other electron-
withdrawing groups reduced potency.

A further variation on the 4-aryl-2,6-dialkylphenols separates the two
rings by an olefin; the Warner-Lambert compound PD 127443 (45) is an ex-
ample [139,140]. PD 127443 was slightly more potent against 5-LO than CO
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in A23187-stimulated RBL-1 cells (0.9 and 3.0 uM, respectively), and inhi-
bited LTB, formation in a rat zymosan sponge model by 40—-50% at 20—50
mg/kg p.o. Activity was also seen in RAA and CPE, and ulcerogenicity was
reduced relative to (38) and (39). Replacement of the pyrazole by isoxazole
or isothiazole gave similar activity. In contrast with the observation for (44),
replacement of the ¢-butyl groups by methyls gave equal potency against CO
and 5-LO, while methoxy groups increased 5-LO with respect to CO, and
halogen substitution decreased the 5-LO potency.

BI-L-93 (46), from Boehringer Ingelheim, was the best 5-LO inhibitor of
a series of analogues which showed fairly balanced CO/5-LO inhibition in
human ISN (0.67 and 2.7 uM, respectively), and looked like an NSAID in
vivo [141]. The thienyl analogue (47) was an order of magnitude more potent
against CO, and about equivalent against 5-LO. In agreement with the ob-
servation for (44), the dimethyl analogue BI-L-226 (48) showed much
greater potency against 5-LO, with the CO activity essentially unchanged
(0.07 and 1.3 uM, respectively) [142]. Replacement of either methyl group
by a halogen decreased the 5-LO potency but increased the CO activity.
Substitution on or reduction of the olefin reduced potency, while alkylation
on the phenol destroyed activity. The 4-fluorophenyl analogue BI-L-239
(49) was very similar in vitro, but large groups replacing the fluorine of (49),
or at the ortho position, decreased 5-LO activity. In contrast to (36) and
(37), substitution by a carboxyl group destroyed both 5-LO and CO activi-
ty. Unlike the di-#-butyl compounds, (48) and (49) showed very poor oral
activity, but by aerosol (49) blocked hyperreactivity and antigen-induced
bronchoconstriction in sheep, monkeys, and guinea-pigs, and also decreased
cell influx and LT production [143-145]. Release of LO products from a
variety of cell types was also inhibited (0.03—-0.3 uM).

Additional BHT-derived 5-LO inhibitors bear heteroatom-linked 4-sub-
stituents. Searle’s SC-45662 (50) was selective (25:1) for 5-LO over CO in
cRBL (3.7 uM) and in A23187-stimulated RBL-1 cells (7.1 uM) [146]. Be-
sides NSAID-like activity in RAA (down to 10 mg/kg p.o.), SC-45662 also
inhibited GPB (EDj3y 16.7 mg/kg p.o.), and LTB, release from ulcerative
colitis rectal mucosal biopsy samples was decreased [147]. Several patents
have described similar compounds where the alkyl substituent on sulphur
is varied quite widely [148—151]. Oxidation of the distal sulphur was consis-
tent with activity, while replacement of this sulphur with oxygen gave re-
duced potency. Simple alkyl groups, alkylene-linked esters and amides, and
disulphide-linked alkanoic esters were also active in cRBL with similar po-
tency; free carboxylic acids were somewhat less potent. Oxidation of the sul-
phur attached to the phenolic ring destroyed the activity.

The aniline derivative S-26431 (51) from Riker was active in cRBL (1.2



14 ANTI-INFLAMMATORY 5-LIPOXYGENASE INHIBITORS

tBu tBu

HO Me_ _SCH,COOH HO
DO Q-
tBu S Me tBu HN COOH

4M) and human ISN (8.3 xM), but had no effect on platelet thromboxane
production below 200 gM [152]. Oral activity in GPB (20 mg/kg PO) was
seen as well. A series of very similar compounds, where the carboxyl group
of (51) was replaced by a wide variety of substituents at various positions
of the ring, was disclosed in a patent from Otsuka [153]. In agreement with
other SAR reports, replacement of the z-butyl groups by methyls enhanced
5-LO inhibition, but decreased oral activity in CPE.

VITAMIN E AND RELATED 4-OXY-SUBSTITUTED PHENOLS

a-Tocopherol (vitamin E) (52) represents another class of phenolic lipophil-
ic antioxidants, para-substituted by an oxygen atom in a fused saturated
ring. This compound weakly inhibited platelet 12-LO and soybean 15-LO
[154,155], but not epidermal 12-LO [156]. One paper dealing with inhibition
of 5-LO (from potato tubers, 5 uM) has appeared, with covalent modifica-
tion reported [113].

Me
HO. s
(52) —nPr (53)
Me o

A series of related benzoxathiols, represented by (53), potently inhibited
the 5-LO from sonicated guinea-pig neutrophils (0.02-0.5 xM) [157]; re-
placement of the propyl group by ethyl, butyl or phenyl maintained this po-
tency. Inhibition of SRS-A release from antigen-stimulated guinea-pig lung
tissue was also shown (2—6 M), but suppression of rat liver microsomal
lipid peroxidation suggested a relatively nonspecific antioxidant effect.

Merck’s L-651,896 (54) was the lead compound from a series of dihydro-
benzofuranols [158]. L-651,896 inhibited cRBL (1 uzM) as well as platelet
12-LO (5.9 uM). In zymosan-stimulated mouse macrophages, both LTC,
and PGE, release were inhibited (0.1 uM and 1.1 uM, respectively); similar
potency was seen in rat and human ISN. Potent topical activity in AAE was
seen, with LT production and oedema both inhibited at 20-30 nM/ear. LT
levels were also reduced in mouse oxazolone contact sensitivity, but in this
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case swelling was unaffected. Anti-inflammatory actions were also seen in
pig skin arachidonic acid oedema (90% inhibition by 4 ug coinjected with
100 xg of AA) [159], and following topical application in A23187-induced
epidermal hyperproliferation in guinea-pig skin [160]. The lack of systemic
activity was attributed to rapid metabolism.

OH
R
(54) R =H, R H (58)
CHz)asPh
CHZ;,SPh RZ=H
OMe

The SAR for L-651,896 and analogues was examined in human ISN
{161}. Almost any substitution on the parent ring system (55) enhanced its
potency (4 uM). There was shape specificity for 5-LO inhibition, demon-
strated by the greater potency of 6-substituted analogues such as (56) com-
pared to the 4-substituted compound (57) (0.019 uM and 0.12 uM, respec-
tively). Attempts to take advantage of potential hydrogen bonding by
introduction of heteroatoms at various positions in the substituent gave no
improvement; carboxylic acid groups destroyed activity. Branching at the
a-position also reduced activity, indicating that steric hindrance near the
phenol was undesirable. Within a series (4- or 6-substituted), potency corre-
lated very well with overall lipophilicity. This was interpreted as a reflection
of partitioning into cell membranes. Expanding the dihydrofuran ring to a
dihydropyran reduced the activity by 2- to 3-fold, as did replacement of the
ring by a 4-methoxy substituent as in (58) [162]. Fully aromatic hydroxyben-
zofurans were also much less potent. Related dihydrobenzothiophene ana-
logues were recently reported with similar potency in vitro [163].

NAPHTHOLS AND OTHER PHENOLIC COMPOUNDS

Anthralin (59), used clinically as an antipsoriatic, inhibited human ISN (7
4#M); the oxidation products of (59) (the corresponding quinone and dimer)
were not active [164]. A non-specific antioxidant effect was suggested, since
w-oxidation of LTB, and mouse ear 12-LO were inhibited at similar concen-
trations [165]. However, some other phenolic polycyclic aromatic com-
pounds appear more specific in their actions.

In 1985, workers at Syntex described RS-43179 (lonapalene) (60) as a se-
lective 5-LO inhibitor with topical anti-inflammatory activity [166,167]. The
release of 5-LO products from human ISN was inhibited (20 uM), as was
the cRBL system (0.5 uM). AAE was effectively inhibited (1 mg/ear), and
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in TPA-treated mouse ears neutrophil influx (measured by myeloperoxidase
levels) was decreased by 67% at 500 ug/ear, although oedema was sup-
pressed only at higher doses (31% at 1 mg/ear) [168]. In a psoriasis clinical
trial, lonapalene as a 1 % gel gave responses similar to a topical corticoster-
oid (0.025% fluocinolone acetonide) after 4 weeks of thrice-daily application
[169]. A skin-chamber technique was used to measure arachidonic acid and

HO 0 OH OAc OH

OAc
JC, QCC
O cl OR? R?

OAc OMe

(59) ®0)R', R’ =Me 62)R'=nBu, RZ=H (64)
®1)R'+R?=0OCH,0  (63)R'=Et,R°=Et

its metabolites in psoriatic plaques; a 2% ointment caused a significant de-
crease in levels of LTBy, but 12-HETE and arachidonic acid levels were un-
changed [170]. SAR for AAE activity showed that lipophilicity played a
strong role [171], but if the compounds were too lipophilic (such as with
larger alkoxy groups) activity fell off. The best substituent on the fused ring
was chloro, although other groups capable of z-electron donation (other ha-
logens, methoxy) were also effective. Hydrolysis of at least one of the ester
groups appeared essential for activity, since compounds with increasing
hydrolytic stability (pivalate, benzoate) were less potent. The quinones were
essentially inactive. In a related series having the two alkoxy groups incor-
porated in a ring, the optimum compound (61) was about as potent as lona-
palene [172].

A similar naphthol derivative from Upjohn is U-66,858 (bunaprolast)
(62). This compound inhibited the release of LTs from rat peritoneal mono-
cytes (0.44 uM) and reduced the synthesis of LTB, in ionophore-stimulated
blood from rats by 61 % after 50 mg/kg p.o. [173]. Neutrophil adherance and
infiltration in the occluded jugular vein of cats was inhibited following in-
travenous administration, as was endothelial injury [174]. An oral or in-
haled dose of 5-10 mg/kg inhibited bronchoconstriction caused by Ascaris
antigen in rhesus monkeys [175]. Bunaprolast and (63) were the best re-
presentatives of the series [173]. Larger (phenyl) or electron-withdrawing
(ester) groups at the 2- and/or 3-positions caused decreased potency in the
monocyte assay (4—24 uM). The free phenols were also active, but were very
unstable to oxidation; the quinones were about 10-fold less potent, while
methyl ethers were essentially inactive. Substitution at the 5- or 6-position
by methyl or methoxy is tolerated, but poly-methylation in the non-phenolic
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ring led to a decrease in activity. Replacement of the acetate by a variety
of amino acid esters (as HCI salts) provided water soluble analogues; valine
esters were about equipotent with the corresponding acetates [176].

A group at Du Pont found that simple 2-substituted 1-naphthols were
both potent 5-LO inhibitors and topical anti-inflammatories. DuP 654 (64),
currently in clinical trials for psoriasis, was the best of this series [177]. DuP
654 was very potent against cRBL (0.020 uM), with weaker CO inhibition
(3.4 uM against bovine seminal vesicle enzyme). Topical activity was seen
in AAE (11 pg/ear), A23187-induced ear oedema (7 ug/ear) and, less potent-
ly, in TPA-induced ear oedema (700 ug/ear). Levels of 5-LO products and
neutrophil influx in inflamed ears were greatly decreased [178]. Structure—
activity studies [179] showed that various positional isomers were signifi-
cantly less potent against 5-LO than DuP 654, although the CO inhibition
was less sensitive to these changes. Lipophilic phenols lacking the fused ring
system, such as 2,6-dibenzylphenol, were also less potent. Lipophilic aryl-
methyl 2-substituents were favoured in vitro (0.01-0.2 uM) and topically
(10—50 ug/ear), although even 2-methyl-1-naphthol was selective (but less
potent) for 5-LO. The nature of the aryl group was relatively unimportant
(except that carboxylic acid bearing rings were disfavoured), as was substi-
tution in the non-phenolic ring. Substitution at the 4-position by electron-
withdrawing groups reduced potency, as expected for a compound acting
by a redox mechanism. In support of this, the active site iron of soybean
15-LO was reduced by DuP 654, as shown by EPR spectroscopy [180], with
increasingly electron-withdrawing 4-substituents causing a progressive loss
of this ability.

Another recently reported naphthol derivative is E-5090 (65) from Eisai.
Oral administration gave good plasma levels of the deacetylated compound
(66), which is active as a 5-LO inhibitor against cRBL and human ISN (2.5
uM) [181]. Although seminal vesicle CO was not effected, the release of
PGE, from rat synovial cells was (14 uM). E-5090 was anti-inflammatory
in CPE, RAA and collagen-induced arthritis following oral dosing at 10—
100 mg/kg [182]). Compound (66) also inhibited the release of IL-1 from
LPS-stimulated monocytes (5 uM), while E-5090 was similarly active in a
rat air pouch system stimulated with LPS (at 50—200 mg/kg p.o.) [183].

Et OR OAc OH OH

OM R
¢ y 74 Ar ~
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Structure—activity studies showed the hydroxyl group (or the acetate pro-
drug) was required for activity, as was the olefinic bond [184]. Greater lipo-
philicity in the substituent peri to the hydroxyl enhanced potency, but large
size had a negative effect. Removal of the methyl group from the acrylic acid
moiety or conversion to the trans isomer led to a loss of potency, but esters
and amides were acceptable. Increasing the size of the alkoxy group was al-
lowed for good in vitro activity, but potency in the LPS air pouch model
was lost.

Heterocyclic naphthol isosteres have also provided potent 5-LO inhibi-
tors. Heterocyclic analogues of (62) (67; X=0, S or NMe) were about equi-
potent with the isocyclic versions [173]; the same is true of heterocyclic var-
iants of (64) (68; X=0, S or N-alkyl) and the corresponding acetates [185].
In 1986, the hydroxyquinoline N-oxide KF8940 (69), isolated from fermen-
tation broths of Pseudomonas methanica KY4634, was reported as a potent
inhibitor of cRBL (0.15 uM) which was quite selective with respect to inhibi-
tion of 12-LO and CO [186]. The corresponding N-reduced hydroxyquino-
line, MY 12-62c, was 500-fold less potent. The inhibition was later shown
to be noncompetitive [187]. Similar concentrations also inhibited product
release from rat ISN, and significant inhibition of GPB following oral dos-
ing (10 mg/kg) was observed. Structural variations with terminally-func-
tionalized 2-substituents (aminoalkyl, hydroxyalkyl) showed similar in vitro
potency, but carboxyalkyl analogues and shorter-chain versions (hydroxy-
propyl) were 5- to 10-fold less potent; benzylation of the hydroxyl group
also severely reduced activity [188].

Another heterocyclic inhibitor is L-656,224 (70) from Merck [189)]. This
compound was selective for 5-1.O, and reduced product release from rat and
human ISN (0.24 M and 0.16 M, respectively). Purified neutrophil en-
zymes were inhibited with similar potency. Although inactive in CPE, it
showed oral activity in two asthma models (4scaris-antigen-induced bron-
choconstriction in squirrel monkeys and ovalbumin-induced asthma in rats)
at doses below 1 mg/kg. Analgesic activity (yeast-induced pain) was also
seen at the same dose levels. Like some of the naphthol series, an alkyl sub-
stituent (preferably methyl, ethyl or propyl) ortho to the hydroxyl was re-
quired for activity; the #-butyl analogue was less potent, as were analogues
with heteroatom-containing chains at this position [190]. The chloro substi-
tuent provided oral activity, apparently inhibiting rapid oxidation to the
quinone (which lacked in vitro activity). Substitution on the benzyl group
was relatively unimportant, as long as a carboxyl group was not present.

Closely related benzimidazoles such as (71) and (72) showed similar activ-
ity [191]. Besides 5-LO activity in cRBL (1-3 uM), these compounds inhi-
bited rat passive peritoneal anaphylaxis and carrageenan pleurisy, although
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the in vivo and in vitro activities did not correlate. As with other related ser-
ies, the free hydroxyl group was required for activity. Removal of the para-
methyl group caused a significant drop in potency, and replacement of the
benzyl group by an alkyl was acceptable (but led to reduced i vivo potency).
Substitution on the benzyl ring was relatively unimportant, although var-
ious benzyl-substituted analogues showed enhanced in vivo activity in an un-
predictable manner.

Other assorted phenolic heterocycles with 5-LO inhibitory activity have
been reported. E-6080 (73), from Eisai, inhibited cRBL (0.2 uM) and LT
release from antigen-stimulated guinea-pig lung tissue, as well as showing
oral activity against GPB (30 mg/kg) and rhesus monkey bronchoconstric-
tion (3 mg/kg) [192,193]. In guinea pigs, airway cell infiltration and LT pro-
duction were suppressed. Although the phenolic ring of E-6080 shows some
resemblance to vitamin E, a patent application discloses compounds with
a wide variety of substituents on this ring as well as on the amine group
[194]. Compound (74), from Abbott, was the most potent of a number of
4-hydroxythiazoles as a selective inhibitor of cRBL (0.037 uM) [195]. The
phenolic benzofuran (75), isolated from a Chinese anti-inflammatory herb,
inhibited cRBL and ISN (0.08 uM) [196]. Recently, the carbazole carbazo-
mycin B (76), an antibiotic isolated from Streptomyces culture broths, was
reported to inhibit cRBL (1.5 uM) [197].
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QUINONES

Phenolic compounds, particularly those with para-oxygen substituents, are
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readily oxidized to quinones. Likewise, quinones are easily reduced (chemi-
cally and metabolically) to potentially 5-LO-inhibiting hydroquinones. Ta-
keda’s AA861 (docebenone) (77), which might be considered structurally re-
lated to the quinone obtained by vitamin E oxidation, has been one of the
standard 5-LO inhibitors used in various physiological and pharmacologi-
cal studies. Docebenone inhibited 5-LO activity from a variety of sources,
such as cRBL (2.6 M) [198], various crude leukocyte sonicates (0.12—-2.3
#M) [199-201], and purified porcine leukocyte enzyme (4—10 uM) [202].
The release of LTs from antigen-stimulated guinea-pig lung tissue was inhi-
bited with similar potency (0.8 uM) [199,200,203], as were rat peritoneal
macrophages stimulated with A23187 [204] and human ISN [205]. Platelet
12-LO and CO were not affected significantly below 10 zuM [205], but mouse
epidermal 12-LO was inhibited (1.9 zuM) [206]. Specificity for LO inhibition
was questioned by a study in human neutrophils where other effects (de-
granulation, oxygen radical production, and chemotaxis) were altered, ap-
parently independently of 5-LO inhibition [207].

9 ol
Me. Me MeO Me (79)
(77)R = (CHz)3C=C(CHy)3C =CCH,0H

Me R (78)R=CHy3-pyricyl MeQ (/\\/\)ZCHZCOOH
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Docebenone has shown anti-inflammatory effects in several animal mod-
els following local dosing: phorbol ester-induced oedema and neutrophil in-
flux in mouse skin {208,209], arachidonate-induced plasma extravasation in
rabbit skin [210], the pleural reversed passive Arthus reaction in rats [211],
and GPB [212). An oral dose of 80 mg/kg reduced infarct size, LT B, levels
and neutrophil infiltration in a rat myocardial infarction model [213,214],
and in a rat brain ischaemia-reperfusion model oedema and LTC, levels
were reduced at 200 mg/kg [107]. Significant, but not dramatic, improve-
ment in nasal symptoms was seen in humans following 150 mg of doceben-
one twice daily for 8 weeks [215], but there was no effect on bronchial hyper-
responsiveness to acetylcholine in asthmatics [216].

Only limited structure—activity information has appeared for compounds
related to docebenone [199,200]. The side-chain was required for in vitro ac-
tivity, but partial or full saturation of this group had little effect. Replace-
ment of the methyl groups on the benzoquinone moiety by methoxyls also
gave similar activity. A related compound, T22083 (79), was active but less
potent against antigen-induced LT production in guinea-pig lung [203]. Re-
cently, CV-6504 (78) was reported as a dual 5-LO/thromboxane A; synthe-
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sis inhibitor, which is under investigation for chronic glomerular nephritis
[217]. In this case, replacement of the methyls by methoxy groups abolished
5-LO activity (LTB,4 production by RBL-1 cells), as did introduction of
polar substituents on the methylene carbon.

Amino-substituted naphthoquinones and heterocyclic variants have been
disclosed in the patent literature as 5-LO inhibitors. Compounds re-
presented by (80) (X =C, N) from Lilly inhibited SRS-A release from sensit-
ized guinea-pig lung tissue [218]. Similar compounds such as (81) (R?=car-
boxylic ester, acyl, or aryl) and related naphthalene derivatives, from
American Cyanamid, gave good inhibition in guinea-pig ISN (at 10 ug/ml)
and in passive cutaneous anaphylaxis in mice (25-60 M i.p.) [219,220].

0
X ' R?  (80)R'=H, R?= NH-(4-F-CgH,) O (82) R = NH-CgH,-2-COOMe
- I (83) R = N{Me)-cyclohexyl
~ B1) R =CLR% = N) \N R3 (84) R = substituted phenyl
N R =ClR = - (85) R = OH
\__/

An ortho-naphthoquinone derivative from Ciba-Geigy, CGS 8515 (82)
[221], inhibited guinea-pig ISN (0.1 uM) and LT production by ionophore-
stimulated rat and human blood (4.0 and 0.8 uM, respectively) [222]. No
effects on CO, 12-LO or 15-LO were seen below 100 #M. Oral inhibition
of carrageenan sponge inflammation, carrageenan pleurisy, and a rat endo-
toxic shock model was seen down to 5 mg/kg, with significant reduction in
LT levels. Inhibition of increased perfusion pressure caused by immune
complex in sensitized guinea-pig hearts was accompanied by reduced LTC,
production [223]. Although oral activity was seen, bioavailability and dura-
tion of action were poor (T, 21 min). The more water-soluble cyclohexyl-
amine analogue (83) was similar in activity and more bioavailable [224]. The
biaryl analogue (84) approached the potency of CGS 8515, with a 2- to 3-
fold improvement in plasma half-life, by preventing the hydrolytic conver-
sion to (85) seen with the amines [225]. Substituents such as halogen and
methoxy on the phenyl ring of (84) gave greater potency, especially in the
ortho position.

CONJUGATED BUT NON-AROMATIC HETEROCYCLES

In 1983, chlorpromazine (86) and related phenothiazines were reported to
inhibit cRBL (5.6 and 9.6 uM, respectively), selectively with respect to semi-
nal vesicle CO and platelet 12-LO [226]. Heterocycles such as phenothi-



22 ANTI-INFLAMMATORY 5-LIPOXYGENASE INHIBITORS

azines (which are fully conjugated but non-aromatic) are easily oxidized, in-
dicating a possible explanation for 5-LO inhibition.

This redox activity, coupled with the lipophilicity and n-electron charac-
ter (which was felt to mimic the arachidonic acid chain), led a Merck group
to develop a series of substituted phenothiazinones as selective 5-LO inhibi-
tors [227]. The lead compound, L-651,392 (87) was potent in cRBL, a puri-

CH2 NMe2
(86) (87) Br (88) Br

fied porcine leukocyte enzyme, and several whole-cell assays (0.06—0.26
uM) [202,228]. In cRBL, activity was seen only with added NADH or
NADPH, implicating the reduced hydroxyphenothiazine (88) as the active
moiety; these parent phenothiazines also possess activity both in vitro and
in vivo when tested directly [229]. L-651,392 could thus be considered either
as a conjugated non-aromatic or as a quinone-type inhibitor.

Other activities reported for L-651,392 include inhibition of LTCy4 (but
not histamine or PGD,) release from activated human basophils and mast
cells (0.5—1.0 uM) [230], anti-asthmatic effects in various models (1-10 mg/
kg p.o.) [231-233], and topical effects in A23187-induced epidermal prolif-
eration [160] and antigen-induced conjunctival microvascular permeability
[234] in guinea-pigs. Enhanced LTB, production was suppressed in both of
the latter models. An interesting finding was the inhibition of PAF-induced
hyperalgesia in rats following low (0.03—0.3 mg/kg) oral doses [235]. Struc-
ture—activity information for L-651,392 and analogues has appeared only
in patent disclosures [227,229]. The reduced forms are generally more potent
both in vitro and in vivo; removal or masking of the hydroxyl group in (88)
does not greatly reduce potency, but oxidation of the sulphur weakens activ-
ity. Benzo-ring fusion is consistent with 5-LO inhibition [236].

A group at Lilly reported that phenoxazine (89) is a potent inhibitor of
c¢RBL (0.02 uM) [237]. Substitution at the 1-position by carboxylic acid,
ester, or hydroxamic acid groups decreased potency 10- to 30-fold. Substitu-
tion at the 2-position was less destructive of inhibition as long as the substit-
uent was lipophilic (ester, acrylate ester); carboxylate caused a 200-fold loss
of potency. Activity in rat neutrophils has been disclosed for related struc-
tures in patents from Bayer [238]. The second aromatic ring is not required,
as shown by the activity of series exemplified by (90)—(92) [239-242]. Anti-
asthmatic activity was indicated for these compounds, but few details were
given.
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Recently, a series of substituted dihydrothiazines such as (93) was re-
ported by workers at Merrell Dow to display potent inhibition of partially
purified rat neutrophil 5-LO (0.2-2.0 zM) [243]. Substitution on the phenyl
group or variation of the benzyl to other alkaryl had little effect on activity,
but replacement of the benzyl by alkyl or hydroxyalkyl reduced potency
about 10-fold. Replacement of the phenyl substituent by benzoyl reduced
potency, while reduction of the trisubstituted double bond completely de-
stroyed activity. No anti-inflammatory activity was reported for this series.

The antioxidant ethoxyquin (94) is conceptually similar to (88) in that it
contains a benzene ring with two heteroatoms in a 1,4-relationship, one of
which lies in a dihydroaromatic ring. This compound was reported to inhib-
it the release of LO products from rat ISN, although it was more potent
against CO [244]. Orally-dosed ethoxyquin inhibited cell influx in a rabbit
hydronephrotic kidney model [245], and was anti-inflammatory in guinea-
pig UV erythema [246]. No relationship was drawn between these activities
and 5-LO inhibition.

COMPOUNDS CONTAINING HETEROATOM-HETEROATOM
BONDS

Perhaps the first compound to excite great interest in LO inhibition was
phenidone (95), a photographic developing agent which inhibited both CO
and the 12-LO from horse platelets [247]. Ir vivo, the related more potent
3-aminopyrazoline BW-755¢ (96) [248] inhibited not only CPE, but also
leukocyte influx in carrageenan sponge oedema, an action not seen with
classical NSAIDs {249}. Inhibition of 5-LO product generation was soon re-
ported [250-252]. Since then, numerous reports of activity with a wide
range of potencies in many enzyme, cell, tissue and animal models have ap-
peared, and phenidone and BW-755¢ emerged as standard agents for phar-
macological exploration of the LO pathways. Although clearly exhibiting
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activities not typical of NSAIDs, the anti-inflammatory effects of BW-755¢
in some models have been attributed by some workers [253,254] largely to
CO inhibition. More recently, these compounds have fallen from favour as
standard 5-LO inhibitors, due to mechanistic inconsistencies and questions
about their specificities. Nevertheless, phenidone and BW-755c provided an
early impetus for seeking more potent and selective compounds.

GO " O

(95) (96) R=H (98) X =CH,
(97) R=Me (99) X =NH

Thorough structure—activity studies for the pyrazolidinone and 3-amino-
pyrazoline series have not been published. Two early reports indicated that,
at least for CO and 15-LO activity, separation of the aromatic ring from
the nitrogen by an alkylene chain, ketone or sulphonyl group greatly de-
creased activity [255,256]. N-Methylation provided BW-540c (97), which
was more potent as a 5-LO and CO inhibitor in rabbit leukocytes (0.4 uM
and 1.2 uM, respectively) [257]. Potency peaked at the n-propyl derivative
(0.04 uM and 0.3 uM, respectively). BW-540c was also topically effective
in guinea-pig UV erythema, reducing oedema, epidermal necrosis and leu-
kocyte infiltration [258]. Recently, derivatives of phenidone have been re-
ported as well [259]; C-alkylation with lipophilic groups alpha to the car-
bonyl was acceptable, while N-methylation destroyed in vitro activity. A
quantitative SAR study of the phenyl ring of BW-755¢ with respect to activ-
ity in the reverse passive Arthus reaction showed that electron-donating
substituents were better than electron-withdrawing ones, and that large sub-
stituents were disfavoured, especially in the ortho position [260].

Ring-expanded versions of phenidone have also been reported. Abbott’s
A-53612 (98) was selective for 5-LO, inhibiting cRBL (4 4M), human and
rat ISN (1 gM), and immune complex-induced LT biosynthesis in rats (6
mg/kg p.o.) [261]. Unfortunately, like BW-755¢ and its analogues, A-53612
caused methaemoglobinaemia in rats and dogs. The perhydro-1,2,4-triazin-
3-one analogue A-65260 (99), however, did not have this effect [262]. A-
65260 was otherwise very similar to A-53612 both in vitro and in vivo, having
equal or slightly reduced potency. According to a patent disclosure, the py-
ridazinones were generally more potent than the triazinones; enhanced lipo-
philicity (by substitution on the 1-phenyl or the heterocyclic ring) increased
potency, while electronic effects on the 1-aryl substituent appeared to play
a minor role [263].
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BW-755¢ and its congeners can be considered as reducing agents either
because they are dihydroaromatic compounds, or because of the presence
of a hydrazine moiety, which is easily oxidized. In the latter vein, the amid-
razone CBS-1114 (100) inhibited platelet CO and 12-LO, the release of 5-
LO products from human or rabbit neutrophils (1—10 xM), and leukocyte
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NH, [\ H NH
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infiltration in a rat air-pouch model [264,265]. The hydrazone CBS-1108 (101)
was similar, and also inhibited croton oil ear oedema [266,267]. A similar
in vitro profile was retained by analogues with a variety or aryl groups at
either end of the molecule [268]. Simple aryl hydrazones also inhibited soy-
bean 15-LO, rat medullary CO, and human ISN [269,270]. Workers at
Wyeth showed anti-inflammatory activity for guanabenz (102), an «,-adreno-
receptor agonist and centrally-acting antihypertensive, in a variety of ani-
mal models [271]; inhibition of both PG and LT release from rat ISN and
from zymosan-stimulated mouse macrophages was seen (10—30 zM). These
activities were not seen in the structurally similar antihypertensive clonidine,
which does not contain the N—N bond present in (102). Pyrazolecarboxylic
hydrazides such as (103), which suggest acyclic analogues of phenidone, in-
hibited soybean 15-LO with submicromolar ICs, values and were inactive
against CO, yet showed activity in CPE and RAA [272].

A series of indazolinones, represented by ICI 207968 (104) [273], might
be considered benzo-fused analogues of phenidone. ICI 207968 inhibited
c¢RBL (3.3 uM), and LT production by stimulated mouse macrophages and
ionophore-stimulated human and rat blood with similar potency. Ex vivo
activity in whole blood indicated oral bioavailability. Some analogues inhib-
ited CO as well, but ICI 207968 itself was highly selective (ca. 300-fold) for
5-LO. Inhibition of plasma extravasation and neutrophil influx following a
single oral dose of 100 mg/kg was seen in rabbit skin inflammation induced
by arachidonic acid injection. Gastroprotection was also seen at this dose
following oral challenge with either ethanol or indomethacin [274]. Short-
lived oral activity was recently reported in rat Arthus pleurisy (2.2 mg/kg),
with reduction in LTB, levels but not in fluid volume or cell influx [48].

A recent SAR report [275] indicated that unsubstituted indazolinones in-
hibited 5-LO (2 M), but without oral activity or selectivity (with respect
to CO). Substitution on the 1-nitrogen had no effect, while substitution on
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oxygen or both nitrogens destroyed activity. Phenyl and methyl groups re-
placing the pyridylmethyl of (104) gave greater potency, but poorer selectiv-
ity and oral activity. Benzyl and heterobenzyl groups gave the best profile;
lengthening the linking group beyond one methylene had little effect. The
I-naphthylmethyl analogue was potent and selective, while the 2-naphthyl
analogue had increased CO activity (and hence less selectivity). The 1-naph-
thylethyl analogue (106) showed good stereoselective action; the (R) enan-
tiomer was very selective for 5-LO over CO, while the (S) enantiomer was
less potent and much less selective. This is one of only two reports of stereo-
selective 5-LO inhibitors (the other being (146) from ICI). Compounds of
this series had oxidation potentials less than 1.0 eV; although redox activity
was required for 5-LO activity, it was not sufficient, since a variety of ana-
logues having essentially the same oxidation potential had in vitro 5-LO ICy,
values ranging from 0.2—14 xM. Unfortunately, methaemoglobinaemia was
observed in animals; the amide derivative (105), a poorer reducing agent,
was safer but also less orally active.

A fully aromatic pyrazole derivative, FPL 62064 (107), also inhibited 5-
LO in the usual cellular and enzymatic systems, but was not selective with
respect to CO [276]. This compound inhibited AAE (EDs, values against
PGE,, LTC,4, and oedema were 3.7,28.3, and 40.8 ug/ear, respectively),
guinea-pig UV-induced erythema and phorbol ester ear oedema. The activi-
ty for FPL 62064 was also attributed to its antioxidant activity; presumably
in this case the 4-methoxyaniline group is the redox-active moiety.

Other compounds containing heteroatom-heteroatom bonds have been
reported as 5-LO inhibitors. Diphenyldisulphides and substituted ana-
logues, as well as disulphiram (108), inhibited cRBL and LT release from
zymosan-stimulated mouse macrophages (0.3—-20 xM) [277, 278]. A number
of thiosulphinate esters such as (109) and related compounds, isolated from
onion and garlic, were likewise active in cells and cell-free enzymes over the
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same concentration range [279, 280]. These compounds were antiasthmatic
in GPB following oral dosing at 20 mg/kg. Bay 08276 (110), a sulphenam-
ide, inhibited the production of 5-, 12-, and 15-LO products from neu-
trophils and platelets, but was much less potent toward CO products [281].
Topical activity was seen in a rabbit re-epithelialization model and in im-
munogenic keratitis [282]. A wide variety of nitrogen heterocycles replacing
the triazole of (110) gave similar activity [283].

HYDROXAMIC ACIDS AND RELATED COMPOUNDS

In 1984, Corey and co-workers reported that N-hydroxyarachidonamides
(111) were potent reversible inhibitors of cRBL (0.03—-0.2 uM) [284]. Alky-
lation on nitrogen increased the inhibitory potency significantly, and trun-
cation to (112) still gave activity (1.9 uM). An alternative approach at Ab-
bott placed the hydroxamic acid moiety in the 5-position, giving analogues
of 5-HPETE such as (113) which also inhibited cRBL [285].

The ability of hydroxamic acids to chelate iron provided the rationale for

CONHOH

- CH,);CON(R)OH — —
— — — —= CsHyy

(111) {R = H, Me, nBu} (112) (113)

this approach, since iron is a critical part of the active site of 5-LO. In fact,
desferrioxamine (114), a clinically used iron chelating agent, has been re-
ported to inhibit reticulocyte 15-LO [286], but in rat ISN no effect was seen
at low concentrations while stimulation of LTB4 and TXB, release was seen
at higher doses (up to 500 £M) [287]. The moderate anti-inflammatory ef-
fects reported for high doses of desferrioxamine in several animal models
[288,289] may be due to sequestering of free iron, decreasing oxygen radical
production, rather than to a specific effect on arachidonate metabolism.

Although the simple hydroxamate analogues of arachidonic acid showed
no anti-inflammatory activity, the concept prompted a number of research
groups to explore hydroxamic acids with more stable lipophilic residues.
This approach has yielded some of the most interesting anti-inflammatory
5-LO inhibitors reported to date.

A series of aralkylhydroxamic acids from Bristol-Myers is represented by
9-phenylnonanohydroxamic acid (BMY 30094) [290]. This compound in-
hibited the production of 5-HETE by human ISN (5.8 uM), with about one
third that potency against CO and 12-LO in platelets. Alkylene chains
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shorter than 6 or longer than 11 carbons gave inactive compounds (> 100
uM). Alkylation (methyl or isopropyl) on nitrogen greatly improved po-
tency (<1 uM). Small substituents on the phenyl ring (methyl, methoxy,
chloro) had little effect on potency, but larger substituents (butyloxy) led
to greatly decreased activity. BMY 30094 showed topical anti-inflammatory
activity in AAE and phorbol ester ear oedema ( 550 and 375 ug/ear, respec-
tively). In a carrageenan sponge model, a 5% solution inhibited neutrophil
accumulation by 97%, but no oral activity was seen [291].

A patent from Ortho disclosed naphthoylvalerohydroxamic acids which
inhibit 5-HETE release from RBL-1 cells (0.1 uM) and also showed oral ac-
tivity in RAA [292]. The most potent compound (51% at 50 mg/kg) was the
N-isopropyl analogue (115). Although only the hydroxamic acids inhibited
5-LO activity, simple acids and esters showed comparable RAA activity,
suggesting that the hydroxamic acids yielded an anti-inflammatory carbox-
ylic acid metabolite.

Recently, hydroxamic acid derivatives of common NSAIDs (meclofen-
amic acid, indomethacin, sulindac, and ibuprofen) were evaluated at
Warner-Lambert [293]. The order of 5-LO inhibitory potency (in RBL-1
cells) for these derivatives was CON(Me)OH > CONHOH > CONH(OMe)-
>COOH. The CO potency ranking was exactly opposite, although the best
5-LO inhibitors still possessed significant CO activity. Whether the observed
oral activity in CPE was due to carboxylic acid metabolites or to the intrin-
sic activity of the hydroxamic acids was not clear. The more active 5-LO
inhibitors were less ulcerogenic in fasted rats.

Hydroxamic acids have been extensively investigated at Abbott, where a
hypothetical binding site hypothesis was based on examination of many
simple w-aralkylhydroxamic acids [294]. Several series of conjugated hydr-
oxamic acids were explored based on this hypothesis, yielding potent 5-LO
inhibitors (0.02—-2 uM) exemplified by (116)—(119). The most potent of
these (119) also inhibited purified porcine leukocyte 5-LO (0.5 uM) [202].
As other workers have found, N-methylation was beneficial for potency.
Activity was also seen in a rat peritoneal anaphylaxis model following i.p.
(0.2 mg/kg), but not oral, dosing [47].

Related benzohydroxamic acids such as (120), with similar properties,
were reported from Roussel [295]. Additional cinnamohydroxamic acids, re-
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presented by (121) from Ortho [296], CGS 22745 (122) from Ciba-Geigy
[297], and LY 233469 (123) from Lilly [298], also showed similar in vitro po-
tency. Compound (121) inhibited arachidonic acid-induced bronchospasm
in guinea-pigs, but only following i.v. administration. Surprisingly, (122)
showed good oral bioavailability in dogs and rats, inhibiting ionophore-
stimulated LT production in whole blood (3 mg/kg 3 h after dosing) and
carrageenan pleurisy (significant inhibition of cell accumulation and exu-
date volume at 10 and 30 mg/kg p.o.). N-Hydroxyquinolones such as Ab-
bott’s (124) and (125), which can be considered as cyclized versions of the
benzohydroxamic or cinnamohydroxamic acids, respectively, were active
but less potent (1-10 M vs. cRBL) [299].
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(121) ', R? = OMe, R® = H (124) (125)
(122) R' = 2 5-dimethyl-1-pyrrolyl, R%, R®=H
(123)R', RZ=H, R’ = SMe

The oral inactivity of (116)—(119) was shown to result from rapid and
complete metabolic hydrolysis to the inactive carboxylic acid. Non-conju-
gated 2-arylacetohydroxamic acid derivatives such as (126) gave better oral
activity in the rat peritoneal anaphylaxis model, although in vitro 5-LO po-
tency was somewhat reduced with respect to the conjugated analogues (0.3—
5.0 uM) [47]. Serum level measurements indicated good absorption and
metabolic stability, particularly if the a-carbon was methyl-substituted. Di-
substitution or enlargement of the a-methyl caused poorer absorption. As
usual, N-methylation enhanced potency and duration of action, but larger
N-substituents reduced absorption. Compound (126) (in vitro 0.28 uM) was
the best analogue reported, giving serum concentrations of 8.4 uM (20 min)
and 7.9 uM (60 min) after a single oral dose of 100 mg/kg; the EDs, was
40 mg/kg.
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A group at Rorer studied in more detail compounds lacking the a-methyl,
such as (127) (RG 6866) [300,301]. Good activity was seen in crude guinea-
pig neutrophil 5-LO and in guinea-pig and human ISN, as well as topical
activity in AAE. N-Substituents as large as benzyl were compatible with
good in vitro activity, but only N-methyl analogues were orally bioavailable
(guinea-pig systemic anaphylaxis), in agreement with findings from Abbott.
Interestingly, the SAR with respect to inhibition of 12-LO from rat platelets
was different; this activity seemed much more sensitive to steric hindrance
about the nitrogen atom.
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The Abbott group has published the results of a quantitative SAR study
incorporating many of the series discussed above [302]. The inhibitory activ-
ity (in cRBL) was found to correlate most strongly with the molecule’s over-
all lipophilicity, which could take a variety of forms in agreement with the
results reported by others [290,296, 300]. However, hydrophobicity in the
immediate vicinity of the hydroxamic acid, as well as greater than 12 A
away from this moiety, did not greatly influence potency. The adjusted lipo-
philicity coefficient in the correlation equation was 0.57, interpreted to indi-
cate approximately 50% desolvation of the inhibitor on binding to the en-
zyme. This might imply that the active site lies either on the surface of the
enzyme or in a shallow trough. Additional findings of the study supported
the desirability of N-alkylation and conjugation of the hydroxamic acid
moiety, and also indicated that electron-poor aromatic rings are desirable.

The hydroxamic acids reviewed so far have the large lipophilic group at-
tached to the carbonyl, and a small alkyl group on nitrogen. Reversal of
this pattern (dubbed ‘type A’ by the Abbott workers) to yield N-substituted
acetohydroxamic acids (‘type B’) afforded surprising increases in oral po-
tency without affecting in vitro activity. Abbott’s A63162 (128) [303] was 2-
to 5-fold more potent in rat peritoneal anaphylaxis than the corresponding
arylacetohydroxamic acid (126) [304]. Peak serum levels for (128) and (126)
were 140 yM at 2-3 h and 15 gM at 30 min, respectively, with serum half-
lives following suit. While the major metabolic pathway for (126) was hy-
drolysis to the carboxylic acid, only glucuronic acid conjugation was seen
for (128). SARs were very similar to those observed for the arylacetohydr-
oxamic acids [305]: methyl was favoured on the carbonyl group, the best
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group linking the aryl moiety to the nitrogen was CH(Me), and lipophilic
substituents on the phenyl ring, preferably in the para position, were opti-
mal. Heterocycles such as benzothiophene, benzofuran, N-methylindole,
and dibenzofuran could also serve as the aryl group [306,307].

Closely related type B hydroxamic acids have been studied at Burroughs
Wellcome also. Several reports have appeared dealing with three analogues:
BW-A4C (129), BW-A137C (131), and BW-A797C (132) [308] These com-
pounds reversibly inhibit LTBy4 synthesis by human leukocyte homogenates
(0.1-0.8 uM) and in intact cells, and are quite selective for 5-LO inhibition.
BW-A4C inhibited LTB, release from ulcerative colitis mucosal biopsy
tissue [309]. These compounds are orally bioavailable, inhibiting LT release
from ionophore-stimulated blood for up to 6 h after a 50 mg/kg oral dose
in rats [310]. Oral anti-inflammatory effects were seen in GPB and a rat car-
rageenan sponge model, but not in CPE [52,311]. Inhibition of 5-LO prod-
uct generation induced by ethanol in rat gastric mucosa was observed, but
mucosal damage was unchanged [312]. BW-A4C and BW-A137C have also
been reported to inhibit the proliferation of lymphocytes in response to IL-

R

(129)R=H (131 (132)
(130) R =Me

1, IL-2, mitogens and antigens [313], but this effect was probably unrelated
to 5-LO inhibition, since 40-fold higher concentrations were required and
excess arachidonic acid failed to reverse the effect. Recently BW-B218C
(130), showing better oral bioavailability than the other analogues, was dis-
closed [314,315].

Conversion of the type B hydroxamic acids to hydroxyureas led to further
enhancements of oral bioavailability and irn vivo potency. Abbott’s (133)
[316,317] and BW-B70C (135) from Burroughs Wellcome [315,318] are ex-
amples. A direct comparison of the type B hydroxamic acid (134) and the
hydroxyurea (133), as well as the type A and type B compounds (126) and
(128), is shown in Table 1.1 [304,316]. Methylation on the N'-position of the

Me O Me O
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Table 1.1 COMPARISON OF TYPE A AND TYPE B HYDROXAMIC ACIDS AND A

HYDROXYUREA Me

Rt R2

Ph/l\O

Compound (126) (128y (134)> (133)°
Class type A type B type B urea
R! H H Me Me
R? -CON(Me)OH  -N(OH)Ac -N(OH)Ac N(OH)CONH,
cRBL ICs 0.28 uM 0.37 uM 0.50 uM 0.62 uM
In vivo EDy* 40 mg/kg 8 mg/kg 22 mg/kg 9 mg/kg
Plasma half-lifed 0.4 h I.1h 6.0h 56h
Plasma level® 8 uM 110 uM 126 uM 259 uM
2 Data from Ref. [304] dRat, i.v.
b Data from Ref. [316] ¢ Rat, 1 h after 100 mg/kg p.o.

¢ Rat peritoneal anaphylaxis, p.o.

ureas had little effect on in vitro potency [306,307,317]. Heteroaryl ana-
logues (thiophenes, benzothiazoles, carbazoles, dibenzofurans, indoles, ben-
zofurans and benzothiophenes) were similar [306,307,319,320], and N'-
hydroxyurea derivatives of NSAIDs such as indomethacin have also been
reported [321].

The benzothiophene analogue A64077 (zileuton) (136) is one of the more
interesting 5-LO inhibitors studied to date [322—324]. Zileuton inhibited
cRBL (0.5 uM) and human ISN (0.7 uM), was specific for 5-L.O, and was
orally active in rat peritoneal anaphylaxis (3 mg/kg) and rat Arthus pleurisy
[48]. In phase I studies, dose-dependent inhibition of LTB,4 synthesis in ion-
ophore-stimulated blood was seen after oral dosing; the serum half-life was
130 min, with peak levels at 1-2 h. Promising activities have been reported
in a number of diseases at daily doses of 800 mg/kg. Following antigen-in-
duced nasal congestion, overt symptoms as well as LTB4 and 5-HETE levels
in nasal secretions were reduced [325]. The response of asthmatic patients
to cold air induced bronchoconstriction was lessened [326]. Symptomatic
improvements were seen in ulcerative colitis [327], with greatly decreased
LTB, levels in rectal dialysis fluid up to 8 h after a single dose [328]. Prelimi-
nary indications of efficacy in rheumatoid arthritis have also been reported
[329].

?H

OH\ NH.
2 nPrO. N
©:\>—<N\\( “Me
o]
s Me

(136) (137)



D.G.BATT 33

Although the original rationale for 5-LO inhibition by hydroxamic acids
was iron chelation, this functional group also contains an N-O single bond
which is capable of oxidation. Hydroxamic acids can act as pharmacologi-
cal reducing agents [330], and some examples have been shown to reduce
the iron atom in soybean 15-LO [180]. Interesting in this respect are reports
that N-alkylhydroxylamines, which are not chelating agents, also inhibit
soybean 15-LO (10500 uM) [331]. A series of potent 5-LO-inhibitory N-
aralkylhydroxylamines was investigated at Sandoz [332]. N-Alkylhydroxyl-
amines were found to be mixed CO/S5-LO inhibitors (approximately equi-
potent against seminal vesicle CO and LTB, release from human ISN). As
was seen in various hydroxamic acid series, O-methylation increased CO po-
tency and decreased 5-LO potency, while N-methylation had the opposite
effect, and larger N-substituents decreased activity. Using an active-site
binding hypothesis similar to that proposed by the Abbott group [294], ana-
logues with 7-substituted 2-naphthyl moieties, exemplified by QA 208-199
(137), were found to give the best 5-LO potency (0.1-1 gM). Moving the
substituents of (137) around the ring gave only minor reductions in potency,
except for the 1,8-isomer which was much worse. QA 208—199 also signifi-
cantly inhibited the formation of LTB4 and HETEs from labelled arachi-
donic acid incubated with homogenized human psoriatic plaque (43 % inhi-
bition at 10 xM) [333].

MISCELLANEOUS STRUCTURES

15-HETE (138) is known to inhibit 5-LO [334]. A group at Revlon created
a series of combined 5-LO inhibitors/LT antagonists derived conceptually
from the structure of 15-HETE. REV 5901A (139) [335], the best of the se-
ries, inhibited S-HETE release from rat ISN (0.12 M) and was fairly selec-
tive with respect to CO and 12-LO inhibition. The quinoline could be re-
placed by another lipophilic aromatic group, but potency decreased
(naphthalene was 40-fold less potent, and substituted phenyl was 5- to 20-
fold less active). Pyridines were active but also less potent; 2-pyridyl was
only 4-fold less active, while 3- and 4-pyridyl were 20-fold weaker. Ortho-
and para-substituted phenylene groups were less active. Elimination of the
side-chain hydroxyl to the olefin caused a loss of activity, as did the use of
shorter alkyl chains.

REV 5901A inhibited antigen-induced LT secretion from guinea-pig lung
tissue at concentrations of 1-10 uM [336,337]. LTDy4 receptor binding an-
tagonism (K; 0.7 uM in guinea-pig lung) was also observed, as was oral in-
hibition of GPB induced by antigen [335] or by LTD4 [338] at 10 mg/kg.



34 ANTI-INFLAMMATORY 5-LIPOXYGENASE INHIBITORS

However, no effect was seen in humans challenged with inhaled LTDy, fol-
lowing a 1 g oral dose [339].

OH Na 0 R
HOOC(CHs), | CeHy; _ ©/

= X (139) R = CHOHCsH4
(140) R = N(OH)COCH;CH,COOMe
(138) (141) R = NHSO,CF;

This lead has been pursued extensively at Wyeth-Ayerst, resulting in sev-
eral additional series of active compounds (reviewed in [340]). Activity was
retained by replacement of the quinoline by other benzo-fused heterocycles
such as benzothiazole and N-methylbenzimidazole, but the benzoxazoles
were inactive; no correlation was seen between in vitro and in vivo activities
[341].

Ester- and amide-containing side-chains provided compounds such as
Wy-45911 (140) with similar activity [342—344]. In this series, the corre-
sponding naphthalene analogue was slightly more potent as a 5-LO inhibi-
tor in vitro (0.6 uM) than (140) (1.4 uM), but was weaker in vivo as an LTD,
receptor antagonist. The carboxylic acid was less potent; reduction of the
hydroxamic acid to the amide also ruined activity. Wy-45,911 was the most
potent analogue in vitro and was the only one to show in vivo inhibition of
GPB (76% inhibition at 50 mg/kg p.o.). This compound would have been
developed as an anti-asthmatic except for mutagenicity in the Ames test
[342].

Other compounds with acidic groups on the phenylene unit have proven
interesting. Wy-48,252 (141), in clinical trials for asthma, was the most in-
teresting of a series of sulphonamides [340,345,346]. This compound inhibit-
ed PG as well as LT biosynthesis in a variety of cell models (2—10 uM), and
was very potent against GPB (0.1-0.6 mg/kg). Non-fluorinated alkylsul-
phonamides, which are weaker acids, were much less potent. A naphthyl an-
alogue, Wy-48,090 (142), was somewhat less potent in the bronchoconstric-
tion models, but showed activity in CPE (63% at 50 mg/kg p.o.) and in
phorbol ester ear oedema (34% at 1 mg/ear topically); this compound was,
however, mutagenic [340]. Additional related compounds bearing carboxyl-
ic acid-containing groups on the phenylene moiety have been disclosed as
5-LO inhibitors in patents from Bayer [347,348] and Leo [349].

Wy-49,232 (143), in which the NSAID naproxen is incorporated in place
of the substituted phenylene moiety, was surprisingly devoid of CO activity
in rat neutrophils, but was a potent 5-LO inhibitor (0.16 uM) [340]. Al-
though both enantiomers were equipotent, the S-(+ )-isomer of (143), Wy-
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(142) R = NHSO,CF,
(143) R = CH(Me)COOH (144)

50,295, was selected for development [350]. Oral activity in CPE (75 mg/kg)
and in mouse zymosan peritonitis (12 mg/kg) was seen; in the latter model
peritoneal LTC, levels were significantly reduced. Other models where oral
activity was seen include rat Arthus pleurisy [48], GPB (7.3 mg/kg), AAE
(12.7 mg/kg), and ulcerative colitis in cotton top tamarin monkeys.

The unsubstituted 1-naphthyl compound Wy-47,288 (144) was inactive
orally, but showed topical activity in several models (AAE, phorbol ester
ear oedema, oxazolone-induced contact sensitivity, and UV erythema)
[351]. In rat neutrophils, Wy-47,288 showed selectivity for 5-LO over CO
(0.4 and 6.3 uM, respectively), and was even more selective in mouse macro-
phages.

Similar naphthalenemethyloxyphenyl compounds were recently reported
from ICI as potent, selective 5-LO inhibitors which displayed no antioxi-
dant or iron chelation properties [352]. ICI 211965 (145) was active against
crude guinea-pig neutrophil 5-LO (0.13 M) and inhibited LT release by
ionophore-stimulated rat blood (0.3 uM), and was selective for 5-LO over
CO in mouse macrophages (8 nM and > 50 uM, respectively). Ex vivo activ-
ity was seen in rat blood 1 h after oral dosing (10 mg/kg). Replacement of
the ethyl group by hydrogen or methyl decreased activity, as did conversion
of the methoxy to a hydroxy. Meta substitution on the phenylene ring was
greatly preferred (by a factor of about 100), in agreement with the Wyeth-
Avyerst findings. A tied-back analogue, ICI 216800 (146) showed stereospe-
cific inhibition, with only the (+ )-isomer active; this is one of only two re-
ported examples of enantiospecific inhibition of 5-LO. ICI 216800 also in-
hibited arachidonic acid-induced skin inflammation in rabbits when
coinjected with the inflammogen [353]. The cycloalkane analogue (147) and
other related structures have also shown selective 5-LO inhibition (0.2 uM)
[354-356].

Diaryl 2,3-dihydroimidazo[2,1-b]thiazoles in which one of the aryl groups

PGP S oo

(145) (146) (147)
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is pyridyl, from Smithkline Beecham, are dual CO/5-LO inhibitors. SK&F
86002 (148) inhibited production of LTC4 and PGE, in human monocytes
(20 uM and 1 uM, respectively), in cRBL, and against purified RBL-1 5-LO
(35 uM) [68,357]. Oral activity (10—50 mg/kg) was seen in standard inflam-
mation models including CPE, RAA, and collagen-induced arthritis. Inhibi-
tion of oedema and neutrophil influx in AAE and arachidonate-induced
peritonitis, where classical NSAIDs are inactive [358—-360], was also seen.
Recently, SK&F 86002 was found to inhibit the production of IL-1 and tu-
mour necrosis factor from human monocytes stimulated with LPS (1.3 uM
and 5-8 uM, respectively) [361,362]. Inhibition of helper T-cell functions
[363] and of endotoxin shock [364] was felt to be related to effects on lym-
phokines. The mechanism for these effects was not known, but was felt not
to be a consequence of 5-LO or CO inhibition, since in human monocytes,
inhibition of IL-1 production and 5-LO product release were not correlated
for 16 members of the (148) series [365].

NZ N
| |

A N/j( (148) R=F,X=8 A N\ 15

(149) R=F, X=CH, 53
‘ N/>/ (150) R=MeO, X =C l >\S
(151) R =MeS(0), X N\J
(152) R=MeS, X = c
R F

A related series of diaryl pyrrolo[1,2-a]imidazoles, represented by SK&F
104351 (149), 104493 (150) and 105809 (151), has been reported to show
similar profiles [360,366]. In mice and rats, SK&F 105809 was a prodrug
for the active methyl sulphide SK&F 105561 (152), which was about 10-fold
more potent in vitro than SK&F 86002 [367]. The in vivo profile of SK&F
105809, which is reported to be in clinical trials, was similar to that of SK&F
86002.

Only sketchy structure—activity information has appeared in print for
these series. For the imidazothiazoles, only the regioisomer represented by
(148) was active in RAA; the alternative structure (153) was devoid of activi-
ty [368]. In the pyrroloimidazole series, alkoxy-, alkylthio-, and fluorophen-
yl derivatives show similar activity against the RBL-1 enzyme and in AAE
[369,370]. Although these compounds are not obviously reducing agents like
many other 5-LO inhibitors, they have been shown to undergo reversible
oxidation, with electron-rich aryl rings having the lowest oxidation poten-
tials; (148) oxidizes reversibly but only at higher potentials [371]. No corre-
lation of oxidation potential with 5-LO inhibition was reported.

Tepoxalin (RWJ 20485) (154) is a hydroxamic acid derivative which in-
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hibited RAA (2 mg/kg p.o.) and urate-induced synovitis in dogs, with no
gastrointestinal toxicity (reviewed in [372]). Both 5-LO (cRBL-1: 0.15 zM)
and CO (ca. 1 uM) were inhibited in vitro. In vivo activity reflecting 5-LO
inhibition was seen following i.v. (GPB) or topical (phorbol ester ear oede-
ma, AAE) administration, with biochemical verification of reduced 5-LO
4~MeO-Ph\N/N
\\ CH,CH,CON(Me)OH
4-Cl-Ph (154)

products, but oral activity in these models was very weak. According to a
patent application [373], similar oral activity in RAA and dog synovitis was
seen with simple carboxylic esters, implying that the hydroxamic acid
moiety is not the pharmacophore in these models. Possibly the S-L.O activity
seen in vitro and topically is due to the hydroxamic acid moiety, while me-
tabolism to the carboxylic acid following oral dosing gives rise to the more
NSAID-like activity in RAA.

Members of one major series of CO-inhibitory NSAIDs, represented by
piroxicam (155), are enolic acids [374]. A few somewhat related compounds
have been reported as mixed CO/5-LO inhibitors, although the CO potency
was significantly greater than the 5-LO potency. For example, L-652,343
(156) is representative of a series from Merck which inhibited RBL-1 5-LO
(2.0 uM) and rat and human ISN (0.62 and 1.4 uM, respectively), but was
much more potent against PGE; release from rat neutrophils (1 nM) [375-
377]. L-652,343 showed NSAID-like effects in CPE, RAA and collagen-in-
duced arthritis (10—30 mg/kg), but also inhibited both LTC,4 and prostacyc-
lin generation in mouse zymosan peritonitis. Curiously, in ionophore-stimu-
lated human blood, TXB, formation was inhibited, but LTB4 production
was not. The same result was seen in human psoriatic plaques, where no
disease improvement occurred [378].

Pfizer’s tenidap (CP-66,248) (157), another enolic compound, was also
more potent (500-fold) toward CO over 5-LO inhibition in human ISN
(0.032 uM and 18 uM, respectively) [379—-381]. Efficacy in rheumatoid ar-
thritis clinical trials has been reported [380,382]; in patients, serum levels of
acute phase proteins and synovial fluid levels of IL-1 were reduced by teni-
dap, in contrast to the lack of this effect with NSAIDs. Besides CO/S-LO
inhibition, a variety of in vitro activities have been reported, including a
number of effects on monocyte functions and differentiation [379], inhibi-
tion of neutrophil degranulation [382], inhibition of the activation of neu-
trophil collagenase [383], inhibition of leukocyte-endothelial cell adhesion
[384], and inhibition of LTB4induced neutrophil chemotaxis [385]. Al-
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though tenidap differs from classical NSAIDs, the mechanism of the effi-
cacy in rheumatoid arthritis, and whether 5-LO inhibition plays a role, ap-
pear at present unclear. Actions at an early stage of cellular signal transduc-
tion (G proteins, protein kinase C) have been proposed [380,383].

Recently, several series of tetracyclic analogues related to tenidap, re-
presented by (158) (X =S, O, or CH,; R =aryl), have been reported to dis-
play a better balance of 5-LO and CO inhibition [386]. However, these com-
pounds may also be considered as modified phenothiazine, phenoxazines,
and acridines, and the enhanced 5-LO inhibition may be more closely relat-
ed to that of other phenothiazines such as (88).

Another compound structurally related to the oxicams is RU 43526 (159)
[387], which gave approximately equipotent inhibition of seminal vesicle CO
(2.1 gM) and of rat ISN (3.0 uM). Removal of the 2-substituent had no ef-
fect on the CO inhibition, but drastically reduced 5-1L.O potency. RU 43526
was orally active, but only in NSAID-sensitive models (CPE 4 mg/kg, RAA
0.7 mg/kg). It was unknown whether the 5-LO inhibition made any con-
tribution to the anti-inflammatory activity of this compound.

A series of antiallergic agents from Dainippon, represented by (160),
showed good activity in rat passive cutaneous anaphylaxis, and inhibited a
crude guinea-pig peritoneal cell 5-LO preparation [388]. The methyl case
(160, R =Me) was more potent (4.9 uM) than the unsubstituted analogue;
in general, greater lipophilicity in the heteroaryl ring decreased in vivo activi-
ty, but enhanced 5-1.O inhibition [389—-391]. TMK-688 (161) showed a simi-
lar profile, with greater potency (0.35 uM) in ISN [392].

The bishemiphthalate derivative of the oleanenediol (162), related to gly-
cyrrhetinic acid (163), inhibited 5-LO product generation by a homogenate
of cloned mastocytoma cells (5.8 uM); it was about 10-fold less potent
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against CO [393]. The same compound also showed topical efficacy in AAE
(1.9 mg/ear) [394]. Glycyrrhetinic acid itself was reported to be active in ion-
ophore-stimulated cells, although this action was attributed to inhibition of
phospholipase A; [395,396].

Manoalide (164), a marine natural product which inhibits the release of
arachidonic acid from phospholipids by phospholipase A, [397,398],
showed topical anti-inflammatory activity in mouse ear models [399]. Activ-
ity in ISN and ¢cRBL (<1 gM) have also been reported [400]. A series of
analogues consisting of the furanone ring of manoalide bearing simple un-
saturated 16—20 carbon chains showed similar activity in rabbit neutrophils
and isolated guinea-pig neutrophil 5-LO [401]; interestingly, however, topi-
cal anti-inflammatory activity was seen in phorbol ester ear oedema but not
in AAE [399]. The importance of 5-LO inhibition to the anti-inflammatory
activity of manoalide is unknown; effects on phospholipase C and calcium
channels have also been shown [402, 403].

M (165)

o R (166)

Two other series of compounds which do not fall into other structural
types are (165) and (166). The pyrrole (165) showed inhibition of human
ISN (3.6 uM); only a few other substituents on the ring nitrogen (benzyl,
2-bromophenyl but not 4-bromophenyl) were reported with similar activity
[270]. A series of lactones (166), where R is small alkyl or benzylidene, inhib-
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ited guinea-pig ISN (30 zM). CO inhibition and RAA activity were noted
as well, but no correlation among these activities was apparent [404].

OTHER DRUGS REPORTED TO INHIBIT 5-LIPOXYGENASE

One of the first compounds reported to inhibit 5-LO was the NSAID benox-
aprofen (167) (reviewed in [405]). This drug (marketed by Lilly as Oraflex®)
was effective in rheumatoid arthritis, but was withdrawn because of photo-
toxicity, liver toxicity and reports of drug-related deaths [406]. The typical
NSAID anti-inflammatory profile of this compound was remarkable for its
very weak seminal vesicle CO activity [407]. Additional in vivo activities
were found for benoxaprofen which were not shared by other NSAIDs, par-
ticularly inhibition of leukocyte influx in the carrageenan sponge, carra-
geenan pleurisy, and rat Arthus pleurisy models; monocytes were affected
more than neutrophils [408—411]. More recently, benoxaprofen was re-
ported to inhibit the adhesion of monocytes to endothelium [412].

In vitro, benoxaprofen was reported to inhibit the release of 5-LO prod-
ucts from ISN [413,414] and RBL-1 cells [67], and from stimulated lung
tissue [415—417]. However, other reports have discounted 5-LO inhibitory
activity, finding fairly selective CO inhibition in mouse macrophages [418],
ISN [29,419], and in the carrageenan sponge model [420]. Surprisingly, there
appears to be only one report of the evaluation of benoxaprofen in cell-free
5-LO systems (from human leukocytes and RBL-1 cells), where no effects
were seen below 100 M [421]. The mechanism of action of benoxaprofen
still is not clear, but its unusual pharmacological profile, along with efficacy
in psoriasis [422-424], indicate that there is more to this drug than simple
NSAID-like CO inhibition. (A pilot clinical trial in ulcerative colitis, howev-
er, showed no efficacy [425].)

Timegadine (168) is an atypical basic NSAID which has shown efficacy
in arthritis clinical trials [426,427]. It is a potent CO inhibitor in a variety
of tissues, and also inhibited the production of 12-HETE from platelet ho-
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mogenates, but only at much higher concentrations (100 zM) [428]. Unlike
the acidic NSAIDs, timegadine inhibited cell influx and LTC, release in the
carrageenan sponge model at CO-inhibitory concentrations [429], and in-
hibited AAE and phorbol ester ear oedema at 1 mg/ear topically [51]; a ten-
dency for improvement was noted in a small psoriasis clinical trial as well
[430]. 5-LO inhibition was seen in ISN [431-433] and in immune complex-
stimulated mouse macrophages [429] (15-40 uM), but CO inhibition oc-
curred at significantly lower concentrations. Other effects on neutrophils
(inhibition of degranulation and superoxide production) have also been
seen [434]. It is not clear whether 5-LO inhibition is responsible for these
actions, since no studies with cell-free enzymes have been reported.

A number of other drugs (shown in Table 1.2) have been reported to in-
hibit 5-LO activity. In many cases, only whole cell data supports this mecha-
nism of action; other mechanisms may also be responsible for the cellular
effects seen. A discussion of these compounds is beyond the scope of this
review; some leading references are summarized in Table 1.2.

Table 1.2 MISCELLANEOUS DRUGS REPORTED TO INHIBIT 5-LIPOXYGENASE

Drug Therapeutic class References
Diclofenac NSAID [435]
Meclofenamate NSAID [436]
Tolfenamic acid NSAID [433, 437, 438]
Proglumetacin NSAID [439]
Mofebutazone NSAID [440]
Sulfasalazine anti-inflammatory (arthritis, [18, 441-445]
inflammatory bowel disease)
Auranofin anti-inflammatory (arthritis) [446, 447]
Ebselen anti-inflammatory [448, 449]
Piriprost antiallergic [450-454]
Tiacrilast antiallergic [455]
Amoxanox antiallergic [456—-458]
CI-922 antiallergic [459-461]
Azelastine antiallergic [456, 462—465]
AHR-5333 antiallergic [466, 467]
Nafazatrom antithrombotic [51, 212, 337, 429, 468—473]
Dipyridamole antiangina [474, 475]
Itraconazole, Ketoconazole  antifungal [476]

Malotilate hepatoprotectant [477]
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SUMMARY

A wide variety of agents have been reported as 5-LO inhibitors. The majori-
ty of the series appear to be lipophilic reducing agents, including phenols,
partially saturated aromatics, and compounds containing heteroatom-hete-
roatom bonds. Many of these are not selective 5-LO inhibitors, but often
affect CO and other LOs as well. In vivo systemic activity for many of these
has been, in general, disappointing, probably because of poor bioavailabil-
ity caused by lipophilicity and metabolic instability (oxidation, and conju-
gation of phenolic compounds). However, topically a number of agents
have shown promise for skin inflammation, with Syntex’s lonapalene the
most advanced of these. Most results published to date appear more disap-
pointing in the allergy/asthma field.

More excitingly, a few structural types are selective 5-LO inhibitors which
have shown systemic activity in vivo and in the clinic. Abbott’s zileuton (136)
appears to be one of the leading compounds in this category, along with
other hydroxamates such as BW-A4C (129) from Burroughs-Wellcome. Re-
cent selective non-reducing agents such as Wyeth-Ayerst’s Wy-50,295 (143)
and the similar ICI compounds such as ICI 216800 (145) also hold promise.
The enantiospecific effects of (106) and (145) are especially interesting for
the design of new inhibitors. If compounds like these validate the hypothesis
that inhibition of 5-LO will have a significant anti-inflammatory effect, a re-
doubling of effort throughout the industry to find second- and third-genera-
tion selective agents may be expected.

Part of the difficulty in interpreting and comparing the 5-LO literature
is the plethora of test methods and activity criteria. As pointed out in the
introduction, inhibition of product release from cells, often stimulated with
A23187, has commonly been used to demonstrate 5-LO inhibition. Howev-
er, this type of assay cannot be assumed to be diagnostic for 5-LO inhibition
[28,29]. Only if specificity for 5-LO product generation and (ideally) activity
in cell-free enzymes is also shown should mechanistic interpretations be
made.

Recently, a new class of compounds was found at Merck which inhibited
LT biosynthesis without inhibiting 5-LO, but apparently by a novel, specific
mechanism. L-655,240 (169) [478] and L-663,536 (MK-886) (170) [479,480]
were both active in human ISN, with ICsy values in the low micromolar
range. Both also orally inhibited GPB (<1 mg/kg). MK-886 was effective
in Ascaris-induced asthma in squirrel monkeys, in rat carrageenan pleurisy,
in rat Arthus pleurisy [48], and (topically) in guinea-pig ear oedema induced
by A23187. Neither compound affected CO, and surprisingly both were in-
active against cell-free 5-LOs (crude RBL-1, crude rat neutrophil, or puri-
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fied porcine 5-LO). MK-886 was found to inhibit the translocation of cyto-
solic 5-LO to the cell membrane in human leukocytes [481]. This
translocation occurs upon stimulation of this cell type or RBL-1 cells with
A23187, and is directly correlated with the production of 5-LO products
[482,483]. An 18 kDa membrane protein, dubbed 5-LO activating protein
(FLAP) was recently shown to be essential for product formation in trans-
fected osteosarcoma cells, presumably acting to anchor the cytosolic 5-LO
to the cell membrane following cell activation [484]. MK-886 binds to this
protein, possibly inhibiting its interaction with 5-LO and preventing the en-
zyme from generating 5-HETE and LTB,.

As more is learned about the enzymology and cellular control mecha-
nisms of LT biosynthesis, exciting new approaches to the therapeutic con-
trol of inflammatory diseases which address this pathway will certainly be
developed and explored.

ACKNOWLEDGMENTS

The author would like to thank Drs. Richard R. Harris, Mark J. Nelson,
Robert C. Newton, and Mark A. Wuonola for reading this review and for
their valuable suggestions and comments.

ADDENDUM

A number of published papers have included SAR details for several series
of compounds, including the phenoxazines (89) [485], naphthoylvalerohydr-
oxamic acids represented by (115) [486] and the ICI series represented by
(145) and (146) {487]. A full paper dealing with the 4-hydroxythiazoles re-
presented by (74) indicated that only compounds existing in the enolic form
were active; S-unsubstituted cases and also 5,5-disubstituted cases (which
are ketonic) were inactive [488]. Acylation of the hydroxyl was acceptable
for good activity. No strong correlation of aryl substitution with potency
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was apparent, except that ionizable groups were much less active. No oral
activity was seen with this series.

Lipophilic C3-alkyl derivatives of cirsiliol (23) gave more potent inhibi-
tors than C5-alkoxylated derivatives such as (24) [489]. QSAR studies of a
series of 4- and 5-substituted analogues of phenidone (95) supported the
general observation from many other series that lipophilicity enhanced po-
tency [490]. Electron withdrawal on the phenyl ring was also desirable, while
steric hindrance at the 5-position decreased potency. Using trititated L-
656,224 (70), evidence was obtained for reductive inactivation of human and
guinea-pig leukocyte 5-LO, accompanied by covalent modification of the
enzyme and degradation of this inhibitor [491].

A summary of the in vitro and in vivo profile of zileuton (136) has ap-
peared [492]. A review of hydroxamic acids and hydroxyureas emphasized
work at Burroughs Wellcome, but included information on zileuton as well
[493].

MK-886 (170), which is highly selective for inhibition of 5-LO products
by virtue of its interaction with FLAP, was shown not to affect production
of IL-1, implying that such effects seen with redox inhibitors such as (31),
(39) and (66) are probably due to mechanisms other than 5-LO inhibition
[494].

Several interesting findings dealing with 2-quinolinylmethyl esters related
to Rev 5901A (139) have been reported. Workers at Wyeth-Ayerst found
that attachment of this moeity to a number of classical NSAIDs endowed
these cyclooxygenase inhibitors with 5-LO inhibitory activity in cell assays
[495]. Wy-50,295 (143) and others of this class were found to inhibit translo-
cation of 5-LO from the cytosol to the cell membrane with much greater
potency than was the case with their inhibition of cell-free 5-LO prepara-
tions [496]. Workers at Merck [497,498] extended these findings, showing
that members of one such series of compounds, represented by L-674,636
(171), are potent inhibitors of FLAP (7 nM in ISN). The para-substituted
phenylene moiety was much better than the meta case. The acidic function
was essential for in vivo activity and for best potency, while an acidic group
on the terminal phenyl group gave poorer FLAP inhibition but better LTD,
receptor antagonism. Compound (171) showed good bioavailability, and
was potent in an allergic rat model and in rat Arthus pleurisy when dosed

orally.
N\
| _ O (171)
HOOC.__$ O o
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Research on FLAP has continued at a rapid pace, with gene cloning, pro-
moter analysis and site-directed mutagenesis in progress [498,499]. This
promises to be an area of great interest in the future.
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INTRODUCTION

Approximately 400,000 lives in the United States are claimed each year due
to sudden cardiac death (SCD) [1]. Most of these deaths are due to an electri-
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cal malfunction (ventricular fibrillation (VF)) [2,3] and not to a failure of
the contractile function of the heart muscle itself (mechanical malfunction).
Thus, the treatment and prevention of life-threatening arrhythmias is a
major focus of the health care industry today. During the last decade, the
emphasis of drug discovery efforts in this area has evolved from the prepara-
tion of Class I antiarrhythmic agents (see below) to the design and synthesis
of Class I1I agents. This review will discuss recent developments in the Class
I1I area.

CLASSIFICATION OF ANTIARRHYTHMIC AGENTS

For many years physicians had relatively few drugs from which to choose
for the treatment of arrhythmias. These consisted primarily of agents which
had local anaesthetic activity such as procainamide (1) or quinidine (2). As
the number of potential therapeutic agents increased and a better under-
standing of cardiac electrophysiology developed, a classification system
based on the agent’s predominant electrophysiological activity was pro-
posed by Vaughan Williams [4]. This system divides antiarrhythmic agents
into four classes.

Class I drugs act predominantly by slowing conduction in cardiac tissue.
This results from a decrease in sodium conduction during the rapid depola-
rization phase (Phase 0) of the action potential of the cardiac cell. Class I
agents have been further subdivided based on their effect on action potential
duration [5] or rate of onset of frequency-dependent block [6]. The two sub-
classifications generally yield the same groupings of drugs. Examples of
Class I A drugs, which have an intermediate rate of onset, are procainamide
(1), quinidine (2) and disopyramide (3). Because Class IA drugs increase ac-
tion potential duration (APD) and refractory periods in some tissues, these
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agents have been described as having varying degrees of Class III elec-
trophysiological activity in addition to Class I activity. Drugs in which the
inhibition of phase 0 depolarization (¥ ,y) occurs rapidly only at fast stimu-
lation rates (fast onset of frequency-dependent block) are termed Class IB
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agents and are typified by lidocaine (lignocaine, (4), mexiletine (5) and to-
cainide (6)). Class IC compounds are exemplified by flecainide (7) and en-
cainide (8) and have a very slow onset rate for frequency-dependent block.
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Class IC agents are extremely effective at preventing premature ventricular
contractions (PVC’s). The second grouping of compounds in the Vaughan
Williams classification are sympatholytic agents. These are designated Class
IT and are predominantly exemplified by f-adrenergic blocking agents such
as propranolol (9) and atenolol (10). Class III agents are those compounds
which increase action potential duration (and hence refractory period) with-
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out significantly affecting the rate of depolarization of cardiac cells. Early
examples of Class IIT agents which have been studied clinically are amio-
darone (11), bretylium (12), sotalol (13) and clofilium (14). Calcium channel
blocking agents, such as nifedepine (15), diltiazem (16) and verapamil (17)
comprise the fourth class of antiarrhythmic drugs.

MECHANISMS OF LETHAL ARRHYTHMIAS

Arrhythmias can range from isolated PVC’s, coupled beats, non-sustained
ventricular tachyarrhythmias (NSVT), sustained ventricular tachyarrhyth-
mias (SVT) and, ultimately, ventricular fibrillation (VF). It is generally
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agreed that the most serious arrhythmias, SVT and VF, arise by re-entrant
mechanisms [7]. That is, a propagated impulse follows a pathway which re-
turns to its origin and re-excites the original tissue, thus forming a continu-
ous loop for the aberrant impulse. The re-entrant pathway is dependent on
conduction velocity, path length and the refractory period of the tissue. If
these parameters remain constant, then an ordered re-entrant mechanism
results (for example, NSVT, SVT); if multiple pathways exist and contin-
uously change with time, then random re-entry results (VF) [7]. Sufficient
change in any one of the parameters will break the loop and terminate the
arrhythmia. Similarly, these parameters (for example, conduction velocity
or refractoriness) can be altered in a beneficial manner to prevent a specific
re-entrant route from forming.

It has been shown that patients who have a significant number of PVC’s
are at increased risk for sudden cardiac death [8]. It is thought that the aber-
rant beat can act as a trigger for a re-entrant circuit. Recently, the Cardiac
Arrhythmia Suppression Trial (CAST Study) was designed to test the hy-
pothesis that suppression of PVC’s would decrease mortality in a post-myo-
cardial infarction patient population [9]. Two of the agents employed in the
study were the Class IC agents, flecainide (7) and encainide (8). While these
two agents were effective in suppressing PVC’s, they did not decrease mor-
tality. In fact, the trial of the two drugs was terminated prior to completion
because a significant increase (about 2-fold) in mortality was found in the
treatment group compared to the control group {9]. Thus, suppression of
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PVC’s alone with Class IC drugs was not sufficient to reduce mortality in
the specific post-infarction population chosen for the CAST study. The fail-
ure of Class IC agents in the CAST study and their low efficacy in prevent-
ing induction of SVT during electrophysiological testing has increased the
interest in alternative approaches to antiarrhythmic therapy, particularly to-
wards Class III agents, a number of which are in Phase II clinical evalua-
tion.

MECHANISM OF ACTION OF CLASS III AGENTS

Class III agents increase the refractoriness of cardiac tissue, thus preventing
an aberrant impulse from propagating. A selective Class III agent has little
or no effect on simple PVC’s. At the cellular level, the increased refractori-
ness is manifest by a delay in the repolarization phase (Phase 3) of the cardi-
ac action potential (Figure 2.1), thereby increasing action potential dura-
tion. During the action potential cycle a complex series of ionic currents,
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Figure 2.1. Idealized action potential showing current densities of major currents which flow dur-
ing the action potential.
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which are both time and voltage dependent, flow into and out of the cell.
Depolarization (Phase 0) is initiated by a rapid influx of sodium ions (In,)
which changes the cell potential from about —90 mV to about +30 mV.
During the plateau phase (Phase 2), the cell potential is maintained by the
influx of calcium ions (/c,). In the repolarization phase (Phase 3) the predo-
minant outward currents, (/x) and (Ik,), are carried by potassium ions and
restore the cellular potential to its initial resting potential. In addition to
these major ionic currents that flow during the cycle, a number of back-
ground currents are flowing which modulate the cellular potential, for ex-
ample, the sodium and calcium window currents. There is a complex inter-
relationship among all these processes such that activation of a specific ion
channel may be dependent not only on time and membrane potential but
also on the concentration of another ion (for example, the calcium-depend-
ent potassium-channel). From this brief description of the action potential
cycle, it is obvious that there are a variety of ways by which action potential
duration can be increased. The most obvious mechanism to increase action
potential duration is inhibition of the repolarizing potassium currents. More
than one potassium current (for example, delayed rectifier (Ix) and inward
rectifier (/g;)) contribute to repolarization and inhibition of any one of them
may be sufficient to prolong APD [10]. Alternatively, delay in the inactiva-
tion of the rapid sodium influx during depolarization will maintain the cell
at more positive potentials and delay repolarization. Additionally, prolon-
gation of slow inward sodium and calcium currents will also increase APD.
Many of the Class III agents which will be described have been shown to
have as their dominant mechanism the inhibition of potassium currents. The
exceptions will be discussed under the individual agents.

While the action potential is a measurement of the electrical activity of
a single cardiac cell, the surface electrocardiogram (ECG) (Figure 2.2) pro-
vides a measurement of the electrical activity of the whole heart. In essence,
the ECG is the time-dependent sum of action potentials from all cardiac
cells. The P-wave results from the depolarization of atrial tissue at the begin-
ning of the cardiac cycle. The large deflection [QRS-complex] in the ECG
1s indicative of the depolarization of the larger mass of ventricular tissue.
The width of the QRS-complex provides an indication of ventricular con-
duction. Class I antiarrhythmic agents, because they slow ventricular con-
duction, will broaden the width of the QRS-complex. The T-wave marks
the repolarization phase of the ventricular tissue. The QT-interval gives a
measurement of ventricular repolarization time. In general, selective Class
ITT agents will increase the QT interval without broadening the QRS-
complex. When the QT measurement is corrected for heart rate it is
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Figure 2.2. Idealized Lead II surface electrocardiogram

known as QT.. The correction for QT often uses Bazett’s formula [QT, =
= QT/\/ preceding RR-interval].

PROTOTYPE CLASS IIT ANTIARRHYTHMIC AGENTS

As stated above, amiodarone (11), bretylium (12), sotalol (13) and clofilium
(14) are prototype Class I1I electrophysiological agents. With the exception
of clofilium, which was designed to be a Class 111 agent, the Class III activity
of the other agents was discovered after the compounds had been in use for
other indications.

AMIODARONE

Amiodarone (11), a benzofuran derivative, was initially developed as a cor-
onary vasodilator in the early 1960’s [11,12]. Several years later, the efficacy
of the compound as an antiarrhythmic agent began to be exploited. The first
clinical trials with amiodarone were reported in 1974 [13]. Amiodarone was
effective in controlling the tachyarrhythmias of eleven patients with Wolff-
Parkinson-White syndrome. Since that time the compound has been studied
extensively [14,15]. Recently, in the Canadian Amiodarone Myocardial In-
farction Arrhythmia Trial (CAMIAT), amiodarone was shown to reduce
mortality during a mean 18 month period following myocardial infarction
(13.8% deaths in placebo group vs. 2.1 % deaths in the treatment group) [16].
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These results support two other studies which suggested beneficial effects
for amiodarone treatment after myocardial infarction and may have major
implications for the efficacy of Class III agents.

The pharmacological profile of amiodarone is extremely complex. On
acute exposure the compound slows conduction (indicative of Class I elec-
trophysiological activity) [17], exhibits both a- and S-adrenergic antagonism
[18], and may have an effect on calcium channels [19]. The Class III elec-
trophysiological activity is generally not manifest on acute exposure but
may take several days to weeks to reach maximal effect in patients [20,21].

At the cellular level, the major electrophysiological effect appears to be
rate-dependent blockade of sodium channels [22]. The onset for this Class
I effect (64 + 9% of the final depression of V,,,,x between the first and second
beat of the train) was similar to that for Class IB agents [23]. The offset rate
(recovery of V.« from rate-dependent depression) for amiodarone was 1.48
s. This value falls between those seen for Class IB agents (200—500 ms) and
IA agents (2.3-12.2 s) [23]. Amiodarone inhibited the binding of [*H]ba-
trochotoxinin A 20x-benzoate to the sodium channel, suggesting that it
binds to inactivated sodium channels [24].

The Class I11 effects of amiodarone develop over several weeks. This time-
course is similar to that seen in thyroid gland ablation [25]. It is well known
that patients with hypothyroidism have long QT intervals which are indica-
tive of prolonged action potentials. Amiodarone has been shown to inhibit
the conversion of thyroxine (T4) to trilodothyronine (T3) both in human
subjects [26] and in vitro [27]. It has been argued that the Class I1I effects
of amiodarone are due to its effects on thyroid hormones [28]. Others, how-
ever, argue that there is no relationship between prolongation of ventricular
refractory period by amiodarone and thyroid state [29].

In addition to the slow onset of action of amiodarone, the half-life of the
biological effects of the drug are extremely long [30]. This may be due in
part to the principal metabolite of (11), which is desethylamiodarone (18).

OCH,CHNHET

(18)

This metabolite has been shown to reach serum levels approaching that of
the parent compound during therapy, to have similar effects on levels of thy-
roid hormones [31] and to have a comparable electrophysiological profile



T.K. MORGAN AND M.E. SULLIVAN 73

[23]. Desethylamiodarone (18), however, appears to be more toxic than the
parent compound [32].

BRETYLIUM

Bretylium (12) is an adrenergic neuronal blocking agent that was initially
developed for use in hypertension [33]. Due to its quaternary ammonium
structure, the compound had erratic oral bioavailability; in addition, pa-
tients developed tolerance and thus it found only limited utility as an antihy-
pertensive agent [34]. Later the anitarrhythmic efficacy of bretylium was dis-
covered. The compound was shown to prevent acetylcholine-induced atrial
fibrillation in hypokalaemic dogs [35] and to cause spontaneous defibrilla-
tion of fibrillating canine ventricles [36]. This unique antifibrillatory activity,
which could not be demonstrated with other antiarrhythmic agents or -
blocking agents, stimulated research toward elucidation of the antifibrilla-
tory mechanism of action of bretylium. Wit and co-workers [37] showed
that in addition to antiadrenergic activity, bretylium increased the action
potential duration without affecting V., (that is, Class III activity). Until
the approval of amiodarone (11), bretylium, approved in 1978 for paren-
teral use, was the only Class I1I agent available for clinical use in the United
States.

More recent studies continue to support the unique antifibrillatory activi-
ty of bretylium. Kowey et al. [38] have shown that bretylium prevented
spontaneous VF and decreased the effects on VF threshold in a feline myo-
cardial infarction model. They attributed this beneficial effect to a decrease
in the dispersion of refractoriness between normal and ischaemic regions of
the heart. In contrast, clofilium (14, see below), which had little effect on
dispersion of refractoriness after coronary occlusion, was unable to prevent
spontaneous VF. Similar results were seen in isolated tissue studies with
canine subendocardial Purkinje fibres and ventricular muscle which con-
tained both normal and ischaemic regions [39]. In these studies bretylium
caused a smaller increase in dispersion of refractoriness in subendocardial
Purkinje fibres than either sotalol or clofilium. In ventricular muscle tissue,
bretylium decreased dispersion while sotalol and clofilium increased disper-
sion of refractoriness.

SOTALOL
As for amiodarone and bretylium, the Class I1I activity of sotalol (13) was

discovered only after its initial development as a f-blocking agent. The ini-
tial hypothesis, which led to the synthesis of sotalol as a -blocking agent,
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was the use of a methylsulphonylamino group to replace the phenolic hy-
droxy group in analogues of the catecholamine sympathetic hormones [40].
This fortuitous replacement inadvertently provided a critical structural lead
for later synthetic efforts in the Class III antiarrhythmic field. In 1970, Singh
and Vaughan Williams showed that sotalol selectively increased APD in
rabbit atrial tissue at concentrations approximately one-fourth of that re-
quired to reduce the rate of depolarization (Class I activity) [41]. Since that
time the compound has been studied extensively as a Class III agent [42].

In view of the two electrophysiological effects manifested by sotalol, it is
of interest to understand the relative potency of the compound in producing
its f-blocking and Class III activities. In receptor affinity studies, the con-
centration producing a 50 % inhibition of binding of #- and f,-receptors by
sotalol was 9 uM and 5 uM, respectively. The concentration of sotalol re-
quired to increase APD by 20% at 95% repolarization (EC,0APDys) was 18
4#M [43]. Thus sotalol is slightly more potent as a f-blocking agent than as
a Class III agent. These results are supported by studies by Nattel and co-
workers in anaesthetized dogs which show that substantially higher plasma
concentrations of sotalol were needed to increase atrial and ventricular re-
fractory periods (about 7 mg/l) than to block the chronotropic actions of
isoproterenol (about 1 mg/1) [44]. A study in patients with chronic stable
ventricular premature complexes suggests that the plasma concentration of
sotalol required for significant QT prolongation (Class I1I effect) is approx-
imately 3-times higher than that needed for a 50% reduction of the maximal
exercise-induced increase in heart rate (2.55 ug/ml vs. 0.8 ug/ml, respective-
ly) [45]. In contrast, a second study in patients with Wolff-Parkinson-White
syndrome showed that significant Class III activity was present at the -
blocking dose [46]. However, in this study Class III activity, as measured
by increases in refractory periods and QT-intervals, became more marked
at a dose higher than the f-blocking dose. In general, -blocking activity
is manifest at lower concentrations than the concentrations necessary to
maximize Class III activity.

Sotalol (13) is a racemic mixture, and its two enantiomers have been stud-
ied extensively [47-51]. As expected from studies with other S-blocking
agents, the Class II activity resides predominantly in only one enantiomer
[(—)-sotalol] while the Class III activity can be found equally in both enan-
tiomers. Therefore, the (+)-enantiomer, which is essentially devoid of -
blocking activity, has been studied as one of the few early examples of a
selective Class I1II agent. Both sotalol [52—55] and its enantiomer, (+ )-sota-
lol [56—58], have been shown to be clinically effective in the prevention of
ventricular arrhythmias. The efficacy rate for suppression of inducible ven-
tricular tachycardia during programmed electrical stimulation for both
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compounds is in the range of 20-40%. The key question that remains to
be addressed at the clinical level, however, is whether there is an advantage
of one agent over the other. It is not known whether the g-blocking activity
of the racemic compound provides an added benefit over selective Class I11
activity alone.

CLOFILIUM

In contrast to compounds (11)-(13), which were initially developed for
other uses, the Lilly compound, clofilium (14), was the first prospectively
developed Class I antiarrhythmic agent [59,60]. The Lilly group began
with the knowledge that small quaternary ammonium ions such as tetra-
ethylammonium (TEA), inhibited potassium currents and prolonged APD
[10]. They then explored structure—activity relationships in order to im-
prove potency and the ability of the compounds to penetrate the cell mem-
brane (problems with TEA). Clofilium was the most interesting compound
from this study and has been shown to be effective in isolated cardiac tissue
preparations, intact animal models [61] and clinically [62,63]. Although the
poor absorption of clofilium, due to the quaternary ammonium centre,
made the compound unsuitable for development as an oral antiarrhythmic
agent, it still remains a useful tool for the investigation of the cardiac effects
of Class III agents.

In a more recent study, Echt and co-workers examined the effects of clofi-
lium and other compounds on defibrillation energy requirements in dogs
[64]. In contrast to the Class I agent, lidocaine, which increased defibrilla-
tion energy requirements, clofilium caused a modest decrease in the defibril-
lation energy required. The authors discuss the apparent antagonistic effect
of sodium channel blockade and the beneficial effects of APD prolongation
on defibrillation energy requirements. Others have used clofilium to study
the potential arrhythmogenic effects of Class III agents. Gough et al.
showed that clofilium was more likely to produce early after depolarizations
(EADs) in ischaemic Purkinje fibres (10 of 11 fibres) than in normal fibres
(2 of 10) [65]. Similar results were reported for the effect of clofilium in ven-
tricular muscle tissue [39)]. The effects of a-adrenoreceptor stimulation and
action potential prolongation were studied in chlorolase-anaesthetized rab-
bits [66]. Administration of the aj-agonist methoxamine, either concomi-
tantly or following administration of clofilium, produced EADs and Tor-
sades de Pointes. Pretreatment with prazosin blunted the arrhythmic
response. Thus, stimulation of «;-receptors may aggravate the potential for
proarrhythmic activity by Class I1I agents. The authors caution that this ef-
fect may be species-dependent.
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OTHER COMPOUNDS WITH CLASS III ACTIVITY

The observation that agents which prolonged APD possessed unique antiar-
rhythmic properties, together with the preliminary clinical efficacy of the
prototype agents, stimulated the search for additional compounds with
Class III activity. Several compounds, ranging from other cardiovascular
drugs to marine toxins, were shown to possess varying degrees of Class 111
activity. However, few if any of these compounds could be classified as se-
lective Class 111 agents.

Among other cardiovascular drugs there are two non-quaternary ana-
logues of bretylium, bethanidine (19) and meobentine (20), that exhibit indi-
cations of Class III activity. Both compounds were developed by Burroughs
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Welcome [67,68)]. Bethanidine was initially patented as a hypotensive agent
but was found to have antifibrillatory activity [69]. Attempts to limit the
hypotensive effects of bethanidine led to meobentine. At a concentration of
44 uM, bethanidine has minimal effects on APD,y in propranolol-treated
and untreated canine Purkinje fibres (+2% and — 5%, respectively) [70,71].
At 350 M in untreated fibres, bethanidine increased APD gy by about 6 %.
In contrast, meobentine, which has less sympatholytic activity, increased
APDqgy by 12% at 37 uM in untreated fibres during the same study. Both
compounds showed modest decreases of V., at the stated concentrations.
The Class I activity and the sympatholytic activity (for bethanidine) may
act to decrease the apparent Class III effects of the two compounds (see
below).

Bunaftine (21) is a naphthalenecarboxamide derivative, that has been de-
veloped as an antiarrhythmic agent. The compound exhibits both Class I
and Class IIT electrophysiological effects. Fenici and co-workers studied
bunaftine in patients with paroxysmal atrial tachyarrhythmia and recorded
right atrial monophasic action potentials [72]. A mean increase of 18% in
atrial repolarization time and an increase in monophasic APD during pac-
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ing were observed after drug administration. The investigators concluded
that bunaftine possessed Class III activity in atrial tissues. Earlier studies
[73] had demonstrated the membrane stabilizing activity of bunaftine. More
recently the Class I and Class III actions of bunaftine have been demon-
strated in isolated guinea-pig ventricular tissue [74,75]. At concentrations
below 3—5 uM, bunaftine produced a modest (about 8-10%) increase in
APD, while at higher concentrations (10—15 gM), a pronounced decrease
in V.« was observed. In this respect bunaftine is similar to the Class IA
agents (2) and (3).

Acetylation of the amino substituent in the Class IA agent procainamide
affords acecainide (22). The acetylated compound, in contrast to the parent
compound, exhibits Class III electrophysiological action. Since acecainide
is a major metabolite of procainamide, in some patients it may contribute
to the overall efficacy of that compound. Acecainide is being developed by
Medco and Warner-Lambert in the U.S., and the pharmacodynamic and
potential therapeutic utility have been recently reviewed [76]. The drug is
effective in the suppression of atrial flutter in both dogs [77—79] and patients
[80]. In patients with PVC’s and ventricular tachycardia, acecainide is also
moderately effective [76]. One of the major advantages of acecainide over
the parent compound, procainamide, may be the decreased propensity for
producing systemic lupus erythematosus [76].
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Nifenalol (23) is the nitro analogue of sotalol. Singh and Vaughan Wil-
liams showed that nifenalol increased APDg of rabbit atrial tissue by 24 %
at 48 uM [81]. This was the first indication that a nitro group may be compa-
rable to a methylsulphonylamino moiety when substituted in the para posi-
tion on the phenyl ring to produce Class III activity. Other studies have
shown that nifenalol and sotalol both exerted a positive inotropic effect in
cardiac tissue from kittens and guinea-pigs which was independent of S-re-
ceptors [82]. This effect has been observed for several Class III agents [10].
It is thought that the prolonged APD allows increased entry of calcium ions
into the cells and the increased calcium ion concentration mediates the posi-
tive inotropic activity.

Just as Class ITI agents can exhibit positive inotropy, some positive in-
otropic agents demonstrate Class III electrophysiologic activity. The in-
crease in intracellular calcium-ion concentration produced by the inotropic
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agent helps to prolong the plateau phase of the action potential. The Ca?*-
channel agonist, BAY K8644 (24), increased APDyg of sheep cardiac Pur-
kinje fibres by 30% at 1 uM [83]. The Otsuka phosphodiesterase inhibitors,
OPC-8212 (25a) and OPC-8490 (25b), also show Class I1I electrophysiologi-
cal activity. In canine cardiac Purkinje fibres, OPC-8212 at a concentration
of 6 uM increased APDgy by 22 % [84]. Voltage clamp studies have shown,

a: R = MeD—@-—lc'; X = bond
(24)

however, that in addition to the increased inward calcium current, which
would be expected from a phosphodiesterase inhibitor, OPC-8212 also de-
creases the delayed outward and inward rectifying potassium currents in
guinea-pig ventricular myocytes [85]. In a study of OPC-8490 in isolated
guinea-pig atrial myocytes, the compound increased APDgy by 55% at 30
4#M and selectively inhibited the delayed rectifier [86]. Another phosphodies-
terase inhibitor, pimobendan (26, UD-CG 115), also increased APDgq of
guinea-pig papillary muscle (22% increase), but this effect is seen only at
high concentration (30 uM) [87]. As would be expected from these results,
pimobendan at doses which are devoid of Class III activity (0.3 mg/kg) was
not effective in preventing programmed electrical stimulation (PES)-induced
ventricular tachycardia in dogs [88]. Two additional phosphodiesterase inhi-
bitors, milrinone (27) and enoximone (28), shortened APD during in vitro
studies [89,90]. Thus, it appears that Class III activity is not necessarily re-
lated to phosphodiesterase inhibition. The novel cardiotonic agent, DPI
201-106 (29), under investigation by Sandoz, also increases APD. In isolated
rabbit atria, the Sandoz compound increased APD, by 120% at 3 uM con-
centration, while ¥, decreased by about 20% [91]. Similar results were ob-
served in guinea-pig papillary muscles. The electrophysiological effects
occur in the same range as the positive inotropic effects. The positive in-
otropic and APD-prolonging activities were found to reside in the (S)-enan-
tiomer. Further studies showed that DPI 201-106 did not act via cAMP-de-
pendent processes or inhibition of Na* /K *-ATPase; rather, the compound
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delays inactivation of Na* channels [92]. At a dose of 0.3 mg/kg, DPI 201—
106 prevented both occlusion- and reperfusion-induced arrhythmias in the
rat [93]. The compound was effective (1 mg/kg) in delaying aconitine-in-
duced arrhythmias, but was essentially ineffective (10 mg/kg) against oua-
bain-induced arrhythmias.

In addition to sotalol and nifenalol, which were initially developed as f-
receptor antagonists then later were found to possess Class I1I electrophy-
siological activity, several other receptor blocking agents have exhibited
varying degrees of Class III activity. These include not only S-blockers, but
also a-blockers, 5-HT antagonists, and drugs that bind to opioid receptors.
In most cases, the Class I effect is believed to be produced by direct action;
however, receptor-mediated activity cannot be dismissed.

While most f-blocking agents on acute administration have little direct
electrophysiological effects, studies in rabbits [94] and man [95] have shown
that chronic administration of f-blockers increases APD. This increase in
APD (and hence refractory period) has been postulated to contribute to the
effectiveness of f-receptor blocking agents in the prevention of sudden car-
diac death [94]. Direct Class III action has been claimed for the f-blockers
oxprenolol (30) [96,97], nadolol (31) [96] and atenolol (10) [98] in addition
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to sotalol and nifenalol; however, there are conflicting results for atenolol
and nadolol [97]. The Class III activity of oxprenolol appears only at high
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concentrations, at which a decrease in V,,, is also manifest [97]. Only sota-
lol and nifenalol appear to exert selective Class III effects in addition to f-
blockade.

Increase of refractory period and prolongation of APD appear to be a
common property of a-receptor blocking agents [99]. In many cases, the in-
crease in APD is coupled with a decrease in V. There is a question as
to whether the APD-prolonging properties of a-blocking agents are due to
receptor-mediated effects or direct electrophysiological action. Low (a-
stimulating) doses of epinephrine (adrenaline) and norepinephrine
(noradrenaline) increase APD in a variety of in vitro preparations [99]; how-
ever, under ischaemia-reperfusion conditions, stimulation of a-receptors
with methoxamine shortens refractory period [100]. Whether direct or re-
ceptor-mediated effects of a-blockers dominate in the modulation of APD
may depend on the condition (for example, normal, ischaemic, reperfused)
of the cardiac tissue.

Of all the a-receptor antagonists studied, the compounds receiving the
most attention in terms of Class III activity are melperone (32) (initially de-
veloped as a neuroleptic agent), indoramin (33), and amosulalol (34). In
electrophysiological studies conducted in rabbit cardiac tissue, melperone at
a concentration of 8.3 uM increased APDqy, of atrial and ventricular muscle
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by an equal amount (32%); however, V.« was decreased in the atrial prepa-
ration by only 5%, while V., was decreased in the ventricle preparation by
15% [101]. At higher concentrations (16 uM), melperone produced a signifi-
cant inhibition of V. (about 33%) in both atrial and ventricular tissues.
In patients, melperone at doses of at least 240 mg/day increased both QT
intervals (8 %) and ventricular refractory periods (8—10%) and was moder-
ately effective (23%) in preventing PES-induced re-entrant ventricular ar-
rhythmias. In this study, the major side-effects of melperone were due to its
neuroleptic activity which could limit use as an antiarrhythmic agent [102].
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The tryptamine derivative, indoramin, at 1 yg/ml increased the ST interval
(repolarization) without affecting the QRS interval (conduction) in isolated
guinea-pig heart [103]. Slightly higher concentrations (3 xg/ml) also in-
creased the QRS interval. Similar effects were seen in anaesthetized cats.
The threshold for Class I activity of indoramin is very close to the effective
Class III dose. The QT and QT, intervals (indicative of an increase in refrac-
tory period) were increased after administration of 100 mg/day of indora-
min in healthy volunteers with no significant changes in QRS interval [104].
The a- and S-blocker, amosulalol, is purported to possess some Class III
activity (that is, prolongation of APDy, in rabbit papillary muscle); howev-
er, this effect is concurrent with a decrease in V. of similar magnitude
[105].

Similar to the adrenergic blocking agents, Class III electrophysiological
activity has been observed for a number of serotonergic-blocking agents.
Ketanserin (35), a 5-HT, blocking quinazoline derivative, increased APDy
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by 25% at 1 uM with little effect on Vi,,,; however, at 10 uM the APDyg
decreased (10 %) from the maximum observed at 1 uM and V,,,, also began
to decrease (6%) [106]. This is indicative of the onset of a Class I effect. In
ventricular muscle, APD was prolonged even at 10 gM. Saman and co-
workers found similar results for ketanserin in guinea-pig papillary muscle
and state that the APD prolongation appears to be a direct effect of the
drug, since the concentration required to increase APD is 2—3 orders of
magnitude higher than that required to block serotonergic receptors [107].
Acute effects of ketanserin at 10 M in rabbit ventricular muscle were simi-
lar to those above in guinea-pig (APDyg increased by 20%); however, on
chronic administration (40 mg/kg per day for 7 days) the drug increased
APDyg, by 106 % [108]. These investigators also attribute the Class III action
of ketanserin to direct effects. In patients, low intravenous doses (sufficient
to decrease blood pressure) of ketanserin produced a modest increase (3 %)
in QT indicative of Class III activity [109]. A similar increase (9%) in QT,,
with no effect on QRS interval, was observed for patients treated chroni-
cally (20 mg/day for 4 weeks) with retanserin (36), a 5-HT;-antagonist that
is structurally similar to (35) [110]. Amperozide (37) is a psychotropic com-
pound which also blocks 5-HT, receptors. This compound, which is pur-
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ported to have Class III antiarrhythmic properties, was studied in the digox-
in-induced arrhythmia model in guinea-pigs [111]. In this study,
amperozide, as well as bretylium and melperone, statistically increased the
time to arrhythmia. In contrast, lidocaine, a Class IB agent, did not statisti-
cally increase the time to arrhythmia. This result is interesting because we
have observed in our laboratories that selective Class III agents are general-
ly less effective than Class I agents in this model in which the arrhythmias
are thought to be due to enhanced automaticity and not re-entry. A 5-HT5-
receptor antagonist, ICS 205-930 (38), has also exhibited Class III elec-
trophysiological activity. Studies with ICS 205-930 using whole-cell patch
clamp techniques showed that the drug inhibits I and Iy, at about 10 uM
while at higher concentrations (about 100 M) Iy, and to a lesser extent I,
are also depressed [112]. These results support earlier studies in guinea-pig
papillary muscle in which ICS 205-930 at 3 zM increased APD;, by 14%
and decreased Vp,y by 15% [113]. In contrast, the related 5-HT; antagonist,
MDL 73147 (39), has been identified as a Class I antiarrhythmic agent [114];
however, there are some indications that the compound also has Class ITI
activity [115]. Thus, the electrophysiological profiles of both (38) and (39)
are similar to Class IA antiarrhythmic agents.

(39)
(38)

From a structural viewpoint, it is of interest to note that (35)—(37) as well
as (32) all contain a 4-fluorophenyl moiety. This suggests that the 4-fluoro-
phenyl group may play a role in determining the Class TII electrophysiologi-
cal profile of these compounds.
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The opioid receptor antagonist, naloxone (40), has been reported to show
Class IIT activity. The (+)- and (—)-isomers of naloxone were studied in
isolated guinea-pig cardiac tissue in order to determine whether the elec-
trophysiological actions of the compound were due to receptor (usually en-
antioselective) or direct effects [116]. In guinea-pig atrial strips, both enan-
tiomers (120 M) increased APDg, by about 45% with minimal negative
effects on Vi, (about 5%). In papillary muscle, (+)- and (—)-naloxone in-
creased APDgy by 22% and 13%, respectively, with modest negative effects
on Vpax (11% and 6%, respectively). The comparable electrophysiological
effects of the two enantiomers and the relatively high concentrations of the
drug required to increase APD indicate that the activity of the compounds

ChgCr=Cry
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is direct and is not receptor-mediated. In contrast to the above results,
naloxone produced significant conduction depression in sheep Purkinje
fibres at lower concentrations (10 uM), while producing only modest in-
creases in APD [117]. Naloxone decreased Vp.x by 24% while increasing
APDg, by only 11%. Thus, like most of the receptor antagonists described
above, naloxone appears not to possess selective Class III actions, but
rather mixed Class I and Class III activities. Surprisingly, the narcotic anal-
gesic pethidine ((41), meperidine) is reported to exhibit Class 111 electrophy-
siological effects in contrast to other narcotic agents such as morphine and
piritramide [118]. At concentrations of 10 4uM and 50 M pethidine in-
creased the effective refractory period of rat atrial tissue by about 10% and
35%, respectively. Similarly, contractile force was increased by about 5%
and 20%. Morphine and piritramide produce little effect on refractory peri-
od and negative effects on contractile force. Modest but significant increases
in monophasic APDy, were observed after administration of 2 mg/kg of
pethidine to anaesthetized guinea-pigs [119]. A second narcotic analgesic,
meptazinol (42), also increases action potential duration [120]. In isolated

(42)
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rat papillary muscle, meptazinol at 17 uM and 34 uM increased APDy, by
26% and 55%, respectively, while decreasing V. by 11% and 16%. The
drug was effective in suppressing arrhythmias in rats which had been sub-
jected to coronary occlusion. It has been suggested that the antiarrhythmic
effects of meptazinol are due to direct cardiac action but receptor-mediated
activity cannot be excluded.

Several structural types, for example, compounds (30)—(42) which are ac-
tive at a number of receptors, have demonstrated Class I1I electrophysiolog-
ical activity in a variety of models. The majority of compounds are not selec-
tive Class IIl agents, but also exhibit substantial conduction-slowing
activity (Class I). This factor together with the observation that the concen-
tration ranges for receptor affinity and electrophysiological activity do not
always coincide suggests that the drugs are exhibiting secondary direct car-
diac actions in addition to their intended receptor-mediated activity.

The potassium sparing diuretic, amiloride (43), also produces a Class I11
effect in cardiac tissue. In canine Purkinje fibres APD is increased by 35%
after prolonged exposure to 5 uM of the drug [121]. The authors suggest
two potential mechanisms for this effect: (1) delay of inactivation of Na*
channels, or (2) inhibition of Na*t/Ca?* exchange. In infarcted dogs which
were subjected to a PES protocol to produce re-entrant ventricular arrhyth-
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mias, amiloride was effective in the prevention of ventricular tachyarrhyth-
mias in six of twelve animals [122]. In those animals which responded to
amiloride, repolarization time of the border zone was increased; in non-
responding animals, border zone repolarization time was shortened.

Tacrine (44), a centrally acting cholinesterase inhibitor, is being investi-
gated for the treatment of Alzheimer’s disease [123]. Recent studies have
shown that (44) inhibits both the delayed rectifier (/x) and inward rectifier
(Ix)) potassium currents in guinea-pig ventricular myocytes [124]. The com-
pound also blocked calcium channels. At 1 4M in isolated guinea-pig atria,
tacrine increased APDs by 14% but also decreased Vp,, by 17% [125], sug-
gesting blockade of Na* channels as well. A related compound, 4-amino-
quinoline (45), increased APDgy by 15% at a concentration of 0.5 mM in
frog sinus venosus cells (atrial strips) [126]. These results are not surprising,
since both compounds are structurally related to aminopyridines (46) and
(47) which have been used for several years as potassium channel blocking
agents [127,128].
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A number of naturally occurring compounds have been reported to pos-
sess Class I1I electrophysiological activity. These will not be discussed in de-
tail in this review but are listed in Table 2.1.

Table 2.1. NATURALLY OCCURRING COMPOUNDS WITH CLASS III ACTIVITY

Compound Reference
Goniopora toxin 129,130
Prostaglandin-I, (PGIL,), 7-oxo-Pgl, 131-133
ATX-1I 134
Cycloprotobuxine A 135
Anthopleurin A 10
Veratine 136
Neferine 137
Benzyltetrahydropalmitine 138,139
Sophocarpine 140
Dauricine 141, 142
Berberine 143
Berbamine 144
Pantethine? 145
Inosine? 146
Coenzyme Q102 147

*APD-prolonging activity was observed in hypoxic tissue.

NEWER CLASS III AGENTS

During their developmental work on clofilium, the Lilly group discovered
LY097241 (48), a tertiary amine analogue of clofilium, which was an order
of magnitude more potent than the parent compound. The ECyAPDys for
LY097241 was 2.4 nM [10]. This result, along with the Class III activity of
nifenalol, supports the observation that a nitro group in the 4-position on
the phenyl ring is a useful Class III pharmacophore. Further work by the
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Lilly group led to LY190147 (49) [148,149}. LY 190147 exhibited Class 111
electrophysiological activity in canine Purkinje fibres at concentrations
below 1 uM. At concentrations above 1 uM, Class I activity was manifested.
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The Upjohn Company is developing a Class III agent very similar to
LY 190147 [150]. The Upjohn compound, ibutilide (50), possesses an elec-
trophysiological profile that is very similar to LY 190147. Ibutilide produces
a maximum increase (35%) of APD at 0.1 uM and a shortening of APD
at higher concentrations [151—-153]. The Upjohn investigators attribute this
biphasic effect to an initial activation of an inward Na* current at low con-
centrations and activation of a K% current (Ix) at higher concentrations,
although ibutilide is also reported to inhibit the fast inward Na*t current
at 10 uM [153].
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At Berlex Laboratories, we initially explored the effects of structural
modifications to clofilium on electrophysiological activity. We examined the
effects of constraints in flexibility of the connecting chain between the phen-
yl ring and the quaternary centre of clofilium, as in (51). Unsaturation (cis
or trans double bonds and triple bonds) produced only marginal change in
electrophysiological activity [154]. During this work, we also demonstrated
the utility of methylsulphonylamino and nitro moieties as pharmacophores
in related tertiary amines, (52) and (53), respectively. Further work led to
incorporation of the quaternary centre of clofilium into a quinuclidinium
framework. Attachment of the phenyl moiety at either the 2- or the 3-posi-
tion of the quinuclidine, as in (54) or (55), again afforded potent compounds
with electrophysiological activity comparable to clofilium [155]. Thus, it ap-
pears that the binding site for ‘clofilium-like’ agents can tolerate a variety
of modifications provided the aromatic ring and ammonium centre remain
intact.

Finally, we examined replacement of the quaternary ammonium centre
of clofilium with a positive centre derived from an imidazolium cation, for
example, (56) [156]. Although these types of compound possessed Class 111
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electrophysiological activity, they were generally less potent (ECy;APDgs>
10 uM) than the parent quaternary ammonium agents. However, replace-
ment of the isopropylamino group in sotalol by the imidazolium moiety
gave CK-1649 (57) a potent Class III agent [157,158]. CK-1649 (EC2APDyg;=
1.6 uM) was almost an order of magnitude more potent than sotalol and

OH
c1~—©—CHchECHECH2—rJ\®)—(CHzJ gMe MesozNH—Q—CIHCHz_N@
=,

(56)

(57)

devoid of S-blocking activity. Development of CK-1649 was suspended due
to erratic oral bioavailability, which is typical for many permanently
charged compounds.

The research that led to the Berlex compound in clinical investigation, se-
matilide (58), began with the observation that, although acecainide was a
Class III agent it could be metabolized to procainamide, a Class I drug
which in some patients induced lupus. Replacement of the acetyl group in
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acecainide with a more metabolically stable amide could, in principle, pro-
vide a better Class IIT agent. This hypothesis, coupled with the successful
use of the methylsulphonylamino group in a variety of compounds, led us
to sematilide [159]. Sematilide (ECAPDys = 3.5 uM) was much more po-
tent than acecainide (10% increase in APDgs at about 30 xM). Sematilide
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was the first orally available selective Class III agent in clinical trials and
is now entering Phase I1I studies.

Continuing research at Berlex has addressed questions of alternative
Class III pharmacophores. The methylsulphonylamino substitutent has
been used successfully in a number of compounds to produce Class I1I ac-
tivity. We have shown that the methylsulphonylamino group can be re-
placed by the 1H-imidazol-1-yl moiety [160]. Indeed, replacement of the
methylsulphonyl moiety in sematilide affords (59). Compound (59) is equi-
potent to sematilide and possesses a similar cardiovascular profile. The ac-
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tivity of these compounds is sensitive to point of attachment and degree of
substitution of the imidazole substituent. Attachment of the imidazole to
the phenyl ring via the 2-position (that is, 1 H-imidazol-2-yl) or addition of
a methyl group at the 2-position (that is, 2-methyl-1H-imidazol-1-yl) greatly
reduces activity [160].

Although Class III agents show promise in the prevention of life-threat-
ening re-entrant ventricular arrhythmias, they are not generally effective
against PVC’s. Further, elevated catecholamine levels can blunt their overall
efficacy [161]. We have explored the combination of Class III pharmaco-
phores with either Class I or Class II pharmacophores in a single molecule
in an attempt to obtain compounds with broader therapeutic utility. Modi-
fication of sematilide by the addition a second aromatic group on the con-
necting chain produced compounds with both Class III and Class I activities
[162]. In general, however, Class III activity appeared at lower concentra-
tions and was greatly diminished at higher concentrations when significant
Class I activity appeared. This is similar to the electrophysiological profiles
seen for (49) and (50). We have also observed that the action potential pro-
longing activity of sematilide is decreased in the presence of increasing con-
centrations of flecainide (unpublished results). This suggests that Class I/111
agents act by blocking potassium channels at lower concentrations and so-
dium channels at higher concentrations. The most interesting compound
from the Class I/III studies was compound (60), which was efficacious
against both re-entrant (PES-induced) and automatic (Harris [163] type) ar-
rhythmias. Compound (60) also produced emesis after intravenous adminis-
tration, which is suggestive of undesirable CNS activity.

In contrast to the apparent incompatibility of Class IIT and Class I activi-
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ties, combination of Class III and Class II activities is apparently comple-
mentary. Administration of propranalol to dogs that had received subthera-
peutic doses of sematilide resulted in effective prevention of PES-induced
arrhythmias and an enhanced prolongation of refractoriness [164]. These re-
sults, together with the success of Class II agents in the prevention of mor-
tality after myocardial infarction [165], stimulated research toward agents
with Class III and Class I1 activity combined within a single molecule. Sota-
lol can be considered a prototype Class ITI/II agent, but it lacks potency
as a Class III agent relative to its Class II activity and is a non-selective S-
blocker. Examination of the combination of several Class I and Class II
pharmacophores linked through a common nitrogen resulted in the selec-
tion of (61) for further development [43,166]. Compound (61) is effective
against both PES-induced arrhythmias in infarcted conscious dogs and cate-
cholamine-induced arrhythmias in halothane-anaesthetized dogs. The com-
pound has a more favourable haemodynamic profile than sotalol. Com-
pound (61) is continuing in preclinical development.

H"OH R o
3,
MeSO,NH CHaCCHaNHCH, CHR0! = ! \ ”
2 2LLhg 2Lz =N NHCCHp) ,NEt o

aR= n=2
(61) b: R = -NO,, n=3,
c:R= n=2

The successful preclinical use of sematilide as a Class IIT antiarrhythmic
agent has stimulated the synthesis of related compounds. Chemists at Koto-
buki Seiyaku have prepared the thiophene analogues (62) [167]. Compound
(62a) increases APDgs by 20% at 9.6 uM. The most potent compounds,
however, are nitro-substituted thiophenes (62b and c), which increase
APDys by 20% at 1 and 2.3 uM, respectively. The Wyeth-Ayerst group ex-
amined analogues of sematilide in which the carboxamide group was rep-
laced by a sulphonamide group [168,169]. The most interesting compound
from this series is risotilide (63, WY-48986), which increased APD (at —60
mV) by 31% at a concentration of 3 uM in canine Purkinje fibres. Studies
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in feline ventricular myocytes using voltage clamp techniques showed that
risotilide selectively blocked the delayed rectifier current (Ix) at 3 M [170].
No effects on the inward rectifier current (Ix;) were seen until 100 4M con-
centrations of the drug. Risotilide is effective against PES-induced arrhyth-
mias in dogs (about 5 mg/kg), and in decreasing mortality in anaesthetized
pigs after coronary occlusion [171]. The drug is not effective, as would be
expected, in the Harris [163] dog arrhythmia model. Risotilide is in Phase
11 clinical trials. In addition to their work with analogues of risotilide, scien-
tists in the Wyeth-Ayerst group have recently patented a series of novel he-
terocyclic Class ITT agents [172] of which (64) is an example.

The Pfizer group in the United Kingdom has been actively involved in
the search for new Class III antiarrhythmic agents. It has patented a variety
of structural types that make extensive use of the methylsulphonylamino
moiety. These include indanes [173,174], pyridines [175,176], piperazines
[177—-179], benzazepines [180], bisarylalkylamines [181] and diazabicyclic
compounds [182]. From this extensive work, two compounds, UK-66914
(65) and UK-68798 (66), have entered clinical trials. Compound (65) in-
creases the effective refractory period (ERP) of ferret papillary muscle by
25% at a concentration of 0.5 uM [183]. Whole-cell patch-clamp studies

TH Me
Mesoz“H—@—CHCHZ-—N N—@N MeSO2NH—©—CHECH2NCH2CHZO——©—NHSOQM9

(65) (66)

showed that UK-66914 reduced the delayed rectifier current (/) without af-
fecting the inward rectifier current (Ix;) [184]. As is expected, UK-66914
shows modest positive inotropic activity both in ferret papillary muscle
(27% increase in developed tension at 10 xM) [185] and in anaesthetized
dogs (35% increase in left ventricular dP/dr at 1 mg/kg) [184,186]. Studies
in healthy volunteers indicate that UK-66914 is well tolerated, with no ad-
verse haemodynamic or proarrhythmic effects [187]. The bisarylalkylamine,
UK-68798, has a profile similar to UK-66914, but is 10—-20-fold more po-
tent. In guinea-pig papillary muscle UK-66914, prolongs APDg, by 22% at
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a concentration of 50 nM [188]. Like UK-66914, compound UK-68798 se-
lectively blocks Ix without affecting I, [189]. UK-68798 is in Phase II clini-
cal trials.

The Class I1T antiarrhythmic agent under development by Eisai is a meth-
ylsulphonylamino-substituted benzoyl piperidine, E-4031 (67). In guinea-
pig papillary muscle E-4031 increased APDyy by 25% at a concentration of
10 uM [190] and increased ERP in ferret papillary muscle by 25% at 58 nM

0
MQSOZNH—©—ICI~CNCHZCH2—Q

(67)

e

[183]. Like other selective Class I1T agents E-4031 exhibits positive inotropic
activity [191]. The mechanism by which E-4031 prolongs APD is under
some dispute. The Eisai group reports that E-4031 depresses I [192], while
a group from Merck using similar methodology suggests that it does not
block 7k but may block another K* current [193]. In studies in dogs, E-4031
was effective in preventing PES-induced arrhythmias in at least 70% of the
animals [194,195] and demonstrated a cardioprotective as well as an antiar-
rhythmic effect in a model of ischaemia-induced arrhythmia (amiodarone
and sotalol were also effective) [196]. E-4031 is proceeding in Phase II clini-
cal trials.

During the past few years, a number of novel structural types have been
developed which possess class TIT activity. Several of the new compounds
do not utilize the methylsulphonylamino moiety and provide new leads for
the design of future Class 111 agents. The group at Merrell Dow Research
Institute is developing a piperidine-4-methanol derivative, MDL 11,939
(68), as a potential Class IIl antiarrhythmic agent. The MDL compound
prolongs APDygq in canine Purkinje fibres, but is less effective than brety-

(68) (69)

lium, sotalol and clofilium in this preparation [197]. It was suggested that
the decreased efficacy in Purkinje fibres may produce a smaller dispersion
of refractoriness and therefore be less proarrhythmic than other Class II1
agents. In anaesthetized dogs, MDL 11,939 increased QT and was effective
in the prevention of PES-induced re-entrant ventricular arrhythmias (50%
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of animals at 10 mg/kg) [198]. The Merrell Dow group is also examining
some analogues of MDL 11,939 that utilize the 1 H-imidazolyl moiety as a
class III pharmacophore [199]. These compounds are exemplified by (69).

A benzopyran derivative, RP-58866 (70) is under development by Rhone-
Poulenc. Patch clamp studies in guinea-pig ventricular myocytes indicate
that RP-58866 inhibits the inward rectifying potassium current (/) with
no effects on the delayed rectifier, ATP-sensitive potassium currents or calci-
um currents [200]). RP-58866 increases APDygy of Purkinje fibres by about
45% at 0.3 uM without affecting V., [201]. The compound was effective
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CHgCH,N Me INlH
HO N—C—NH
i /
OMe Cl
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in models of electrically induced atrial fibrillation and occlusion/reperfu-
sion-induced ventricular fibrillation in dogs at 0.1-0.3 mg/kg; however, it
was not effective in models of enhanced automaticity which are typically
used to identify Class I agents (for example, aconitine rat, ouabain dog or
Harris dog models). Further, RP-58866 has little effect on haemodynamics
at therapeutic doses.

RS-87337 (71), which is being developed at Syntex France, is claimed to
have an electrophysiological profile of both Class III and Class IA agents
[202]. Atlow concentrations (< 10 uM) in guinea-pig papillary muscles, RS-
87337 increased APD; at higher concentrations (10-30 uM) V.« was re-
duced. Although the compound did not affect either atrial or ventricular
conduction in dogs at doses up to 10 mg/kg [203], it was effective in reducing
ectopy in dogs 24 h after coronary ligation (Class I model) [202]. RS-87337
appears to have a profile more indicative of a Class IA agent than a selective
Class III agent.

Like RS-87337, Win 54177-4 (72) is reported to be a combined Class I/II1
antiarrhythmic agent. At a dose of 3 mg/kg, the compound increased effec-
tive refractory period by 21 % in anaesthetized guinea-pigs [204]. The com-
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pound was effective in Class I models such as the aconitine rat and Harris
dog. The compound was also effective in a PES-model of sudden death at
doses of 5-10 mg/kg, i.v. [205]. In this model, Win 54177-4 was superior
to disopyramide and comparable to sotalol.

The quinolinone derivative, OPC-88117 (73), is yet another compound
described as possessing both Class I and Class III electrophysiological acti-
vities. Studies in guinea-pig papillary muscle showed that OPC-88117 at 30
#M increased APDgj by about 15% and decreased Vp,,, by only 4%; howev-
er, at 100 UM APDyg, was prolonged by 23 % and V., was decreased by 23%
[206]). Further experiments in isolated rabbit hearts demonstrated that OPC-
88117 increased atrio-His bundle (A-H) and His bundle-ventricle (H-V)
conduction times and refractory periods with a profile that was similar to,
but more potent than that of lidocaine [207].

TYB-3823 (74), an antiarrhythmic agent synthesized at the University of
Hawaii, exhibits an electrophysiological profile similar to the Class I/ITT
agents discussed above, but there is a broader separation of the two effects.

(79

At 0.1 and 0.3 uM the compound significantly prolonged APD of guinea-
pig papillary muscle with little effect on F.x [208]. At a much higher con-
centration (100 uM), Vy,., Was significantly inhibited. Voltage-clamp studies
with single ventricular myocytes showed that TYB-3823 blocked outward
potassium currents. Further studies in vascular tissue indicated that it also
blocks a- and f-receptors [209]. This may also contribute to its antiarrhyth-
mic profile.

Two 3,7-diazabicyclo[3.3.1]nonane derivatives are being evaluated as
Class III electrophysiological agents. Tedisamil (75, KC-8857) is being de-
veloped by Kali-Chemie; Knoll is developing ambasilide (76, LU-47,710).
Tedisamil is being developed primarily as an antianginal-bradycardiac

(79) (76)



94 CLASS IIT ELECTROPHYSIOLOGICAL AGENTS

agent; however, its unique profile of positive inotropy and bradycardiac ac-
tion provided an indication of Class III activity. In the isolated working rat
heart, tedisamil at 1.8 uM increased dP/dt,.x by 16%, decreased heart rate
by 27% and resulted in an overall increase of cardiac contractile efficiency
of 36% [210]. At 4 uM in the isolated guinea-pig heart, the compound pro-
longed QT 12.5% and at 3 uM it prolonged AV-conduction 25%. In guinea-
pig papillary muscle, APD was increased modestly below 10 xM, while
above 10 uM, APD was shortened (Class I effect) [211]. In rat ventricular
myocytes, tedisamil increased the rate of inactivation of the transient out-
ward potassium current (/. In guinea-pig myocytes the compound blocked
Ix [212]. Inhibition of these currents would increase APD. At higher con-
centrations, tedisamil inhibited Iy, which is the dominant current blocked
by Class I agents. Tedisamil was effective in ischaemia-reperfusion induced
arrhythmias in the rat [213]. Ambasilide, in contrast, appears to selectively
block the delayed rectifier current (Ix) with little affect on the inward recti-
fier (Ix,) [214].

Mitsui Pharmaceuticals is pursuing the development of MS-551 (77),
which utilizes the 4-nitrophenyl Class III pharmacophore. Studies in canine
Purkinje fibre have shown that 10 uM of MS-551 increases APDqyq, by 36%
with no effects on Vi, [215]. Further, MS-551 at 0.03-0.3 mg/kg given
intravenously converted atrial flutter to sinus rhythm in 7 of 8 dogs [216].

H
clH ,CHOH tl) £t .
——@—CHZCHECHQNCHchZNH R—@—OCHZCHCHZN< Il
CHaCHoCHy SCHoCHoMe
(78)
77 a: Rea-CN
b: R =-NO,

¢: R =-NHSO,Me

There was no effect on interatrial conduction and negligible effects on hae-
modynamic parameters.

A novel agent, H 234/09 (78a), which makes the first use of the 4-cyano-
phenyl moiety as a Class III pharmacophore, has been described by the
group from AB Hissle. Ventricular monophasic action potentials deter-
mined in anaesthetized guinea-pigs were increased by 20% at a dose of 5 x
108 mol/kg [217]. The compound was equipotent with the corresponding
nitro analogue (78b) and an order of magnitude more potent than the meth-
ylsulphonylamino analogue (78¢c) as well as sotalol and sematilide [218]. At
therapeutic concentrations, the Héssle compound had no effect on conduc-
tion (isolated human papillary muscle), no significant g-blockade (rat atria)
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and exhibited positive inotropic activity (cat papillary muscle). During acute
left ventricular failure in the dog, H 234/09 increased left ventricular dP/d¢
(5%) and QT (13 %) without changing left ventricular systolic pressure, dias-
tolic pressure or cardiac output [219]. These results suggest that this com-
pound, like most selective Class 11T agents, should be safe for use in the
heart failure population.

YS-035 (79), a calcium channel antagonist derivative of verapamil [220],
has been shown to possess Class III electrophysiological activity in isolated
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(79)

tissues. At concentrations up to 10 uM, it significantly prolongs APD in
atrial and ventricular muscle (guinea-pig) and Purkinje fibres (sheep) with-
out affecting Vpax [221]. Two-microelectrode voltage clamp studies in sheep
Purkinje fibres demonstrated that (79) inhibited several membrane currents.
The inward rectifier (/x;) and instantaneous outward current ([j,s) were re-
duced by 25% at 10 uM. The transient outward current (/,,) and pacemaker
current (If) were reduced by 50% and 65 %, respectively, at the same concen-
tration. There was, however, little effect on the time-dependent potassium
current (Ix) at concentrations up to 100 uM. YS-035 appears to have a
unique profile in that it not only is a calcium antagonist, but also inhibits
a variety of potassium currents with little apparent effect on the fast inward
sodium current.

Although amiodarone was one of the first compounds identified as a
Class IIT antiarrhythmic agent, relatively little has been done to explore the
structural requirements for Class I1I activity around this nucleus. This may
be due to the complex pharmacological profile exhibited by the compound.
Two indolizine analogues of amiodarone, butoprozine (80) and rilozarone
(81), have been evaluated by researchers at Sanofi. A comparison of buto-
prozine with amiodarone and verapamil using voltage-clamp techniques in
frog atrial fibres showed that butoprozine was more potent than amioda-
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rone but less potent than verapamil at inhibiting the fast inward sodium
current [222]. A similar order of potency was observed for effects on the
slow inward calcium current. The effects of butoprozine were comparable
to those of amiodarone on the total outward current (predominantly potas-
sium current). In sheep Purkinje fibres, butoprozine had more pronounced
negative effects on V., and action potential amplitude (APA) and APDyg
than amiodarone; however, the compound still produced an increase in
APDy, comparable to that of the parent compound [223]. Thus, like amio-
darone, butoprozine possesses multiple activities on ionic currents. While
the Class III effects of both compounds are comparable, the Class I and
Class IV actions of butoprozine are greater than those of amiodarone. Rilo-
zarone was initially investigated as both a coronary vasodilator (antiangin-
al) and as an antiarrhythmic agent [224,225]. There is a suggestion in the
literature that rilozarone possesses Class I1I activity [226]; however, no data
were found. Based on the structural similarity to butoprozine and amioda-
rone, rilozarone probably possesses a variety of cardiovascular effects which
may include Class I1I activity.

More recently, a BASF group has been evaluating analogues of amioda-
rone in which the benzofuran moiety has been replaced by 2-arylethenyl and
heteroarylethenyl moieties. Compounds (82) [227] and (83) [228] are two of
the more potent agents from this work. Class III potency was assessed in
anaesthetized guinea-pigs by determining the dose that increased QT inter-
val by 20%. In this model (+ )-sotalol was effective at 3.6 mg/kg i.v. Com-
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pounds (82) and (83) were effective at 0.65 mg/kg and 1.1 mg/kg, respective-
ly. Finally, Ebewe Arzneimittel has patented a series of thienyl analogues
of amiodarone, exemplified by (84), as antiarrhythmics [229]. No data are
available for these compounds.
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In addition to the amiodarone-related compounds, (81) and (82), de-
scribed above, BASF has been exploring some novel heterocyclic com-
pounds as Class III antiarrhythmic agents. A series of imidazo[1,2-c]pyrro-
lo[1,2-a]quinazoline derivatives have been patented which are several times
more potent than (+)-sotalol in lengthening QT interval of the electrocar-
diogram in the anaesthetized guinea-pig model [230]. One of the most po-
tent compounds is (85), which was 17-times more potent than the standard.
These compounds represent one of the unique Class III structural types de-
scribed to date.

STRUCTURE-ACTIVITY CONSIDERATIONS

From the discussion of compounds above, it can be seen that Class III elec-
trophysiological activity can be elicited with a wide variety of structural
types. At first glance there do not seem to be specific requirements to pro-
duce active compounds. When the structures of the selective Class 11 com-
pounds (that is, concentration-dependent prolongation of APD with mini-
mal (< 5%) inhibition of Vp,,, are compared, a pattern emerges which can
be used to define structure activity requirements. A general structure for a
selective Class I1T agent is presented in Figure 2.3.

The phenyl substituent Q is comprised of a limited number of groups to
date. The most effective of these are nitro, cyano, methylsulphonylamino

/F}-l
L
Q = -NO,, -CN, -NHSO,Me, —-N\;N

A = 1-4 atoms, linking chain may contain heteroatoms, polar groups or
be part of aring

R' = H, alkyl, phenylalkyl

R2 = Alkyl, arylalkyl, heteroarylakyl
(including a second Class Il pharmacophore)

Figure 2.3. General structural requirements for a selective Class Il electrophysiological agent.
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and 1H-imidazol-1-yl (see Table 2.2 for a representative sample). Homolo-
gous extensions of the methylsulphonylamino substituent (for example, bu-
tylsulphonylamino) produce a significant fall in activity. Substituents that
are much less effective are acetylamino and fluoro. The chloro substituent
(as found in clofilium) is not a generally effective substituent. For the most
part, attachment of Q at the para position on the phenyl ring appears to
be critical for selective Class III activity. The only exception noted is the
metq isomer of (58), which maintains selective Class III activity [160]. The
phenyl ring seems to be preferred over other aromatic or heteroaromatic
rings (with the exception of the Kotobuki compounds) based on the selec-
tive compounds in development. Additional substituents on the phenyl ring
often lead to a significant decrease in activity. The linking group A which
connects the phenyl ring and the basic amine is one of the more variable
regions of the molecule. The linking group may contain from one to four
atoms that need not be carbon. Heteroatoms, as well as polar groups, such
as amides and hydroxyl substituents, are well tolerated. Further, the linkage
and amino group may be part of a ring. The nitrogen substituents, R! and
R? (Figure 2.2) can play a major role in determining potency of the Class
I1I agents. The R} group can be hydrogen, alkyl (for example, C;—C),) or
phenylalkyl. For the case when R! is a hydrogen, additional lipophilic char-
acter must be built into R? or elsewhere in the molecule (for example, in
the linking group A) in order to maintain activity. The second nitrogen sub-
stituent R? is generally an alkyl, arylalkyl or heteroarylalkyl group. Based

Table 2.2 EFFECT OF THE PHENYL SUBSTITUENT ON CLASS IIT ELECTRO-
PHYSIOLOGICAL ACTIVITY IN CANINE CARDIAC PURKINIJE FIBRES?

Et

D—©—00H20H2N<
et

Q Cy APDysb ne
#M (range)

-NO, 0.2(0.1-0.3) 4

-CN 1.0 (0.6-1.3) 4

-NHSO,Me 1.1 (0.7-2.1) 4

-(1 H-imidazol-1-yl) 2.1(0.6-4.1) 4

aThe experimental procedure has been described [154].

®C, APDys = concentration of drug which caused a 20% increase in action potential duration
at 95% repolarization (APD,s). Reported is the log mean average of n determinations with
the lowest and highest values given in parentheses.

°n = number of experiments.
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on the potency of selected Class III agents (for example, (60), (65), (66))
there appears to be an auxillary binding site for an aromatic ring connected
by one to three atoms to the basic nitrogen. The Berlex [43] and Pfizer
groups [188] both have noted the increased activity when two Class I1I phar-
macophores are linked via the basic nitrogen. This suggests the possibility
of adjacent binding domains for Class 111 agents within potassium channels
[188]. In designing Class III agents derived from the above scheme, care
must be taken in maintaining an appropriate balance in the lipophilic char-
acter of R! and R2 In general, increasing the lipophilic character of R! and
R? leads to more potent Class I1I compounds; however, past a certain point
increasing lipophilicity results in agents with additional Class I activity. The
basic nitrogen can also be replaced by a quaternary centre (for example, (14)
and (56)). This suggests that the active form of the basic drug is the proton-
ated species, which would be expected for most of these amines at physio-
logical pH.

The obvious exceptions to the general requirements for Class I1I activity
described above are (68) and (70). These two compounds appear to be selec-
tive Class III agents; however, they lack an appropriate Q moiety. It is inter-
esting to speculate whether these compounds bind to an alternate domain
in the potassium channel or, possibly for (68), an entirely different site (for
example, sodium or calcium channels) to effect their Class I1I activity.

CONCLUSIONS

Since the postulation by Vaughan Williams in 1970 that action potential
prolongation might constitute a unique mechanism of antiarrhythmic ac-
tion, a considerable research effort has been expended in pursuit of Class
IIT antiarrhythmic agents. Several selective Class IIT agents (for example,
(57), (65) and (66)) have shown promising results in clinical trials. No selec-
tive Class IIT agent has reached the market-place and the extensive clinical
experience that comes with a marketed product is lacking. Thus, the effec-
tiveness of selective Class III antiarrhythmic therapy still remains to be
proven.

For the most part the selective Class I1I agents appear to act by inhibition
of one or more repolarizing potassiuim currents, especially the delayed recti-
fier (Ix) and/or the inward rectifier (Ix;). Less selective agents generally af-
fect sodium currents, as well as potassium currents, which translates to
Class I (conduction-slowing) activity. Additional work still needs to be done
to increase our understanding of the currents and channels involved in regu-
lation of APD. Care must be taken to evaluate species differences, tissue dif-
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ferences (for example, atria vs. ventricles), differences within a species and
the differences between normal and diseased (ischaemic) tissues in order to
develop models that appropriately reflect the mechanisms involved in the
human heart.

Although numerous structural types have been synthesized to date, we ex-
pect research to continue in this area. Several companies, not mentioned
here, have ongoing Class III discovery programmes. As medicinal chemists
begin to take advantage of information from new pharmacological studies
and clinical experience, we expect to see agents with increased selectivity (for
example, normal vs. ischaemic tissue), improved efficacy and improved safe-
ty.
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It is now widely accepted that there are at least three opioid receptor sub-
types, mu kappa and delta. During the last decade increasing evidence has
accumulated to support the hypothesis that a selective kappa opioid agonist
will be a powerful analgesic without the clinically limiting side-effects that
characterise morphine (e.g., respiratory depression, constipation, addiction)
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and all other mu opioid selective analgesic drugs. This has provided the im-
petus for the discovery and preclinical development of selective non-peptide
kappa opioid agonists. Some of these compounds have recently been pro-
gressed into clinical trials, although to date results describing their analgesic
properties in humans have not been published. Potential side-effects include
diuresis, sedation and possibly dysphoria.

The discovery of highly selective non-peptide kappa agonists has assisted
the pharmacological study of this system and it has become apparent that
these compounds also behave as neuroprotective agents in animal models
of stroke/cerebral ischaemia. This is of particular current interest because
of the lack of any effective medicine for these patients. Further develop-
ments in the kappa field have led to patents and publications disclosing se-
lective antagonists and also the identification of agonists with limited access
to the central nervous system. The potential therapeutic utility of these
agents is currently being investigated.

The primary purpose of this chapter is to review the structure—activity
relationships (SAR) of non-peptide kappa opioid agonists and antagonists
from the viewpoint of a medicinal chemist. It is intended to present an ac-
count of work in this area published in journals and in patents from 1985
up to the end of 1990. During the late 1980’s there was a significant increase
in the literature on kappa opioids and this has resulted in several publica-
tions which, at the time of writing, have not been previously reviewed. Three
pharmaceutical companies, Upjohn, Parke-Davis and Zambeletti (SB-
Italy), have progressed kappa agonists into clinical trials, so it seems an ap-
propriate and opportune time to review the preclinical data.

There have been several reviews covering other aspects of the opioid liter-
ature and the early work on kappa opioids. These are mentioned below
partly to put the kappa work in context and partly to aid the reader who
is less familiar with opioids.

OTHER REVIEWS OF THE OPIOID LITERATURE

The chemical structures and biological activities of hundreds of opioid anal-
gesics derived from the prototype opioid drug morphine are most com-
prehensively described in two books published in 1986, one entitled ‘Opioid
Analgesics, Chemistry and Receptors’ by Casy and Parfitt [1] and the other
entitled ‘Opiates’ by Lenz et al. [2]. Follow-up articles include those by:
Casy in 1989, entitled ‘Opioid Receptors and their Ligands: Recent Devel-
opments’ [3] which also includes sections on opioid peptides, affinity label-
ling and opioid receptor subtypes; Rees and Hunter in 1990 [4] covering the
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medicinal chemistry and biological characterization of opioid receptors and
Zimmerman and Leander in 1990 [5] entitled ‘Selective Opioid Receptor
Agonists and Antagonists: Research Tools and Potential Therapeutic
Agents’. Furthermore, the literature on analgesics has been covered in a sec-
tion of the Annual Reports in Medicinal Chemistry [6].

It should be noted that much of the early SAR data on opioids was gener-
ated using whole-animal analgesic assays rather than with isolated tissue
preparations rich in receptor subtypes.

A comprehensive review of receptor selective opioid peptide analogues by
Schiller [7] appeared in the previous volume of this Series and for this reason
the present chapter describes only non-peptide structures. A leading review
which introduces kappa opioid analgesics was written by Horwell in 1988
[8] and a subsequent article focusing on kappa receptors and analgesia by
Millan appeared in 1990 [9].

The biological methods used for in vitro and in vivo study of opioid recep-
tors are described by Leslie [10] in a review which includes useful tables sum-
marizing the opioid receptor subtypes present in various biological tissues,
and the binding selectivity of several standard reference opioid ligands.

Progress in the molecular characterization of opioid receptors has been
slower than for other cell-surface receptors and, to date, none has been se-
quenced or cloned and the second messengers mediating opioid actions are
still unknown. The literature in this area has been reviewed in 1990 by Lo
and Smith [11], who cite three main problems with the opioid receptor; it
is difficult to solubilize, there are no simple biochemical assays to test the
functional integrity of an isolated receptor extract and there are at least
three receptor subtypes (designated as mu, kappa and delta).

Another area of opioid research which is still not fully understood is the
molecular basis for agonist verses antagonist activity. Various hypotheses
have been suggested and these are reviewed in the major articles cited above
and also by Kolb [12] (see later).

INTRODUCTION: SELECTIVE KAPPA OPIOID LIGANDS

In 1976 Martin proposed the theory that there are three subtypes of opioid
receptor on the basis of behavioural studies using a chronic spinal dog
model which revealed that the opioids morphine (mu) (1), ketazocine
(kappa) (2) and N-allylnormetazocine (SKF 10047) (4) (sigma) had different
effects on respiration, heart rate and locomotor activity [13]. Furthermore,
these ligands were unable to replace each other to prevent withdrawal symp-
toms in dogs that had been chronically treated with one of the compounds.
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Although Martin’s original hypothesis has been modified (the sigma site is
no longer regarded as an opioid receptor [14]), there is widespread agreement
for the existence of three major subtypes of opioid receptor, designated mu,
kappa and delta. (Some of the data suggesting further subtypes within this
classification will be presented later.)

- Me

(1) morphine HO
(2) ketazocine R'= Me (4) SKF 10047
(3) ethylketazocine (EKC) R'= Et

Both ketazocine (2), which was used in these pioneering experiments to
suggest the existence of a kappa opioid receptor, and ethylketazocine (EKC)
(3) are actually only very poorly selective for this site. EKC has kappa ICs
= 1.9 nM, mu/kappa ratio = 1.8 (for comparison, morphine mu/kappa
ratio = 0.08) [15] and a fuller biochemical and pharmacological characteri-
zation of kappa opioid receptors was not possible without a more selective
compound. Thus, the report in 1982 that the Upjohn compound U-50488
(5) is selective for the kappa receptor [16] represents a milestone in opioid
research. U-50488 has been designated a selective kappa opioid agonist on
the basis of behavioural tests and in vitro biochemical assays. Thus it be-
haves as a naloxone reversible analgesic in rodents (mouse tail flick test: U-
50488 EDsy = 2.5 mg/kg s.c. and 16 mg/kg p.o.; morphine EDsy = 1.5 mg/
kg s.c.) without displaying mu opioid behavioural properties (Straub tail
and arched back) [16a]. Monkeys trained to discriminate ethylketazocine
(kappa-like) from saline show a complete generalization to U-50488 but not

Cl
N NHCO
NeocH cl O
o X D
0 Y

(6) tifluadom

(5) U-50488

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-ile-Arg

(7) dynorphin (1-9)
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to morphine [16b, 16¢] and in a radiolabelled receptor binding assay it has
a higher affinity for the kappa receptor (K; = 114 nM vs. [°’H]-EKC) than
for the mu receptor (K; = 6100 nM; mu/kappa ratio = 53 for U-50488 and
0.08 for morphine). This compound rapidly became accepted as an excellent
kappa agonist and has been used widely to study the properties of the kappa
receptor. It also became the chemical lead for the design of still more selec-
tive and potent kappa agonists (see later).

It is of historical interest to note that the disclosure of U-50488 occurred
at roughly the same time as two chemically unrelated compounds which be-
have as poorly selective kappa agonist analgesics. These are the benzodiaze-
pine, tifluadom (6) [17] and the amino-terminal nonapeptide fragment of
dynorphin, Dyn (1-9), (7) (kappa K; = 0.21 nM, mu K; = 3.6 nM; delta
K; = 3.2 nM) [18], which is thought to be the endogenous kappa opioid
agonist.

The biochemical and pharmacological properties of the kappa receptor
and the differences between the kappa, mu and delta receptors have been
reviewed elsewhere. The reader is directed to the opioid review articles by
Rees and Hunter (1990) [4], Casy (1989) [3] and Leslie (1987) [10] and also
to two shorter reviews which deal specifically with kappa agonists; the re-
view by Horwell published in 1988 entitled ‘Kappa Opioid Analgesics’ [8]
and the review by Millan in 1990 on kappa opioid receptors and analgesia
[9]. An account of the medicinal chemistry of selective opioid agonists and
antagonists was published in 1990 by Zimmerman and Leander [5].

Biological characterization of kappa ligands primarily involves in vitro re-
ceptor binding and smooth muscle assays and in vivo analgesia tests. The
radiolabelled receptor binding assay is frequently performed using rodent
brain homogenates, which are rich in all three opioid receptors with the mu
and delta sites saturated with selective ligands, (for example, [D-Ala?,Me-
Phe*,Glyol’Jenkephalin (DAGOL) and [p-Pen? p-Pen’jenkephalin (DPDPE),
respectively). These binding assays allow the receptor selectivity to be quan-
tified more reproducibly than behavioural assays do. Intrinsic activity can
be measured using the isolated rabbit vas deferens (LVD) (rich in kappa re-
ceptors) or guinea-pig ileum (GPI) (rich in mu and kappa receptors) prepa-
rations. (See Casy [3] and Leslie [10] for a list of the receptor subtypes pres-
ent in various smooth muscle/CNS tissues.)

The most commonly used analgesic tests utilize a chemical, thermal or
mechanical nociceptive stimulus, for example, rodent paw pressure, tail flick
or hot plate assays.
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KAPPA RECEPTOR SUBTYPES

There is evidence to suggest further subtypes of the originally proposed
kappa opioid receptor. A brief overview of some of the data is presented
here. One of the early kappa ligands, PHJEKC (3) labels two populations
of non-mu, non-delta binding sites in rat brain which are partially differen-
tiated by the Upjohn ligand U-69593 (9) and EKC (3) [19]. There is evidence
for a similar situation in dog brain [20]. The U-69593 site for which U-50488
(4), ICI 197067 (38) and nor-BNI (81) are selective is regarded as a kappa
site, but the EKC site has been designated a kappa-2 opioid receptor by
some authors [21] and an epsilon opioid receptor (the beta-endorphin site)
by other authors [19]. One of the complications is that, to date, no ligands
which are selective for the EKC (a benzomorphan) site are known. Other
reports suggest that there may be three [22] or even four [23] types of kappa
opioid binding site, but currently it may be premature to regard these as
fully characterized receptor subtypes.

POTENTIAL THERAPEUTIC USES OF KAPPA OPIOID
AGONISTS

ANALGESIA

Analgesic activity is associated with agonism of kappa or mu or delta recep-
tors, but there is a qualitative difference in other behavioural effects ob-
served with selective ligands. In most animal species where a direct compari-
son is possible, kappa agonists cause sedation at a lower multiple of the
analgesic dose than do mu agonists [24]. Kappa agonists are distinguished
from mu agonists by causing diuresis in both animals and humans [24, 25]
and selective kappa agonists (U-50488) cannot suppress the characteristic
withdrawal symptoms which develop in monkeys that have become depend-
ent upon the mu agonist morphine [26]. Monkeys chronically treated with
U-50488 do develop a withdrawal syndrome, but this is qualitatively differ-
ent from, and less severe than, that observed with morphine addicted ani-
mals [26]. Kappa agonists do not cause respiratory depression or constipa-
tion, which is characteristic of mu analgesics in animal models.

These differences in the behavioural properties of the opioid receptor sub-
types are of considerable interest because the clinical use of currently mar-
keted opioid analgesic drugs is limited by their undesirable side-effects,
which include respiratory depression, constipation and an abuse or depen-
dence liability. These side-effects have been associated with mu receptor ac-
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tivation and would not be expected to occur with a kappa-selective analge-
sic.

It has been proposed, on the basis of observations made using the benzo-
morphan derivative (MR 2034) (8), that all kappa agonists may cause unde-
sired dysophoria and even psychotomimesis in man [27]. Benzomorphans
such as MR 2034 with affinity for sigma receptors are well-known to be as-
sociated with dysphoria. To date, there has been no report of a dose-ranging
clinical study with a truly kappa selective agonist which describes the anal-
gesic effects and the onset of dysphoric symptoms.

NEUROPROTECTION

There is increasing evidence from animal studies to suggest that opioid li-
gands may have a beneficial effect in the treatment of cerebral ischaemic in-
jury. This has led to speculation that they might be useful drugs to treat
stroke patients.

During the early 1980’s, a number of investigators implicated the involve-
ment of opioid receptors in the pathophysiology of circulatory shock, and
at this time it appeared that the non-specific antagonist naloxone (75) was
beneficial [28]. More recently, the kappa selective antagonist nor-BNI (81)
has been reported to improve neurological recovery and motor co-ordina-
tion after traumatic spinal-cord injury in rats [29]. However, the develop-
ment by Upjohn of selective kappa agonists has led to discrepant findings
and there are now publications from several laboratories suggesting that a
kappa agonist may have neuroprotective properties. In 1985, Upjohn re-
ported that their prototype kappa agonist U-50488 (5) protects against the
lethal effects of bilateral carotid artery occlusion (BCO) in gerbils and rats
[30]. This may be related in part to the diuretic effects of U-50488 which
reduces oedema in the forebrain after BCO [31]. Furthermore, U-50488 can
enhance the early neurological recovery and post-traumatic cerebral blood
flow of head-injured mice and retard the development of post-traumatic spi-
nal cord ischaemia [32]. In a subsequent study Parke-Davis showed that
their kappa agonist CI-977 (11) decreases the infarct size in a model of focal
cerebral ischaemia in rats [33a, b].

The mechanism of action of this kappa mediated neuroprotective effect
is under investigation. In addition to the diuretic effects mentioned above,
it has been shown that CI-977 (11) is inactive in a model of focal brain
ischaemia in Brattleboro rats which lack vasopressin and do not exhibit
kappa-mediated water diureses [33c]. An alternative mechanism for which
there is increasing evidence is an inhibition of excitatory amino-acid release.
U-50488 (5) and PD 117302 (12) have been shown to block convulsions in-
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duced by the excitatory amino-acid receptor agonist N-methyl-D-aspartic
acid (NMDA) in rats [34, 35]. Subsequently, a similar effect has been shown
with CI-977 (11) in mice and this was antagonized by a putative glycine
agonist at the allosteric site of the NMDA receptor, D-serine, indicating that
there may be an indirect interaction between the kappa receptor and the gly-
cine site of the NDMA receptor [36]. Furthermore, in neonatal rats U-
50488, (5) attenuates NMDA-induced brain injury [37].

In electrophysiological studies aimed at elucidating the mechanism of ac-
tion of kappa agonists, U-50488 has been shown to depress excitatory post-
synaptic potentials in a rat locus coeruleus preparation, which indicates that
it acts presynaptically to inhibit transmitter release [38]. Also, in spinal cord
slice preparations from the 9—16-day-old rat, U-69593 (9) produced a na-
loxone-reversible depression of spontaneous and electrically evoked activity
in dorsal horn neurones [39].

Further evidence which indicates that kappa agonists may be neuropro-
tective and gives insight into the possible mechanism of action is that PD
117302 (12) protects cultured rat neurons from glutamate-induced cell death
[40].

STRUCTURE—-ACTIVITY RELATIONSHIPS OF SELECTIVE
KAPPA AGONISTS BASED ON THE 1,2-AMINOAMIDE, U-50488 (5)

As discussed above, the discovery by the Upjohn Company in 1982 of U-
50488 (5) was a milestone achievement in opioid research. This compound
has significantly greater selectivity for the kappa opioid receptor than the
previously used ketazocine (2) or EKC (3) and its widespread use in opioid
research to study the properties of the kappa receptor has led to its being
generally regarded as the prototype non-peptide kappa selective agonist.

U-50488 has not only been a useful biological lead — its chemical struc-
ture, which is apparently unrelated to any of the classical morphine deriva-
tives, has been used as the starting point for several drug discovery pro-
grammes. This has led to several publications and patents, particularly
during the period 1989—-1990, and these are discussed in this section.

Me
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(8) MR 2034
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Cl

(11 () CI-977 R= cCH,
(10) (*} U-62066 R = CH, Cl
NPl

The first report of the properties of U-50488 was made in 1982 [16] and
at this time relatively little was known about the structure—activity relation-
ships (SAR) within this chemical class.

A significant development came in 1985 with the incorporation of a spiro
ether group onto the cyclohexane ring, giving U-69593 (9) and U-62066
(spiradoline) (10). U-69593 is a single enantiomer with very high selectivity
for the kappa receptor in vitro (mu/kappa ratio = 484) [15]. It was radiola-
belled by a catalytic exchange of tritium for the two aromatic chlorine sub-
stituents of the precursor. This ligand is commercially available and has
been widely used as a radiolabel for the kappa receptor. An X-ray analysis
of the crystal structures of U-50488 and U-69593 have been determined [41,
42]. The cyclohexane ring adopts a chair conformation with both nitrogen
substituents attached equatorially The amide bond is in a trans conforma-
tion and the absolute stereochemistry of the kappa opioid active enantiomer
of U-50488 is [S,S]. There appears to be some confusion concerning the ab-
solute stereochemistry of U-69593. The structure in the publication describ-
ing the X-ray crystallography is drawn as 5R,7S,8S, but the title of this
paper, which gives the full chemical name of U-69593, indicates 5S5,7S,8S

[42].
Me
_wNCOCH,
oS!
O Y

(12) PD 117302

Scientists at the Parke-Davis Laboratories in Cambridge adopted the Up-
john structures as chemical leads for a drug discovery programme and ex-
tensively developed the SAR of this chemical class. The aromatic ring of U-
50488, which is optimally separated by a single methylene from the amide
carbonyl, was replaced with a substituted phenoxy group (13) [43-46] or
with a bicyclic 10-pi aromatic, optimally a 4-benzo[b]thienyl or 4-benzofu-
ranyl system (Zable 3.1). This gives, for example, 117302 (12) [43], which
behaves as a selective kappa opioid in vitro (receptor binding using guinea-
pig brain: kappa K; = 3.7 nM, mu K; = 408 nM; causes naloxone reversible
inhibition of electrically evoked contractions of guinea-pig ileum with ICs



Table 3.1. MODIFICATIONS TO THE AMINO GROUP AND THE AROMATIC GROUP IN THE U-50488/PD 117302 SERIES

Me

JNCO—X —Ar
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© Q
R

Opioid receptor binding

K, (nM)
Compd. R X Ar kappa mu mu/kappa Ref.
5(U-50488) 1-pyrrolidinyl CH, 3,4-Cly-phenyl 10 880 88 43
12(PD117302) I-pyrrolidinyl CH, 4-benzo[b]thienyl 37 410 110 43
13 1-pyrrolidinyl CH,0 3,4,5-Cly-phenyl 20 140 12 43
14 NEt; CH, 4-benzo[b]thienyl 1800 350 0.19 43
15 1-piperidinyl CH,; 4-benzo[b]thienyl 250 2400 9.6 43
16 I-homopiperidinyl CH; 4-benzo[b]thienyl 40 810 20 43
17 MeNCH,CH =CH, CH, 4-benzolb]thienyl 52 210 4.0 43
18 MeNCH,CH(CH,), CH, 4-benzo[b]thienyl 200 190 0.95 43
19 MeNCH,CH,Ph CH, 4-benzo[b]thienyl 30 26 0.87 43
20 1-{(RS)-3-(CH,OH)pyrrolidinyl] CH, 4-benzo[bjthienyl 7 560 80 52
21 1-pyrrolidinyl CH, 3-benzo[b]thieny! 69 1400 21 52
22 I-pyrrolidinyl CH, 7-benzo[b]thienyl 17 650 39 52
23 1-pyrrolidinyl CH, 5-benzo[b]thienyl 94 475 5 52
24 1-pyrrolidinyt CH, 6-benzo([b]thienyl 146 425 3 52
25 I-pyrrolidinyl CHMe 4-benzo[b]thienyl 172 2460 14 53

811
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= 1.1 nM) [47] and an agonist in vive with a similar profile of activity to
U-50488. It behaves as a naloxone reversible analgesic in a variety of rodent
models, for example, mouse tail clip MPEsy = 2.2 mg/kg s.c. (PD 117302)
and MPEs; = 6.4 mg/kg s.c. (U-50488). In the rat it is approximately 10-
times more potent by i.v. than p.o. administration [48]. Other behavioural
effects were characteristic of a kappa agonist, that is, naloxone reversible
diuresis and locomotor impairment but no sign of mu receptor mediated
respiratory depression, inhibition of gastrointestinal motility or naloxone-
precipitated withdrawal jumping in mice.

Both U-62066 (spiradoline) (10) and PD 117302 (12) are racemic mixtures
of two enantiomers. The kappa opioid activity has been shown to reside in
the (—) enantiomer, and in the case of U62066 the (+) enantiomer is a weak
mu receptor agonist [49, 50]. (See above for discussion on absolute stereo-
chemistry.)

Attaching an isothiocyanate group to the aromatic ring of U-50488 has
been reported to produce the first site-directed alkylating agent to bind irre-
versibly to kappa receptors in guinea-pig membranes [51].

Other conclusions about the SAR of this chemical series that have been
developed at Parke-Davis can be summarized as follows. The kappa recep-
tor is highly sensitive to steric changes in the substituents on the basic ni-
trogen atom. Thus, the ring-opened diethylamino compound (14) corre-
sponding to PD 117302 (12) has 500-fold weaker affinity for the kappa
receptor (kappa K; = 1800 compared with 3.7 nM, respectively) [43] (Table
3.1). Ring homologation of the pyrrolidine gives the piperidine (15) and the
homopiperidine (16) which possess at least an order of magnitude weaker
affinity than the parent (12) (kappa K; = 250, 40, 3.7 nM, respectively). At-
taching an N-allyl, N-cyclopropylmethyl or N-phenethyl group, (17-19)
which are well-known modifications in the morphine congeners [1-3], re-
moves the kappa selectivity (kappa K; = 52, 200, 30 nM; mu/kappa ratio
= 4.0, 0.95, 0.87, respectively) [43]. The only reported alternative to the
pyrrolidine which preserves the receptor selectivity in this series is the 3-
hydroxymethylpyrrolidine (20) (kappa K; = 7 nM, mu/kappa ratio = 80)
[52].

Variation in the binding affinity obtained for the regioisomerically substi-
tuted benzothiophenes (12, 21-24), kappa K; = 3.7, 69, 17, 94, 146 nM,
respectively (Table 3.1), led to the proposal that the kappa receptor is sensit-
ive to the steric properties of the 10 pi aromatic ring. This rationale has been
used to explain the significantly reduced binding affinity of the methyl sub-
stituted isomers (25) (K; = 172 nM) [53]. Consideration of these data has
led to the suggestion that on binding to the kappa receptor the 10-pi aro-
matic ring is held in a conformation that is mimicked by the corresponding
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acenaphthene ring system. To test this hypothesis the acenaphthene deriva-
tives (26, 27) of spiradoline were prepared and one of the diastereoisomers
was shown to have 10-fold greater affinity than the corresponding confor-
mationally flexible naphthalene analogue (28) (kappa K; = 0.37, 1.2, 3.35
nM, respectively) and was a potent analgesic agent in the rat paw pressure
assay (MPEsy = 0.014 mg/kg i.v.) [53]. This study was extended to include
the synthesis of the rigid [6.6.5]-tricyclic benzothiophene derivatives (29, 30),
one of which is kappa-selective, and further supports the hypothesis regard-
ing the orientation of the aromatic ring (kappa K; = 4.6 nM, mu/kappa
ratio = 109) [53].

(28) R= CH, O

(29) (-) isomer

(30) (+) isomer

The compound which Parke-Davis selected for clinical evaluation was
CI-977 (11), a single enantiomer of the 4-benzofuranyl derivative of spirado-
line (10). CI-977 (11) is an exceptionally selective and potent kappa agonist
(kappa K; = 0.83 nM, mu/kappa ratio = 1520, delta/kappa ratio = 1250,
rat paw pressure test MPEsy = 0.024 mg/kg i.v.) [54]. Its pharmacological
profile in rodents is qualitatively similar to, although at lower doses than
that of the typical kappa agonists described above [55]. The spiro ether
group, which was first disclosed by Upjohn, appears to enhance the analge-
sic potency when attached to the C-4 position of the cyclohexane ring. The
reason for this is not known, but a subsequent study showed that the oxygen
atom of a methyl ether has a similar effect when joined to the equatorial
or axial C-4 position but not to the C-5 position [54].

The N-methylacetamide moiety of U-50488/PD 117302 has been subjected
to extensive modification. Shortening the bridging chain by one methylene
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group to an N-methylformamide produces a selective mu rather than kappa
ligand [16a], while classical amide ‘isosteres’ in the PD 117302 series, such
as the NH amide (31), the reversed amide (32), the ester (33), the thioamide
(34) and the N-methylamine (35) all have significantly reduced kappa recep-
tor affinity and selectivity (Table 3.2) [52]. The only modification known to
be tolerated is the lactam (36). This compound and the diastereoisomer (37)
were prepared in order to explore the kappa opioid-active conformation of
U-50488 [56]. Taken together with the acenaphthene compound (26), this
lactam suggests a rigid kappa opioid-active conformation for the entire ar-
ylacetamide side-chain of the U-50488 series.

The cyclohexane ring of U-50488 (5) has been replaced with a substituted
ethane by the ICI group to give a series of compounds (38—40) which are
amongst the most selective agonists reported to date (Table 3.3). Compared
with U-50488, compound (38) (ICI 197067) has 13-fold greater mu/kappa
selectivity, while (39) (ICI 199441) is 275-times more potent as an analgesic
[57, 58]. A conformational analysis of these compounds has led to the pro-
posal that only those capable of occupying an energy minimum close to the
more rigid U-50488 structure possess kappa agonist properties [59].

A group at E.I. du Pont de Nemours have disclosed compounds which
constitute a hybrid of the ICI and the Upjohn chemical structures. DuP 747
(41), for example, contains the aromatic ring of the ICI series fused onto
the cyclohexane of U-50488. It has been characterized as a kappa selective
analgesic approximately equipotent with morphine in dog and rodent anti-
nociceptive assays displaying a side-effect profile consistent with the pro-
posed mechanism of action [60—-62]. When considering the potential thera-
peutic use of all of these 1,2-aminoamides, it is worth noting that where
both oral and parenteral analgesic doses are reported in the same species
there is generally at least an order of magnitude difference between them;
this indicates possible problems with an oral formulation in man. For
example, in the mouse phenylquinone writhing test DuP 747 (41) has EDsy =
0.46 mg/kg s.c. and 6.2 mg/kg p.o. [62].

A further modification of the ICI/Upjohn structures which has been ex-
tensively studied by Zambeletti (SB, Italy) and independently by Glaxo in-
volves cyclizing the amide N-methyl onto the carbon atom which was pre-
viously the C-6 position of the U-50488 cyclohexane ring. This led to the
compound ZT 52656A (42) which, in the binding assays, is as selective as
U-69593 or ICI 197067 (Table 3.4) [63] and behaves as a full agonist in the
electrically-stimulated rabbit vas deferens assay (ICsp = 12 nM). A molecu-
lar mechanics computational study and a proton NMR spectroscopic study
of the Zambeletti compounds has shown that the active conformation has
a torsional angle (N,C,C7Ng) of 60° [64]. This is in close agreement with



Table 3.2. RECEPTOR BINDING OF AMIDE REPLACEMENTS IN THE PD 117302/U-50488 SERIES

A—Ar

O

Opioid receptor binding

K, (nM)
Compd. A Ar kappa mu mu/kappa Ref.
[2(PD117302) NMeCOCH, 4-benzo[b]thienyl 3.7 410 110 52
31 NHCOCH, 4-benzofb]thienyl 333 4800 14 52
32 CONMeCH; 4-benzofuranyl 37000 20300 0.5 52
33 OCOCH, 4-benzo[b]thienyl 261 3340 13 52
34 NMeCSCH, 4-benzo[b]thienyl 53 700 13 52
35 NMeCH,CH, 4-benzo[b]thienyl 8100 14300 20 52
36 H,C-CH, 3,4-dichlorophenyl 10 225 23 56

\ +n
ch”

37 O 3,4-dichlorophenyl 92 864 94 56
5(U-50488) NMeCOCH, 34-dichlorophenyl 15 825 55 56

[44!
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Table 3.3. RECEPTOR BINDING AND ANALGESIC ACTIVITY OF THE ICI KAPPA AGONISTS [57,58].
ol

Me
R NCOCH, cl

O

Opioid receptor binding K; (nM)

Mouse abdominal constriction
analgesia assay EDs, (mg/kg

Compd. Stereochem. R kappa mu mufkappa s.c.)
ICI 197067(38) S isopropyl 6.3 11800 1900 0.05
ICI 199441(39) S phenyl 6.9 4500 650 0.004
ICI 204879(40) RS 3,4 (MeO),C¢H, 32.8 6400 200 0.05
U-50488 (5) - - 95.5 14200 150 1.1
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(41) Dup 747 (42) ZT-52656A

the results obtained in the ICI study and is similar to the corresponding
angle between the two nitrogen atoms in the Upjohn and Parke-Davis li-
gands.

In view of the psychotomimetic effects in man that have been attributed
to the kappa receptor, Zambeletti studied the EEG and behavioural profile
in rats of compound (42). SKF 10047 and PCP (phencyclidine) showed
marked similarities to each other but not to ZT 52656A while U-62066
showed certain features in common with both [65]. Further work is required
to assess whether these data might have any clinical significance. Modifica-
tions to the structure of ZT 52656A which have been reported in the patent
literature to produce kappa-selective agonists include methylation of the pi-
peridine ring (43) [66] and ring fusion of an aromatic group as in compound
(44) which appears to be claimed in patents by Zambeletti, Glaxo and
Merck [67-69].

A research group at Glaxo has independently pursued a chemical strategy
very similar to that of Zambeletti, and their series of kappa agonists in-
cludes further oxygen substituents on the pyrrolidine and the piperidine
rings (45-47). A very potent compound is the piperazine derivative GR
103545 (48) [70]. [N.B. The orientation of the pyrrolidine with respect to the
chiral carbon atom is the same as in ZT 52656A (42), despite the change

Table 3.4. OPIOID RECEPTOR BINDING SELECTIVITY OF ZT-52656A (42)
COMPARED WITH OTHER KAPPA-SELECTIVE AGONISTS {63]

Opioid receptor binding K; (nM)

Compd. kappa mu delta mufkappa
ZT-52656A (42) 0.57 2341 > 10000 4107
U-62066 (10) 0.57 45.1 5979 79
U-69593 (9) 1.89 2694 > 10000 1425
U-50488 (5) 0.97 616 > 10000 635

ICI 197067 (38) 0.14 347 > 10000 2479
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(47) GR 45809 (48) GR 103545

in RS nomenclature.] The Glaxo compounds have been characterized as
kappa agonists using isolated tissue experiments. Thus, GR 103545 behaves
as a full agonist for inhibiting twitch responses in the rabbit vas deferens
assay (ICsy = 0.02 nM) which contains opioid receptors mainly of the
kappa type but has very little activity in the delta-rich hampster vas deferens
assay (ICsy > 160 nM) and has no effect (up to 10 nM) in the mu-rich rat
vas deferens. Furthermore, the effects of one of the compounds (GR 89696)
in the rabbit vas deferens were antagonized by the antagonist naloxone (75)
with a mean pKp value of 7.7 and in the mouse vas deferens were antagon-
ized by the kappa selective antagonist norBNI (81) with a mean pA; value
of 9.9, data which support the kappa selectivity of this compound [70]. The
pharmacology of GR 103545 is typical of that expected for a kappa agonist:
antinociceptive in the mouse abdominal constriction test (EDsy = 0.00025
mg/kg s.c., 0.012 mg/kg p.o.); sedative in the mouse rotarod test (EDsy =
0.022 mg/kg s.c.); diuretic in water-loaded rats (at 0.008—0.12 mg/kg s.c.)
and very little effect on respiration rate or gastrointestinal motility [70]. The
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patent that claims GR 103545 covers both pain and cerebral ischaemia {71],
which are now typical claims for a kappa agonist.

The Sankyo company have shown that conformational restriction of the
arylacetamide fragment of the Zambeletti/Glaxo series as in the indane de-
rivative (49) preserves kappa selectivity (kappa K; = 0.67 nM, mu K; = 698
nM, mouse phenylquinone-induced writhing EDsy = 1.3 mg/kg s.c.) [72].
This aromatic group contains two of the rings found in the acenaphthene
derivatives (26, 27) described above.

cl
ci
ci
NCO " NCOCH, 4@\@
(z) H
O O

(49) (50

An interesting hybrid-type structure which contains both the cyclohexyl
ring of the Upjohn and Parke-Davis series, and the piperidine ring of the
Zambeletti and Glaxo series is the decahydroisoquinoline (50). This com-
pound was first disclosed in a Roussell-UCLAF patent published in 1987
[73]. The in vivo data are not compared directly with reference compounds,
but (50) appears to be a somewhat weaker analgesic than those discussed
above (mouse hot plate test ADjg = 20 mg/kg s.c.; mouse acetic acid-in-
duced stretching ADsy 1.8 mg/kg s.c.) [74]. The anti-ischaemic properties
were investigated with an asphyxic anoxia test in anaesthetized rats. Analy-
sis of the EEG activity showed that compound (50) at a dose of 5 mg/kg
i.v. caused a significantly more effective and more rapid recovery of the elec-
tro-cortical activity than the controls [74].

Rhone-Poulenc have synthesized some kappa agonists which are of chem-
ical interest because the arylacetamide fragment, which characterizes all of

s H
¥ CE ;@x o °
N CONHC3H, ) O\
A G NMe,
N

(51) RP 60180 (52)



D.C. REES 127

the selective compounds discussed so far, is replaced with a tricyclic pheno-
thiazine group. However, the pyrrolidine amine is still present in RP 60180
(51) (kappa K; = 0.55 nM, delta K; = 1.6 nM, mu K; = 57.1 nM) which
behaves as a kappa agonist in the rabbit vas deferens (ICsq = 15 nM) but
is without agonist activity in the delta-rich hampster vas deferens up to a
concentration of 300 nM [75]. Chemical changes which have been made to
RP 60180 (51) include halogenation of the C-7 position of the phenothiazine
ring [76] and replacement of the C-2 amide with an amidine group which
gives anti-diarrhoeal agents with no effect on the CNS [77].

Mu and kappa receptor agonists have been shown to affect central dopa-
minergic activity in rodents in vivo and in vitro [78, 79]. This has been investi-
gated with RP 60180 (51), which decreases dopamine (DA) utilization in rat
prefrontal cortex and in the striatum (by 30—35% and 10 % respectively at
1-2.5 mg/kg s.c.) whereas the mu agonist morphine causes a significant in-
crease (90—150 % and 30-40 % respectively at 5 mg/kg), an effect which is
abolished by RP 60180 (1—-2.5 mg/kg) [80].

NON-KAPPA OPIOID BIOLOGICAL ACTIVITY OF RELATED
1,2-AMINOAMIDES

The 1,2-aminoamides are now established as a chemical series with several
highly selective kappa opioid receptor agonists. However, the biological ac-
tivity of 1,2-aminoamides is not restricted to kappa analgesics. Several relat-
ed structures exhibit biological activity in other systems of importance and
interest. In order to appraise the significance of this chemical class and to
put the SAR for kappa receptor activity into context, a selection of these
compounds is discussed here. This is not a comprehensive literature review
but rather a selection of a few compounds to illustrate the broad range of
medicinal activity exhibited by these somewhat similar chemical structures.

MU OPIOIDS

In the above discussion on the mu/kappa receptor selectivity of the U-50488
(5) series, the steric properties of the tertiary amine and the distance between
the amide and the aromatic ring were cited as important factors. This has
been exploited by the Upjohn company to give the arylformamide-dimethyl-
amine derivative (52) which is an analgesic in the mouse tail flick test (EDsg
= 0.2 mg/kg s.c.) and causes mu-opioid like side-effects such as Straub tail,
arched back and increased locomotor activity [81]. These behavioural ef-
fects and the association constant for the morphine receptor of compound
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(52) (receptor affinity, K; = 1.1 x 10~7 M) indicate that it is a selective mu-
opioid receptor agonist (opioid receptor subtype binding not reported).

ANTIDEPRESSANT ACTIVITY

Changing the substitution pattern at the amide nitrogen of the opioid agon-
ist (52) gives U-48753, (eclanamine, (53)) which behaves as a potent antide-
pressant agent. In a study aimed at elucidating the mechanism of action of
this effect, it was shown that (53) does not inhibit monoamine oxidase activ-
ity but it does block biogenic amine uptake (noradrenaline, adrenaline and
5HT) and it desensitizes a-2 adrenergic receptors (as shown by its antago-
nism of the hypothermia induced by the a-2 agonist, clonidine) [82]. Tt is
interesting to note and to acknowledge that the chemist who invented this
U-48753 antidepressant series, Jacob Szmuszkovicz [83, 84], also discovered
U-50488 [16a].

Cl

COEt
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NMe,

(53) U-48753
(eclanamine)

SIGMA RECEPTOR LIGANDS

Changing the stereochemistry of the 1,2-aminoamide of U-50488 from trans
to cis produces potent ligands for the sigma receptor [85]. The aromatic
group of this cis-fused series has been modified to improve the sigma recep-
tor selectivity and the naphthyl derivative (54) has high affinity for the
[PH](+)-3-PPP-labelled sigma site (K; = 8.66 nM) and greater than 100-fold
weaker affinity for the dopamine D, receptor (PH](—)-sulpiride K; > 10,000
nM), the kappa opioid receptor ([*H]bremazocine K; > 10000 nM; [*H]U-
69593 K; = 1667 nM) and the phencyclidine receptor (*H]TCP K; > 10,000
nM) [86]. Further chemical modifications included changes to the amide
group which gave the most selective compound from this study, the diamine
(55) (sigma K; = 1.3 nM) [86]. These ligands should provide useful pharma-
cological tools with which to study the properties of the sigma receptor.
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ANTIARRHYTHMIC AGENTS

Scientists at the Berlex laboratories, working on the design of antiarrhyth-
mic agents based on the chemical lead of procainamide, have reported com-
pound (56) which can be thought of as a secondary amide derivative of U-
50488 (5). This is active as a class III antiarrhythmic agent in isolated canine
Purkinje fibres and blocks sustained ventricular tachycardia (rate > 250
bpm) elicited by programmed electrical stimulation in anaesthetized and
conscious dogs (dose 1 mg/kg i.v.) [87]. Acyclic derivatives (which lack the
cyclohexane ring) are also active.

O—@—NHSOQMe

NEt,

DOPAMINE LIGANDS

Other related secondary amides include an important class of dopamine
(D,) antagonists used as antipsychotic drugs. Two examples are sulpiride
(57) and sultopride (58) which are chemical derivatives of the mixed dopa-
mine/SHT; ligand, metoclopramide (59) (88, 89]. Modifying the amino
group of metoclopramide has produced the antiemetic SHT; receptor agon-
ist zacopride (60) [90]. The similarity between the SAR of opioid and D, re-
ceptors is also illustrated by the dextrorotatary isomer of the 4-phenyl pipe-
ridine (61). This compound is a mu opioid analgesic (receptor binding ICsq
= 6.1 nM vs. [’H]dihydromorphine; mouse tail flick analgesic assay EDsg
= 0.8 umol/kg s.c.) and also a D, neuroleptic (receptor binding IC5y = 43.3
nM vs. [*H]spiroperidol; antagonism of apomorphine-induced circling be-
haviour EDsy = 1.6 umol/kg s.c.). The laevo isomer is significantly less
active at both of these sites [91].
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ATTEMPTS TO DEVELOP KAPPA-SELECTIVE LIGANDS FROM
OTHER CHEMICAL LEADS

The majority of studies aimed at preparing kappa-selective opioids have
used U-50488 (5) as the chemical lead and, as the above discussion shows,
this has proved to be a highly productive approach. However, as was
pointed out above, there are other structures [EKC (3), tifluadom (6) and
the peptide dynorphin (7)] which have been reported to bind to the kappa
receptor, albeit with poor opioid receptor subtype selectivity. Some at-
tempts have been made to develop kappa-selective ligands from these struc-
tures and they are summarized here.

A modelling study using Dreiding models of EKC (3) has revealed simi-
larities between the twist-boat benzomorphan conformer and the chair con-
former of the benzofuro[2,3-c]pyridin-6-ol template (62). The basic N-meth-
yl compound (62) is a mu-selective analgesic (mouse phenylquinone
abdominal stretching assay EDsy = 5 mg/kg s.c.) (Table 3.5). Changing the
nitrogen substituent to an n-propyl (63) or cyclopropylmethyl (64) group
significantly increases the kappa affinity, but incorporation of other side-
chains which produce analgesics in the morphine series (for example,
phenylethyl) decreased kappa affinity. Substitution at the C-9a carbon with
a methyl retained kappa affinity (compound (65)), but none of the reported
compounds had any selectivity for the kappa receptor [92].

In an attempt to prepare a ligand suitable for use in an affinity column
for kappa opioids, a haloacetamide group was attached to the thiophene
ring of tifluadom to give compounds (66, 67). Unfortunately, neither of
these derivatives was suitable because of their poor selectivity with consider-
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Table 3.5. OPIOID RECEPTOR AFFINITIES OF BENZOFUROPYRIDINE
DERIVATIVES [92]

Et
HO, NR'

O R?

Opioid receptor binding (K, nM)

No. R! R? kappa mu delta
62 Me H > 5000 19 212
63 n-Pr H 335 30 231
64 CH,cC;Hs H 34 4 53
65 CH,cC;3H;5 Me 35 8 37

3 (EKC) 6 1.3 23

Table 3.6. OPIOID RECEPTOR AFFINITIES OF TIFLUADOM DERIVATIVES [93]

R!

Opioid receptor binding (1CsynM)

No. R R? mu kappa kappa
(bovine) (guinea-pig)

66 H NHCOCH,Br 183 > 1000 193

67 NHCOCH;Br H 10 120 89

able mu receptor affinity [93] (Table 3.6). In addition to kappa binding tif-
luadom also has affinity for the pancreatic cholecystokinin (CCK-A) recep-
tor and various 2- and 3-substituted-1,4,-benzodiazepines (68, 69) have been
prepared in an attempt to separate these activities. None of the compounds
improved CCK-A affinity, but (68) and (69) have a slightly increased opioid/
CCK-A receptor selectivity [94] (Table 3.7). No in vivo data or opioid recep-
tor subtype data were reported in this study.

The SAR of the putative endogenous dynorphin kappa agonists was re-
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Table 3.7. OPIOID AND CCK-AFFINITY OF TIFLUADOM DERIVATIVES [94]

CCK-receptor binding Opioid binding (ICs,nM)
(ICsynM) (['Z1]CCK-8)
No. pancreas brain [*H ] naloxone
6 [(—)-Tifluadom] 29 > 10° 1.1
68 160 15500 1.1
69 4000 34000 8.6
Me A

7
(68) R'= CHoNHCO-2-indolyl , R?< H
(69) R'=H , R%= CH,NHCO-2-indolyl

viewed by Schiller in the previous issue of this Series [7]. Since then, studies
aimed at identifying the biologically active conformation of dynorphin or
synthesizing metabolically stable derivatives have continued to be pub-
lished. For example, Hruby and co-workers have prepared conformational-
ly restricted dynorphin derivatives by cyclization via two cysteine residues.
The peptides (70) and (71), which are cyclized through residues 5 and 11,
have high affinity but, compared with dynorphin, reduced selectivity for
kappa receptors in the guinea-pig brain and they are less active in the guin-
ea-pig ileum smooth muscle assay (Table 3.8). The dynorphin (1-13) deriva-
tives (72—74) retain activity in the GPI but are of variable selectivity in the
central receptor binding assay (Table 3.8), indicating the importance of the
configuration of the Cys residues. In the mouse hot-plate test for analgesia,
(74) behaves as an agonist (4sg = 10 ug, i.c.v.) [95].

KAPPA ANTAGONISTS

Naloxone (75) is an opioid antagonist with slightly higher affinity for the
mu subtype than kappa (K] in guinea-pig brain: mu = 1.78 nM; kappa =
27 nM; delta = 1.72 nM) [96] and is widely used as a pharmacological tool
to demonstrate the mechanism of action of opioid agonists. Despite much
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Table 3.8. RECEPTOR BINDING AND SMOOTH MUSCLE ACTIVITY OF CYCLIC
DYNORPHIN DERIVATIVES [95]

Compound No.  Opioid receptor binding Smooth muscle
(ICsonM) assay (I1CspnM)
kappa mu delta GPI MVD
Dyn A(1-17)-OH 0.087 3.40 2.74 2.15 225
[Cys*!!]Dyn A(1-11)-NH, (70) 0.285 0.270 1.63 1080 421
[Cys*!,D-Ala®]Dyn A(1-11)-NH, (71) 0.391 2.30 18.6 4406 1660
[Cys®3]Dyn A(1-13)-NH, (72)  0.076 0.986 3.97 1.3 20.1
[D-Cys?,Cys"]Dyn A(1-13)-NH, (73) 1.76 10.3 104 227 24.5
[D-Cys#B]Dyn A(1-13)-NH, (74) 0.110 0.362 14.3 1.75 19.5

speculation on how the chemical differences between morphine (1) and na-
loxone (75) might cause their agonist/antagonist activity, there is still no sat-
isfactory explanation. The alkyl group on the basic nitrogen atom and the
C-14 substituent (-OH in naloxone) are crucial in determining opioid effi-
cacy. The literature in this area has already been reviewed elsewhere and
the reader is directed to the major reviews on opioid ligands cited above [1-
5] and also to a review by Kolb on the stereoelectronic properties of opioid
agonists and antagonists [12]. Several authors have proposed that there are
separate binding sites or conformations of the opioid receptors for agonists
and antagonists. The relative population of these two entities has been relat-
ed to (i) the equatorial-axial equilibrium of the substituents on the basic ni-
trogen atom, (ii) the orientation of the electron lone pair on nitrogen and
(iii) the existence of the skew-boat or flexible conformations of the piperi-
dine ring [12, 97]. A recent study has shown that N-cyclopropylmethylmor-
phine derivatives with a C-14 beta alkyl substituent (instead of the C-14 OH
found in naloxone (75) and naltrexone (80)) are antagonists (76—79, Table
3.9) [98]. The compound with greatest kappa receptor activity is the ethyl
derivative (77).

(75) naloxone
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Table 3.9. ANTAGONIST ACTIVITY OF C-14 BETA-SUBSTITUTED MORPHINE
DERIVATIVES [98]

Antagonism of mouse tail flick analgesia

Receptor binding (ICsynM) (ADsy mglkg i.v) induced by

No. R mu kappa morphine EKC
(5.6 mglkg s.c.) (0.56 mglkg s.c.)

(76) Me 0.2 490 0.005 >0.05
(77 Et <1 0.2 0.005 0.010
(78) n-Pr <0.1 0.7 0.004 0.020
(79 CH,Ph 1.1 14.0 0.120 0.460
(80) OH naltrexone 0.006 0.070

Until 1987 there were no known antagonists which demonstrated a useful
selectivity for the kappa site. Then Portoghese’s group reported that the bi-
valent ligands norbinaltorphimine (nor-BNI) (80) and BNI (81) are potent,
selective kappa antagonists. These ligands were characterized in the guinea-
pig ileum smooth muscle assay (rich in mu and kappa receptors), where they
antagonize the effects of kappa selective agonists such as U-50488 much
more effectively than they antagonize the effects of the mu agonist mor-
phine, and in the mouse vas deferens (rich in delta receptors), where they
are poor antagonists of the delta agonist [D-Ala?-D-Leu’lenkephalin
(DADLE) (Table 3.10) [99]. Furthermore, in the mouse writhing assay, nor-
BNI (81) (s.c. or i.c.v.) antagonizes the antinociceptive effects of EKC and
U-50488 (kappa) at doses that have no effect on the antinociceptice actions
of morphine (mu) or the delta agonist DPDPE ([p-Pen?-D-Pen’Jenkephalin)
[100]. An improved chemical synthesis of nor-BNI has been reported [101].
This route allowed the corresponding N-allyl derivatives to be prepared but
they were found to be less selective.

In 1990, Roussell-UCLAF published a patent disclosing that the tertiary
amine (83) is a kappa antagonist [in vitro receptor binding ICsy: kappa =
57 nM, mu = 840 nM, dopamine (spiroperidol) = 10,600 nM] which when
given to rats at 20 mg/kg s.c. antagonizes the diuresis and antinociception
induced by U-50488 (5 mg/kg p.o.) [102]. It remains to be seen whether this
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(CHz)sMe

(81) nor-BNI, R=H (83)
{82} BN(, R=Me

Table 3.10. ANTAGONIST EFFECT OF BNI AND NOR-BNI ON VARIOUS
AGONISTS [99]

ICs, agonist/1Cs, control

20 nM BNT (82) 20 nM nor-BNI (81)
Agonist GPI MVD GPI MVD
Morphine 2.8 1.8 2.6 1.3
EKC 147.8 - 49.8 -
U-50488 167.0 - 129.3 -
Dyn(1-17) 26.7 - 44.4 -
DADLE - 4.5 - 2.0

novel chemical structure will lead to a series of kappa antagonists and to
the evaluation of the therapeutic potential of such ligands.
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INTRODUCTION

The increasing interest in bio-active pyridazine derivatives, as observed
within the past two decades, is well reflected by the fact that a review like
the present one, which is an attempt to summarize the literature as covered
by Chemical Abstracts from 1975 (Vol. 82) through 1988 (Vol. 108), had to
be divided into two parts.

141



142 PHARMACOLOGICALLY ACTIVE PYRIDAZINE DERIVATIVES

Part 1, dealing mainly with pyridazines as chemotherapeutic, antithrom-
botic, antisecretory and anti-ulcer agents, as well as with various central
nervous system stimulants and depressants, has been published in a preced-
ing volume of Progress in Medicinal Chemistry [1]. The present Part 2 will
be devoted primarily to cardiovascular active compounds and to a compila-
tion of miscellaneous additional pharmacological activities of pyridazine de-
rivatives. In this part, the literature cited in Chemical Abstracts up to Vol-
ume 111 is included, too. Moreover, selected papers published in 1990 will
be considered. For general remarks regarding the scope and limitations of
the present review and for reviews on the chemistry of pyridazines see [1].
It should be mentioned that a recent update of a series devoted to the ad-
vances in pyridazine chemistry [2] also provides valuable information re-
garding biological activities of 1,2-diazine derivatives.

CARDIOVASCULAR AGENTS

The fact that cardiovascular diseases occupy first place as causa mortis in
civilized countries continues to influence strongly research in the field of
bioactive pyridazine derivatives also, as shown by the enormous number of
patents and papers dealing with pyridazines useful as cardiovascular drugs
which have appeared within the period covered by this review.

In this chapter, the agents to be discussed are classified according to their
pharmacological action. Thus, cardiovascular active pyridazines are divided
into the following classes: cardiotonics (including pyridazines exhibiting
both positive inotropic and systemic vasodilator activity, that is, inodila-
tors), coronary vasodilators, antiarrhythmics, cardioselective S-blockers,
antihypertensive agents, antihypotensive agents, and hypocholesterolaemic
agents. A compilation of pyridazines as blood platelet aggregation inhibi-
tors and antithrombotics is given in Part 1 [1].

CARDIOTONICS

For a long period, a butenolide or a 2-pyrone ring in the 178-position of
the steroid system has been considered an essential feature for digitalis-like
cardiotonic activity. However, it turned out that the unsaturated lactone
ring can be replaced without loss of activity by some other moieties, includ-
ing the 4-pyridazinyl group.

Thus, compound SC 4453 (1), a pyridazine analogue of digoxin studied
in Belgium, has been shown to have cardioactive properties similar to those
of the natural cardiac glycoside [3]. 178-(4-Pyridazinyl)androstane deriva-
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tives of type (2) have been claimed as useful agents in the treatment of tachy-
cardia [4]. Within a series of 3f-aminocardenolide aglycones, investigated
in England with respect to inotropic and chronotropic activity (isolated
guinea-pig atrial preparations), the 178-(4-pyridazinyl) analogue (3) has
been studied [5]. Weak digitalis-like activities have been observed. The same
authors also reported on the positive inotropic activity of the 4-pyridazinyl
cardenolide congener (4) and the related N-oxides (5), (6) [6]. The N'-oxide
(5) turned out to be more active than the parent compound (4), whereas the
N?-oxide (6) was less active.

4) R= /| 5) R= /‘ 6) R= /l
@ > N ® > N © X, NO

(@) - (6)

The discovery of the positive inotropic and systemic vasodilator activities
of bipyridine-derived compounds, like amrinone (7) and milrinone (8), has
markedly stimulated research aimed at the development of structurally re-
lated non-steroidal, non-catecholamine cardiotonics. In this context, a wide
variety of pyridazinone derivatives have been prepared and investigated in
search for novel agents useful for the chronic management of congestive
heart failure.

It has been claimed that cardiotonic activity is retained upon replacement
of the pyridone moiety in the amrinone molecule by a 3(2H)-pyridazinone
system (9) [7]. Moreover, the patent literature covers various cardiotonic 6-
(pyridyl)-3(2H)-pyridazinones and 4,5-dihydro congeners as exemplified by
(10), which have been developed in the United States [8—11]. Also 3-amino-
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and 3-hydrazino-6-(pyridyl)pyridazines as represented by formula (11) have
been claimed as cardiotonic agents [12—14]. Thus, for instance, compound
(11, R'=NH,; R?=H) has been reported to exhibit significant cardiotonic
activity at 0.1 mg/kg (dogs; i.v. administration) [13].

RZ

o NH,
=z Ao
o NH
| ~ \N/NH
No_~ R! |
N
() R'=HR2=NH, © R=H Me; R2=H alkyl R'=H.CN.CONH,; R2=NH,alkyl

(8) R'=MeRZ=CN (10) an

Quite recently, another type of 1,2-diazine-derived compounds structural-
ly closely related to amrinone and milrinone, namely aza-isosters character-
ized by the replacement of the 4-pyridyl substituent by a 4-pyridazinyl
group (12), (13), (14), became available in Austria [15]. Preliminary in vitro
investigations (guinea-pig atria; spontaneously beating isolated guinea-pig
heart) indicate the azaamrinone (12) and the azamilrinone (14) to be up
to 3-times more effective with regard to their ability to increase myocardial
contractility than the lead compounds (7), (8) at a concentration of 103
g/ml. Similar observations have been made upon replacement of the pyridyl
substituent in the cardiotonic pyridazinone (9) by a 4-pyridazinyl core (13)
[15].

NH, N
= 0 =~ 0
| x \X,NH | SZ NH
N\N/ N, = Me
(12) X=CH (14)
(13) X=N

The main interest, however, so far has been focused on attempts to find
effective cardiotonics in the 6-aryl-4,5-dihydro-3(2H)-pyridazinone series
and eventually in the past decade several very interesting novel agents pres-
ently in clinical trials emerged from these efforts.

In the United States, two potent orally active positive inotropic agents,
CI-914 [imazodan hydrochloride; CAS 89198-09-4, (15)] and CI-930 [CAS
86798-59-6, (16)], both characterized by a 4-(1 H-imidazol-1-yl)phenyl sub-
stituent attached to C-6 of a 4,5-dihydro-3(2H)-pyridazinone system, have
been developed [16]. Patents exist on compounds of this type and related
unsaturated pyridazinones [17-21] and also on homologues in which the
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imidazolylphenyl substituent is separated from the pyridazine system by an
alkylene or alkylidene group [22]. The insertion of such a spacer group re-
cently has been reported to result in retention of the inotropic and vasodila-
tor activity and in enhancement of the platelet aggregation inhibitory po-
tency [23]. On the other hand, the inotropic potency of imazodan was found
to be significantly reduced upon (formal) opening of the dihydropyridazin-
one ring [24].

R O
\N/NH
-
NJ
(15) R=H
(16) R=Me

Most members of the imidazolylphenylpyridazinone series have been
found to produce dose-related increases in myocardial contractility that
were associated with minor increases in heart rate and decreases in systemic
arterial blood pressure. Studies of structure—activity relationships in this
class have been published [25-27].

Positive inotropic properties have been observed also with compounds
bearing an imidazol-2-ylphenyl group (17) and with compounds in which
the pyridazinone core is attached to C-4 of a 2-phenylimidazole system (18)
[27].

A variety of tricylic compounds [indenopyridazinones (19)] have been
prepared as rigid structural modifications of compounds like CI-930 (16)
[28,29]. Most of them have been found to retain the positive inotropic and
direct vasodilator activity of the freely rotating pyridazinones [28]. Also,
hydrazinopyridazines of type (20) have been investigated as structural ana-
logues of CI-914 and CI-930, respectively. Whereas considerable inotropic
activity has been observed in this series as well, ring closure to triazolo[4,3-
b]pyridazines resulted in significantly less potent compounds [30].

NRNH,
S ©\(j/[\f /&Y g
\ N/\N

NH an (18) R1~helemcyclyl R2Z=HMe R=H Me
19 (20)

Compounds CI-914 and CI-930 have been reported to produce dose-re-
lated increases in cardiac contractile force at doses of 0.01—1.0 mg/kg and
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0.001-0.1 mg/kg, respectively (i.v.; anaesthetized dogs), being thus more
potent than amrinone [25]. Compound CI-930 has been claimed as the most
effective agent in this series [31], being 3-times more potent (i.v. administra-
tion) and up to 10-times more potent (oral administration) than milrinone
(dog model) [25]. Coronary vasodilator and peripheral vasodilator proper-
ties of compound CI-914 have been described [32,33]; a review on the ani-
mal and early clinical pharmacology is available [34].

The inotropic effects of these agents are not mediated via direct stimula-
tion of f-adrenergic receptors or indirectly by release of catecholamines, but
by selective inhibition of cardiac cAMP phosphodiesterase (PDE) type 111
[25,35-40]. Recently, it has been demonstrated that the imidazole core is
primarily responsible for PDE isozyme specificity, whereas the dihydropyri-
dazinone moiety is responsible for inhibitory potency; the phenylene moiety
obviously acts mainly as a spacer [26]. A five-point model for positive in-
otropic activity of PDE III inhibitors has been elaborated [41].

Using “C-labelled CI-914, the disposition in dogs and rats has been stud-
ied. Unchanged CI-914 disappeared rapidly from plasma after i.v. adminis-
tration [terminal half-lives 1.6 h (dogs) and 2.2 h (rats)] [42]. Oral absorption
(dogs) has been found to be rapid and complete; the major route of elimina-
tion is urinary excretion [43]. Evaluation of CI-914 in patients suffering
from congestive heart failure has been reported [44] as also has the determi-
nation of CI-914 in human plasma [45]. The synthesis of carbon-14 labelled
CI-930 has been reported as well [46]. Recently, related pyrazolone deriva-
tives have been prepared as ring contracted analogues of imazodan [47].

Pharmaceutical preparations containing imidazolylphenylpyridazinones
have been claimed as medicaments for the treatment of congestive heart fail-
ure [48,49]. Moreover, it should be mentioned that deaza-analogues, name-
ly, pyrrol-1-ylphenyldihydropyridazinones, have also been claimed as
cardiotonics [50,51].

Another pyridazinone-derived inotropic agent with cAMP phosphodies-
terase inhibitory activity is pimobendan [UD-CG-115-BS; CAS 74150-27-9,
(21)], which has been developed in Germany. In contrast to the imidazolyl-
phenylpyridazinone CI-930 (16) discussed above, in pimobendan the imida-
zole nucleus (substituted at C-2 by a 4-methoxyphenyl group) is fused to
the benzene moiety attached to C-6 of the 4,5-dihydro-5-methyl-3(2 H)-pyri-

dazinone system.
/@/k
N
N
RO

(21} R=Mc
(22) R=H

Me O

\N,NH
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This agent emerged from investigations of a variety of benzimidazolylpy-
ridazinones exhibiting also antihypertensive and antithrombotic activity
[52-55]. Additional patents are available on cardioactive compounds of this
class [56—58]. Recently, 4,5-cyclopropano-pyridazinone congeners have
been claimed as cardiovascular agents [59]. There is also a patent on struc-
turally related compounds in which the methoxyphenylbenzimidazolyl
moiety has been replaced by a 2-(substituted)-aminobenzoxazolyl substi-
tuent [60].

Pimobendan is an orally effective cardiotonic agent which, in addition,
produces arterial and venous dilatation. In vivo experiments (guinea-pigs,
cats, dogs) indicated pimobendan to be 5—6-times more active than sulma-
zole. A dose of 1 mg/kg (p.o.; conscious dog) of pimobendan induced a
marked positive inotropic effect which lasted for more than 8 h [61]. The
mechanism of the positive inotropic effect has been analyzed [62,63]. There
arc additional reports on the pharmacology of (21) [64—67]; and its use in
traumatic shock (rat model) has been described [68]. Pimobendan is rapidly
absorbed and excreted in man (half-life 0.9 +0.5 h) [63]. The major metabo-
lite (formed by O-demethylation) is UD-CG 212 CI (CAS 77469-70-6) (22)
which has been found to be more potent at increasing myocardial contrac-
tile force than (21) [69]. Recent studies on the pharmacology [70—72] and
clinical trials of (22) have been published [73].

Within a series of 4,5-dihydro-3(2H)-pyridazinones bearing a substituted
indole system at C-6, which have been prepared in the United States [74,75],
indolidan (LY195115; CAS 100643-96-7) (23) has been found to possess
the most promising cardiovascular profile [76]. Indolidan exhibits vasodila-
tor and inotropic effects as well and appears to be one of the most potent
and long-acting oral non-glycoside, non-catecholamine cardiotonic de-
scribed so far. It has been developed as a lactam analogue of acetamido-
phenyl-substituted dihydropyridazinones of type (24), which are potent in-
otropic agents as well [76]. It is also of interest to note that an imidazole
substituent, as present in compounds CI-914 and CI-930 (see above), can
serve as an acetamido surrogate. Structure—activity relationships in the in-
dolylpyridazinone series have been discussed [76]. The three-dimensional
structure of (23) has been mapped using X-ray crystallography [77].

e} R.
Me
o~ N
N A

23) R=HMe
(24)
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A dose of 7.0 ug/kg of indolidan (i.v. administration) resulted in a 50%
increase in contractility in anaesthetized dogs. A selective inotropic response
has been observed with conscious dogs upon oral administration of 25 ug/
kg of (23). The haemodynamic profile of (23) has been evaluated in anaes-
thetized dogs [78]. The acute and subchronic toxicology of indolidan has
been studied (rats, dogs) [79].

Indolidan has been shown to be a potent highly selective inhibitor of cycl-
ic nucleotide phosphodiesterase (PDE) located in the sarcoplasmic reticu-
lum [80], being bound more avidly by PDE III than cAMP (K;=80 nM)
[80]. Quite recently, tritium-labelled LY 186126 (25), a compound that mim-
ics indolidan pharmacologically and biochemically as well, has been pre-
pared as a tool for studying the binding site for PDE-inhibitor cardiotonics
[81].

Pharmacokinetic and metabolic investigations of indolidan [82] and the
preparation of carbon-14- and deuterium-labelled indolidan have been de-
scribed [83]. The major metabolite isolated from monkey urine has been
shown to result from oxidation of the dihydropyridazinone core to the pyri-
dazinone system.

The effects caused by replacement of the geminal dimethyl grouping in
the indole part of indolidan by a spiroalkane ring system have been investi-
gated recently [84]. It has been found that ring size and inotropic potency
are inversely related and that potency within this series can be further in-
creased by incorporation of a methyl substituent into the pyridazine nucle-
us. The most potent compound is represented by formula (26). It has an
EDsp of 1.5 ug/kg (i.v. administration, anaesthetized dogs).

Me 0] Me O
Me
N
Me u

(25) (26)

The studies have been extended also to pyridylphenyl substituted dihyd-
ropyridazinones of type (27), (28) based on the hypothesis that a hydrogen-
bond acceptor moiety three atoms removed from the phenyl ring [as present
in (15), (24), (23)] may be crucial for high cardiotonic activity [85,86]. The
3-pyridyl derivative (27) has been found to be a potent inotrope (EDsg=20
ug/kg, i.v.) being 2-fold more active than the isosteric imidazolyl derivative
(15), whereas the 4-pyridyl congener (28) and a compound having the 3-py-
ridyl moiety replaced by a phenyl group were significantly less active [86].

Despite the fact that cardiotonics of the above-mentioned class (PDE III
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0

X2y NH

fo
R

(27) R=3-pyridyl
(28) R=4-pyridyl

inhibitors) have been shown to produce haemodynamic and functional im-
provements when administered to severely ill CHF patients who were re-
fractory to established therapy, there is some concern that these agents may
increase mortality. Accordingly, there is still controversy regarding their
therapeutic use [87,88].

In Japan, a variety of heterocyclylaminophenylpyridazinones as re-
presented by the general formula (29) have been prepared and investigated
[89—-92). Structure—activity relationships have been discussed [92]; addition-
al classes of compounds in which the heterocyclic substituent is separated
from the aminophenyl ring by a carbon chain have been patented [93,94].
From these studies, a novel class of pyridazine-derived cardiotonics and va-
sodilators has emerged.

From this series, compound MCI-154 (CAS 98326-33-1) (30) has been in-
vestigated in detail [95,96]. In vivo studies (anaesthetized dogs) revealed that
doses of 0.3-100 ug/kg (i.v. administration) of MCI-154 produce dose-de-
pendent increases in d P/df., and cardiac output, and decreases in arterial
blood pressure and total peripheral resistance. The positive inotropic effect
of (30) has been found to be superior to that exhibited by amrinone and
milrinone [97,98). It has been stated that MCI-154 exerts its activity probab-
ly by increasing the calcium-ion sensitivity of the contractile protein system
of the cardiac skinned fibres [99,100]. A recent investigation suggests that
inhibition of phosphodiesterase I11 is an important component of its cardio-
tonic activity [101].

N \N,NH

=
N

29 (30)

In addition to the dihydropyridazinones discussed above, the patent liter-
ature covers a wide variety of 6-phenyl-substituted derivatives in which the
benzene moiety is either further substituted or annulated to a heterocyclic
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system. Some selected examples of such compounds exhibiting cardiotonic
activity are given in formulae (31)-(34) [102-120], (35)—(37) [121-123],
(38,39) [124,125], (40)—(44) [126—131]. A number of other recent patents
cover this field [132-157].

RERZR3=H,alkyl
a1-(34)

H N .0
(31) R*R5=H halo.alkyl,OH (32) RS=H.R*= 4N~</ &~
OPh,alkoxy,NH,,CN vy
olyfluoroalkox:
poly y EHan
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As development candidates, two (substituted)phenyldihydropyridazin-
ones, namely SK&F 94836 (45) and SK&F 95654 (46) which have been pre-
pared in the United Kingdom, should be mentioned [158].

A recent report from the U. K. deals with 1,4-bis(oxodihydropyridazin-
yl)benzenes and congeners which are also potent phosphodiesterase inhibi-
tors and inodilators [159). This investigation, together with computer-aided
modelling studies on various phosphodiesterase III inhibitors [160], may
well stimulate the rational design of additional pyridazine-derived inodila-

tors.
Me 0} Me 0]
N/CN/QI\NK \N/NH
MeHN/U\N

Z "N
H (45) OQ (46)

In the United States, compound RGW-2938 (47) has been developed as
a selective positive inotropic agent; its synthesis and pharmacological ac-
tions have been reviewed [161]. Related compounds, in which the dihydro-
pyridazinone system is replaced by a benzoxazinyl system instead of the
quinazoline system, have recently been studied in India and in the United
States [162,163]. From this series, bemoradan (48) was found to be a very
potent orally active, long-acting inotropic vasodilator agent in canine mod-
els (i.v. EDsg= 5.4 ug/kg; 24h duration of action) [163].

0
M:);\ \N,NH 4[ ]@IY

47) (48)
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Moreover, there are patents on pyridazinone-derived cardiotonic com-
pounds in which the phenyl substituent is separated from the pyridazinone
system by an alkylene or alkylidene bridge [164,165] and on various azolyl-
substituted pyridylpyridazinones of type (49) [166]. Cardiovascular 6-phen-
ylpyridazines of type (50) have been patented [167]. In Taiwan, cyclohexyl-
ammonium 3,6-pyridazinediolate (51) has been reported to show positive
inotropic activity [168].

R=1.2.4-triazol-1-yl,
imidazol-1-yl

(49) (50 s

CORONARY VASODILATORS

Most of the cardiotonic pyridazine derivatives discussed in the preceding
chapter also exhibit vasodilator effects. In addition, various dihydropyrida-
zine derivatives like (52), structurally closely related to calcium-antagonistic
Hantzsch-type dihydroypyridines, have been patented as coronary vasodila-
tors [169—171). Another type of pyridazine analogue of the previously men-
tioned dihydropyridines, namely compounds of type (53), in which the aryl
substituent at C-4 is represented by a pyridazine nucleus, has been claimed
in a patent [172]. Quite recently, pyridazinyldihydropyridine-3,5-dicarboxyl-
ates (54,55) have been prepared in Austria [173].

N Sy A
|
Aryl _N \ N ) ,
ROOC COOR’ Re N R
T ) ROOC. COOR R'0GC. COOR'
N
SN Me ] 5 [ [
H R : R Me N Me Me N
H H

Me

62 R R3=H.alkyt R=alkyl RI=alkyl; R2=H.Me
R2:502R,C0R (54) (55)
(53)
ANTIARRHYTHMICS

Dihydropyridazines of type (56) have been claimed as antiarrhythmic and
cardiotonic agents [170], while compounds of type (57) and (58) show anti-
arrhythmic activity [174,175].
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57)

CARDIOSELECTIVE g-BLOCKERS

From a variety of basic substituted pyridazinones investigated in Germany
[176], ridazolol (59) (CAS 83395-21-5) has been selected for further evalua-
tion as a cardioselective f-blocker, since in vivo studies (anaesthetized dogs)
had revealed that (59) is characterized by a high degree of cardioselectivity.
The haemodynamic effects of ridazolol have been studied [177,178]. Doses
of 20—80 mg of ridazolol have been reported to cause dose-related decrease
in exercise-induced tachycardia (for 8 h) and in systolic blood pressure (for
4 1) [179].

In the U. K., it has been found quite recently that substituted dihydropy-
ridazinones (60) act as combined f-adrenoceptor antagonists and vasodila-
tors. The effect of stereochemistry on biological activity has been discussed
[180]. Other dihydropyridazinone derivatives which show g-sympatholytic
and cardiac stimulant actions are described in a patent [181].

Me O
y
it b P ¢
AN Z (0]

O/Y\m \(j\f O/Y\N /\)J\N

OH s NH H H

N OR
(59} (60)

ANTIHYPERTENSIVE AGENTS

The potent and long-lasting antihypertensive effect of the peripherally act-
ing vasodilator hydralazine (61) and of related hydrazinophthalazines like
compounds of type (62)—(64) has prompted extensive research aimed at the
development of novel antihypertensive agents containing the pyridazine nu-
cleus. In the following discussion, which is devoted to compounds charac-
terized by a 3-hydrazinopyridazine substructure, only mononuclear pyrida-
zine derivatives will be presented; antihypertensive agents derived from
phthalazine, cinnoline and other condensed pyridazines will not be in-
cluded.
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NHNH,
XN (61) R=H (Hydralazine)
/lll (62) R=NHNH, (Dihydralazine)
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Me

NHNH /U\O/\Me NHN = Ve
XN SN
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=N =N
(Ecarazine) (Budralazine)

(63) (64)

A wide variety of C-6-substituted 3-hydrazinopyridazines has been inves-
tigated in Italy. A review covers some of the results obtained up to 1980
[182]. Most of these compounds, prepared as potential antihypertensive
agents, bear a mono- or di-substituted amino group at C-6; the terminal
NH,-function of the hydrazino group also has been varied [183—193]. Struc-
ture—activity relationships have been discussed [183]. Compounds with a
free hydrazino group have been found to be strong inhibitors of pyridoxal-
phosphate-dependent enzymes (diamine oxidase, benzylamine oxidase, as-
partate aminotransferase, dopa decarboxylase) in vitro. In vivo, inactive
products obviously are transformed into active metabolites with a free hydr-
azino moiety [194—-196]. From these studies of C-6 aminosubstituted 3-
hydrazinopyridazines several interesting antihypertensive agents emerged:
pildralazine [propildazine, atensil, ISF 2123 ; CAS 64000-73-3, (65)], cadra-
lazine [ISF 2469, DC 826; CAS 64241-34-5, (66)], and oxdralazine [minoten,
DL 150 IT, L 6150, CAS 17259-75-5, (67)].

KYNHNHZ /f\T(NHNH \n/OvMe KYNHNHZ

Me HO. x N

Y\N \N/N MeY\N \N,N o] ~N N
g J

oH Me

5 (66) OH

(67)

Pildralazine (65), when administered i.v. or orally, displays a high antihy-
pertensive activity in conscious hypertensive animals (rats, dogs). The hypo-
tensive effect, caused by oral doses of 0.1 mg/kg to 1 mg/kg, has been re-
ported to last more than 24 h. The therapeutic index (LDsy/ED»s; rats; oral
administration) has been found to be 70-times higher than that of hydral-
azine due to both higher potency and reduced toxicity [197]. It has been con-
cluded that (65), like hydralazine, acts on peripheral smooth muscle on spe-
cific receptors which are physiologically affected by ATP released from
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sympathetic nerve terminals [198—201]. Renal function studies (dogs) with
(65) alone and in combination with propranolol have been published [202];
the efficacy of long-term treatments of spontaneously hypertensive rats with
(65) or combinations thereof with propranolol and dihydrochlorothiazide
has been evaluated [203]. Results of additional pharmacological investiga-
tions have been published [204,205]. The metabolism and degradation of
(65) in aqueous solution have been investigated [206,207]. Whereas a lack
of carcinogenic activity has been reported for pildralazine in 1983 [208], a
report published in Germany in 1985 states the drug to be mutagenic with
auxotrophic mutants of S. zyphimurium and E. coli [209].

As in compound (65), the amino group in cadralazine (66) bears a 2-hydr-
oxypropyl substituent. Cadralazine differs from pildralazine by an ethoxy-
carbonyl group attached to the terminal N-atom of the hydrazino moiety
and by replacement of the methyl group at the amino nitrogen by an ethyl
group. Masking the hydrazino moiety protects this group from acetylation,
a reaction which is a capacity-limiting step in the metabolism of hydral-
azine. Extensive pharmacological studies [210,211] revealed (66) to be an
orally effective, direct vasodilator with marked activity on the renal vascular
bed. The antihypertensive effect is slow in onset and long-lasting. The effects
of (66) have been shown not to be due to a blockade of a-adrenoceptors,
sympathetic neurons or ganglionic transmission [210]. Toxicological studies
indicate a high degree of safety [212, 213], and mutagenic or carcinogenic
effects have not been detected [212]. Pharmacokinetic studies [214—219] and
reports on the analytical profile of (66) are available [216,220]. Cadralazine
after oral administration is rapidly and almost completely absorbed. Meta-
bolic studies [221,222] revealed (66) to be mainly excreted in urine as un-
changed drug. To a small extent (0.3—1.7% of the dose administered), a me-
tabolite which is 60-times more potent than (66) is formed by removal of
the ethoxycarbonyl group.

Cadralazine has been launched under the trade names cadraten and cadri-
lan. Pharmacological, pharmacokinetic and clinical studies on it have been
reviewed [212]. A once-daily dosage of 15 mg cadralazine has been shown
to be effective in the treatment of mild to severe hypertension and to be well
tolerated. The therapeutic efficacy and tolerability can be improved by com-
bining cadralazine with a f-adrenoceptor antagonist [212].

Oxdralazine (67) is characterized by a bis(2-hydroxyethyl)amino group
attached to position 6 of 3-hydrazinopyridazine. The antihypertensive effect
of (67) has been studied in rats (spontaneous, desoxycorticosteron-induced,
and renal hypertension) [223]. Its effect in the long-term treatment of hyper-
tensive rats on plasma and kidney renin activities has been reported [224].
The effects of (67) on the general and cardiac haemodynamics of anaesthe-
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tized dogs also have been investigated [225]. From comparative studies of
oxdralazine and hydralazine in hypertensive patients (i.v. administration),
it has been concluded that (67) is at least 5-times more potent than hydrazino-
phthalazine [226,227]. In patients with renal or essential hypertension, ox-
dralazine (67), administered intravenously at a dose of 2—9 mg, has been
found to cause marked hypotension and increase of cardiac output [228].
Its disposition and metabolism in rats [229] as well as in man [230] have been
studied. Ring closure of the hydrazinopyridazine moiety to afford a 1,2,4-
triazolo[4,3-b]pyridazine system has been reported [229,231].

In addition, various antihypertensive 3-hydrazinopyridazine derivatives
bearing an alkoxy group at C-6 have been studied in Italy [183,232,233]. In
particular, compound ISF 3382 (68) appears to be an interesting vasodilat-
ing f-adrenergic blocking agent. This compound has been developed in an
attempt to overcome the reflex tachycardia typical of hydralazine-like com-
pounds by attaching a 3-alkylamino-2-hydroxypropoxy substituent (charac-
teristic of various f-adrenergic blocking agents) to a 3-hydrazinopyridazine
system. Compound (68) has been reported to be highly 8;-selective and con-
siderably less toxic than hydralazine [232,233].

M
MeOD\/\ p/NHN :<Me
l e
MeO N/Y\o SN
H
OH

(68)

In Hungary, much effort has been devoted to the development of antihy-
pertensive hydrazinopyridazine derivatives with higher activity and lower
toxicity than hydralazine [234--236]. Among a wide variety of 6-substituted-
3-pyridazinylhydrazones prepared and screened for hypotensive activity in
normotensive cats and spontaneously hypertensive rats [236], compound
(69) (GYKI 11679, RGH 5526; CAS 69579-13-1) appears to be the most
interesting agent, being 5-times more active than hydralazine but being
markedly less toxic [236]. Additional reports on pharmacological investiga-
tions [236—240], and structure—activity relationships in this series have been
published [236]. Metabolic studies in rats and dogs revealed compound (69)
to be mainly transformed into the corresponding 1,2,4-triazolopyridazine
[241].
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In mopidralazine [MDL 899; CAS 75841-82-6, (70)], a hydrazinopyrida-
zine derivative prepared in Italy, carbon atom 6 bears a morpholino substit-
uent. In this case, the terminal nitrogen atom of the hydrazino group, how-
ever, is incorporated into a pyrrole ring. Such compounds have been
patented [242,243]. In developing these compounds, again the idea was to
prevent toxic and mutagenic effects as observed with hydralazine by mask-
ing the free hydrazino group. Out of this series, mopidralazine has been se-
lected for further development due to its vasodilator antihypertensive action
(equipotent to hydralazine after p.o. administration), its low toxicity and
the lack of mutagenic activity [244]. Mopidralazine is slower in onset and
longer lasting than hydralazine and is devoid of adrenergic system stimula-
tion [245]. Its antihypertensive action is mediated by arteriolar dilatation
[246, 247]. Studies of the pharmacokinetics in rats and dogs have been re-
ported [248]. In the rat, (70) is rapidly metabolized [249], mainly by pyrrole-
ring opening and subsequent formation of a mesoionic 3-(1-pyridazinyl)py-
ridazine (71) [249,250]. In dogs, oxidative cleavage of the morpholine ring
has been found to be the primary metabolic attack [251]. Various diaza-iso-
sters of mopidralazine-type compounds in which the pyrrole ring is replaced
by a 1,2,4-triazole system have been prepared. These compounds, however,
have been found to be devoid of antihypertensive activity [252].
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A Hungarian research group reported on the hypotensive activity of 3-
(pyrazol-1-yl)pyridazines of type (72) in rats [253—256]. The activity of these
compounds (in which both of the hydrazino nitrogen atoms are incorporat-
ed into a five-membered aromatic ring system) has been found to be mediat-
ed by inhibition of prostaglandin-catabolizing enzymes.

In Germany, a variety of 6-heteroaryl-3-hydrazinopyridazines as re-
presented in formula (73) have been studied [257,258]. Imidazole-derived
compounds have proved particularly active in this series.

R R e R R=imidazol-1-yl,
——] | pyrazol-1-yl,
No = ~ N 1.2,4-triazol-1-yl,
= | SN R HoNHNT N7 indol-1-yl,
~ _N carbazol-5-yl
2HNHNT N7

73)
R=H.alkyl

12
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In the United Kingdom, the hydrazinopyridazine derivative prizidilol
[SK&F 92657, CAS 59010-44-5, (74)] has been designed in search of a com-
pound possessing both direct-acting vasodilator and f-adrenoceptor antag-
onistic properties [259,260]. The substituent attached to C-6 of the pyrida-
zine system in this compound is a typical f-blocking moiety. There is also
a patent on congeneric compounds in which C-3 of the phenol ether group-
ing is linked to the diazine moiety [261]. The pharmacology and toxicology
of (74) have been studied extensively [262—285]. The therapeutic profile of
this compound initially appeared to be close to ideal for an antihypertensive
agent. However, adverse findings in long-term toxicological studies finally
prevented the completion of development.

y ‘ NHNH,
x> N
N7 Me
o} N Me
H Me

74y

There are numerous patents claiming 3-hydrazinopyridazine derivatives
with amino-substituted alkoxy side-chains at C-6 as -blocking vasodilating
agents [188,286—-293]. Other 3-hydrazinopyridazine-derived antihyperten-
sive agents are covered by patents [294-301}, or described in the literature
[302-306]. It should be noted that with structurally very simple hydrazino-
pyridazines like 6-hydrazino-3-pyridazinecarboxamide (hydracarbazine,
2105 TH; CAS 3164-47-9), antihypertensive activity has been observed.

In Spain, various 6-phenyl-5-aminomethyl-3-hydrazinopyridazines have
been prepared and investigated [307]. The antihypertensive activity of com-
pounds of type (75) has been found to exceed the activity of hydralazine.
Similar activity has been observed with compound (76) [308]. The activity
of the 4-piperazinopyridazine derivative (77) was found to equal that of
hydralazine [309]. Also replacement of the phenylpiperazinomethyl substit-
uent in compound (75) by a morpholinomethyl group was found to afford
antihypertensive agents [310].
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In addition to the hydrazinopyridazine derivatives discussed above, a
wide variety of pyridazinones and 4,5-dihydropyridazinones exhibit inter-
esting antihypertensive activity. Some selected examples of such compounds
claimed in patents are given in formulae (78) [18-20,51,111,116,129,311—
335], (79) [169,336], (80) [169,337], (81) [338-341], (82) [52-56,59,60,
127,342-357], (83) [358—-362], and (84) [363—365]. For many of these com-
pounds also cardiotonic and/or antithrombotic activity has been claimed
(compare Part 1 of this review [1]).

RE_~ 0 R1=NH-acyl NH-CH,-ieteroaryt.NHy Br.CN.F. 0
: NH-subst.alkyl subst.alkyl,imidazolyl,pyrrolyl
3
\N/NR acyl.cycloamino,subst. guanidino,alkoxy \N/NH
RZ:H,alky]_hydmxya]kyl
R R3=H alkyl R
9
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O R? O 1 A .
R2 O  R’=subst.thienyl,pyridyl.subst.piperazinyl,
subst.imidazolyl,subst.benzimidazolyl,
\N/NH R \N/NH ~ _NH subst.benzoxazolyl.subst.benzotriazolyl,
R! N~ subst.quinolinyl,phenothiazinyl
R R2=H‘a1kyl
(80) 1 (82)
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(83)

As representatives of antihypertensive 6-arylpyridazinones, amipizone
[LU 23051; CAS 69635-63-8, (85)], motapizone [NAT 05239; CAS 90697-
57-7, (86)] and the potent vasodilator (87) [366] may serve.
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In order to design antihypertensive pyridazinones with vasodilator and
J-adrenoceptor antagonistic activity, compound (87) has been combined
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through a spacer link to an (aryloxy)propanolamine moiety [367]. From
these and other pharmacological studies in the U.K., compound SK&F
95018 (88) emerged as a development candidate [368,369]. The four stereo-
isomers of (88) have been prepared and it was found that each of them has
a different pharmacological profile. The isomer with R-configuration of py-
ridazine-C-5 and S-configuration of the alcoholic function in the side-chain
appeared to be the most interesting one [369]. Recent toxicological studies
however, indicated that SK&F 95018 induces red-cell haemolysis and thus
further development of this compound was abandoned [370].

Me O

(88)

An Italian team reported that pyridazinones (89) hydroxymethylated at
C-5 induced a high decrease in systolic blood pressure in rats [371]. In Italy,
much effort has been devoted also to the preparation of conformationally
restricted congeners of antihypertensive pyridazinones. In a structure—ac-
tivity study, it has been found that indeno[1,2-c]pyridazinones, in particular
compounds (90), are potent antihypertensive agents [372].

OH R o)
o)
,-NH

5, -NH
R=NH, NHCOMe
RHN (90)
R=H.MeCO
(89)

A variety of 6-aryl-4,5-dihydro-3(2H)-pyridazinones have been prepared
in Germany in search of novel platelet aggregation-inhibiting drugs. Many
of these compounds, in particular those bearing a chloroalkanoylamino
substituent at C-4 of the phenyl group together with a methyl group at C-5
of the heterocyclic system have been found also to reduce blood pressure
[373].

In the United States also, 5,6-diarylpyridazinone derivatives have been
studied extensively as potential antihypertensive agents [374—377]. From ex-
periments with spontaneously hypertensive rats and the deoxycorticosteroid
model of hypertension, it turned out that substitution of the phenyl rings
by halogen, introduction of an electron-attracting group (like acetyl or
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cyano) at C-4 and attachment of a S-substituted alkyl group to N-2 of the
pyridazine system leads to the most potent compounds. Structure—activity
relationships in this series have been studied [378]. Esterification of the alco-
holic function of a typical compound (91) leads to increased lipid and aque-
ous solubility (depending on the nature of the acyl group introduced) caus-
ing larger decrease of blood-pressure than the parent compound [379].

Ct Me O
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A recent report from Italy indicates that combination of a benzodioxane
moiety with a C-6-substituted pyridazinone system as represented in (92) af-
fords a compound causing strong and lasting decrease in arterial blood pres-
sure at 0.3 mg/kg (anaesthetized cats) [380]. Antihypertensive compounds
in which a benzodioxane group is linked to N-2 of 3-(2H)-pyridazinone
have been prepared and investigated in Hungary [381,382]. The most inter-
esting representative is GYKI-12743 (93).
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coVsaNe Ve
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Marked hypotensive activities have been observed with 4-alkoxy-5-fu-
roylpiperazinylpyridazin-3(2H)-ones (94) which have been prepared in
Spain [356,383,384]. Hypotensive diarylpyridazinones of type (95) have
been synthesized in India [385]. Regression analysis has been applied to the
hypotensive activities of pyridazinones [386].
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Finally, it should be mentioned that various C-4-substituted 1,4-dihydro-
pyridazine derivatives (mainly 3,5-dicarboxylates) have been claimed as
antihypertensive agents [171,387-389]. There are also some patents on anti-
hypertensive hexahydropyridazine derivatives [390,391].

ANTIHYPOTENSIVE AGENTS

In Germany, an interesting novel antihypotensive agent, amezinium metil-
sulphate [Regulton, Lismont, Supratonin, LU 1631; CAS 30578-37-1, (96)],
has been developed for the treatment of orthostatic dysregulation [392]. The
indirect sympathomimetic effect of amezinium metilsulphate has been at-
tributed to its uptake by adrenergic neurons [393]. Compound (96) inhibits
noradrenaline re-uptake and enhances the pressor effect of exogenous nor-
adrenaline [394]. In addition, (96) causes reversible specific inhibition of in-
traneuronal monoamine oxidase (MAQ) type A [395—-397]. Biochemical as-
pects of the mechanism of action have been published [398,399]. Some
examples have been given of how amezinium metilsulphate can be used as
a pharmacological tool [400].

MeQ N CH3SO,~

(96)

The effects of (96) on blood pressure and heart rate [401], on resistance
vessels and capacitance vessels [402], on visceral, renal, metabolic, and sen-
sory functions [403], and on central nervous functions [404] have been stud-
ied in various animal models (mice, rats, cats, dogs). Amezinium metilsul-
phate acts by stimulating mainly vascular - and cardiac f-receptors; a
comparatively long-lasting rise in arterial blood pressure has been observed.
In an experiment using dogs, vasocontractile activity of (96) has been found
only in those regions where circulation is affected by the local release of nor-
adrenaline [405]. The effects of (96) on the sympathetic nervous system have
been reviewed [400]. A study has been made of the pharmacokinetics in rats
and dogs using '*C-labelled amezinium metilsulphate [406] and of the toxi-
city of the drug [407].

In man, (96) proved to be an efficient antihypotensive agent, as it pro-
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duces a significant dose-dependent increase in blood and pulse pressure,
while the pulse-rate has been found to drop [408]. Besides raising arterial
blood pressure, the activity pattern consists of a positive inotropic effect
[392,408,409]. A study in man revealed the effects on the circulation after
oral administration (10, 20, 40 mg) to be similar to those after i.v. adminis-
tration (5, 10 mg) [408]. It has been stated that (96) permits a better adapta-
tion to orthostatic dysregulation than norfenefrine and dihydroergotamine
[410]. Studies of the utility of (96) for blood-pressure stabilization during
epidural anaesthesia [411] and of its psychoactivity have appeared [412]. It
has been shown that moderate doses of (96), when systemically injected, do
not cause any effects on central MAQ catabolism in vivo, whereas in vitro
it is a potent inhibitor of MAO inside central noradrenergic neurons. Pro-
bably, this is due to exclusion of the amezinium ion from the brain by the
blood-brain barrier [399].

The pharmacokinetics of amezinium metilsulphate in man have been re-
ported [413—415]. The first step of metabolism consists in demethylation af-
fording the pharmacologically inactive, uncharged S5-amino-2-phenyl-
3(2H)-pyridazinone; hydroxylated pyridazinones and sulphuric acid conju-
gates thereof have been isolated [413].

Additional patents on the synthesis of (96) [416,417] and on antihypoten-
sive pyridazinonimines of type (97) have been granted [418].

N(X)CR?
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HYPOCHOLESTEROLAEMIC AGENTS

Within a programme aimed at the development of thyroid hormone ana-
logues as potentially useful plasma cholesterol-lowering agents, the pyrida-
zinone derivative SK&F L-94901 (98) has been prepared and investigated
in the U.K. [419-422]. Whereas naturally occurring thyroid hormones can-
not be employed for this purpose because of their undesirable effect on heart
rate, (98) has been found to represent a potent thyromimetic which retains
hepatic activity but lacks cardiac activity. Structural modifications and
QSAR studies have been carried out [422].
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PYRIDAZINES AS BRONCHODILATORS

For a wide variety of 6-aryl-3(2H)-pyridazinones (including those discussed
in the chapter on cardiotonic agents and antithrombotics [1]), bronchodila-
tor activity has been claimed in patents [104,114—116,129,423,424]. Thus,
for instance, the bronchospasmolytic effects (guinea-pig tracheal-chain
preparations) of compounds of type (99) have been found to exceed those
of xanthines [425]. The therapeutic index of these compounds (which inhibit
phosphodiesterase at lower concentrations than xanthines and do not inter-
act with adenosine receptors) is larger than that of xanthines.
Medazonamide [Medazoamide, L-1777, Catos; CAS 300-22-1 (100)] has
been reported to exhibit a non-narcotic antitussive effect, which, however,
is less than that of codeine [426]. Its toxic side-effects have been studied

(427].
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MISCELLANEOUS PHARMACOLOGICAL ACTIVITIES OF
PYRIDAZINE DERIVATIVES

Various 6-arylpyridazinones of type (101) have been claimed as anthelmin-
tics [428,429]. 3,6-Diaminopyridazine derivatives of type (102) have been
patented as schistosomacides [430,431]. 4-Methyl-3-(morpholinoethyl-
amino)-6-phenylpyridazine has been claimed as an agent for the treatment
of secondary frigidity [432].
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Azintamide (Azinthiamide, Biloral, Oragallin, Oragal, Rogalin, ST 9067,
X-23; CAS 1830-32-6) (103) is a choleretic agent developed in Austria.
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Anticholinesterase activity has been reported for pyridaphenthion [Pyri-
dafenthion, Ofunack; CAS 119-12-0 (104)]. Some 4-styrylpyridazines (105)
have been found to inhibit choline acetyltransferase in vitro {433).
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Structurally unique, potent, and selective oxytocin antagonistic agents
characterized by a cyclic hexapeptide structure have recently been isolated
from the broth filtrate of a novel Streptomyces silvensis strain [434,435]. As
shown in formula (106), these compounds contain two hexahydro-3-pyrid-
azinecarboxylic acid moieties. A study has been made of their structural
modifications (including oxidation of the reduced pyridazine nuclei) [436].

(106)



166 PHARMACOLOGICALLY ACTIVE PYRIDAZINE DERIVATIVES
CONCLUSIONS

The increasing interest in the chemistry and in biological activities of pyrid-
azines as observed within the past 15 years has resulted in the development
of a wide variety of interesting novel drugs and pharmacological tools. It
is also clearly reflected by an international symposium on this subject held
in Strasbourg, France, in 1988 and by a second conference in Vienna, Aus-
tria, in 1990, where 70 scientists from 17 countries gathered to discuss recent
advances in this field (a compilation of abstracts of this meeting was pub-
lished [437]).

It is not surprising to see that most of the bio-active compounds discussed
in this review are 1,2-diazine derivatives bearing heteroatom substituents ei-
ther at C-3 or at C-3 and C-6, since pyridazinones and pyridazinediones,
utilized as intermediates in the synthesis of such derivatives, have been
known for a long period and are generally conveniently accessible. On the
other hand, there are so far only a few examples of pyridazine-derived phar-
macological agents in which the parent system is linked to a functionalized
carbon side-chain only. This may be attributed to the fact that many of the
required synthetic building blocks had remained unexplored until very re-
cently [15,173,438—441]).

Accordingly, very little is known so far about the metabolic fate of the
parent ring system and of simple derivatives thereof. In experiments using
rats, it has been found that pyridazine undergoes extensive oxidative bio-
transformation to afford monohydroxy derivatives along with 4,5-dihydr-
oxy- and 4,5-dihydro-4,5-dihydroxypyridazine. 3-Methylpyridazine was
found to be metabolized under these conditions in a similar manner yielding
additionally 3-hydroxymethylpyridazine [442].

Also the bio-isosteric potential of the pyridazine system hitherto re-
mained largely unexplored, despite the fact that several examples discussed
in this review indicate that the replacement of aromatic moieties in bio-ac-
tive compounds by the highly polar pyridazine nucleus may well improve
the pharmacodynamic and/or the pharmacokinetic profile of a drug mole-
cule.

It is hoped that this review will not only facilitate the access to the litera-
ture on pharmacologically interesting pyridazines but also stimulate further
research in this field.
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INTRODUCTION

Research on central dopamine (DA) (1) receptors and their functions has
evolved during the past 30 years and is now more active than ever [1]. There
is a great potential to develop new and efficient drugs, both DA agonists
and DA antagonists, for treating diseases related to disturbances in DA
functions in the central nervous system (CNS). So far, only a few clinically
useful DA agonists have been developed. The indirectly acting aromatic
amino acid L-dopa (2) is used for treating Parkinson’s disease, and is still
the dominating therapeutic agent [2—4]. There is an interesting synergistic
interrelationship between the dopamine D1 and D2 receptors, with a possi-
ble anti-parkinsonian implication [5]. It has also been speculated that selec-
tive D1 receptor activation would be the most beneficial therapy against
Parkinson’s disease, since D2 agonists are connected with side-effects like
nausea, vomiting and inhibition of prolactin secretion [6]. In recent years,
L-dopa has found an increasing use in alleviating the disturbing, and some-
times painful symptoms of restless legs [7—10].

oo O

Many DA receptor antagonists (neuroleptics) for treating psychoses (for
example, schizophrenia) have become efficient medicines. However, most of
them induce severe extrapyramidal side-effects (EPS) akin to parkinsonian
symptoms and also, more seriously, they induce tardive dyskinesias (TD).
There is a need for improvements in the neuroleptics in the clinic. The sub-
stituted benzamides are D2 antagonists, some of which display a high de-
gree of limbic selectivity. Such a regional selectivity has been suggested to
be beneficial from the side-effects point of view [11,12].

An alternative to neuroleptics would be to develop partial DA receptor
agonists. Such agonists will preferentially stimulate the sensitive D2 autore-
ceptors and block the less sensitive postsynaptic D2 receptors. Still, such
compounds should have a some degree of intrinsic efficacy for the postsyn-
aptic DA receptors in order not to be cataleptogenic [13]. Neuroleptic-in-
duced catalepsy in rats is considered to be predictive for the precipitation
of EPS in the clinic. There are now quite a few partial D2 receptor agonists
under clinical evaluation (see below), and the near future will show whether
this approach offers some advantage over the classical neuroleptics, which
all potently block postsynaptic DA receptors.
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The mechanisms for presynaptic regulation of dopaminergic neuro-
transmission by the striatum, the regulation by corticostriatal glutamatergic
neurons and the involvement of a thalamo-cortico-striatal neuronal loop in
the presynaptic control of dopamine release has been reviewed [14]. A close-
ly related hypothesis on the involvement of different neurotransmitter func-
tions in the regulation of the cortico-striato-thalamic feedback loop was
presented by Carlsson [15]. In this model, thalamus is considered to be the
system which filters sensory inputs in order to limit the amount of signals
reaching cortex. Increased cortical input will increase the glutamatergic, ex-
citatory input to the striatum, which via GABA neurons makes the filter
tighter, letting less signal through to cortex. The model is relevant for regu-
lation of both mental and motor functions [15]. Related theories on the eti-
ology of schizopherenia have been presented [16,17]. In addition, the anti-
psychotic effect of neuroleptics has been suggested to be caused by a non-
specific, postjunctional subsensitivity at glutamatergic synapses, which in
turn develops concomitantly with the dopaminergic supersensitivity [17].

Another potential clinical application of potent, peripherally acting DA
agonists is the lowering of intraocular pressure in, for example, glaucoma
[18]. There is in vivo and in vitro evidence that dopamine receptors might
modulate the intraocular pressure. The influence of both agonists and an-
tagonists for D1 and D2 receptors has been studied. Some human data are
also available [19].

The Parkinson Disease Group has initiated a large clinical study in the
US on the use of the MAO-inhibitor deprenyl (selegiline®) (3) for slowing
down the progression of Parkinson’s disease. The name of the study is DA-
TATOP, and some of the positive results have been presented [20]. The
background to the study was a published, retrospective study from Europe
that indicated positive effects of deprenyl in Parkinsonians. Another impor-
tant factor for selecting deprenyl was that it is a well-established drug. In
addition, the discovery of the neurotoxic agent 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (4), and the finding that inhibitors of mono-
amine oxidase-B (MAO-B) protect against the development of its neurotox-
icity, led to the speculation that oxidative processes could be a contributing
factor to the development of Parkinson’s disease [21]. Animal models have
also been used to study the protective effects of MAQO-B inhibition [22,23].
In addition, a primate model of Parkinson’s disease has been developed
using MPTP to induce the diseased state [24]. In the attempts to deduce the
toxic effects of MPTP, several analogues of MPTP and methylphenylpyri-
dinium (MPP), the oxidation product, have been investigated [25]. In par-
ticular, polar and charged compounds have successfully been administered
by direct infusion using the microdialysis technique [26].
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The clear synergistic relationship between D1 and D2 receptors, at least
from the behavioural point of view, is well documented [27-29). As an ex-
ample, if reserpinized rats are given a small dose of the DA autoreceptor
agonist BHT-920 (talipexole®) (5), the animals display a behaviour consist-
ing of occasional jerks. If such a treatment is combined with a small dose
of the D1 agonist SKF 38393 (6), which in itself does not stimulate the beha-
viour, a very powerful synergism between the D1 and the D2 effects evolves,
as evidenced by an intense locomotor activity [30—32]. The D1/D2 interac-
tion can also be seen in vitro in receptor binding experiments [33].

STATUS OF THE MOLECULAR BIOLOGY AND
PHARMACOLOGY OF THE D2 RECEPTOR

Work on the purification, isolation, cloning and expression of the different
DA receptors has had a great success recently, and its development has been
described [34,35].

Several molecular biology studies on the D2 receptor(s) have been re-
ported [36—39]. An extra 29-amino-acid sequence in the third cytoplasmic
loop was found in these studies. This region of the receptor is known to be
involved in G-protein coupling, and its amino acid sequence varies dramati-
cally between different receptor subtypes. The two D2 receptor isoforms
(D2L (long) consisting of 444 amino acid units and D2S (short) consisting
of 415 amino acid units) were cloned and expressed in transfected COS-7
cells. These two isoforms were shown to have different pharmacological
characteristics in binding studies using ['%’IJiodosulpiride. The mRNA of
the D2S receptor seems to be the least abundant in all regions tested, repre-
senting 2% in pituitary, 12% in the olfactory bulb, 20-25% in striatum, ol-
factory tubercle, substantia nigra, cortex and hippocampus, 40—-45% in
hypothalamus and pons-medulla. It is worth noting that neither of the two
receptor subtypes displays the high affinity for substituted benzamide deriv-
atives (for example, raclopride), which is otherwise characteristic for the pu-
tative D2 receptor subtype.

Neurons are long-lived cells, and as such they have lost their ability to
replicate DNA. In those cases, alternative splicing is a reversible post-
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transscriptional mechanism that enables proteins to be rapidly generated,
for example in response to environmental stimuli. This has been speculated
to be the mechanism behind the adaptivity exhibited by D2 receptors: for
example, the increase in the number of D2 receptors found in the brains of
schizophrenic patients and/or following long-term treatment with antipsy-
chotics [38].

In addition to the two D2 receptor isoforms discussed above, still another
DA receptor subtype has been cloned and expressed. This DA receptor has
been named the D3 receptor and has a 446-amino-acid sequence [40]. This
sequence is 52% homologous to that of the D2 receptor subtype. The ho-
mology is even higher (75—80%) when considering only the seven transmem-
bral regions, and there are other similarities too. Some interesting binding
studies have emerged and there are speculations that atypical neuroleptics
like clozapine would have a different D2/D3 binding affinity ratio from
the classical neuroleptics like haloperidol. The putative DA autoreceptor
antagonists c¢is-(+)-(1S,2R)-5-methoxy- |-methyl-2-(n-propylamino)tetralin
((+)-AJ 76; cis-(+)-7) and its di-n-propylamino analogue ((+)-UH 232;
cis-(+)-8) have 3—4-times higher affinity for D3 than for D2 receptors [40].

RsQ compd R’ R? R
(cis-(+)-7) H Pr Me
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However, it should be emphasized that extensive (that is, many data points)
D2 binding data can be mathematically analyzed to give information about
both the high (D2"&") and the low (D2'°%) affinity state of the D2 receptor
[41]. It has been stated [40] that the DA agonist quinpirole ((—)-LY171555;
4aR-trans-10) exhibits the greatest D3 selectivity. However, taking the
D2high binding affinity into account, the D3/D2 binding affinity ratio is close
to unity [42).

Just recently, Civelli and co-workers described the cloning of the D4 re-
ceptor [43]. This gene has introns, which align with those found in the D2
and D3 genes. The D4 receptor is found more frequently in mesocortical
and mesolimbic structures than in the basal ganglia.
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PHARMACOLOGICAL METHODS USED IN D2 RESEARCH

Several of the most used pharmacological methods in modern DA research
have recently been surveyed by Horn [1].

IN VITRO ASSAYS

(a) In vitro binding

Several radioactively labelled ligands for in vitro binding studies in D2 re-
search have been developed. These represent both agonist and antagonist
binding ligands. The D2 binding studies have revealed, in some cases, two
different states of the D2 receptor, namely D2"&? and D2°¥ [44] (see also
above).

Beart and co-workers studied a series of N-substituted 2-aminoteralins
from the D2Me"/D21W point of view. A detailed analysis of [*H]spiperone
binding data for potent N,N-dialkylated 5- and 7-hydroxy-2-aminotetralins
show that these compounds bind to two sites, D2h&h and D2'°%, respectively.
D2"igh accounts for approximately 80% of the total binding. 2-Aminotetra-
lins with one of the two N-substituents being N-n-propyl and the other one
a lipophilic group like phenylethyl or (2-thienyl)ethyl display very high D2
receptor affinities [45]. It has been suggested that [*H]spiperone binding is
indicative of low-affinity and high-capacity binding [46].

(b) Adenylate cyclase

Dopamine-sensitive adenylate cyclase activity was early demonstrated in
both the retina and the cervical ganglion of the cow [47] and later in homo-
genates of the caudate-putamen of the rat brain [48]. Kebabian has recently
reviewed the biochemical components of dopamine-sensitive adenylate cyc-
lase and the physiological role of the D1 receptor [49]. D1 and D2 agonists
stimulate and inhibit adenylate cyclase activity, respectively.

(c) Prolactin release

The DA receptor regulating prolactin release in the pituitary is of the D2high
type [50]. This view is substantiated by the studies of Carlsson and co-
workers, who reported that prolactin release response is different in male
and female rats given partial DA agonists of different intrinsic efficacy [13].
In these studies, endogenous DA was depleated and prolactin levels were
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raised through the administration of y-butyrolactone (GBL). The partial
DA agonists trans-dihydrolisuride (TDHL) (11) and (—)-(S)-3-PPP (12)
gave dose-dependent reductions in serum prolactin levels in male rats, but
had only slight effects in females. This was interpreted to be due to the fact
that the DA levels in pituitary portal circulation are higher in the female
than in the male rat, which leads to a reduced responsiveness of hypo-
physeal DA receptors in females.

NHCON(Et), HO

(S-12)

INVIVO ASSAYS

(a) Behaviour

Locomotor activity is measured in motility boxes equipped with photocells.
Both horizontal and vertical movements can be registered in the modern
boxes. Pretreatment with reserpine (18 h) renders the animals virtually with-
out movement, an akinetic Parkinson-like state. It also makes postsynaptic
D2 receptors supersensitive, since the receptors have been exposed to low
concentrations of DA for a long period of time. The model is thus useful
to reveal D2 agonists with a low degree of intrinsic efficacy and, the intrinsic
efficacy of a series of partial agonists can be rated by this model.

Unilateral lesions can be obtained through different means: hemisection,
6-OH-DA and MPTP injections. Supersensitivity is developed at the post-
synaptic receptors on the lesioned side, giving rise to an asymmetry in the
animals treated. Administration of a DA agonist to a lesioned animal will
give rise to a rotating behaviour [51].

(b) Biochemistry

The level of DOPA accumulation (decreased by agonists and increased by
antagonists) in different brain parts after the administration of dopaminerg-
ic test compounds can be taken as an indirect measure of the DA synthesis
rate. Such a biochemical test model can be used in normal animals and in
reserpine or GBL pretreated animals (see below).



192 DOPAMINE D2 RECEPTOR LIGANDS AS AGONISTS
(¢) Electrophysiology

Single unit recording is one of the most direct techniques for monitoring
neuronal events. In particular, iontophoretic application of drugs avoids
problems connected with the passage of the blood-brain barrier and also
metabolic problems. In addition, even though most experiments are run
under anaesthesia, today these experiments can be performed in non-anaes-
thetized animals giving the opportunity to correlate the electrophysiological
events with behavioural observations. A comprehensive review of the elec-
trophysiology of dopamine-containing neurons in the CNS has been given
by Chiodo [52].

(d) Intracranial self-stimulation, i.v. self-administration, drug discrimination
and conditioned place preference

The intracranial self-stimulation technique is used to characterize a com-
pound as being a CNS stimulant or depressant. The test animal can, by
pressing a lever, introduce a small electric pulse in a pleasure-inducing
brain-area. Self-administration can reveal the abuse potential of a stimu-
lant. The animal is able to inject itself i.v. with the test drug by pressing a
lever. In the drug discrimination paradigm, an animal is trained to discrimi-
nate a standard compound from saline. In the test situation, the compound
under investigation is given instead of the standard. If the animal recognizes
the test compound as the standard, it is considered to be likely that the two
compounds induce similar effects. Conditioned place preference has a simi-
lar background philosophy. These techniques have recently been reviewed
[53].

(e) Positron emission tomography ( PET)

The dopaminergic system is one of the best studied CNS receptor systems
with the PET imaging technique [54,55). !'C-labelled spiperone and raclo-
pride, a pure D2 antagonist, have been used for PET studies in schizophren-
ic patients. Treatment with ten chemically different classical neuroleptics re-
sulted in a 65-89% occupancy of D2 receptors. This finding strongly
supports the dopaminergic hypothesis of schizophrenia. The two patients
treated with clozapine showed a D2 occupancy of 65% and 40%, respective-
ly. A D1 receptor occupancy of 42% was found in one of the patients treated
with clozapine, and it was speculated that the neuroleptic effects of cloza-
pine may be related to a combined effect on both D1 and D2 receptors [55—
57]. Performing kinetic and Scatchard analyses of PET data greatly im-
proves the value of these investigations [58,59].
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A SUITABLE SET OF PHARMACOLOGICAL METHODS FOR
SCREENING NEW COMPOUNDS WITH POTENTIAL ACTION ON
CENTRAL DA RECEPTORS

(a) RESERPINE PRETREATED RATS

This model identifies compounds that are agonists (ranging from classical
agonists to partial agonists with very low intrinsic efficacy). 18 h after reser-
pine administration the behaviour of the rats is studied in photocell motility
meters for 30 min (the behaviour can also be recorded with a video camera).
Classical DA receptor agonists (acting both at pre- and postsynaptic recep-
tors) reverse the reserpine-induced akinesia and induce locomotor activity.
At higher doses, stereotypes such as sniffing, rearing and licking can be seen.
A partial DA receptor agonist induces behavioural effects according to its
degree of intrinsic efficacy. Compounds with a rather high level of intrinsic
efficacy will induce occasional locomotion consisting of jerks, whereas com-
pounds with a low intrinsic efficacy fail to induce detectable behavioural ef-
fects in the reserpinized rats. The degree of intrinsic efficacy can be detected
by the use of the brain DOPA/5-HTP accumulation assay in the animals
of the same experiment.

A 5-HTI1A receptor agonist will be identified in this model as a compound
which induces the ‘5-HT behavioural syndrome’ (flat body posture,
abducted hind and forelegs and forepaw treading). In addition, an a-adren-
ergic agonist induces piloerection in the reserpinized rat.

After the motility measurements, the rats are injected with the L-aro-
matic-amino acid decarboxylase inhibitor NSD1015 (3-hydroxybenzylhydr-
azine) 30 min before killing the animals. The amounts of DOPA and 5-HTP
accumulated is an indirect measure of the synthesis rates of the respective
monoamines DA and 5-HT. These precursors are measured by means of
HPLC with electrochemical detection. A DA receptor agonist will decrease
the DOPA accumulation in the DA-rich limbic and striatal brain areas. This
effect is considered to be the result of an activation of the inhibitory autore-
ceptors. Classical DA receptor agonists will produce a maximal decrease in
DOPA accumulation (to 20% of controls in the striatum). By the same rea-
soning, 5-HT1A receptor agonists (and partial agonists) decrease the forma-
tion of 5-HTP in the three brain regions studied, while a-adrenergic agonists
decrease the DOPA accumulation in the NA-rich remaining cortical region.

(b) NON-PRETREATED RATS

This model detects both agonists and antagonists at monoamine receptors.
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Compounds that are inactive in the reserpine model should always be tested
in non-pretreated rats before they are classified as inactive. In the motor ac-
tivity experiments, classical DA receptor agonists induce a biphasic re-
sponse with hypomotility and hypermotility noted after low and high doses,
respectively. These effects are considered to reflect a stimulation of autore-
ceptors and postsynaptic receptors after low and high doses, respectively.
Partial DA receptor agonists induce a monophasic decrease in locomotion.
The degree of hypomotility noted depends upon the mixed agonist/antago-
nist properties of the partial agonist. Classical DA receptor antagonists pro-
duce strong hypomotility with catalepsy noted at high doses. The preferen-
tial DA autoreceptor antagonists induce a weak locomotor stimulation,
which is more pronounced in habituated animals. 5-HT1A receptor agonists
induce the 5-HT behavioural syndrome also in non-pretreated animals,
however, the behaviour is less pronounced when compared with the effects
in reserpinized rats. a-Adrenergic drugs induce piloerection also in non-pre-
treated animals.

After a 30 min activity session in the motility boxes, the rats are injected
with NSD1015 (see above). The DOPA accumulation in striatum and in the
limbic brain region will be decreased and increased by DA receptor agonists
and antagonists, respectively. Partial DA receptor agonists induce an in-
creased or decreased DOPA formation depending upon their intrinsic effi-
cacy. DA receptor antagonists (the classical ones or those acting preferen-
tially at the autoreceptors) induce a dose-dependent increase in DOPA
accumulation. 5-HT1A receptor agonists decrease the 5-HTP formation,
whereas a-adrenergic ligands affect the DOPA formation in the cortical re-
gion,

In summary, these two basic screening models offer the possibility of re-
vealing both monoaminergic agonists and antagonists. The models will pro-
duce information about the potency and selectivity of the drugs tested, and
also whether the compounds have classical agonist/antagonist profiles, or
are partial agonists, or antagonists with preference for the DA autorecep-
tors.

STRUCTURAL CLASSES OF D2 AGONISTS

The dopamine D2 agonist SAR area has been reviewed by Hacksell and co-
workers from the perspective of stereochemistry and pharmacological pro-
files of the enantiomers of the compounds synthesized by that research
group during a period of 10 years. The structural classes surveyed were 3-
phenylpiperidines, 2-aminotetralins and their ring-methylated analogues
and octahydrobenzo[f]quinolines (OHB[f]Qs) [60].
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(a) APORPHINE DERIVATIVES

One of the early, classical methods of SAR studies, the dissection of a potent
molecule into smaller fragments carrying important pharmacophoric
groups, has been applied to the potent DA agonist apomorphine (6aR-13).
Conformational analysis of such fragment molecules by molecular mechan-
ics were undertaken. There was a strong correlation between the energy pen-
alty that has to be paid to achieve a conformation that fits well and the ob-
served loss of potency in biological activity [61].

(6aR-13)

The aporphine SAR from the N-alkyl substituent point of view has been
studied and, taken together, the potency order was: N-cyclopropylmethyl >
N-allyl> N-nPr = N-Et. The branched analogues (N-iPr and N-iBu) were in-
active [62]. This result is compatible with the results from studies on phenyl-
piperidines and OHBI[f]Qs [63,64] (see under Modelling below). The N-allyl
derivatives of apomorphine and 11-hydroxyapomorphine were prepared in
order to achieve precursors to the corresponding 3H-labelled N-nPr deriva-
tives. These N-allyl derivatives were evaluated for their dopamine D1 and
D2 receptor affinity. In addition, [PHJADTN binding, which is considered
to represent high affinity DA agonist binding, was performed on aporphine
analogues. The most interesting result of this study was that (6aR)-(—)-11-
hydroxy-~N-allylnoraporphine has a very high affinity (IC59=0.034 nM) in
PHJADTN binding. Such a high-affinity [P HJADTN binding usually is con-
sistent with a high potency functionally [65]. In another aporphine study
from the same laboratory, the (6aR)-(—)-enantiomer of 2-fluoro-N-n-pro-
pylnorapomorphine was shown to display an extremely high D2 affinity
(ICs;=0.071 nM) in [*H]spiperone binding [66]. The D1/D2 affinity ratio
is extremely high, and such high affinity and selective D2 ligands, when ra-
dioactively labelled, might prove very useful in future binding studies and
in PET imaging.

The mono-phenolic aporphine derivative (6aR)-(—)-11-hydroxyapor-
phine (6aR-14) is a DA agonist. Very interestingly, its 10-methyl analogue
(6aR-15) is devoid of DA effects but instead it potently binds to and stimu-
lates central 5-HT1A receptors [67]. A ring-contracted aporphine analogue
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(R-16), an abeorphine derivative, was shown to have potent dopaminergic
effects in several of the classical test models [68]. It is orally active and long-
lasting, but no true estimation of the oral bioavailability can be made from
the data presented in the paper, since the only route of administration of
compound (R-16) was orally.

(6aR-14) (6aR-15) (R-186)

(b) 2-AMINOINDAN AND 2-AMINOTETRALIN DERIVATIVES

The 2-aminoindans have not been studied as extensively as the 2-aminote-
tralins (see below). Both 4- and 5-hydroxy-2-(dialkylamino)indans display
dopaminergic properties [69]. Conformational analyses by the molecular
mechanics method (MM2) on differently substituted 2-aminoindans has
been reported [70]. It can be anticipated that the active enantiomer (R)-4-
hydroxy-2-(N,N-di-n-propylamino)indan (R-17) should have its N atom in
the equatorial position, placing it close to the aromatic ring plane. This is
one of several prerequisites for potent DA receptor agonism. The di-Me
model compound of the moderately potent dopaminergic phenylpropyl-
amine analogue 4-hydroxy-2-(N,N-di-n-propylaminomethyl)indan (18) has
also been studied with conformational calculations. Two stable conforma-
tions, which fit current DA agonist SAR, were found [70]. This emphasizes
that the phenylethylamine moiety in the DA agonists is not an absolute re-
quirement for activity. A compound which has the necessary functional
groups at the right places in space and does not protrude sterically outside
the receptor volume will show agonist activity.

Two o-fluorinated tetralins, 6-fluoro-5-hydroxy- and 7-fluoro-8-hydroxy-
2-(N,N-di-n-propylamino)tetralin (6-F-5-OH- and 7-F-8-OH-DPAT, re-
spectively) (19 and 20) retain the dopaminergic and serotonergic receptor
stimulating properties of their non-fluorinated analogues 5-OH- and 8-OH-
DPAT (21 and 22), respectively [71]. The most interesting implication of this
result is that the strong H-bond between the two aromatic substituents is
likely to prevail also at the drug—receptor interaction, giving rise to a refine-
ment of the SAR of the phenolic OH groups in these two compounds. It
is thus likely that the optimal O—H bond direction in both the DA and the
5-HT1A receptor at the drug-receptor interaction is the one where the
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phenolic H is on the side of the fluorine atom, which is small enough not
to impose any steric bulk (the size of a fluorine atom is close to that of a
hydrogen atom).

A new and detailed tetralin study deals with the resolution and the deter-
mination of the optical purity of the enantiomers of 5-OH-DPAT (21). Of
particular interest is that an analytical HPLC method that measures very
small amounts of optical impurity was used [72]. It could be shown that the
R-enantiomer really possesses antagonistic properties, as measured bio-
chemically, in non-pretreated animals [73]. These findings support the mod-
elling results of Froimowitz and co-workers [74,75]. Other studies have not
revealed such properties of (R-21) [64,76]. These new and interesting find-
ings have implications for the atypical D2 antagonsits with preferential ac-
tion on D2 autoreceptors, developed from D2 agonists, as discussed below.

The selective D2 receptor agonist (4 )-N-0437 (24), and its enantiomers,
have been speculated to have potential use in the treatment of Parkinson’s
disease and schizophrenia [77]. In addition, the enantiomers have been ex-
tensively tested for their pharmacological actions on D2 autoreceptors both
in vivo (DA release in microdialysis after local application) and in vitro (ef-
fects on the electrically stimulated release of [PH]DA from striatal slices).
It is now documented that (S)-(—)-N-0437 is an agonist at receptors con-
trolling DA release. (R)-(+)-N-0437 is an antagonist at postsynaptic D2 re-
ceptors both in vivo and in vitro. However, since it is known that (R)-(+)-N-
0437 is an agonist at D2 autoreceptors, it is clear that this enantiomer has
the properties of a partial agonist. The intrinsic efficacy of (S)-(—)-N-0437
is thus higher than that of its (R)-(+ )-enantiomer [78].

The more active enantiomer of the tetrahydrophenalenamine (25) was
shown to have the R absolute configuration. It should be compared to (R-
23), according to the McDermed concept. The extra benzene ring in (25)
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(24)
(R-25)

is likely to impose some degree of steric hindrance at the drug—receptor in-
teraction, rendering the molecule an autoreceptor selective profile, as em-
phasized in an electrophysiological study of (25) and its enantiomers [79].

C1- and C3-methyl-substituted 5- and 7-OH-DPAT have been investigat-
ed both conformationally and pharmacologically for activity at central DA
receptors [80—84]. All compounds were less potent or inactive, as compared
with their non-methylated analogues. However, very interesting SAR re-
sults have come out of this series of methylated 2-aminotetralins, and cis-
(+)-(15,2R)-5-OH-1-Me-DPAT ((+)-UH242; cis-(+)-1S,2R-9) was the
first compound revealed to have the profile of a DA receptor antagonist
with a preferential action on DA autoreceptors (see below) [80].

(c) PHENYLPIPERIDINES AND DERIVATIVES

The phenylpiperidine 3-(3-hydroxyphenyl)-N-n-propylpiperidine (3-PPP)
(12) and its enantiomers have been thoroughly studied for 10 years now [85,
86]. It is well documented that (S)-(—)-3-PPP (5-12) is a partial DA agonist.
It displays agonistic properties at the supersensitive D2 autoreceptors, while
it is antagonistic at the normosensitive postsynaptic D2 receptors. These
two effects should work in the same direction to lower the dopaminergic ac-
tivity. Such a pharmacological profile has been speculated to be beneficial
in psychoses. The idea behind the concept is that a partial DA agonist
would block the postsynaptic D2 receptors while it would not be strong
enough to precipitate extrapyramidal side-effects (EPS and TD) [87]. Beside
the phenylpiperidines, the potential dopaminergic effects of phenylindolizi-
dines and phenylquinolizidines have been studied [88]. Only compound (8 R-
26) showed DA receptor agonist properties, while others, for example (27),

HO HO

(8R-26) (27)
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showed DA receptor antagonistic properties. These close analogues of 3-
PPP were further studied by conformational analysis with molecular me-
chanics (see below) and the results made it possible to refine a previously
proposed DA receptor model [89,90].

A 5-(methylthio)methyl-substituted derivative (cis-28) of (+)-3-PPP has
been reported [91]. The background to the study was the structural similari-
ty between pergolide (29) and (cis-28). However, the biological testing of
(cis-28) showed that it is inactive in vivo (GBL model), while an in vitro assay
(inhibition of tyrosine hydroxylation) showed (cis-28) to be equipotent to
racemic 3-PPP itself. These results indicate that the steric bulk in (cis-28)
is not compatible with potent DA receptor interaction. However, since com-
pound (cis-28) was not resolved, there is a possibility that one or both of
the enantiomers of (c¢is-28) might have antagonistic properties [89].

N, - Pr

"CH,SMe

M
(31 \©

A compound possessing DA autoreceptor agonist properties is
EMD23448 (30) [92,93]. The (aminoalkoxy)anilines represent a new class of
compounds with dopaminergic properties. The analogue 3-[3-(4-phenyl-1-
piperazinyl)propoxylbenzenamine (31) was classified as a selective DA au-
toreceptor agonist based on the proper pharmacological models for reveal-
ing such a profile. In addition, compound (31) showed a good oral availabil-
ity in a conditioned avoidance response (CAR) test in squirrel monkeys and
it was shown to have no propensity for inducing EPS in a primate model.
Compound (31) is claimed to be a more selective DA autoreceptor agonist
than both 3-PPP and EM 23448 [94].



200 DOPAMINE D2 RECEPTOR LIGANDS AS AGONISTS
(d) OHB([f]Qs AND OHB[g]Qs

Trans-fused 7- and 9-hydroxyoctahydrobenz[flquinolines (OHB[f]Qs) (for
example (32) and (33), respectively) have been found to possess potent do-
paminergic properties, provided that the nitrogen atom is properly substi-
tuted (<nPr for trans-9-OH in the ‘downwards’ direction and any size of
an alkyl group for trans-7-OH in the ‘upwards’ direction; see below) [95].
These results are further substantiated by the fact that the 2-substituted
trans-7-OH-OHBIf]Qs (for example (34)) display low dopaminergic activity
(too bulky ‘downwards’), while their 9-OH analogues (for example (35)) are
very potent dopaminergics [96]. Similarly, new phenolic (cis)-and (¢rans)-
1,2,3,4,4a,5,10,10a-octahydrobenz[g]quinolines (OHB[g]Qs) have been

(trans-4aS,10b5-32) (trans-4aR,10bR-33)
(34) CH,SMe (35) CH,SMe

studied in pharmacological models monitoring both D1 and D2 effects. In
contrast to their the cis analogues, the trans-6-hydroxy compounds were ac-
tive. The agonist effects increased with increasing N-alkyl size in the “down-
wards” direction up to and including nPr (zrans-(—)-36). The corresponding
N-nBu derivative was inactive, supporting the previously presented inter-
relationship between chirality, phenolic position and N-alkyl size [64,97].
For further SAR details, see under Modelling, below.

HO

Ha_ oNHCOtBu
":’;‘ a8 \Me e
Pr (37) Me
(trans-(-)-36)
(38) Cl
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(¢) ERGOLINES

The ergolines have served as lead structures for the development of several
different classes of compounds, for example the partial DA agonists transdi-
hydrolisuride (TDHL) (11), SDZ 208-911 (37) and SDZ 208-912 (38).
These compounds were compared with haloperidol, a classical DA antago-
nist (neuroleptic), in several pharmacological test models, emphasizing dif-
ferences in the intrinsic efficacy between these partial agonists. SDZ 208—
912 has the lowest intrinsic efficacy of the three, showing antagonistic prop-
erties in most test models. However, it lowers prolactin secretion and has
a greatly reduced propensity to induce catalepsy. Both SDZ 208-911 and
TDHL have higher intrinsic efficacies and display similar pharmacological
properties [98].

HO "
Bi :o: o
7 2
° 5 4 3 “NPr, ©/\J“I’Nprz
HO
(39) (40)
SO
Pr
HO/@()\N,M HO Y~ N7
0
N
{trans-{+)-4aR,10bR-41)  (trans-(+)-4aR,10bR-42)

(f) 3-AMINOCHROMAN DERIVATIVES

The chromanamines 8- (39) and 5-OH-DPCA (40) have been shown to be
potent, centrally acting agonists at D2 and S-HT1A receptors, respectively
[99]. 8-OH-DPCA is a much more potent dopaminergic agonist than its 6-
OH analogue [100,101]. A different relationship exists between their tetralin
analogues 5-(21) and 7-OH-DPAT (23), respectively, which both are potent
DA agonists [64,102]. There is a good peroral (p.o.) to intraperitoneal (i.p.)
ratio for 8-OH-DPCA, which is an indication of a good absorption from
the gastrointestinal tract and a limited metabolism during the absorption
process. One of the few DA agonists that has been tested clinically is re-
duced (+)-4-propyl-9-hydroxynaphthoxazine (41). This compound is active
against Parkinson’s disease, both alone and in the combination with L-dopa.
Since the oral bioavailability of (41) is low, a continuous delivery system
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was used [24]. The pharmacological testing of the dioxygenated tricyclic
compound trans-3,4,4a,10b-tetrahydro-4-propyl-2 H,5S H-[1]benzopyrano-
[4,3-b]-1,4-0xazin-9-0l (42) showed that it is a potent D2 agonist with prefer-
ence for D2 autoreceptors [103]. In contrast to this result, another group
has claimed that this compound displays very weak D2 agonist effects [104].
These authors argue that it is the low pK, value of the compound, giving
a low degree of protonation (2%) under physiological conditions, which
makes it weak. The discrepancy between the two papers might depend on
the different pharmacological methods used [103].

METABOLIC PROBLEMS AND BIOISOSTERIC REPLACEMENTS
IN D2 AGONISTS

METABOLISM OF DA AGONISTS

Due to the fact that they contain aromatic hydroxy functionalities, most of
the potent DA receptor agonists known (for example, apomorphine, the
aminoindans and the aminotetralins) have poor pharmacokinetic proper-
ties. They are likely to be conjugated (as glucuronides and/or as sulphates)
on their first passage through the liver after p.o. or i.p. administration. In
addition, an electronically activated aromatic nucleus such as a phenol or
an anisol is susceptible to aromatic hydroxylation by the cytochrome P-450
enzyme system. This pathway is more pronounced in the rat than in man.
If present in the compound administered, or if formed in vivo, catechols are
also degraded by the enzyme catechol-O-methyltransferase (COMT). For
example, the metabolic degradation of the very potent D2 agonist N-0437
(24) has been studied in the rat and in the conscious monkey after both i.v.
and p.o. administration using radioactively labelled (ditritiated) N-0437
[105]. The metabolic inactivation of N-0437 proceeds mainly through conju-
gation, and the biliary metabolic profile showed mainly glucuronidation in
both species [106,107]. The urinary profile in the rat showed almost exclu-
sively sulphation, while monkey urine contained three main metabolites, in-
cluding the glucuronide and the suphate [105]. In an attempt to improve the
bioavailability of this compound, several esters were prepared as potential
prodrugs. The ester hydrolysis rate was assayed in vitro, and the in vivo ac-
tivity of these compounds was monitored with the Ungerstedt rotation
model [51]. Large differences were found in vitro, but in vivo these differ-
ences were much smaller and, in fact, did not correlate with the in vitro data
[108]. Similar disappointing results have previously been found for pivaloyl
ester prodrugs of N,N-di-n-propylated m-tyramine and N,N-di-n-propylated
DA [109].
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Using HPLC with electrochemical detection to investigate the potential
o-hydroxylation in the phenylpiperidine 3-PPP, it was shown that a cate-
cholic metabolite is formed. However, such a metabolite was suggested not
to play a significant role in the in vivo pharmacological profile exhibited by
3-PPP itself [110-112]. Unfortunately, no urine samples were collected in
these studies. An extensive series of carbamate esters of (—)-3-PPP was in-
vestigated as potential prodrugs [113]. The 4-isopropylphenylcarbamate
(43) was the best prodrug, and it did not induce convulsions, which some
of the carbamates in that series did. The plasma levels of (—)-3-PPP 4 h
after an oral dose of compound (43) of 100 umol/kg was 90 times higher
than those after the parent drug itself after the same time and dose.

(8-(-)-43)

Some of the new DA agonists do not suffer from these pharmacokinetic
problems. Most of the new compounds have bioisosteric heterocyclic aro-
matic systems instead of the phenolic ring systems in the older analogues.
Some examples of these new agonists will be given here.

HETEROCYCLIC BIOISOSTERES OF DA AGONISTS

In a series of 3,4-disubstituted anaolgues of N,N-di-n-propyldopamine
(DPDA; 44), the 3-OH function was replaced by different bioisosteric
groups. These analogues were evaluated for D1- and D2-receptor affinity.
The 3-methanesulphonamide analogue (45) displayed a somewhat higher af-
finity for the D2 receptor than DPDA and was also more selective for this
receptor. In addition, the 3-formamide analogue (46) had a high D2 affinity.
These compounds were also active in vivo in a model (peripheral) monitor-
ing cardiovascular and renal effects in the anaesthetized rat [114]. Both (45)
and (46) are electronically different from the catechol DPDA. They have a
lesser electronic density in the aromatic ring system and are thus likely to
be less prone to oxidation by the liver oxidizing enzymes.

Another series of heterocyclic bioisosters of DA and m-tyramine were
evaluated for their affinity and agonist activity at D1 and D2 receptors [46].
Compound (47), in which the m-hydroxyl in DPDA has been replaced with
a thiazol-2-one ring system, has a higher D2 receptor affinity and a more
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potent activity in vitro, as compared to DPDA itself. It is also more potent

than the oxindole (48) previously reported [115].

HO

NPr,

(44)

NHSO,Me
HO.

NPr,

(45)

NHCHO HN‘«

HO\©\/\ HO\@/\
NPr, NPr,

(46) (47)
N
(0]
/
HN HaN ( B:)
] "NR'R?
HO
NPr, compd R' R?
(48) (S-49) H Pr
(S-50) Pr Pr

The heterocyclic aminothiazoloazepine derivative BHT920 (5) is a DA
autoreceptor agonist [116]. Attempts to utilize the aminothiazole functio-
nality in other structural classes known to be dopaminergic have been made.
Compound (S-49), which is homochiral to the potent DA agonist (5)-5-OH-
DPAT (S-21), is a D2 agonist and has been suggested to have DA autore-
ceptor selectivity [117]. It is interesting to note that compound (S-50), the
N,N-di-nPr analogue of (5-49), was not included in the study. It can be pre-
dicted, with high probability, that (S-50) would be more potent than (S-49).
In addition, it is likely that (S-50) is less selective for the DA autoreceptors
than (S-49). Interestingly, compound (S-50) has been published in several
recent patent applications [118,119].

Similar reasoning formed the background to a study on heterocyclic ana-
logues of 3-PPP [120]. In particular, the low oral bioavailability of 3-PPP
[121,122] was emphasized as a possible obstacle for clinical studies with 3-
PPP. Modelling studies of the ring-to-ring dihedral angle of the 2-amino-4-
thiazolyl piperidine (51) and its tetrahydropyridine analogue (52) showed a
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preference, due to the resonance effect, of the latter for a coplanar ring-to-
ring relationship. Such a conformation is believed to be the preferred D2
agonist conformation of 3-PPP itself [89,90]. While compound (51) was
shown to be inactive in the biological test systems, the best tetrahydropyri-
dine analogues (compounds (52) and (53)) were active. These compounds
exhibit some selectivity for DA autoreceptors at lower doses, but at higher
doses they clearly stimulate postsynaptic DA receptors. The biological mod-
els used in that study are quite relevant to the conclusions drawn. Of partic-
ular interest is the fact that these compounds show oral activity. They are
thus less prone to metabolic inactivation than 3-PPP itself.

H,N
N

s
-

\/KO(W

(51)

HN
N

>~S compd R
/
-~

Nt (52)  Pr
] (53) allyl

The enantiomers of the dopaminergic, and orally active 6,7,8,9-te-
trahydro-N,N-dimethyl-3 H-benz|e]indol-8-amine (54) were studied for their
actions on central dopamine and serotonin (5-HT) receptors [123]. The
dopaminergic effects were shown to reside in the (4 )-(R)-enantiomer. Very
interestingly, it was shown that racemic (54) and its (+ )-(R)-enantiomer
possess potent central 5-HT1A receptor stimulating properties, which was
not reported originally [124]. Still another indication of the trend in DA
agonist SAR towards heterocyclic bioisosteres is given by compound (55)

[125].
H
|
o] N
)
HN NMe, ';‘
owst Pr
)

(R-54) (trans-55

(8-56)

THE QUESTION AS TO WHETHER THE BASIC NITROGEN ATOM
OF A DA LIGAND IS CHARGED OR NOT AT THE
DRUG-RECEPTOR INTERACTION

This problem has been thoroughly addressed by Miller and co-workers in
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a series of publications regarding both DA agonists and DA antagonists
[126—132] and also by Ross and Burkman [133]. These studies conclude that
permanently charged structural analogues of dopamine have affinity for,
and can activate, the D2 receptor. These analogues contain an N, S or Se
atom in the side-chain. However, they are less potent than DA itself, indi-
cating that, whereas the ability of a compound to exist in an uncharged form
is not a requirement, both charged and uncharged forms of the agonist mol-
ecule appear to play a role in D2 agonist activity [126].

MOLECULAR MODELLING OF D2 LIGANDS

In two recent articles, the use of computers in modern SAR modelling stud-
ies has been reviewed [134,135].

Modelling of macromolecules

A computer generated receptor model from the primary sequence of the
cloned D2 receptor [36] was presented by Dahl [136]. The Kollman program
AMBER (Assisted Model Building and Energy Refinement) [137-139] was
used in the constuction of the model. The seven putative transmembrane
helices were put together to form a cylinder, inside which the receptor
was suggested to be located. Docking experiments in this model with agon-
ists and antagonists indicated that these different types of compound bind
at different sites in the receptor model [140]. Despite the advanced ap-
proach, this model is still very tentative and crude, and a much more de-
tailed study of the inside of the proposed cylinder must be undertaken be-
fore it can be used in a predictive fashion for the design of new agonists
and antagonists for the D2 receptor(s). The power of this receptor model
is that it is conceptually very appealing and natural. It is interesting to note
this development in the macromolecular modelling of a receptor and, in a
not too distant future, the receptor concepts that are built from the small
molecules (molecular modelling of agonists and antagonists, see below) and
from amino acid sequences will merge into one single concept. However, the
increasing number of subreceptors (for example the D3 receptor) identified
will make this an even more complicated area of research.

Modelling of small molecules
Molecular modelling studies using small molecules, which have been con-

formationally investigated before they are compared and fitted, can be per-
formed by using a potent and rigid analogue as a template molecule. Alter-
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natively, a theoretical receptor model with defined pharmacophoric points
in space could be used as the template. Quantification of the quality of a
fit is achieved with root-mean-squares (RMS) calculations.

Theoretical calculations can also provide physicochemical data, which
can be used as an input for 3D-QSAR correlation studies [134,141]. There
is a current trend in the area of lead-finding in the pharmaceutical industry
to use calculations to set up computer search profiles to be used in the
screening of large structural databases, such as the chemical suppliers’ data-
bases and the internal company databases.

Using electrostaic maps and point charges can be an alternative to using
the midpoint of rings and individual atoms in the RMS fits [142,143]. An
interesting approach when fitting molecules with a basic nitrogen, which is
likely to be protonated at the drug-receptor interaction (see above), is to uti-
lize the N—H ammonium hydrogen vector and a hydrogen bonding distance
(2.8 A) in an attempt to mimic the situation when a drug binds to the recep-
tor [144]. The dummy atom at the H-bonding distance will thus be a point
in space to be included in the RMS calculation together with the other phar-
macophoric groups. Different molecules could have their N-atoms at differ-
ent sites and still satisfy a good RMS fit, when superimposed on another
molecule or a template. Recent molecular modelling studies on D2 SAR
have emerged [75,89,90,145,146].

DA AGONIST RECEPTOR MODELS

Several authors have tried to rationalize their SAR results in more or less
complicated models. The following are examples: Shepphard and Burghardt
[147], Grol and Rollema [148,149], Goldberg [150], Dandiya [151],
McDermed [102], Seiler and Markstein [97,152], Nichols [153], Erhardt
{154,155], Humber [156,157,158, 159], Seeman [160,161], Neumeyer {162},
Wikstrom [64], Kaiser and Jain [163], Liljefors and Wikstrém [90]. A few
of these conceptual models formed the basis of a more advanced study with
computers (see below) [145].

In hindsight, the single most intelligent interpretation of DA SAR was
made by McDermed and co-workers [102], and it is worthwhile to recapitu-
late the background of their concept. The two potent DA receptor agonists
5-OH-DPAT (21) and 7-OH-DPAT (23) were resolved, and it was shown
that the active enantiomers of these two isomers were (S-21) and (R-23), re-
spectively. Since the 2-aminotetralins are almost planar structures, a simple
upside-down turn of one of the isomers, together with a fit of the nitrogens
and the hydroxyl groups gave a fit as displayed in Figure 5.1. Here (S-21)



208 DOPAMINE D2 RECEPTOR LIGANDS AS AGONISTS

HO HO.

a0 ;
. R )
o N\
I R
R
HCOHO
[
..'.':N/fh
[\
RR
Figure 5.1.

and the (R-23) are homochiral, that is, the C2-N bond direction is down-
wards in both molecules. This has been the basic concept underlying many
of the DA receptor models mentioned above. In a study based on the
McDermed concept, and applied to the dopaminergic monohydroxylated 3-
phenylpiperidines and octahydrobenzo[f]quinolines (OHBIf]Qs), it was
found that there is a relationship between the absolute configuration, the
ring-position of the hydroxyl group and the size of the N-alkyl substituent.
These parameters taken together define two different directions of the N-
alkyl substituents in these molecules (Figure 5.2) {64]. The combination of
the stereochemical concept and the N-substituent direction concept has
proved useful for explaining the activities and inactivities of several of the
chiral compounds tested for their effects on DA receptors. Naturally, a
strong concept like this can also be utilized in the design of new dopamin-
ergic compounds, and for setting limits to synthetic programmes in the DA
research field. See also note on p. 216.

Figure 5.2.
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D2 AUTORECEPTOR ANTAGONISTS, FUNCTIONAL D2
RECEPTOR AGONISTS

In the course of developing new DA receptor agonists with autoreceptor se-
lectivity (partial agonists), that is, functional analogues of 3-PPP, the enan-
tiomers of cis-1-methyl-5-hydroxy-2-(di-n-propylamino)tetralin (UH?242;
cis-9) were synthesized and tested [81]. Racemic (cis-9) has a selective DA
autoreceptor-selective profile much like that of racemic 3-PPP. However, as
was the case with 3-PPP, the pharmacological testing of the enantiomers of
(cis-9) showed that (cis-(—)-1R,2S5-9) is a classical DA agonist stimulating
both pre- and postsynaptic DA receptors, while (cis-(+)-15,2R-9) has DA
receptor antagonist properties. Thus, it stimulates the DA synthesis rate like
the classical DA antagonists but it does not induce any locomotor activity
depression. Instead, a tendency of a weak stimulation of locomotor activity
can be seen. The O-methylated analogue, compound ((+)-UH232; cis-(+)-
15,2 R-8) was then tested in the same pharmacological paradigms. This com-
pound was shown to induce a strong biochemical effect and a clear locomo-
tor stimulation, especially in habituated rats [80,81,164]. It is now clear that
the stereochemistry at the 2-position in the 5-substituted 2-aminotetralins
is determining which effect, agonistic or antagonistic (2-S and 2-R absolute
configuration in the S5-substituted 2-aminotetralins, respectively), a com-
pound will have at the D2 receptor [60]. This has also been pointed out by
others [75]. In the case of an agonist, a more potent effect will be seen with
the 5-OH substitution pattern, while for antagonistic effects a 5-OMe group
is more efficient than a 5-OH group, implying that it should be quite rele-
vant to study the H-bonding aspects (strength and directionality) in such
compounds. The relevance of this reasoning can be seen with S-3-(3-trifluo-
romethyl- N-n-propyl)piperidine (S-56), an analogue of (S)-3-PPP, which dis-
plays a pharmacological profile similar to that of cis-(+)-UH232 (cis-(+)-
(15,2R)-8) [165]. Thus, it should be possible, by selecting the proper aromat-
ic substituents, to design new 3-substituted (S)-3-phenylpiperidines (S-57),
cis-(1S,2 R-5)-substituted 1-methylated-2-aminotetralins (cis-15,2R-58) and
7-substituted  cis-(4aR,10bS)-1,2,3,4,4a,5,6,10b-octahydrobenzo[f]quino-
lines (cis-(4aR,10bS)-59) [166] with preference for the DA autoreceptor.

A R

(S-57) (cis-18,2R-58) (cis-4aR,10bS-59)
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Such D2 receptor antagonists are functionally D2 receptor agonists, and
may thus be useful in several clinical conditions like geriatric conditions,
Parkinson’s disease, minimal brain dysfunction (MBD), depression and in
obesity, as an anorectic drug [165]. It will be crucially important for the de-
velopment of any stimulant compound of this class to establish its tendency
for inducing abuse. Pharmacological methods that can be used for such in-
vestigations are for example intracranial self-stimulation, self-administra-
tion, conditioned place-preference and drug discrimination tests.

SUMMARY

The collected amount of research on D2 agonists is immense. The D2 re-
search field has been, and still is, very dynamic. Despite this fact, only a few
compounds have reached the clinic so far. At present there are clinical trials
ongoing with partial D2 agonists possessing a range of intrinsic efficacies.
Some of these agonists are tested for their potential effects in Parkinson’s
disease (high intrinsic efficacy), while others are tested for potential anti-psy-
chotic effects (low intrinsic efficacy). An interesting possibility has arisen
through the research on the synergism between DI and D2 receptors. This
could possibly be utilized in the alleviation of Parkinsonian symptomato-
logy. The near future will show whether the compounds under evaluation
hold promise for being new, valuable medicines for treating major diseases
like Parkinson’s disease and schizophrenia.
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INTRODUCTION

During the past 10 to 15 years the herb feverfew has received much attention
from both the general public and the scientific community. In the late

*Present address: Washington University School of Medicine, 4566 Scott Ave., Box 8046, St.
Louis, MO 63110, U.S.A.
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1970’s, claims from members of the public about its efficacy in prevention
of migraine were widely publicized in the British press. This attention
brought feverfew back into the limelight from obscurity since the Middle
Ages. Producers of herbal and homeopathic remedies were quick to act in
bringing their feverfew preparations to the (U.K.) market, thereby increas-
ing the availability of the herb to the general public. Thus, the situation
arose that some estimated hundreds of thousands of people were consuming
feverfew daily, yet the medical profession had little or no information to
substantiate the claimed benefits, or worse, to inform the users about possi-
ble side-effects associated with this herb.

It was against this background that the research into feverfew in the early
1980’s was performed. A number of investigations have now been carried
out into the plant’s in vitro biological actions, the chemical components re-
sponsible for these actions and suggestions have been put forward as to its
mode of action. Furthermore, a limited amount of data are available about
the clinical effects of feverfew. The aim of this chapter is to give an overview
to date of the facts about the herb feverfew with respect to its chemical, bio-
logical and clinical properties.

BACKGROUND ASPECTS
HISTORY OF THE MEDICINAL USE OF FEVERFEW

The use of feverfew as a medicinal plant can be traced back to the earliest
written record of the Herbals, the Greek herbal ‘Materia Medica’ by Dios-
corides. Later herbal writers are thought to have used the ‘Materia Medica’
as a source of information and feverfew was described by Dodoens in 1619,
by Gerard in 1636 and Culpeper in 1650. Their descriptions of the proper-
ties of the plant became more extensive and the conditions for which fever-
few was reputed to be beneficial can be divided into three main areas: (1)
fever, headache and migraine; (2) women’s conditions such as difficulties in
labour, threatened miscarriages and the regulation of menstruation; (3) the
relief of stomach-ache, toothache and insect bites [1].

Feverfew is a corruption of the Old English name ‘febrifuge’ from the
Latin ‘febrifugia’, pointing to one of its acclaimed benefits in reducing fever.
It is for this reason that feverfew has sometimes been referred as a ‘mediae-
val aspirin’. In some other European countries, this herb is referred to as
‘motherherb’, for example, ‘Mutterkraut’ in Germany, indicating its ac-
claimed beneficial properties in various women’s conditions. Other names
for feverfew include featherfoil, flirtwort and bachelor’s buttons.
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Feverfew was administered in a variety of ways. It was recommended that
the herb be consumed as a dried powder taken with honey (presumably be-
cause of its bitter taste), to bath in a decoction, sometimes made in wine
(for the women’s conditions) or to make a syrup to be taken through the
winter months. In most cases it was recommended that the leaves be used,
but for some conditions it was suggested that the flowers could also be bene-
ficial.

TODAY’S CLAIMS AND USES

Today’s widespread use of feverfew essentially started in 1978 when the
British press reported that a group of migraine sufferers from Wales had
found relief from attacks after taking the leaves of the plant for some time.
The initiative of self-medication was lead by a lady migraine sufferer with
frequent attacks, who found that after 10 months of taking the leaves she
was completely free of migraine attacks [2, p. 19]. Following this newspaper
report the interest in feverfew grew quickly. Many personal accounts from
other migraine sufferers followed, describing how feverfew had helped to re-
lieve or had abolished their condition, usually after they had tried many
other remedies unsuccessfully.

Following the success of feverfew in migraine, the herb was also tried in
many other conditions and it has now been claimed (but not scientifically
proven) to be effective in arthritis, psoriasis and stress, amongst others [3,
p. 36]. However, although many people were willing to try this herb, little
hard information was available to the general public on such basic matters
as how much of the herb to take. Just how great the interest in feverfew
was became clear when a source of this kind of information was revealed
in a daily newspaper and 25,000 requests were received [4].

ADMINISTRATION OF THE HERB FEVERFEW

Today, as in the Middle Ages, there are different ways in which feverfew
is employed with respect to the part of the plant consumed, the frequency
and the dose of administration. The vast majority of users appear to con-
sume the leaves [2, p. 46], which are said to taste quite bitter. Commercial
feverfew preparations are widely available in the U.K. and many other
countries. They contain either dry powdered leaves or whole plant in tablet
or capsule form.

Feverfew appears to be used predominantly as a prophylactic agent in
both migraine [2, p. 41] and arthritis [3, p. 48], although there are incidental
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reports of the use of single high doses for migraine attacks [2, p.39]. The
dose which is taken for prophylaxis has been estimated at 2 to 3 fresh leaves
per day [2, p.39]. The period of time that people need to gain benefit from
the herb as a prophylactic agent varies, although some generalized estimates
can be made. In arthritis, it is claimed that on average 7 days are needed
to gain relief from most of the pain. To reduce the inflammation and im-
prove mobility, for example, an average of 14 to 28 days are needed. The
time needed to achieve relief for migraine is more difficult to judge, as at-
tacks may occur sporadically and reported beneficial effects vary from in-
stant relief to relief over a period of months [2, p. 54].

Complaints of side-effects by feverfew users have been limited. Mouth
ulcers have been suggested to be the most common side-effect which seems
to be a systemic effect [2, pp. 79,80]. A survey carried out among 300 fever-
few users revealed that 18% experienced side-effects and 11.3% of users re-
ported mouth ulcers [2, pp. 77—80]. In a different analysis of 164 patients
who had stopped taking feverfew, 21% did so because of side-effects [2, pp.
82,83]. A prospective clinical trial [5] carried out to assess the efficacy of fe-
verfew in a controlled way reported that mouth ulcers were more common
during the placebo treatment.

SCIENTIFIC ASPECTS

BOTANICAL CLASSIFICATION

Tanacetum parthenium (L.) Schultz Bip. is the official Latin name for the
member of the Compositae family which is more commonly referred to as
feverfew [6]. The plant had previously been classified as Chrysanthemum
parthenium (L.) Bernh., so the latter name is strictly speaking no longer cor-
rect. Other old classifications for feverfew are Leucanthemum parthenium
(L.) Gren. & Godron or Pyrethrum parthenium (L.) Sm.

Feverfew has been described as ““a perennial plant growing to a height
of 14—-45 cm with strong-smelling greenish-yellow bipinnate (feather-like)
leaves” [7]. The flowerheads “‘are arranged in a loose terminal corymb, the
central disc florets being yellow and a single layer of outer ray florets being
white” [7]. “It is a mountain scrub and grows in rocky places. It has been
long cultivated for ornament and as a medicinal plant and naturalized in
hedges and waste places throughout a large part of Europe” [6].

There are at least two varieties of feverfew, the wild variety and a cultivat-
ed variety, also known as the ‘golden’ feverfew or Tanacetum parthenium
aureus [7]. The leaves of the golden variety are much yellower than those
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of the wild kind, making it a more attractive looking plant. It must be
stressed that most of the chemical and biological investigations have been
carried out on the wild variety and it is not known whether the results would
also apply to the ‘golden variety’. A widely available double variety (double
row of outer ray florets) has also been cultivated.

The confusion over the correct variety of feverfew is further complicated
by the existence of another genus of plants, Matricaria, the leaves of which
are very similar to those of feverfew but the flowers of which are different
[7] (for example, Snow Dwarf, with all white flowers, Golden Ball with all
yellow flowers, and Tom Thumb, which looks like a cross between the two).
These attractive looking plants are sometimes sold as ‘feverfew’. Again,
there has been no reported scientific work on these related species per se and
the work quoted here for the true wild feverfew may not necessarily apply
to these feverfew-like plants.

CHEMICAL CONSTITUENTS OF FEVERFEW

Sesquiterpene lactones are secondary metabolites that are widespread
throughout the plant kingdom. The common feature in this class of com-
pounds is an a-methylenebutyrolactone (formerly a-methylene-y-lactone)
moiety. These compounds can be classified according to their basic structure
into different types such as germacranolides (10-membered ring), eudesman-
olides (two fused 6-membered rings) and guaianolides (two fused 5- and 7-
membered rings).

In 1959-61, a Czech group [8,9] reported the isolation of a new sesquiter-
pene lactone from Chrysanthemum (Tanacetum) parthenium as part of a
study of the sesquiterpene lactones of the Compositae family. They named
it parthenolide. The initial structure for parthenolide was later revised
[10,11] and the accepted structure for parthenolide today is represented by
structure (1). Parthenolide is a germacranolide-type sesquiterpene lactone.
The crystal structure for parthenolide has also been reported [12]. Extrac-
tions of C. (T.) parthenium grown in Mexico, known locally as santamaria,
did not yield parthenolide [13], but a closely related compound was isolated
and named santamarine (3). This suggests that regional variations in the
chemical constituents may occur.

Parthenolide was only the first of many sesquiterpene lactones to be
isolated from feverfew. Two further compounds were isolated and named
chrysartemin A (4) and B (5) [14]. The structure of chrysartemin B was
later revised [15]. Recently, several studies have shown that chrysartemin A
and B are not present in feverfew as the structures shown in (4) and (5) but
are in fact the isomeric canin (19) and artecanin (20), respectively (see
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below). In another study [16], santamarine (3) was again isolated from T.
parthenium along with reynosin (6), 8-hydroxyreynosin (7), 14-hydroxyar-
busculin (8) and magnolialide (9). Santamarine (3) is an example of a eudes-
manolide-type sesquiterpene lactone.

(HhR=H
(2)R=01

OoH

(3)

A detailed investigation of the chemical constituents of 7. parthenium was
carried out by Bohlmann and Zdero [17]. They did not find any sesquiter-
pene lactones in the roots. However, the aerial parts contained a complex
mixture of such compounds. The less polar fractions contained only one ses-
quiterpene lactone, costunolide (10). The more polar fractions gave a com-
plex mixture of sesquiterpene lactones which were difficult to separate and
were mostly present in minute amounts. The main component was, howev-
er, parthenolide (1). Further, two esters (12,13), 3f8-hydroxycostunolide
(11), reynosin (6), 3f-hydroxyparthenolide (2), artemorin (15), the hydroxy-
ketone (16), the epoxide (17) together with the ketone (18) corresponding
to artemorin (15), and traces of 8x-hydroxyestafiatin (14) were identified.
A second series of closely related compounds were identified as canin (19),
its stereoisomer artecanin (20), another diepoxide (21), two endoperoxides,
tanaparthin a- (22) and f-peroxide (23) and two secoguaianolides secotana-
partholide A (24) and B (25). The stereochemical structure given in [17] for
canin was different from that reported subsequently [18]. As a result, the
stereochemistry of the isomers canin and artecanin was recently reinvesti-
gated [19]. It was concluded that the original stereochemistry as given in [18]
was correct and the structures for canin and artecanin are correctly re-
presented by (19) and (20), respectively. Further, it was shown [18] that
canin is identical with chrysartemin A and that artecanin is the same com-
pound as chrysartemin B. Therefore, it is concluded that the chrysarthemin
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(4)

A (4) and B (5) structures originally presented [15] were wrong and that
these compounds do not occur in feverfew. Canin (19) is an example of a
guainolide-type sesquiterpene lactone.

%)

An extract of T. parthenium is described in a patent [20] which, besides
the known sesquiterpene lactones parthenolide (1) and chrysartemin A (4,
see above), also contained previously unreported partholide (26) and chry-
santhemolide (27), both of unknown stereochemistry. Further, dimers and
trimers of the sesquiterpene nucleus such as chrysanthemonin (28) were said
to be present in this extract which had not been reported before.

There is little information on the stability of the sesquiterpene lactones.
However, one report [21] states that a chloroform solution of parthenolide
stored at room temperature was found to contain costunolide diepoxide (29)
after a few days, probably formed by aerial oxidation. The literature also
suggests that parthenolide can polymerize on prolonged storage [22].

OH

(6)R=H
(7YR= OH
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OH

®)

(10) R=H
(11) R=0H

There have been no reports on the chemical synthesis of parthenolide or
indeed on the modification of the biological activity (see below) of parthen-
olide or the sesquiterpene lactones in general. However, routes for the syn-
thesis of constunolide have been reported [23—-25].

(12) R = 0iBu
(13) R=0Ang
(14) R=0H

7

OAng: R=0

Sesquiterpene lactones are not exclusive to feverfew and most of the com-
pounds extracted from the plant, including parthenolide [26], have also been

X

(15) R=HX= g-OHH
(16) R=0OH,X=0
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(17) X= OH,H
(18) X=0

isolated from other plant species. A study of the sesquiterpene lactone con-
tent of 14 different Chrysanthemum species, including feverfew, and bitter

OH

(1% 20

Qay

principle indexes revealed a high correlation between these two parameters
[27].

In summary, feverfew appears to be a source of a range of sesquiterpene
lactones of three different types: germacranolides, eudesmanolides and
guaianolides.

BIOLOGICAL ACTIVITY
Effects in in vitro systems and evidence for possible modes of action

One of the first biological activities for which sesquiterpene lactones were
screened was their possible anti-tumour activity. Studies have shown that
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(24) x-OH
(25) -OH

a number of sesquiterpene lactones displayed cytotoxic activity towards
four different human cell lines [28,29]. It was postulated that the z-methyl-
enebutyrolactone moiety in the sesquiterpene structure was crucial for its
activity, as compounds without this feature did not possess any cytotoxic

(26)

activity. In the case of feverfew all the sesquiterpenes isolated to date from
the plant contain an a-methylenebutyrolactone unit. Parthenolide in partic-

27 HO
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ular was shown to have cytotoxic activity towards cell lines derived from
normal human fibroblast, human laryngeal carcinoma, human cells trans-
formed with simian virus 40 [28] and the human epidermoid carcinoma of
the nasopharynx test system [29]. Further, parthenolide was shown to inhib-

OH

it incorporation of radioactive thymidine into DNA of HeLa cells and it
was suggested that the anti-tumour activity occurs at the DNA replication

(29

level [30], probably by interfering with the DNA-template [31]. The ability
to inhibit DNA synthesis correlated well with the cytotoxicity of parthen-
olide and other sesquiterpene lactones under study. Further, sesquiterpene
lactones containing an a-methylenebutyrolactone moiety were shown to in-
hibit DNA polymerase activity [32]. In the same study, in vitro aerobic basal
respiration and oxidative phosphorylation processes in Ehrlich ascites were
inhibited by the same group of compounds.

Parthenolide was found to be located in the glands on the surface of the
leaves and seeds and was shown to have antimicrobial properties [33]. It was
able to inhibit the growth of Gram-positive bacteria, yeast and filamentous
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fungi, but not of Gram-negative bacteria. It was suggested that parthenolide
may protect the plant against pathogens.

In the early 1980’s, a number of studies investigating the effects of crude
feverfew extract on prostaglandin biosynthesis were reported coinciding
with the renewed interest in the plant as a herbal remedy. Prostaglandins,
the mediators of inflammation were an obvious candidate for study, since
feverfew had been reputed to be beneficial in inflammatory conditions such
as arthritis and because the herb had been claimed to have fever lowering
properties. Sesquiterpene lactones with an a-methylenebutyrolactone unit
themselves had previously been shown to have anti-inflammatory activity
[34]. Collier et al. [35] did show inhibition of prostaglandin biosynthesis by
an extract of feverfew in bull seminal vesicles but their results did not sug-
gest inhibition of cyclo-oxygenase enzyme, the site of action for the well
known anti-inflammatory agent acetylsalicylic acid (aspirin). In a similar
study, inhibition of prostaglandin synthesis was confirmed [36] and 3 active
compounds were identified as parthenolide (1), chrysanthenyl acetate (30)
and michefuscalide (31). It was noted, however, that in the case of chrysan-
thenyl acetate (30) inhibition may have been due to an acetylation reaction
of the cyclooxygenase part of the prostaglandin synthetase complex similar
to aspirin. It was further shown [37] that crude feverfew extract was a potent
inhibitor of aortic smooth muscle phospholipase A, and inhibited the for-
mation of both cyclooxygenase and lipoxygenase products in rat peritoneal
leucocytes [38].

(30 (31)

The pharmacological effects of crude feverfew extract on agonist-induced
responses in two human blood cells, platelets and neutrophils have been
studied. Both types of cells are able to secrete substances from intracellular
granules in response to cellular agonists. The secreted substances are often
able to augment any response elicited by the original agonist. Cellular re-
sponses to agonist can be measured by assaying for the secreted substances.
A change in the secretion of such substances, for example, in the presence
of inhibitors, indicates a change in the cell’s response to the agonist. Fur-
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ther, in response to an agonist, platelets can form aggregates in vitro and
this response can be measured by light densitometry.

Makheja and Bailey [39,40] were the first to demonstrate inhibition of
platelet aggregation by feverfew extract when aggregation was induced by
adenosine diphosphate (ADP), collagen or thrombin but not when it was
induced by arachidonic acid. They also found inhibition of prostaglandin
synthesis in platelets and suggested that inhibition of the enzyme phospholi-
pase A; was involved. (For a review of arachidonic acid metabolism see [41]
and Figure 6.1.) However, inhibition of phospholipase A, did not provide
the full explanation for the results of Heptinstall et al. [42). In their experi-
ments, feverfew extract inhibited platelet aggregation induced by adrena-
line, collagen and U46619 (a stable thromboxane A; mimetic), while the ir-
reversible aggregation induced by ADP and arachidonic acid was modified
to a reversible response. The latter result contradicts that of Makheja and
Bailey [39,40]. Thromboxane synthesis was not inhibited by feverfew extract
when arachidonic acid, ADP or thrombin were used to stimulate the plate-
lets but in response to adrenaline, no thromboxane B, synthesis could be
detected in the presence of feverfew extract. Further, feverfew extract inhib-
ited platelet SHT (5-hydroxytryptamine) secretion induced by ADP, adren-
aline or arachidonic acid in a dose-dependent fashion, while secretion in-
duced by collagen and by U46619 was also inhibited. In contrast, neither
aggregation nor secretion induced by the calcium ionophore A23187 ap-
peared to be inhibited by feverfew extract. However, it was later shown that
A23187-induced responses in platelets can be inhibited by feverfew extract
when lower concentrations of the calcium ionophore are used [43]. In the
same study, feverfew extract also inhibited the SHT-secretion induced by
phorbol esters, agents that activate protein kinase C.

The ability of feverfew extract to inhibit SHT-secretion in platelets was
used to identify compounds responsible for the inhibitory effects on platelets
[44]. A crude feverfew extract was separated by chromatography and frac-
tions were screened for antisecretory activity induced by adrenaline. In five
active fractions compounds were identified as the sesquiterpene lactones
parthenolide (1), canin (19), artecanin (20), secotanapartholide A (24) and
3p-hydroxyparthenolide (2). The ability of parthenolide to affect platelet ac-
tivity induced by other agents was confirmed in a study of direct comparison
of crude feverfew extract with parthenolide [43]. Parthenolide in the micro-
molar concentration range inhibited platelet SHT-secretion.

In polymorphonuclear leucocytes (PMNL, neutrophils), secretory re-
sponses measured as vitamin By,-binding protein release were inhibited by
feverfew extract when the response was induced by the chemotactic peptide
FMLP or arachidonic acid but not when the calcium ionophore A23187 was
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Figure 6.1. Arachidonic acid metabolism in platelets. Activation of platelets by stimulating
agents leads to activation of membrane phospholipase A, (PLA;). This results in liberation
of arachidonic acid which can be acted upon by two enzymes: cyclooxygenase or lipoxygen-
ase. Cyclo-oxygenase action results in the formation of prostaglandin G, ( PGG,), which
is converted rapidly into prostaglandin H, (PGH,) by a peroxidase associated with the
cyclooxygenase enzyme. PGH, is a substrate for the enzyme thromboxane synthase.
Thromboxane A, (TXA,) is produced which is a very potent platelet-stimulating agent.
TXA; is very unstable and rapidly broken down to thromboxane B, (TXB,) which is stable.
As well as TX A, and TXB,, malondialdehyde (MDA) and a 17-hydroxyfatty acid HHT
are formed. Lipoxygenase action on arachidonic acid results in 12-hydroperoxyeicosate-
traenoic acid (HPETE) formation from which 12-hydroxyeicosatetraenoic acid (HETE)
is formed by a peroxidase. Lipoxygenase action further resulls in the formations of hydrox-
ylated compounds eicosatriencic acid (ETA) and trihydroxyeicosatrienvic acid
(THETA). Possible points of feverfew interaction are indicated by *. For a review on the
above pathways, see [41].
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used [42]. However, later data showed that aggregation of PMNL’s induced
by A23187 as well as FMLP was dose-dependently inhibited by feverfew ex-
tract [45]. Neutrophil phagocytotic function assayed by a number of differ-
ent methods can also be inhibited by feverfew extract [45,46] along with the
chemiluminescence response that occurs during phagocytosis. Neutrophil
killing activity in the presence of feverfew extract was shown to be inhibited,
but extracellular killing was not affected [46]. In one study [45] LDH release
as a measure of cell lysis was the same in the presence and absence of fever-
few indicating that the inhibitory effects were not merely a reflection of cell
death. However, both feverfew extract and parthenolide have been found
to inhibit mitogen-induced human mononuclear cell proliferation and this
response was indistinguishable from a cytotoxic effect in the system studied
[47]. Tt was noted that the time course in these experiments was longer than
those employed in the platelet and neutrophil studies quoted above.

In mast cells, histamine release induced by IgE or A23187 was also inhi-
bited by feverfew extract [48] which also reduced spasmolytic activity of
smooth muscle induced by acetylcholine, SHT, histamine, prostaglandin E,
and bradykinin [20].

It has been suggested that the a-methylenebutyrolactone unit, common
to the biologically active sesquiterpene lactones identified thus far, can inter-
act with biological nucleophiles such as sulphydryl (SH) groups [49-51]. A
‘Michael-type’ reaction between the exocyclic methylene group on the ses-
quiterpene lactone and the SH-group would be irreversible and leads to a
stable product (Figure 6.2). A number of studies have been carried out, par-
ticularly in platelets, to determine whether the effects seen on platelet behav-
iour may be related to interaction with SH-groups.

Agents that contain SH-groups such as cysteine or 2-mercaptopropionyl
glycine were able to neutralize feverfew inhibitory activity on platelets [52].
Further, the same study demonstrated a dramatic reduction in the number
of acid-soluble SH-groups, both by feverfew and parthenolide. These effects

R

/

) i

Figure 6.2. Michael-type reaction between an a-methylenebutyrolactone group and a sul-
phydryl-group-containing compound.
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were dose and time-dependent and correlated well with the inhibition of
SHT secretion from the platelets induced by the phorbol ester PMA or ar-
achidonic acid. Cysteine was able to prevent a reduction in the number of
acid-soluble groups by feverfew extract. In each of the above cases, amino
acids with other functional groups (hydroxy or amino groups) were unable
to interfere with the effects of feverfew.

The acid-soluble SH-groups in platelets are mainly those of glutathione
(GSH). GSH is a cofactor for enzymes such as peroxidase. If feverfew is
able to interfere with this cofactor, enzyme function may be impaired. One
pathway that may be affected in this way is the metabolism of arachidonic
acid (Figure 6.1). In the presence of feverfew extract an increase was found
in lipoxygenase product formation and impaired conversion of HPETE to
HETE, for which GSH is a cofactor [52]. Inhibition of the liberation of
['“Clarachidonic acid from phospholipids was also found [53], which im-
plies impairment of phospholipase A; activity and for which SH-groups are
thought to be important.

Only a very small reduction in the number of acid-insoluble SH-groups
in platelets was seen in the presence of feverfew extract [52]. A change in
the high molecular weight protein pattern was only seen after the platelets
had been activated. Such changes are indicative of polymerization of the
proteins and the formation of S—S bridges and this can lead to disturbances
in membrane-cytoskeletal interactions. Uptake of [!*CJarachidonic acid into
phospholipids was inhibited by feverfew [53], which may be a result of al-
tered cytoskeletal-membrane interaction.

Feverfew extract was shown to inhibit deposition, aggregate formation
and spreading of platelets on collagen fibres [54]. Changes in membrane—
cytoskeletal interaction leading to a change in expression of membrane re-
ceptors involved in these processes may explain this result. Feverfew extract
was further able to protect the endothelial monolayer in rabbit aortas from
perfusion injury and some reversible increase in cCAMP levels in the aorta
segments was found [55].

Evidence of a reduction in the number of acid-soluble SH-groups by fe-
verfew extract in neutrophils at concentrations similar to those inhibiting
neutrophil behaviour has been described [45]. It was suggested that interfer-
ence with SH-groups alters assembly of microtubules which are known to
be involved in phagocytosis and degranulation of neutrophils.

Although it seems that interaction of feverfew components with SH-
groups brings about changes in aspects of platelet and neutrophil behav-
iour, no single event seems to be able to explain all the effects seen by fever-
few on these cells in vitro.
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Effects in in vivo models

There are only a few reports on the efficacy of feverfew in an in vivo situa-
tion. Inhibition of collagen-induced bronchoconstriction in an in vivo guin-
ea-pig model was demonstrated [56] and it was concluded that this was con-
sistent with in vivo phospholipase A, inhibition. In a rat model of
experimentally induced nephrocalcinosis, parthenolide was shown to pro-
tect the rats against this condition. Inhibition of prostaglandin biosynthesis
may have been the mechanism of action of parthenolide in this case, as pro-
staglandins are thought to be involved in nephrocalcinosis [57].

Effects in ex vivo studies

Johnson and co-workers [58] were unable to show any inhibition of platelet
aggregation induced by ADP or thrombin after prolonged usage of feverfew
in 10 patients compared to control subjects. However threshold levels for
the response to U46619 and SHT appeared increased. It was concluded that
the results seen in vitro may not be directly applicable to the clinical situa-
tion. As part of a large clinical trial of 59 migraine patients (see below) of
the effects of feverfew in migraine, no ex vivo reduction in 5SHT-secretion
from platelets could be demonstrated after ingestion of feverfew for up to
4 months (Groenewegen, W.A., unpublished data).

CLINICAL TRIALS CONDUCTED WITH FEVERFEW

In a clinical study of 17 migraine sufferers who had been taking feverfew
for some years, patients were randomized either to continue to receive fever-
few (2 x 25 mg/day) or placebo for 6 months. This rather unconventional
approach was the best accepted from an ethical point of view at the time
of the study (pre-1985). A statistically significant increase in the frequency
and severity of attacks was found in the placebo group, with no change of
symptoms of migraine in the feverfew group [59]. It was concluded that fe-
verfew taken prophylactically did have beneficial effects in patients suffering
from migraine.

A larger randomized double-blind placebo-controlled trial [5] of 59 mi-
graine sufferers (who had not taken feverfew before) found that feverfew
treatment was associated with a reduction in the mean number and severity
of attacks and the degree of vomiting, but the duration of each individual
attack was unaltered. The study period was 9 months in total consisting of
1 month placebo run-in followed by 2 x 2 months of either feverfew (~ 82
mg/day) or placebo after which patients were switched to the other leg of
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treatment. Thus, each patient served as his/her own control. Both of the
studies of the effects of feverfew in the prevention of migraine therefore indi-
cated beneficial effects from the herb and neither study reported any serious
side-effects as a consequence of feverfew administration (see below).

A study of the efficacy of feverfew (~76 mg/day) in rheumatoid arthritis
in 40 patients (double-blind, placebo-controlled) showed no apparent bene-
fit from oral feverfew over a 6-week study-period [60].

No serious side-effects were reported during the two clinical studies of the
effects of feverfew in migraine. The incidence of mouth ulcers in these stud-
ies were not found to be increased on taking feverfew. A study [61] of possi-
ble genetoxic effect of feverfew in 30 migraine patients after taking feverfew
(mean dose 73 mg/day, range 12.5-250 mg) for a mean of 2.9 years (range
0.9-11.5 years) revealed no difference in any of the parameters measured
compared to a matched control group who had never taken feverfew. The
parameters studied were chromosomal abberations, sister chromatid ex-
changes and mutagenicity of urine samples (Ames test).

As early as 1950, feverfew was reported to cause contact dermatitis in at
least one patient [62] and parthenolide was found to cause an allergic reac-
tion in patients with the same condition [63]. Since then there have been
many reports [64—68] of feverfew-induced allergic reactions, the condition
being worst in the summer months coinciding with the flowering season of
the plant. The a-methylene butyrolactone group was found to be a partial
requirement for activity in contact dermatitis [69].

COMMERCIALLY AVAILABLE PREPARATIONS OF FEVERFEW

Many preparations of feverfew are available to the general public from
health food shops and similar outlets in the U.K. They take the form of her-
bal or homeopathic preparations. The herbal preparations may contain just
dried leaf in tablet or capsule form or indeed the dried whole plant. There
are many different dosages on the market ranging from 25 to 390 mg per
tablet or capsule. When the platelet antisecretory activity that could be ex-
tracted from some of these preparations was compared with that extracted
from known amounts of feverfew, the apparent feverfew content of most
preparations was found to be lower that that stated on the preparation [70].
In the case of the homeopathic preparation, no antisecretory activity was
detected.

The amount of parthenolide in capsules of the dried leaves given in two
studies [5,60] measured as anti-secretory activity in platelets was estimated
at 2—3 umol by comparison with a known concentration of parthenolide.
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The capsules contained a mean of 82 mg feverfew and thus the level of activ-
ity calculated as parthenolide can be estimated as 0.67%. Other studies
quote 0.87% sesquiterpene lactones calculated as parthenolide [27] and
0.25-0.30% of active (antimicrobial) material [33]. Bohlmann’s extraction
of individual components from the dried plant yielded ~ 116 mg sesquiter-
pene lactones/kg dried feverfew which amounts to less than 0.01% [17]. An-
other extraction yielded 330 mg endoperoxides/kg and 56 mg canin/kg alone
[19] which would amount to a level of sesquiterpene lactones of at least
0.04%. Thus, the level of sesquiterpene lactones appears to vary with differ-
ent sources of the plant and this could have been due to a number of factors
including the conditions in which feverfew was grown, the season in which
it was picked and the way in which it was stored. Another important deter-
minant of the parthenolide content of feverfew appears to be the geographi-
cal location. A recent survey of commercial preparations found that all the
North American commercial products tested contained less that 0.1 % parth-
enolide, wheras much higher values were obtained for British products. A
minimum level of 0.2% parthenolide in commercial products has been pro-
posed by the Health Protection Branch of Health and Welfare Canada [71].

Quantitative analysis of feverfew with regards to sesquiterpene lactone
content has been carried out by TLC [72,73] and HPLC [71,74,75] and 'H-
NMR spectroscopy [75]. Measurements of parthenolide by HPLC correlat-
ed well with measurements by bioassays based on SHT-secretion from plate-
lets [75]. The availability of several techniques for quantitation of partheno-
lide levels in feverfew, makes some standardization of commercial
preparations possible.

CONCLUSIONS

In the past 10 years, more information has become available about the me-
dicinal herb feverfew. The active components are sesquiterpene lactones
which contain an a-methylene butyrolactone moiety. This functional group
can undergo a ‘Michael-type’ reaction with biological nucleophiles such as
sulphydryl groups. This interaction may go some way towards explaining
the effects of extracts of feverfew on in vitro cell systems such as platelets
and neutrophils. However, Woynarowski et al. [30,31] suggested that inter-
action of the sesquiterpene lactones with DNA directly, rather than with
SH-goups on enzymes involved in DNA synthesis, was the sole mechanism
of action for these compounds. The evidence provided by other workers
suggests, however, that the mechanism of action of the sesquiterpene lac-
tones is more general. Platelets for instance do not possess any nuclear
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DNA and the effects of feverfew in these cells correlate well with an interac-
tion with SH-groups, although the precise mechanism is still unclear.

Two clinical trials of the effects of feverfew in migraine have shown bene-
ficial effects by feverfew but no clinical benefit could be demonstrated for
arthritis. There have been suggestions that platelets and neutrophils may
play a role in migraine and arthritis respectively, although no study has
clearly established a link between any in vitro effects of feverfew and possible
clinical benefits. Few side-effects have been noted and although the compo-
nents of feverfew have been shown to have cytotoxic properties under some
experimental conditions, the relevance of this to the clinical situation is not
clear.
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240 ONDANSETRON AND RELATED 5-HT; ANTAGONISTS
INTRODUCTION

5-Hydroxytryptamine has many physiological functions, most of which are
poorly understood. Several of these actions are apparently opposing in na-
ture and have stimulated the interest of scientists for many years. In the last
decade there has been an explosion of interest toward characterizing these
responses with respect to the interaction of 5-HT with receptor subtypes.
One area which has probably attracted most interest is the physiological
roles of the 5-HT; receptor. These studies have already led to the use of the
5-HTj; receptor antagonist, ondansetron (Zofran®), in the treatment of nau-
sea and vomiting caused by cancer chemotherapy and radiotherapy. In ad-
dition, there is now abundant evidence from animal studies which suggests
that 5-HT; receptor antagonists could be useful in treating several psychia-
tric disorders. This review describes the medicinal chemistry which led to
the identification of ondansetron and related structures having selective 5-
HTj, receptor antagonist activity.

5-HT RECEPTOR CLASSIFICATION

At least seven types of 5-HT receptor have been identified on the basis of
distinct pharmacological profiles [1]. The 5-HTj; receptor (previously known
as the 5-HT ‘M’ receptor) [2] is identified as being stimulated by selective
agonists, such as 2-methyl-5-HT [3] and 1-(m-chlorophenyl)biguanide
(mCPBG) [4, 5], and antagonized by nanomolar concentrations of antago-
nists such as MDL 72222 [6], ICS 205-930 [3] and ondansetron [7]. Antago-
nists of other 5-HT receptors (for example, methiothepin and ketanserin)
are not active except at very high concentrations.

All of the 5-HT receptors, except the 5-HT; receptor, belong to the single-
subunit, seven-helical-domain, G-protein-linked family of receptors [§]. The
5-HTj receptor is unique in belonging to the multisubunit ligand-gated ion-
channel family of receptors [9]. These receptors appear to be located exclu-
sively on neurones in both the autonomic and central nervous systems [10],
where they mediate some of the excitatory effects of S-HT. Electrophysio-
logical analysis of 5-HT; receptor function reveals that agonist interaction
causes the opening of an ion channel permeable to monovalent cations. This
results in a rapid depolarization which equally rapidly desensitizes [11].
There is increasing evidence that 5-HTj receptors have a modulatory role
on the release of other neurotransmitters [12—17].
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BIOLOGICAL TEST SYSTEMS FOR 5-HT3 RECEPTORS

Many in vitro assay systems have been developed for studying substances
which interact with the 5-HT; receptor. Outlined in the next section are
those most commonly used to assess 5-HT; receptor antagonist activity.
This is followed by a section on the in vivo tests to assess 5S-HT3 receptor
-activity.

IN VITRO ASSAYS

The guinea-pig isolated ileum contracts in response to the application of se-
lective 5-HTj; receptor agonists. This effect is blocked by the muscarinic an-
tagonist, atropine, and by selective 5-HTj; receptor antagonists. Studies have
revealed that 5S-HT acts on 5-HT; receptors on myenteric neurones to cause
the release of acetylcholine (and possibly substance P) which stimulates
muscarinic receptors on the smooth muscle to cause a contraction (2, 13,
18]. This is a reliable and reproducible preparation for the assessment of
agonist and antagonist activity at 5-HTj3 receptors in the guinea-pig. Ondan-
setron (1 x1077-1x10~% M) causes a concentration-related rightward
shift in the concentration—response curve to 2-methyl-5-HT (Figure 7.1).
However, recent evidence indicates that the guinea-pig ileum may not be
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Figure 7.1. The effect of ondansetron on contractile responses to 2-methyl-5-HT in the guinea-pig

isolated longitudinal muscle myenteric plexus preparation. Symbols indicate conirol responses
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the most appropriate preparation on which to predict the activity of 5-HT;
receptor antagonists in man. It is now clear that the guinea-pig 5-HT; recep-
tor exhibits a pharmacological profile different from that of the rat [19]. This
is manifest in lower apparent affinities for most 5-HT; receptor antagonists.
The human 5-HTj; receptor appears to resemble more closely that present
in the rat [20].

A second assay which has been used extensively in the characterization
of 5-HTj; receptors is the rabbit isolated heart. Both the sympathetic and
parasympathetic inputs to the rabbit heart can be influenced by stimulation
of 5-HT; receptors; this preparation is usually performed in the presence of
atropine to block parasympathetic effects [12]. Under these conditions, S-
HT and other 5-HTj; receptor agonists exert positive effects on rate and con-
tractile force. Selective 5-HT; receptor antagonists such as MDL 72222 [6],
ICS 205-930 [3] and ondansetron [7] block the agonist effects in a concen-
tration-related manner.

Both of the preparations described above provide indirect measures of the
5-HT; receptor. That is, the end tissue response is mediated by another
neurotransmitter. This has a disadvantage in that compounds may interfere
with the secondary neurotransmitter and give a false affinity estimate. A
preparation that provides a direct measure of 5-HT; receptor activity and
which was used at Glaxo Group Research as a primary screen for 5-HT;
receptor antagonists is the rat isolated vagus nerve [21] (Figure 7.24). 5-HT;
receptor agonists cause a rapid depolarization of the vagus nerve. Ondanse-
tron causes parallel, rightwards displacements of the agonist concentration
response curve (Figure 7.2B); indeed, ondansetron was first identified as a
5-HT; receptor antagonist using this preparation.

A more recently identified assay for 5-HT; receptor affinity is radioligand
binding. Various ligands have now been used to label 5-HT3 receptors (see
[23]), but the first used in brain tissue — which also provided the first direct
evidence for the existence of 5-HT; receptors in the brain — was
PH]GR65630 (see Figure 7.3) [10]. Radioligand binding is a very useful
screening technique because of the rapidity and accuracy of the assay. How-

<

Figure 7.2. (A) The greased-gap technique for recording depolarizations of the rat isolated vagus
nerve. (B) The effect of ondansetron on depolarizations of the rat isolated vagus nerve induced
by 5-HT. Symbols indicate controls (@) or in the presence of ondansetronar 1 x 10-9M (O),
3x 105M (W), I x 10-7M ((0) or 3 x 10-7 M (A ). Results are the mean + S.E.M.
of at least four determinations. Experiments were performed as described by Ireland and Tyers
[21]. (C) Data from the experiments illustrated in B plotted according to Arunlakshana and
Schild [22]. Each point is the result from a separate tissue. The gradient of straight line (95 %
confidence limits) was determined using linear regression analysis.
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Figure 7.3. The inhibition of [?H]GR65630 binding to homogenates of rat entorhinal cortex by

ICS 205-930 (O ), ondansetron (A ), MDL 72222 ([1) and 5-HT (V). Results are the mean

+ S.E.M. of at least three separate determinations. Experiments were performed as described
by Kilpatrick et al. [10].

ever, such assays must be carefully characterized to ensure that the specific
binding site is the same as the functional receptor under study. It should
also be remembered that in binding assays it is difficult to determine whether
compounds with apparent affinity also have intrinsic agonist activity.

Initial studies with [PHJGR65630 revealed that it labelled a site in rat
brain with all the characteristics of the 5-HT}; receptor as characterized in
functional models. Of most importance was the observation that 5-HTj; re-
ceptor antagonists inhibited binding with affinities very close to those ob-
served in functional assays [10]. Ondansetron and other 5-HTj; receptor an-
tagonists potently inhibited approximately 60 % of total binding. However,
ondansetron and other compounds in the same chemical series also inhibit-
ed a further portion of binding, albeit with lower affinity (Figure 7.3). This
means that it is necessary to apply complex two-site analysis using the com-
puter program LIGAND [24] in order to obtain exact 5-HT; receptor affini-
ties. Other 5-HT; receptor antagonists do not inhibit binding to this low-
affinity site, indicating that it is not related to the 5-HTj; receptor.

These are the assays most frequently used to detect 5-HTj; receptor activi-
ty. However, there are other in vitro assays which could be used. Amongst
these are neurotransmitter release assays using brain tissue; for example, 5-
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HT; receptor agonists have been shown to enhance the release of endo-
genous dopamine from striatal slices [14] and to reduce acetylcholine release
from sections of rat entorhinal cortex [15]. Furthermore, there are several
electrophysiological techniques using a variety of neurones, including those
in the gut [25] and primary cultures of brain tissue [26] which respond to
5-HTj; agonist stimulation.

IN VIVO TESTS

In vivo tests for drug activity provide information for two purposes: firstly,
to obtain data on the potency and duration of action of novel compounds
and, secondly, animal models of disease states may be used in order to pre-
dict potential therapeutic uses. Models for both of these purposes have been
established for agents which interact with the 5-HTj; receptor.

The most frequently used preparation for assessing the in vivo activity of
5-HT; receptor agents is the von Bezold Jarisch reflex (the BJ test) in anaes-
thetized animals [27, 28]. This preparation is relatively simple to perform
and can provide rapid comparative data on a series of compounds, although
it gives no indication of potential therapeutic uses.

We have found the anaesthetized cat to be the most reliable preparation,
although ondansetron was first tested in the anaesthetized rat. Bolus i.v. in-
jections of 5-HT or a 5-HT}; receptor agonist cause transient, dose-depend-
ent reflex falls in heart rate and blood pressure which are believed to result
from the depolarization of afferent nerve endings in the wall of the right
ventricle [3]. This can be blocked by the prior administration of a 5-HT;
receptor antagonist such as ondansetron (Figure 7.4). We quantified the du-
ration of antagonistic effects by measuring the time that a DR was main-
tained. The DR represents a 5-fold shift in the concentration-response
curve to an agonist, that is, if after the administration of an antagonist, the
dose of agonist must be increased 5 times to exert the same effect, then the
DR level has been reached. For ondansetron, a dose of 30 ug/kg i.v. main-
tained a DR for over 100 min in the anaesthetized cat.

Richardson and colleagues [3] identified a simple in vive assay for the 5-
HT; receptor in man. They showed that the application of 5-HT to the ex-
posed base of a blister evokes a pain and a wheal and flare response. These
can be blocked by 5-HTj; receptor antagonists. Obviously one needs willing
volunteers for such studies and suitable safety data must be available, but
this is a useful model for assessing 5-HT; receptor antagonist activity in
man.

Indications for several therapeutic uses of 5-HT; receptor antagonists
have come from behavioural studies. These compounds have little or no ef-
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Figure 7.4. Antagonism by ondansetron of the von Bezold Jarisch reflex in the anaesthetized cat

induced by the administration of 2-methyl-5-HT. Symbols indicate the time course of antagonism

following intravenous administration of ondansetronat 1 (@ ),3 (O ), 10 (B } or 30 ug/kg (1J).

Each set of data points represents data from a single animal. Experiments were performed as de-
scribed by Butler et al. [7].

fect on normal behaviour but exert profound effects in some animal models
of psychiatric disease states. These can be divided into three broad sections,
disinhibitory effects, controlling effects on disturbed mesolimbic dopamine
systems and enhancing effects on cognitive function.

The disinhibitory effects of 5-HT; receptor antagonists are now well do-
cumented [29, 30]. These compounds act to restore normal behaviour to ani-
mals in conditions which are mildly aversive, such as a novel brightly lit test
area. Such effects may be predictive of anxiolytic activity. An example of
such disinhibition is the effect of ondansetron in the rat social interaction
test in which the level of interaction between two rats is measured under
certain defined conditions [29]. In non-aversive conditions this type of be-
haviour is quite marked, but it is suppressed in novel highly illuminated con-
ditions. Ondansetron overcomes this suppression, as do known anxiolytics
such as diazepam.

Mesolimbic dopamine pathways are thought to be involved in the re-
warding effects of drugs of abuse and an imbalance of this pathway is
thought to be causal in psychoses. Several studies have revealed that 5-HT;
receptor antagonists can correct such imbalances. Thus, ondansetron inhib-
its the behavioural hyperactivity resulting from direct stimulation of this



A.W.OXFORD ET AL. 247

system with discrete injections of dopamine or amphetamine into the nucle-
us accumbens [31] or stimulation of dopamine cell bodies in the ventral teg-
mental area with a stable analogue of substance P [32]. Ondansetron and
other 5-HT; receptor antagonists have also been shown to block some of
the rewarding effects of drugs of abuse such as nicotine, morphine and am-
phetamine [33, 34] and the consumption of ethanol in dependent marmosets
[35] and rats [36]. This effect may be mediated in mesolimbic systems, since
the direct measurement of dopamine in these areas of the brain reveals in-
creases after the administration of substances such as morphine. These in-
creases in dopamine release are inhibited by 5-HT; receptor antagonists
[37]. Further studies indicate that 5-HTj; receptor antagonists inhibit the be-
havioural consequences of withdrawing from chronic treatment with drugs
of abuse [38—40].

Cognitive enhancing effects of 5-HT; receptor antagonists have been ob-
served in several animal models, using both normal animals and animals in
which a cognitive deficit has been induced by the administration of the mus-
carinic antagonist scopolamine [41]. An example is the Wisconsin test, in
which marmosets learn to discriminate which of two objects conceal a food
reward and, after learning this, the task is reversed such that the food is hid-
den beneath the other object. Treatment with ondansetron has been shown
to enhance the ability of marmosets to learn the reversal task.

Thus, it is clear that 5-HT; receptor antagonists such as ondansetron have
effects in animal models of human psychiatric disease states such as anxiety,
psychoses, drug dependence and cognitive dysfunction.

PHARMACOLOGICAL AND ANTIEMETIC PROPERTIES OF
ONDANSETRON

As described above, ondansetron has potent and highly selective antagonist
properties at the 5-HT;-receptor [7]. The selectivity of action of ondansetron
for the 5-HT; receptor has been demonstrated using a number of in vitro
preparations which respond to activation of a number of different neuro-
transmitter receptors. The selectivity ratio for ondansetron on 5-HTj-recep-
tors compared with other receptor types is greater than 1000. [n animals and
in man, ondansetron has no overt actions on cardiovascular parameters and
there are no effects on normal behaviour [7].

The severe nausea and vomiting induced by cytotoxic drugs and radiation
in man can be reduced by metoclopramide given either alone or in combina-
tion with other drugs, such as dexamethasone. However, the extrapyramidal
side-effects induced by metoclopramide, due to antagonism of dopamine re-
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ceptors, limit the dose and hence its effectiveness. Metoclopramide has both
dopamine (D,) and 5-HTj; receptor-blocking properties, but until more re-
cently it was not known whether antagonism of 5-HT; receptors contribut-
ed to the anti-emetic effect of metoclopramide. We therefore decided to
evaluate the effects of ondansetron as an anti-emetic in the ferret. The ferret
had previously been shown to be sensitive to the antiemetic effect of meto-
clopramide against emesis induced by the cytotoxic drug cisplatin [42].

Cisplatin (review [42a]) is a highly emetogenic cytotoxic drug in man. In
ferrets, a dose of 9 mg/kg i.v. causes retching and vomiting after a delay
of about 6090 min. These effects are preceded by a number of behavioural
changes such as salivation, irregular breathing and restlessness, which have
been described as ‘nausea’. Cyclophosphamide, 200 mg/kg i.p., also causes
marked nausea and vomiting after a short onset latency (3060 min). Whole
body X-radiation (800 rads 250 kV) also causes nausea and vomiting after
a delay of about 30 min and a prolonged response. Ondansetron, 0.01-0.1
mg/kg i.v. or 0.1-0.5 mg/kg p.o. compared with metoclopramide 1-4 mg/
kg i.v. caused dose-dependent inhibitions of the nausea and vomiting in-
duced by each of these procedures [43]. In contrast to ondansetron, meto-
clopramide also caused moderate to marked behavioural depression. Since
metoclopramide is about 50-times more potent as a dopamine D,-receptor
antagonist than as a 5-HT;-receptor antagonist, the behavioural depression
is almost certainly due to blockade of dopamine receptors.

Clinical studies in cancer patients have also shown ondansetron to be a
highly effective antiemetic drug and to be significantly more effective than
metoclopramide [44—46]. As expected, there are no reports of extrapyrami-
dal side-effects in patients receiving ondansetron.

5-HT; receptors are densely located in the hind brain area known as the
vomiting system (that is, the area postrema, dorsovagal nucleus, nuclear sol-
itary tract) (see Pratt et al. [47]). Discrete injections of ondansetron into this
brain area in ferrets inhibit emesis induced by cisplatin given intraperiton-
eally, suggesting that the vomiting system is an important site for the anti-
emetic actions of 5-HTs-antagonists [48]. Further studies have also shown
that cisplatin increases the turnover of 5-HT in the duodenum [49]. Since
5-HTj-receptors are known to be present on vagal afferent fibres, it could
be that there are two sites of action. The initiation of the vomiting response
may be due to a release of 5-HT from 5-HT-rich enterochromaffin cells in
the intestinal mucosa. The released 5-HT excites vagal afferents which proj-
ect to the vomiting system. 5-HT released in the vomiting system propagates
the response to initiate the efferent arm of the vomiting reflex. The antiemet-
ic effects of 5-HT3-antagonists could, therefore, be mediated at both the pe-
ripheral vagal site and at the brain stem vomiting system.
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Ondansetron is the first 5-HTs-receptor antagonist to be used for the
treatment of nausea and vomiting induced by cancer therapy. Its high recep-
tor selectivity is reflected in clinical studies which show ondansetron to be
a very effective antiemetic drug with few side-effects.

AROMATIC ESTERS AND AMIDES AS 5-HT; ANTAGONISTS

The search for selective antagonists at the 5-HT; receptor was first initiated
by J.R. Fozard and his colleagues at the University of Manchester, screen-
ing compounds using the rabbit heart preparation. This followed the report
by Rocha e Silva et al. (1953) [50] that (—)-cocaine (1) was an antagonist
of 5-HT in the guinea-pig isolated ileum. Fozard et al. [51] showed that co-
caine was also an antagonist (pA4, 6.24) in the rabbit heart against 5-HT-
induced tachycardias. Of related compounds that were tested on the rabbit
heart, benzoylpseudotropine (2), with similar stereochemistry to (—)-co-
caine, was one of the most potent (pA, 6.96), but the endo isomer, benzoyl-
tropine (3), was marginally even more active (pA, 7.19).

R
KAQE?N Me
(3

(1) R=CO,Me
(@ R=H

Other local anaesthetics such as procaine (4) and procainamide (5) were
also shown to be antagonists of the sympathetic neuronal 5-HTj; receptor
at concentrations well below those causing anaesthesia and led to the testing
of metoclopramide (6), a D, receptor antagonist and stimulant of gastroin-
testinal motility. This compound too was found to be a potent antagonist
(pA, 7.2) at 5-HTj; receptors [52].
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Continuing this work in the laboratories of the Merrell International Re-
search Centre at Strasbourg, Fozard and Gittos [53] investigated a series of
tropine benzoate esters from which emerged the first selective and highly po-
tent 5-HT; antagonist to be published, MDL 72222 (7) (pA, 9.3). Their ther-
apeutic target was the treatment of migraine based on a hypothesis [54] that
5-HT released locally in blood vessels of the head would contribute to the
headache by activating sensory 5-HTj; receptors innervating the cranial vas-

culature.
ﬁN Me
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|
N NMe
H
Cl Cl
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About the same time, and independently of this study, a group at Sandoz
reported [3] the synthesis of 3-indolyltropine esters such as ICS 205-930 (8)
with a pharmacological profile similar to that of MDL 72222, In this case
the strategy [55] had been to select 5S-HT, metoclopramide and 5-carboxami-
dotryptamine (9) [56] as the starting points and carry out a systematic modi-
fication of the carboxamido group and the side-chain at C-3 on the indole
nucleus.

N-LINKED IMIDAZOLYL INDOLYLPROPANONES AS 5-HT;
ANTAGONISTS

Glaxo had also started a programme to identify selective agonists and an-
tagonists for the 5-HTj; receptor. Although aromatic tropine esters and
metoclopramide were established prototype molecules for designing a selec-
tive 5-HT; antagonist, there were no published data defining the essential
structural features required for activity at the time we began our study. We
concluded a new approach was needed and investigated the possibility that
an indole derivative to which a basic side-chain was attached might provide
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a novel lead. Selective screening soon revealed that the indolylpropanone
(10) was a weak antagonist of 5-HT-induced depolarization of rat vagus
nerve (pA, 6.5), but of sufficient potency to initiate a chemical programme.
This work, which led to the discovery of ondansetron, is the basis of this
review.
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Systematically increasing the size and lipophilic character of the tertiary
amino group by replacing the dimethylamino substituent with acyclic and
cyclic amines failed to produce much increase in activity, and the weakly
basic pyrazole (11) and triazole (12) were both inactive. However, the N-
imidazolyl compound (13) was unexpectedly found to be at least 10-times
more potent (RVN pA4, 7.61) than the parent dimethylamino derivative (10)
and became a template for further elaboration.

Initially, it was found that introducing a methyl group at the 1-position
and a methyl or phenyl substituent at the 2-position of the indole ring in
this series produced only small changes in activity, despite a marked in-
crease in lipophilicity of the phenyl-substituted compounds (Table 7.1).

The quaternary ammonium salts required for preparing the above deriva-
tives were synthesized by standard reactions from the appropriate indole
(Scheme 7.1).

EFFECT OF SUBSTITUTING THE IMIDAZOLE RING

The 1-methylindole derivative (14) (see Table 7.1), which was marginally
more potent than (13) in vitro, showed good oral activity in the BJ test in
the rat (EDsy 0.11 mg/kg). However, it potentiated the pentobarbitone
sleeping time in the mouse, suggesting it had the capacity to bind to and
inhibit the hepatic cytochrome P-450-linked oxidase enzyme system. Optical
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Table 7.1. N-LINKED IMIDAZOLYPROPANONES

NN
| =/
N R?
RI
R! R pA; (RVN)
(13) H H 7.61
(14) Me H 7.67
H Me 7.48
H Ph 7.47
Me Ph 737
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Scheme 7.1.

difference spectra confirmed type IT binding to P-450 in which the imidazole
ring was probably co-ordinated at the nitrogen atom at the 3-position to
the ferric ion of the enzyme haemoprotein. It was predicted from a study
[57] of the steric factors that determine the inhibitory interaction of imida-
zoles with microsomal enzymes that introducing a methyl group at the 2-
or 4-position of the imidazole ring in (14) would provide sufficient steric hin-
drance to prevent this undesirable interaction. Fortuitously, we found that
this had the desired effect without compromising 5-HT; antagonist activity.
The 2-methyl derivative (15) was the more potent of the two compounds
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in vitro, but in the BJ test in the rat it was weakly active by the oral route
(EDsg 2.5 mg/kg), though very potent by intravenous administration (EDs
3.8 ug/kg), indicating the probability of rapid metabolism. The demethyl
compound (14), by comparison, was potent by either route of administra-
tion, presumably because it inhibited its own metabolism. A range of com-
pounds was prepared in which the 2-methyl group on the imidazole ring was
replaced by bulkier and more lipophilic substituents, but these had adverse
effects on potency (Table 7.2). The methyl group was preferred.

Further modification of this series failed to give a compound with signifi-
cant advantages over the 2-methylimidazole (15).

N-LINKED IMIDAZOLYLMETHYL
TETRAHYDROCARBAZOLONES

Incorporating the side-chain into the tetrahydrocarbazolone system furnish-
ed the conformationally restrained compound (16) (RVN pA4, 6.9), which
was only marginally more potent than the indolylpropanone (10). The im-
idazolyl derivative (17) (ondansetron) (pA, 8.6) was similarly more potent
than the acyclic ketone (15) on rat vagus nerve and it had greatly enhanced
oral activity (EDsg 7 ug/kg p.o.) in the rat and a long duration of action
(>3 h at 30 ug/kg i.v.) against the BJ response in the anaesthetized cat [7].
Ondansetron had no effect on the cytochrome P-450 oxidase system but, in
common with other drugs of this class, for example [3], showed high speci-

Table 7.2. EFFECT OF SUBSTITUENTS ON THE IMIDAZOLE RING

R‘
CUJ\A A,
N R?
Me

R! R? pA; (RVN)
(14) H H 7.67
(15) Me H 8.0

H Me 7.4

Et H 7.6

iPr H 7.8

tBu H 6.6

Ph H 6.3

CH,Ph H 7.6
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ficity and was found to be more than 1000-fold selective for the 5-HTj
receptor compared to any other receptor type examined, including 5-HT>,
5-HT;-like, GABA, histamine, acetylcholine, and most importantly, dopa-
mine receptors.

Ondansetron (17) is a racemic compound not easy to resolve by chemical
means because the carbonyl function is poorly reactive so it is difficult to
form chiral derivatives. However, a resolution was achieved by the classical
method of forming diastereomeric salts with an optically active acid and
then separating the salts by recrystallisation. A number of acids were tried,
but only the salts prepared from (+)- and (—)-di-p-toluoyltartaric acid
could be separated in this way. Each isomer was obtained in greater than
95 %ee. The absolute stereochemistry of the isomer from the (4 )-acid was
determined by X-ray crystallography (Williams, D., personal communica-
tion) and shown to possess the S-configuration (18).

o Me Me
SSNRN NJ\N
| \m/ { \—/
N N
Me Me
{18} (S)-ISOMER (19) (R)-ISOMER
pA, 8.55 (RVN) pA, 8.95 (RVN)

It was unusual to find that both enantiomers had similar activity in vitro,
but these are relatively planar molecules in which the asymmetric centre is
well separated from the basic end group, so there is close coincidence of the
key recognition sites of the indole nucleus, carbonyl function and basic
imidazole nitrogen atom. The quaternary derivative (20) of ondansetron
retained activity (RVN pA4; 8.4), suggesting that the imidazole ring is pro-
tonated in the binding interaction with the receptor.

(20)
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MODIFICATION OF THE INDOLE NUCLEUS

Many tetrahydrocarbazolone derivatives were prepared but none had ad-
vantages over ondansetron. Substituting the indole nucleus at C-6, a poten-
tial site of metabolism, to increase the duration of action produced disap-
pointing results. Most analogues, with the exception of the 6-fluoro
derivative, were significantly less potent than ondansetron (Table 7.3).
There appears to be a lack of steric tolerance at this position and a similar
phenomenon has been reported for indazole amides [58] and indolyl esters
[55] with an azabicyclic end-group. None of the compounds was longer act-
ing than ondansetron.

Table 7.3. RING-SUBSTITUTED TETRAHYDROCARBAZOLONES

Me

N7 RN
| —

N

Me
R PA; (RVN)
H 8.6
F 8.2
Br 7.5
MeO 6.1
HO 8.2
Me,N 7.9

A method of synthesis which has been used generally in this series em-
ployed a Fischer reaction at an early stage to form the tetrahydrocarbazo-
lone nucleus [59] (Scheme 7.2). We devised a second route employing the
Fischer method in which the key intermediate was the cyclohexenone (22)
(Scheme 7.3). This was readily prepared by treating the enolate of the meth-
yl enol ether (21) with dimethyl(methylene)ammonium iodide [60] to form
the Mannich base which was then condensed with 2-methylimidazole to give
(22).

Substitution at the 9-position was well tolerated, but some long-chain li-
pophilic substituents or acyl groups reduced activity. Alkylation or acyla-
tion of the unsubstituted compound in the presence of sodium hydride af-
forded derivatives substituted on the indole nitrogen atom (Table 7.4).
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Table 7.4. 9-SUBSTITUTED TETRAHYDROCARBAZOLONES

Me
@U&A”é”
| _
N
R

R PA; (RVN)
Et 8.7
O\ 8.4
PhCH, 8.2
Me(CH,)s 7.8
Me(CH,),C = CCH, 7.7
Me(CH,), 72
Ph(CH,); 6.8
Me;NCO 8.4
MeSO; 79

Me—@—SO? 7.4

We studied the effect of replacing the indole nucleus by other non-basic
ring systems and prepared the benzofuran and benzothiophen derivatives
by the standard route from the appropriate ketone. It may be seen from
Table 7.5 that both derivatives were less active than ondansetron.

MODIFICATION OF THE CARBONYL FUNCTION

The carbonyl function in this series was found to be an essential feature for
potent 5-HT; antagonist activity. The racemic cis-alcohols (23) and corre-

Table 7.5. EFFECT OF CHANGING THE INDOLE RING

Me
Sveps
\—/
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X pA; (RVN)
NMe 8.6
o) 7.5

S 7.3
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Table 7.6.  VARIATION OF THE CARBONYL FUNCTION
Me

Ring X PpA; (RVN)
)=o 8.6
(23) -OH (cis) 6.9
(24) a-OH (zrans) 7.1
(25) CH, 6.4

sponding racemic frans-compounds (24) were about 30-times less active
than ondansetron in the vagus preparation, whereas the tetrahydrocarba-
zole (25) was at least 100-times less potent than the tetrahydrocarbazolone
(Table 7.6).

C-LINKED IMIDAZOLYL KETONES

We investigated the possibility that the N-linked 2-methylimidazole ring
might not be the optimum one for 5-HT; antagonist activity and considered
the possibility that C-linked imidazole derivatives might have advantages.
One of the first compounds prepared was the indolyl ketone (27), which was
chosen on grounds of accessibility and synthesized by standard reactions
from the protected aldehyde (26) (Scheme 7.4) [61].

We were greatly surprised to find that (27) was approximately 100-times
more potent (RVN p4, 9.9) than the N-linked imidazole (15). A radiola-
belled form of this high-affinity ligand, PH]JGR 65630 (28), has been used
to demonstrate the existence and distribution of 5-HT; receptors in brain
tissue from several species, including man [62].

A similar route again employing the protected aldehyde (26) in an aldol
condensation afforded the C-linked tetrahydrocarbazolone (29) [63]. This,
too, was a highly potent 5-HT; antagonist (RVN pA4, 10.2) and has also
been employed as the radioligand [?’H]GR 67330 (30) in binding experiments
[64]. However, the 2-imidazolylmethyl tetrahydrocarbazolone (31), pre-
pared by the aldol route from trityl protected imidazole-2-carboxaldehyde,
was less active than ondansetron, though nonetheless a potent antagonist
(RVN pd, 7.7).
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OTHER 5-HT; RECEPTOR ANTAGONISTS

Several other highly potent 5-HT; receptor antagonists have been described
and representative examples of the main structural types (Scheme 7.5) in-
clude granisetron ((32), BRL 43694) [65], zacopride (33) [66], DAU 6287
(34), DAU 6236 (35) [67, 68], renzapride ((36), BRL 24924) [69] and BMY
25801 (37) [70]. Few of them have been studied extensively in the clinic, but
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chemotherapy-induced emesis was controlled in open trials by MDL 72222
[71], BRL 43694 [72-74], ICS 205-930 [75] and BMY 25801 [76].

Recently, attempts have been made to rationalize the activity of several
5-HT; antagonists of diverse structural type employing computer-modelling
techniques. Hibert et al. [77] computed low-energy conformations to define
a pharmacophore and receptor map that may account for the activity of on-
dansetron, metoclopramide and some tropane-based esters and amides. The
basic pharmacophore consists essentially of a carbonyl group coplanar to
an aromatic ring and a basic centre with the relative positions and dimen-
sions illustrated in Figure 7.5. The predictive value of this model was dem-
onstrated by the synthesis and observed activity of the ketoindole (38),
which was found to have potent 5-HT; antagonist properties. Interestingly,
quipazine (39), a non-selective ligand with high affinity for 5-HT}; receptors,
does not have the required carbonyl oxygen defined by the pharmacophore
but will fit the model if the lone pair of electrons on the quinoline nitrogen
is allowed to substitute for the carbonyl oxygen atom. Hence, the quinoline
nitrogen acts as a bioisostere for the carbonyl group. Rizzi et al. [78] also
identified a similar pharmacophore working with a series of thiazole-con-
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Figure 7.5. Basic pharmacophore for 5-HT; receptor antagonists. ( Reproduced with permission
Sfrom J. Med. Chem., 33 (1990) 1594, copyright 1990, American Chemical Society.)

taining ligands (40) [79] and suggested that in the binding process the thia-
zole nitrogen atom acted as a weak hydrogen bond acceptor analogous to
a carbonyl group. A group from MSD [80] introduced the 1,2,4-oxadiazole
ring as a bioisostere for the ester function in a series of novel indoles (41)
with potent 5-HT; antagonist activity. The group R was a basic amine, pref-
erably an azabicyclic system. It was shown from electrostatic potential maps
that both the oxadiazole nitrogen atoms were capable of accepting a hydro-
gen bond, but only the interaction at N-2 was essential for high activity.
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Scheme 7.6.
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THE METABOLISM OF ONDANSETRON

The fate of ondansetron has been investigated in laboratory animals and
man during studies undertaken as part of its development [81]. Radiola-
belled ondansetron (42) has been used to determine the disposition of total
drug-related material and sensitive chromatographic methods [82, 83] have
been developed for the specific determination of unchanged ondansetron in
biological fluids.

14CH,

N NN

(42)

The pharmacokinetics and metabolism of ondansetron will first be con-
sidered in rat and dog, the major species used in safety evaluation of the
compound (Table 7.7). Comparison will then be made with the available in-
formation on the pharmacokinetics of ondansetron in man.

After either oral or intravenous administration of ondansetron to labora-
tory animals the elimination of the drug is rapid. The short elimination half-
lives (t12) (Table 7.7) reflect the high plasma clearance (CLp) in these spe-
cies. Renal clearance (CLg) is below glomerular filtration rate, indicating
that the major component of systemic clearance is metabolism. Ondanse-
tron is rapidly absorbed after oral administration, peak concentrations in
plasma being achieved within 40 min of dosing. However, the oral bioavail-
ability is low. The similarity between concentrations of total drug-related
material in plasma after oral and intravenous doses indicates that the low

Table 7.7. A SUMMARY OF THE PHARMACOKINETIC PARAMETERS OF
ONDANSETRON IN ANIMALS

Rat (1 mglkg) Dog (1 mglkg)
Cmax (p'o'? ng/ml) 15 8
ty2(h) 0.2 0.5
T ax (p-0., min) 30 40
CLp (ml/min per kg, i.v.) 117 71
CLg (ml/min per kg, i.v.) <6 <4
V4 (area) (I/kg) 2 3.5

Bioavailability (%) <10 <10
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bioavailability is caused by extensive first-pass metabolism rather than inef-
fective transfer of ondansetron across the gastrointestinal tract.

The apparent volume of distribution (Fg) exceeds total body water, indi-
cating that ondansetron distributes to tissues and is consistent with the phy-
sicochemical properties of the compound. When ['*Clondansetron is given
to laboratory animals, radioactive drug-related material is rapidly and wide-
ly distributed throughout the body. Elimination of drug-related material is
also rapid, so that by 6 h after dosing radioactivity is mainly restricted to
the kidney and liver, the major organs of excretion. By 24 h, only low con-
centrations of ondansetron and metabolites remain in the body, although
in pigmented animals low quantities persist in the melanin-containing
tissues such as skin and uveal tract. This pattern of tissue distribution is in-
dependent of the route of administration.

After either oral or intravenous administration of ['*CJondansetron to
rats the majority (about 80 %) of the radioactive dose is voided in the faeces,
the remainder of the dose being excreted in the urine. In the dog, faecal elim-
ination accounts for about half of the dose and is independent of the route
of administration. Evidence from animals with cannulated bile-ducts indi-
cates that the major route of excretion is via the bile. In both species, less
than 5% of the dose is excreted unchanged in urine, suggesting that exten-
sive metabolism of ondansetron occurs.

The metabolites of ondansetron have been examined in urine and bile
from rat and dog. The major pathways for metabolism of ondansetron are
N-demethylation and hydroxylation (Scheme 7.7). However, whereas N-de-
methylation predominates in dog, this is only a minor metabolic route in
rat. Hydroxylation may occur at the 6, 7 or 8 position in the carbazolone
ring. Hydroxy metabolites of ondansetron are excreted predominantly as
glucuronide or sulphate conjugates. Studies with immobilised glucuronyl-
transferase (Heath, S.E., personal communication) have demonstrated that
O- and N-glucuronidation of ondansetron metabolites may occur.

The pharmacokinetics of ondansetron in man have been determined in
healthy volunteers after single and repeat doses [84]. The clinical pharma-
cokinetics (Table 7.8) showed many similarities with the kinetics in animals,
but also some important differences. Elimination is rapid, but less so than
in animals. The volume of distribution is similar in animals and man. As
in animals, the clearance of ondansetron in man is predominantly by meta-
bolism. However, metabolic clearance in man is considerably lower than in
animals, resulting in a lower first-pass metabolism and a significantly
greater oral bioavailability of 60 %. Steady-state concentrations of ondanse-
tron are consistent with the single-dose kinetics of the compound and show
no evidence of significant accumulation.
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Metabolism of Ondansetron
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In elderly volunteers, the pharmacokinetic profile is similar to that in
younger subjects. However, clearance is reduced from 541 ml/min to 421
ml/min and the half-life is increased from 3.2 to 5.0 h.

Table 7.8. A SUMMARY OF THE PHARMACOKINETIC PARAMETERS OF

ONDANSETRON IN MAN
Single 8 mg 8 mg oral dose
i.v. dose
single steady-state

Crax (ng/ml) 80 £33 33 £ 42 416
Tonax (h) 0.12+£0.05 12104 1.1£0.3
2 (h) 28 +0.6 324072 33+0.8°
CL, (ml/min) 702 +167
CLy (ml/min) - 19.2+9.92 18.3+10.52
Vi) 163 +25

n=14;n=9.
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The metabolic fate of ondansetron has been investigated in healthy volun-
teers given intravenous doses of #C-labelled drug. About 60 % of the radio-
active drug-related material appears in urine [84]. Examination of urine
showed that unchanged ondansetron was a minor component. The routes
of metabolism in man are qualitatively similar to those seen in animals. As
in rat, N-demethylation is a minor metabolic route. Hydroxylation, the
major metabolic route is regioselective, occurring in the rank order 8>7>6
position. The hydroxy metabolites are excreted in urine as glucuronide and
sulphate conjugates. Hydroxy metabolites of ondansetron have some SHT3-
antagonist activity; however, the systemic levels are significantly lower than
those of ondansetron. It is therefore improbable that metabolites of ondan-
setron contribute significantly to therapeutic effect.

CONCLUSION

A direct comparison between different S-HT; antagonists awaits the results
of clinical trials, but there is no doubt that 5-HT; antagonists represent a
major advance in antiemetic therapy. The rank order of potency of such
compounds as antiemetic agents in animal models compares favourably
with their 5-HT; affinities in a binding assay (Table 7.9). Ondansetron and
granisetron are the most selective compounds in the group and have no de-
tectable affinity for dopamine receptors. The benzamide derivatives, renza-
pride and BMY 25801, in contrast to metoclopramide, exhibit little dopa-
mine antagonist activity, but renzapride and zacopride also possess
significant agonist activity at the recently characterised 5-HT, receptor [92].
ICS 205-930 is a selective 5-HT5 antagonist, but it too has other actions at
high doses, including antiarrhythmic activity and weak antagonist proper-
ties against 5-HT, receptors [93].

The early suggestion by Fozard [54] that 5-HTj; receptor antagonists may
be useful in the treatment of migraine has yet to be established, although
MDL 72222 appeared to be effective in limited clinical trials [94, 95]. There
are exciting prospects for other clinical applications of 5-HT3 antagonists
in psychiatric disorders which have been predicted from behavioural studies
in rodents and primates, and several clinical trials are underway in psychiat-
ric patients.



Table 7.9. ANTIEMETIC ACTIVITY OF 5-HT; ANTAGONISTS

Compound Species Emetic challenge Antiemetic doses (mglkg) [PHJICS 205-930
NIE 115 cells (pK;)
Ondansetron ferret cisplatin 0.01, 0.1 i.v. [43] 7.87191]
cyclophosphamide 0.1, 0.5s.c. [43]
radiation 0.1,0.5s.c. [43]
cisplatin 0.01-1 ug into
area postrema [48]
Granisetron ferret cisplatin 0.05,0.51.v. [85} 8.85[91}
cyclophosphamide 2 x 0.51.v.[85]
plus doxorubicin
radiation 0.51.v. or p.o. [85]
Metoclopramide ferret cisplatin 4i.v. [86] 6.65[91]
cyclophosphamide 2 x 2.51v.[87]
plus doxorubicin
radiation IDsy=0.61.v. [70)
dog cisplatin IDs;=0.2 s.c. [70]
BRL 24924 ferret cisplatin 2x0.65, 1.251.v. {70] 8.50[91]
cyclophosphamide 5s.c. [88]
cyclophosphamide 2x0.65,1.251.v.{87]
plus doxorubicin
radiation 0.25, 1.25i.v., 1.5 s.c. [87]
Zacopride ferret cisplatin 0.01-0.11.v. [89] 9.49 [91}
cat cisplatin 0.021i.c.v.[90]
dog cisplatin 0.001-0.01 i.v. {90]
doxorubicin 1 p.o.
BMY 25801 ferret cisplatin Dy, =0.5i.v. [70] -
cyclophosphamide [IDsy=0.41i.d.[70]
radiation IDsy=0.2 i.v. [70]
ICS 205-930 ferret cisplatin 0.01,0.11i.v. [89, 86] 9.0991]
MDL 72222 ferret cisplatin 2x0.05,0.51.v. [48] 8.2{91]
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INTRODUCTION

Enzymes have continued to be attractive targets for rational drug design.
Nowhere is this more evident than in the design and synthesis of specific,
potent interstitial collagenase inhibitors. Because of the involvement of in-
terstitial collagenases in the pathological breakdown of collagenous compo-
nents of the extracellular matrix, these enzymes and homologous members
of the collagenase gene family have become attractive targets for drug devel-
opment. The goal of this chapter is to review recent progress in the develop-
ment of both bacterial and mammalian collagenase inhibitors. To facilitate
this goal, we provide relevant biochemical background information on these
enzymes and their assay methods. In addition, we review briefly the many
roles that these collagenases are believed to play in both normal and patho-
logical processes. Last, we summarize systematically the inhibitors that have
been developed and conclude by discussing results on the use of a few colla-
genase inhibitors in physiological assays. The reader is referred to an earlier
review [1] for other discussion of this subject.

BACKGROUND

STRUCTURE AND FUNCTION OF COLLAGENS

The extracellular matrix in humans is composed of a variety of macromole-
cules that serve both structural and organizational roles [2,3]. These include
collagens, elastin, proteoglycans, fibronectin, laminin, and other poorly
characterized minor substituents. The collagens account for about one-third
of human protein and are the primary components of most connective
tissues including skin, bone, teeth, tendon, cartilage, basement membrane,
blood vessels, cornea and the vitreous humor. They are ubiquitous in higher
organisms, in which they occur as aggregates and function as structural pro-
teins. The term collagen actually refers to a class of molecules derived from
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one or several multigene families [4,5]. At least eleven different types of col-
lagen (designated type I-XI, or by other symbols) have been described to
date, all of which are thought to consist of three polypeptide chains referred
to as a chains. The present discussion focuses primarily on the classical in-
terstitial collagen types I, IT and III, which consist of homologous « chains
with a molecular weight of approximately 95,000, each of which contains
an uninterrupted Gly-X-Y repeating sequence throughout 90% or more of
its length.

The basic functional collagen monomer, often called tropocollagen, con-
sists of three parallel « chains that associate to form a tightly coiled triple
helix [6]. Each of the three chains is coiled into a poly-Pro II left-handed
helix and the three chains wrap around one another to form a right-handed
superhelix with the Gly residues in each chain occupying the helical core.
Thus, from a macroscopic viewpoint, collagen exists as a long, stiff rod with
a diameter of 15 A and a length of 3000 A. It is this rod-like structure that
enables collagens to serve as the structural support network of tissue. On
raising the temperature, the triple helix is dissociated into the constituent
o chains to form gelatin, which is unordered and can no longer serve as a
structural building block. The melting temperature is higher for collagens
that contain greater amounts of Pro + Hyp [6]. The various collagen types
differ with respect to the identity of the constituent « chains, where each «
chain has a different sequence. Type I collagen is a heterotrimer that consists
of two identical «1(I) chains and a nonidentical 2(I) chain and is designated
[21(T)]22(I). The central 1014 residues of each chain consist of the Gly-X-Y
sequence repeated 338 times and form the triple helical core. There are short
telopeptides at both the N- and C-terminal ends of the a chains that do not
have this repeating sequence and, hence, do not adopt the triple helical con-
formation. Type II and III collagens are homotrimers composed of three
identical chains, designated a1(II) and a1(III), respectively. The complete se-
quences of the al(I), a2(I), and «1(IIT) chains from calf skin, and a partial
sequence of the «1(IT) chain from bovine cartilage are known {7,8].

In tissue, interstitial collagens exist as fibrils that consist of precisely
oriented collagen monomers stacked head-to-tail with a one-quarter stagger
between adjacent rows. Crosslinking of collagen chains both within the
same molecule and between adjacent molecules occurs to an extent depend-
ent upon the collagen type, tissue type, and age of the organism. This cross-
linking is essential for proper structural integrity. The letters £ and y desig-
nate covalently crosslinked dimers and trimers of a chains, respectively.
Collagen fibrils are more resistant to thermal denaturation than soluble col-
lagens and can retain their structure up to 55°C. The distribution of the in-
terstitial collagens is tissue specific and reflects different tissue function.
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Type I collagen is by far the most abundant collagen and comprises a large
percentage of skin, bone and tendon. Type III collagen is found together
with type I in tissues requiring elasticity such as skin, arteries and uterus.
In contrast, type II collagen is found complexed with proteoglycans in
tissues that require viscoelastic properties such as cartilage, intervertebral
disc and vitreous humor.

This review is restricted to the collagenases that catalyze the degradation
of types 1, IT and IIT collagens. These collagens were the first to be discov-
ered and are often referred to as the classical fibril-forming interstitial col-
lagens. Hence, the collagenases that act on these have come to be known
as the interstitial collagenases. It is appropriate, however, to consider also
type IV and V collagens, since they are hydrolyzed by separate collagenases
distinct from the interstitial collagenases. Type V collagen is another fibril-
forming collagen that has a structure very similar to types I, II and III colla-
gens. It is composed of a1(V), «2(V), and «3(V) chains in the combinations
[a1(V)]3, [« 1(V)a2(V)a3(V)], and [¢1(V)],22(V). Type IV collagen is one of
a different group of collagens which consists of a chains with a molecular
weight of greater than 95,000, and which have helical domains that are sepa-
rated by nonhelical regions that do not contain a repeating Gly-X-Y triplet
sequence. The chain composition of type IV collagen may also be variable.
There is considerable evidence for the heterotrimer [a1(IV)],a2(IV), but the
homotrimers [¢1(IV)]; and [«2(IV)]; may also exist in vivo [9]. The type IV
collagen molecule is composed of an N-terminal triple-helical region called
the 7S domain, a short adjacent non-triple helical region called the NC2 do-
main, a long helical domain and a C-terminal globular segment called the
NCI1 domain. The long helical domain, however, contains numerous rela-
tively short loci at which the (Gly-X-Y), sequence is interrupted in at least
one « chain [9]. Because of its domain structure and flexibility, type IV colla-
gen does not form fibrils in vive. Instead, it forms sheet-like networks and
is found almost exclusively in basement membranes. The N- and C-terminal
regions of type I'V collagen appear to function as crosslinking sites during
assembly of these sheets, with the intervening sections of each molecule act-
ing as flexible spacers.

BACTERIAL AND MAMMALIAN COLLAGENASES

The interstitial collagens are highly resistant to proteolytic attack under
physiological conditions due to their tightly coiled triple-helical structure.
Indeed, the normal and pathological breakdown of these collagens is cata-
lyzed by a highly specific class of enzymes called interstitial collagenases. By
definition, interstitial collagenases are enzymes that catalyze the hydrolytic
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cleavage of the undenatured, triple-helical portions of types I, I or III col-
lagens at physiological pH and temperature. This definition excludes telo-
peptidases that are capable of hydrolyzing the non-triple helical telopeptides
under physiological conditions, and also enzymes (for example, certain
cathepsins) that can degrade the triple helical regions of collagen at acid pH.
It also excludes a variety of proteinases that can hydrolyze type III collagen
in solution, but not type III fibrils [10], since interstitial collagens are only
found in fibrillar form in vivo. However, the definition is broad in that it
permits inclusion of enzymes that make either few or multiple scissions, thus
allowing two categories of collagenases to be distinguished. The first are col-
lagenases produced by bacteria and other micro-organisms that attack col-
lagens at multiple sites along the triple helix, while the second are mamma-
lian or tissue collagenases that make a single scission in these collagens
(Figure 8.1). The important properties of these two categories of collagen-
ases are considered briefly below.

Bacterial collagenases

A number of bacteria have been shown to produce true collagenases [11]
that most likely serve either a nutritional role or are used as a means of inva-
sion of the host. In fact, the first collagenases (EC 3.4.24.3) to receive any
detailed study were those produced by the pathogenic anaerobe Clostridium
histolyticum that is partially responsible for gas gangrene. Achromobacter io-
phagus collagenase (AIC) has also been studied in reasonable detail [12,13].
Bacterial collagenases are characterized by their ability to make multiple
scissions within the triple helical region of collagens and to attack almost
all collagen types. The scissions in collagens are made on the N-terminal
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Figure 8.1. Schematic showing the hydrolysis of the type I tropocollagen (TC) heterotrimer
[ol(1)]a2(1), by tissue (right) and bacterial (left) collagenases.
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side of Gly residues. Thus, in the repeating Gly-X-Y sequence, these collag-
enases hydrolyze Y-Gly bonds, where Y may be a variety of different resi-
dues (see below). For simplicity, discussion is limited to the Clostridium
histolyticum collagenases (CHC). The CHC are known to ultimately de-
grade native collagens to a mixture of small, dialyzable peptides [11]. Be-
cause of their effectiveness in dissolving connective tissue, a crude prepara-
tion of the CHC is widely used as a reagent in cell dissociation experiments,
and is one of the largest selling research enzymes.

Seven collagenases, denoted by the letters a, f, 7, 6, €, { and #, have been
purified to homogeneity from the culture filtrate of Clostridium histolyticum
[14,15]. Some of their properties [14—16] including recently determined &,/
Ky values for type I collagen (Mallya, S.K., Mookhtiar, K.A. and Van
Wart, H.E., unpublished data) are listed in Table 8.1. All of these CHC are
single polypeptide chains with molecular weights that range from 68,000 to
130,000. Their isoelectric points are very similar and lie between 5.35 and
6.20. The metal content of these enzymes has been measured by atomic ab-
sorption spectroscopy and all contain approximately one atom of Zn(II) per
protein chain and variable amounts (between 1.9 and 6.8 atoms per chain)
of Ca(IT). Both types of metal ion are essential for activity where Zn(II) is
at the active site and performs a catalytic role and Ca(Il) serves to stabilize
the tertiary structure of the protein chain. No carbohydrate has been de-
tected in any of the CHC. These enzymes can be divided into two classes
(designated class I and II) on the basis of the sequence homologies in their
polypeptide chains, as revealed from a comparison of their tryptic digests

Table 8.1. PROPERTIES OF CLOSTRIDIUM HISTOLYTICUM COLLAGENASES

Collagenase assays were carried out in 50 mM Tricine, 0.2 M NaCl, 10 mM CaCl, (pH 7.5)
at 30°C using rat type I collagen as substrate.

Enzyme Molecular pl Collagenase Metal content
weight activity (mol/mol protein)
(kear/Kar x 105,
M min!) Zn(Il) Ca(ll)
o 68,000 5.85,5.90 690 0.80 1.9
B 115,000 5.55, 5.60, 530 1.03 6.8
5.75
¥ 79,000 6.10,6.20 290 0.85 2.4
7 130,000 - 430 - -
[ 100,000 5.80 320 1.10 2.6
£ 110,000 5.90, 5.95 290 091 35
¢ 125,000 5.35 200 0.88 5.1
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[17]. This division into classes is also supported by a comparison of their
specificities toward peptide substrates [15,18,19], their interaction with sub-
strate-analogue inhibitors [20], their response to active site metal substitu-
tions [21,22], and their mode of attack of triple helical collagens [23]
(French, M.F., Bhown, A. and Van Wart, H.E., unpublished data).

The specificity of the CHC toward synthetic peptide substrates containing
a variety of specific amino-acid residues in subsites P; through P’; (nomen-
clature of Schechter and Berger [24]) has been examined in some detail
[15,18,19]. Because of the relevance of these studies to the rational design
of inhibitors, these results will be summarized briefly. A variety of furan-
acryloyl-blocked tetrapeptides, or unblocked penta- and hexapeptides, are
good substrates for the CHC. Both classes rapidly hydrolyze peptides with
many residue types in subsite P'5, but with a much greater variation for the
class I enzymes. Subsite P’; corresponds to the Y position of the repeating
Gly-X-Y sequence of collagen. Interestingly, peptides with P’; residues such
as Hyp, Ala and Arg, which occur most frequently in the Y-position in col-
lagen, are hydrolyzed rapidly. The class I CHC prefer Hyp in subsite P’;.
In subsite P’;, the class I CHC prefer Pro. Substitution by Ala lowers the
rate over 20-fold and substitution by other residues decreases the rate to
barely detectable levels. The class II enzymes also prefer Pro in this subsite,
but substitution by Ala only lowers the rate by approximately 3-fold. Sub-
stitution by other amino acids results in lower, but still appreciable, rates.
The requirement for Gly in subsite P'; is strict, since even substitution by
Ala lowers the rates to below detectable levels for all of the CHC.

Both classes of CHC exhibit a marked preference in subsite P; for large
hydrophobic residues that are not branched at the f-carbon, such as Phe,
Tyr or Leu. Smaller residues such as Ser and Ala are also hydrolyzed, but
at a lower rate, while Glu is very unfavourable in this subsite. Interestingly,
the class I enzymes are better able to accommodate Hyp and Pro in this sub-
site than the class I enzymes. In subsite P,, both classes of CHC prefer large
hydrophobic groups (for example, furanacryloyl, cinnamoyl). With respect
to amino acids, the class II CHC prefer Pro, while the class I enzymes are
less restrictive and can accommodate residues as large as Leu. Peptides with
Glu in subsite P; are poor substrates for both classes of CHC, even though
Glu occurs frequently in this position, which corresponds to the X-position,
in collagen. Both classes of enzymes prefer Gly in subsite P3, although Ala
can substitute better in this subsite than in subsite P’;. The complementary
specificities of the two classes of CHC undoubtedly account for the exten-
sive digestion of collagens by mixtures of these enzymes and may be the un-
derlying basis for their synergistic action on collagens [25]. The initial pro-
teolytic events in the attack of the CHC on triple helical types I, IT and III
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collagens have been elucidated and are very similar for the enzymes within
each class, but different for the two classes (23; French, M.F., Bhown, A.
and Van Wart, H.E., unpublished data). The class I enzymes first hydrolyze
loci near the ends of the triple helical domains of these collagen molecules,
while the class II enzymes make their initial cleavages in the interior. The
basis for the hyper-reactivity of these sites is not yet understood. Subsequent
to these initial cleavages, the triple helical fragments thermally denature and
are degraded further by the CHC, which are also good gelatinases (Figure
8.1.). The kinetic parameters for the hydrolysis of types I, IT and III collag-
ens have been measured (Mallya, S.K., Mookhtiar, K.A. and Van Wart,
H.E., unpublished data) and are similar in magnitude to those for the tissue
collagenases [26]. Unlike human collagenases, however, the CHC exhibit re-
latively little preference for one of these three collagen types over the others.

Mammalian collagenases and the matrix metalloproteinases

A body of evidence accumulated over the past two decades suggests that
the metabolic degradation of the major extracellular matrix macromolecules
in vertebrates and mammals is catalyzed by a family of unique and homolo-
gous metalloproteinases that are produced by resident and inflammatory
cells [3]. These enzymes have come to be known as the matrix metallopro-
teinases (MMP). The MMP are zinc proteinases that are synthesized as zy-
mogens and activated extracellularly by mechanisms that are poorly under-
stood. They also share the property that they are inhibited by tissue
inhibitors of metalloproteinase (TIMP-1 or TIMP-2), ubiquitous natural in-
hibitors that form 1:1 inactive complexes with the MMP. In humans, the
MMP family currently consists of two distinct interstitial collagenases (EC
3.4.24.7) (fibroblast-type collagenase, HFC [27], and neutrophil-type colla-
genase, HNC [26,28-30]), a 72 kDa gelatinase isolated from fibroblasts [31],
a 92 kDa gelatinase found in human neutrophils and also produced by
transformed fibroblasts [32], fibroblasts stromelysin-1 [33—35], tumour stro-
melysin-2 [36] and -3 [37], and putative metalloproteinase-1 [36]. Members
of this family that have been sequenced from other mammalian species in-
clude rat [38], pig [39], and rabbit [40] interstitial collagenases, rabbit stro-
melysin [41] and the rat analogues of the stromelysins referred to as transin
[42] and transin-2 [43]. The MMP have also been designated by a numerical
code, where HFC is designated MMP-1 and HNC is MMP-8 [44,45].
Collectively, the MMP are capable of degrading all of the major protein
constituents of the extracellular matrix. The interstitial collagenases that are
the focus of this review dissolve collagen fibrils by making a single scission
across all three a chains at a specific, sensitive locus of exposed type I, II
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and III tropocollagen (TC) monomers approximately 3/4 from the NH,-ter-
minus to produce the so called TCA and TCP fragments. This unique mode
of attack was first elucidated by Gross and co-workers with tadpole colla-
genase [46,47]. These fragments retain their triple helical structure and are
resistant to further degradation at 25°C. However, at the physiological tem-
perature of 37°C, they denature and become susceptible to nonspecific pro-
teolysis by synergistic proteinases. This suggests that the physiological com-
mitted step in collagen degradation is the initial cleavage of these collagens
by interstitial collagenases (Figure 8.1). HFC and HNC are the only known
human enzymes capable of catabolizing the interstitital collagens at an ap-
preciable rate and the evidence for their in vivo role in the degradation of
the extracellular matrix is the strongest. HFC also degrade types VII [48]
and X [49-51] collagens, but at different loci.

The biologic function of the other MMP is less clearly understood. How-
ever, it is clear that the gelatinases are capable of cleaving a number of pro-
teins, including the native form of types IV and V collagens [31,52—54], nei-
ther of which is hydrolyzed by the interstitial collagenases. For this reason,
they have been referred to as type IV collagenases. Several matrix macro-
molecules are substrates for the stromelysins, including proteoglycan core
protein, laminin, types IV and V collagens, and fibronectin [33,44,55,56]. In
the remainder of this review, the only MMP that will be considered further
are the interstitial collagenases HFC and HNC or their analogues from
other species, and the term collagenase is used interchangeably with inter-
stitial collagenase.

The early studies on collagenases were characterized by reports attribut-
ing a wide variety of molecular weights, isoelectric points, etc., to collagen-
ases isolated from different tissues and cell types [57,58]. However, it now
appears that the collagenases produced by synovial fibroblasts [59], macro-
phages [60], keratinocytes [61], transformed osteoblasts [62], and probably
most other mammalian cell types are very similar to the well-characterized
HFC produced by skin fibroblasts [27]. In contrast, HNC is a homologous,
but distinct collagenase [26,28] that has only been found so far in neu-
trophils. Some properties of these two enzymes are summarized in Table 8.2
[26-30,34,48-51,60,63—83].

Both HFC and HNC are endopeptidases that contain one Zn(II) atom
located at the active site (Springman, E., Birkedal-Hansen, H. and Van
Wart, H.E., unpublished observations) and require Ca(II) for stability [84].
The protein chains of both are very similar in their sequence and construc-
tion. The HFC and HNC preproenzymes consist of 468 and 467 amino
acids, of which the first 18 and 20, respectively, represent the signal peptides
[27,29,30]. Thus, the zymogens pro-HFC and pro-HNC consist of 450 and



Table 8.2. PROPERTIES OF HUMAN INTERSTITIAL COLLAGENASES

Collagenase assays were carried out in 50 mM Tricine, 0.2 M NaCl, 10 mM CaCl, (pH 7.5) containing 0.05% Brij-35 and 50 uM ZnSO,
at 30°C on p-chloromercuribenzoate-activated HNC and trypsin-activated HFC using rat type I collagen as substrate. a-Ms denote a-
macroglobulins; «;-PI, a;-proteinase inhibitor.

08¢

Enzyme Zymogen Collagenase activity ~ Protein substrates Human cells Reference
molecular (keai/Kas x 106, M- producing enzyme to
weight min') sequence

Human fibroblast 57,000 (glycosylated) 0.32 Type I, 11, III, VII and X fibroblasts [27,34]
Collagenase (HFC) 52,000 collagens; gelatins; keratinocytes
o-Ms; casein macrophages
U937 cells
endothelial cells
Human neutrophil 75,000 (glycosylated) 12 Type L, I and II1 neutrophils [29,30]
Collagenase (HNC) 52,000 collagens, gelatins;
dl‘PI
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447 residues, respectively, and both have a molecular mass of approximately
52 kDa. The two collagenases exhibit 58 % homology and, although they are
single polypeptide chains, both can be viewed as consisting of three do-
mains. Both collagenases have a C-terminal domain that bears a weak se-
quence homology with hemopexin, a haem-binding serum protein [85,86].
Both HFC [87] and HNC [29] undergo an autolytic cleavage at a site very
close to the boundary between these two domains that is referred to as the
autolytic degradation site. This event, which causes these enzymes to lose
their ability to hydrolyze collagens, is a major source of instability and has
greatly hampered their study. The N-terminal portion of these two collagen-
ases is called the propeptide domain. After activation by organomercurials,
pro-HFC [88] and pro-HNC [26] undergo an autolytic cleavage that releases
this domain, lowering the molecular mass to approximately 43 kDa. This
cleavage occurs at a site referred to as the autolytic activation site because
this event accompanies activation. However, the appearance of activity al-
ways precedes this autolytic step and chain cleavage is not necessary for ac-
tivity. The remaining central portion of these collagenases is called the cata-
lytic domain, which is an active proteinase that contains the Zn(II)-binding
site. Thus, pro-HFC and pro-HNC share a three-domain structure, if possible.
There are a number of key differences between HFC and HNC. With regard
to carbohydrate processing, some of the HFC molecules contain complex
N-linked carbohydrate due to glycosylation at one of two possible Asn resi-
dues [89]. This raises the apparent molecular mass as determined by SDS-
PAGE by 5 kDa, but does not alter the functional properties of the enzyme
in any way that is currently appreciated. In contrast, HNC only occurs as
a glycoprotein and is thought to be glycosylated at three Asn residues to
add a total of approximately 17 kDa to the apparent molecular mass [26].
Another difference between these two collagenases is that HFC is produced
by cells by de novo synthesis in response to specific stimuli. It is not stored
intracellularly after synthesis and is immediately secreted as a zymogen. In
contrast, HNC is synthesized by neutrophils only during their maturation
in bone marrow and is subsequently stored intracellularly in secondary
granules. No resynthesis of HNC has been observed to take place in mature
neutrophils. HNC is released by neutrophils on various stimuli and can be
activated oxidatively by HOCI produced by myeloperoxidase from Cl~ and
H,0, [90].

HFC and HNC also differ with respect to their peptide and collagen spe-
cificities. Both HFC and HNC cleave all three « chains of types I, II and
III collagens following the Gly residue of the partial sequences Gly-[lle or
Leu]-[Ala or Leu] in these collagens [91,92] at a single site located approxi-
mately three-fourths from the NH,-terminus. This single scission of these
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collagen chains is remarkably specific, since similar sequences occurring at
other sites in these collagens are not hydrolyzed. The basis for the hyper-
reactivity of the interstitial collagen cleavage sites toward tissue collagenases
is not yet understood [93]. HFC and HNC exhibit markedly different speci-
ficities toward soluble types I, IT and IIT collagens. HNC preferentially hy-
drolyzes type I [26,74,75], while HFC prefers type I1I collagen [26,66].

The peptide specificities of HFC and HNC have been systematically in-
vestigated by measuring the rate of hydrolysis of 60 synthetic oligopeptides
[94]. The amino acids in subsites P4 through P’ all influence the hydrolysis
rates for both collagenases and the effects of many substitutions at these
sites are distinctive for the two enzymes. This provides a rational basis for
the design of selective inhibitors of these two collagenases (see below). For
peptides with unblocked N- and C-termini, occupancy of subsites P;
through P’5 is necessary for rapid hydrolysis. Compared to the «1(I) cleav-
age sequence, none of the substitutions investigated at subsites P3, P, and
P’y produces markedly improved substrates. In contrast, many substitutions
at subsites Py, P’y and P’; improve specificity. In subsite Py, the overall pref-
erence for HFC is Ala > Pro > Met > His > Tyr > Gly > Phe > Gin
> Glu > Leu > Val > Arg, while for HNC the order is Glu = Ala >
Pro > Tyr > Phe > Gln > Met > Gly > Leu > His > Arg > Val.
Thus, a wide variety of substitutions are allowable at this position, with Ala
the most favourable and Arg and Val the most unfavourable. It is interest-
ing to note that Glu is favoured by HNC, but not HFC.

In subsite P’|, the residue preference of HFC is Leu > Ile > Met > Tyr
> Gln > Val > Ser > Trp, Pro, Glu, Phe, Nph, Arg, while for HNC the
order is Tyr > Leu > lle = Met > Trp = Phe > Val = Gln > Pro,
Glu, Ser, Nph, Arg. Thus, most substitutions at subsite P’'; are detrimental
relative to Ile. Interestingly, HNC generally tolerates aromatic amino acids
better in this subsite than HFC. For subsite P’;, substitution of Ala by Phe,
Trp, Leu, or Arg increases the rates of hydrolysis markedly for both en-
zymes. The substitution by Trp is most dramatic and causes increases in rate
of 7.3- and 8.3-fold for HFC and HNC, respectively. This clearly demon-
strates the importance of the interaction of the substrate side-chain in this
subsite with these collagenases. Substitution by Glu lowers the rates for
both enzymes, while Hyp abolishes measurable hydrolysis.

An aspect of these collagenases that bears directly on inhibition studies
is that of their activation mechanism(s). In vitro studies have shown that
pro-HFC and pro-HNC, as well as the other pro-MMP, can be activated
by a variety of seemingly disparate means, including treatment with protein-
ases, heavy metals, oxidants, disulphide compounds, alkylating agents, and
conformational perturbants. The molecular basis for the latency of these zy-
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mogens and for their activation has been traced to the disposition of a single
Cys residue in their propeptide domains. In the pro-MMP, the sulphydryl
group of the side chain of this Cys residue is believed to be complexed to
the active site Zn(II) [95,96]. This complex blocks the active site and renders
the zymogens inactive. All modes of activation of these zymogens are be-
lieved to involve the dissociation of this Cys residue from the active site
Zn(II) and its replacement by water, with the concomitant exposure of the
active site. This is thought to be the primary event that precedes the well-
known autolytic release of the propeptide domain that is observed following
the appearance of collagenase activity. The dissociation of this Cys residue
from the Zn(II) in the zymogen switches the role of the Zn(II) from a non-
catalytic one to a catalytic one and switches the catalytic activity on. Ac-
cordingly, we have termed this the ‘cysteine switch’ mechanism of activa-
tion. This mechanism is unique in enzymology and offers the opportunity
for multiple modes of physiological activation of these important enzymes.
At this time, the physiological routes of activation of pro-HFC and pro-
HNC have not yet been fully delineated, although an oxidative pathway of
pro-HNC activations seems to have been convincingly established [90].

One important consequence of the existence of multiple modes of activa-
tion of pro-HFC and pro-HNC for inhibition measurements is that there
is not a single active form of these enzymes and it is unclear which active
form best represents the physiological one that should be used for inhibition
studies. There is the possibility of considerable diversity in the properties
of the activated enzymes. First, each activation method can produce a full-
size active species or a lower molecular weight active species due to loss of
the propeptide. Second, since each activator (proteinase, oxidant, etc.) pro-
duces a chemically distinct (that is, the cysteine-switch residue is modified
differently) full size species, each may have different kinetic properties. A
well-known example of the profound effect of slight differences in activation
on the functional properties of collagenases is the superactivation of pro-
HFC by stromelysin [97-99]. In this case, the superactivation is thought to
be due to hydrolysis of the propeptide by stromelysin at the Gln-Phe bond
that immediately precedes the Phe-Leu bond that is autolytically cleaved
subsequent to organomercurial activation [99]. This slight difference in acti-
vation leads to 10-fold higher activity. Such diversity as the result of differ-
ent activation routes may mean that different values of Kj will be obtained
for collagenases activated by different procedures and this must be consid-
ered in comparing data from different studies.

COLLAGENASE ASSAYS

In order to assess the potency of any putative collagenase inhibitor, one
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must obviously have reliable assay methods. Such methods can be divided
into two types — those based on the hydrolysis of natural protein substrates
(that is, intact, triple helical collagens) vs. those that utilize peptide sub-
strates. There are advantages and disadvantages to both types of assay.
Since peptide-based assays cannot be considered specific for collagenases,
only collagen-based assays can be used to follow the enzyme through purifi-
cation and isolation. However, peptide-based assays are preferred in experi-
ments with purified collagenases. We have devoted a substantial effort to
developing assays of both types, which are described below.

Collagen-based assays

Numerous means have been developed to measure the hydrolysis of colla-
gens, as evidenced by the wide variety of assays that have been reported.
Of central importance are the choice of the state of the collagen used as the
substrate and the method used to detect the hydrolysis products. Native, tri-
ple helical collagens can exist in many forms, including insoluble irreversibly
crosslinked fibrils, fibrils or gels reconstituted from acid- or salt-soluble col-
lagens, or soluble collagens. Assays have been developed that use all three
of these forms as the substrate. For sensitive collagenase assays that obey
the accepted principles of enzyme kinetics, soluble radiolabelled collagens
are the substrates of choice.

The use of radiolabelled collagens in such assays is not straightforward
and is complicated by numerous subtleties. The state that a collagen will
adopt is markedly dependent on the environmental conditions (tempera-
ture, pH, ionic strength) as well as on the collagen concentration, the colla-
gen source and type, and whether the collagen has intact telopeptides or has
been chemically modified. All of these parameters influence whether the col-
lagen will exist as soluble collagen, as fibrils or gels, or as gelatin. To aid
in the development of sensitive assays, the preparation and properties of ra-
diolabelled type I, II, and III collagens have been systematically investigated
[100]. The influence of multiple parameters on the state of these collagens
has also been determined to provide an information base with which to
choose conditions for collagenase assays that utilize collagens in different
states as the substrate. Based on these data, we have developed rapid, sensit-
ive, and convenient assays for the hydrolysis of soluble [*H]acetylated type
1, 11, and 111 collagens by both bacterial and tissue collagenases [101].

The assays are carried out at any temperature in the 1-30°C range on
pre-activated enzymes in a single reaction tube and the progress of the reac-
tion is monitored by withdrawing aliquots as a function of time, quenching
with 1,10-phenanthroline, and quantitating the concentration of hydrolysis
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fragments by scintillation counting. The latter is achieved by selective ther-
mal denaturation of these fragments by incubation under conditions that
are slightly different for each collagen [101]. The assays give percentages of
hydrolysis for all three collagen types by tissue collagenases that agree well
with the results of gel electrophoresis experiments. The initial rates of hy-
drolysis of all three collagens determined in this way are proportional to the
concentration of both tissue or Clostridial collagenases over a wide range
of enzyme concentrations. All three assays can be carried out at collagen
concentrations that range from 0.06 to 2 mg/ml and give linear double-re-
ciprocal plots for both tissue and bacterial collagenases that can be used to
evaluate the kinetic parameters Ky, and kcu; Or Fpax. These assays can also
be used to quantitate Kj values of inhibitors and to assess their mode of inhi-
bition. The assay developed for the hydrolysis of rat type I collagen is more
sensitive by at least one order of magnitude than comparable assays that
use rat type I collagen fibrils or gels as substrate.

Peptide-based assays

We routinely employ two types of chromogenic peptide-based collagenase
assay, each of which has its own unique properties. The first assay is that
developed by Weingarten and associates and is based on the hydrolysis of
the thio peptolide Ac-Pro-Leu-Gly-(S-Leu)-Leu-Gly-OEt [102,103]. The
assay was originally developed for HFC, but we have shown that it works
for HNC and the other MMP as well. Routine assays are carried out at a
substrate concentration of 20 zM in the presence of a 10-fold excess of di-
thionitrobenzoate (DTNB). Upon hydrolysis of the scissile Gly-(S-Leu)
bond, the free thiol HS-Leu is liberated and reacts with DTNB to produce
a continuous increase in absorbance at 412 nm that is used to obtain an
initial rate. This is the fastest, most sensitive assay available and is the meth-
od of choice. However, the substrate itself is rather unstable and is spon-
taneously hydrolyzed at a slow, but non-negligible rate. This rate is higher
in the presence of nucleophilic buffers and at high pH, and this spontaneous
rate must be subtracted from the assay rates. This assay cannot be used with
mercaptan inhibitors or substances that absorb appreciably near 400 nm.
The sensitivity of this assay could be improved by optimizing the sequence
of the peptolide to match the specificities of HFC and HNC discussed in
an earlier section. Since the Ky values for the hydrolysis of this substrate
by both HFC and HNC greatly exceed its solubility, true K; values cannot
be obtained with this assay and we use it for measuring ICsy values only.
Stack and Gray have described a convenient, continuously recording,
fluorescent assay for rabbit collagenase and gelatinase based on the hydroly-
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sis of DNP-Pro-Leu-Gly-Leu-Trp-Ala-D-Arg-NH; [104]. The key features
of this peptide are the presence of the fluorescent Trp residue in subsite Py’
and the 2,4-dinitrophenol (DNP) quenching group at the N-terminus. Hy-
drolysis of the Gly-Leu bond relieves the quenching of the Trp fluorescence
in the intact substrate, and the resulting fluorescence increase serves as the
basis for the assay. Based on the results of our substrate specificity studies,
we have prepared four similar fluorogenic heptapeptide substrates with se-
quences that are optimized for five MMP [105]. DNP-Pro-Leu-Ala-Leu-
Trp-Ala-Arg has been prepared as a substrate for HFC and DNP-Pro-Leu-
Ala-Tyr-Trp-Ala-Arg for HNC. An initial rate measurement with submicr-
omolar enzyme concentrations can be obtained in less than 10 min for both
reactions. The kinetic parameters for the hydrolysis of these peptides by
HFC and HNC have been determined from double-reciprocal plots. These
plots are linear, indicating that there are no kinetic anomalies and that Mi-
chaelis-Menten kinetics are obeyed. The maximum substrate solubility ex-
ceeds Ky for all reactions, insuring accurate determination of kinetic pa-
rameters. The values of these parameters for the hydrolysis of DNP-Pro-
Leu-Ala-Leu-Trp-Ala-Arg by HFC are k., = 4400 h'! and Ky = 130 uM,
and of DNP-Pro-Leu-Ala-Tyr-Trp-Ala-Arg by HNC are k,, = 11,000 h*!
and Ky = 7.7 uM. These assays allow the accurate determination of K val-
ues for inhibitors, as well as for the elucidation of the mode (for example,
competitive, mixed, etc.) of inhibition. However, these assays are not com-
patible with inhibitors that absorb near 280 nm or that fluoresce near 330
nm.

INVOLVEMENT OF COLLAGENASES IN HEALTH AND DISEASE

In this section, we review some of the physiological processes in which colla-
genases are believed to participate. We must emphasize from the outset that
conclusions pertaining to the involvement of individual enzymes in the phy-
siological degradation of collagens and other components of the extracellu-
lar matrix are largely circumstantial and are based on the observations that
the enzyme can catabolize a specific macromolecule in vitro, coupled with
the belief that the enzyme in question is present in an active form at the
tissue site where such destruction takes place in vivo. Thus, the specific invol-
vement of a collagenase in any physiological process is difficult to confirm.
As noted earlier, however, the involvement of interstitial collagenases in the
metabolic turnover of interstitial collagens is on stronger footing than anal-
ogous roles postulated for the other MMP due to the unique resistance of
these collagens to all other known human proteinases. In the final analysis,
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the confirmation of any putative physiological role for a collagenase can
only be achieved when specific potent inhibitors are developed and are
shown in physiological assays to selectively block the process in question.
The field is just reaching this point and already some evidence of this type
has been forthcoming (see last section).

NORMAL PROCESSES

While collagenases have attracted a great deal of attention because of their
involvement in pathological processes, it must be understood that they are
also believed to be intimately involved in many essential normal functions.
In general, collagenases are believed to function during any process that in-
volves the turnover or destruction of interstitial collagens. The first tissue
collagenase to be identified was from the primary culture of tail tissue from
tadpoles undergoing metamorphosis [46]. The action of this collagenase is
presumably required for the tissue resorption that occurs as the tail disap-
pears and legs form. This same type of requirement for collagenases is found
in a number of related circumstances in mammals. This includes growth and
development [57], wound healing [106,107], resorption of the uterus after
parturition [108,109], blood vessel angiogenesis and neovascularization
[110-112], thinning of the follicle wall during ovulation [113] and tooth
eruption [114]. It is not yet known whether highly mobile normal cells such
as macrophages or neutrophils use a collagenase to facilitate their migration
through connective tissue.

DISEASE PROCESSES

There are a variety of pathological states in which the action of collagenases
is strongly suspected. Some of these disease states are considered briefly
below. Since current knowledge concerning the cellular source of the colla-
genases in these states is often conflicting, a discussion of this subject has
been purposely avoided. Instead, possible sources are simply mentioned.
All forms of arthritis are characterized by the erosion of the articular car-
tilage of affected joints. Since cartilage consists primarily of proteoglycans
and type II collagen, proteinases capable of attacking both macromolecules
have been implicated in the progression of these diseases [115~118]. Thus,
attention has focused on stromelysins and interstitial collagenases, respec-
tively. The loss of proteoglycan generally precedes the loss of collagen, but
collagen catabolism is necessary for the disease to progress. In osteoarthri-
tis, there is little or no inflammatory component to the disease and the de-
structive proteinases are believed to arise from resident cells of the cartilage
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which are capable of secreting collagenase and stromelysin, such as chon-
drocytes. In rheumatoid arthritis, there is a pronounced inflammatory re-
sponse affecting the synovial tissue. This is associated with the infusion of
large numbers of macrophages and neutrophils, making it impossible to pin-
point definitively the sources of degradative proteinases. Thus, the involve-
ment of both the fibroblast-type and neutrophil-type collagenases in the de-
struction of joint collagen must be considered.

Periodontal disease is the principal cause of tooth loss over the age of 35.
It is also an inflammatory disease that is triggered by bacteria that inhabit
the gingival cavity. Periodontitis is characterized by the progressive loss of
the attachment apparatus of the teeth. Since the major protein component
of gingival tissue and bone is type I collagen, collagenases are believed to
participate in the progression of this disease [119,120]. Possible sources of
the collagenases include resident gingival fibroblasts, inflammatory cells in-
cluding neutrophils and macrophages, and the oral bacteria themselves.
Such bacteria have been shown convincingly, in at least one case, to produce
a true collagenase [121].

A number of bone resorption diseases including Paget’s disease, osteopo-
rosis, hyperparathyroidism, and cholesteatoma are believed to involve the
action of collagenases [122—127]. The resorption of bone involves the simul-
taneous removal of both the mineral and collagenous matrix. The solubili-
zation of the mineral components is believed to be accomplished by a local
acidification process, while the degradation of the type I collagen is ac-
complished with the aid of collagenases together with lysosomal cysteine
proteinases. Osteoblasts are known to secrete collagenase on stimulation by
parathyroid hormone [128,129] and may be the source of the collagenase.

A wide variety of other pathological processes may also involve collagen-
ases. The metastasis of tumour cells is a process that is inhibited by the con-
nective tissue barriers of the host. The association of both interstitial colla-
genases and proteinases capable of degrading the type IV collagen found
in basement membranes has been well documented and it is certainly rea-
sonable that such enzymes could facilitate metastasis [130—134]. Corneal ul-
ceration can be brought about by chemical or thermal burns, infections (for
example, Pseudomonas, Staphylococcus, herpes or fungal), Stevens-John-
son syndrome, Mooren’s ulcer, vitamin A deficiency, and many other dis-
eases [3,135,136]. The ulcers may lead to scarring and loss of vision, or per-
foration of the cornea and loss of the eye. The corneal stroma is composed
predominantly of type I collagen that is progressively degraded during ul-
ceration. The origin of the cells that produce the collagenase could be corne-
al epithelial cells, neutrophils, macrophages, or stromal fibroblasts. Another
condition that may be aided by collagenase action is epidermolysis bullosa,
in which there is a separation of the dermis and epidermis [137].
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INHIBITOR DESIGN

Although some collagenase inhibitors have been reported that were not ob-
tained by rational design (see below), most are substrate analogues that
have been developed by using the substrate specificity of these enzymes as
a starting point. In this section, several factors in the rational design of spe-
cific, potent collagenase inhibitors are considered.

OVERALL DESIGN PRINCIPLES

An approach to the design of collagenase inhibitors that has a proven track
record involves the development of non-cleavable substrate analogues. The
active sites of mammalian and bacterial metalloproteinases can be divided
conceptually into two regions. The first is the region occupied by the scissile
peptide bond of the substrate which includes the zinc atom and other resi-
dues (for example, Glu, etc.) that participate in the bond breaking step. The
second region surrounds the first and consists of specificity pockets (S, ...
S’,) on the surface of the enzyme that govern its substrate specificity (Figure
8.2). The C=0 group of the scissile bond of the substrate is thought to in-
teract electrostatically with the active site Zn(II) during binding and cataly-
sis, while the amino-acid side-chains in the P, through P, positions of the
substrate are postulated to interact with the corresponding S, through S,
subsites on the surface of the enzyme [24]. Those substrates with optimal
S,...P, interactions are hydrolyzed with the highest k., /Ky values. In the
transition state for peptide bond hydrolysis, the carbonyl carbon of the sub-
strate is thought to become tetrahedral, which allows the substrate to bind
more tightly to the enzyme.

To prepare an inhibitor for a particular metalloproteinase, the design
principle is to replace either the C=0 group, NH group, or both groups
of the scissile peptide bond of a specific substrate by other moieties that the
enzyme cannot hydrolyze, to give peptide bond surrogates or mimetics.
More often than not, only the N- or C-terminal portion of the substrate is
used and the resultant analogue terminates with a group that substitutes for
the scissile amide moiety. This procedure produces what is called a substrate
analogue. The underlying concept is that the similarity in the structure of
a non-cleavable substrate analogue to that of a specific substrate will cause
it to be bound tightly to the enzyme and, hence, to act as an inhibitor. More-
over, to the extent that the substrate that is mimicked is specific for that
enzyme, the resultant substrate-analogue may reasonably be expected to be
a specific inhibitor. If the scissile peptide bond mimetic has the same planar
geometry as the original peptide bond, it is considered to be a ground-state
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Figure 8.2. Schematic showing the interaction between the S, subsites on the surface of a zinc
proteinase and the P, subsites of a substrate. Below the substrate are three examples of substrate-
analogue inhibitors.

analogue inhibitor, while if it has a geometry that mimics the transition
state (tetrahedral geometry about the carbony! carbon in the case of peptide
bond hydrolysis), it may act as a transition-state analogue inhibitor. The de-
velopment of analogues with the transition state geometry is often preferred
because they are believed to be able to take advantage of stronger binding
interactions with the enzyme than analogous ground-state analogues. In ei-
ther case, however, the K value obtained will reflect how favourable the in-
teractions are between the enzyme and both the peptide bond mimetic and
the amino-acid side-chains of the inhibitor.

Ondetti and associates have used this approach to develop inhibitors of
angiotensin-converting enzyme (ACE) by choosing moieties for peptide
bond replacement that were specifically capable of interacting favourably
with the active site Zn(IT) [138-140]. In reality, however, the interactions be-
tween the Zn(II) of the enzyme and the peptide bond surrogate that deter-
mine inhibitor potency are more complex and also involve hydrogen bond-
ing to nearby catalytic residues. The existence of these hydrogen bonds has
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been clearly documented from the crystallographic determination of the
structures of more than twenty inhibitor complexes of thermolysin [14]. It
may also be that substrate analogues can fortuitously take advantage of at-
tractive interactions with the enzyme that were not possible for the sub-
strate. A schematic of the active site of a Zn proteinase is pictured in Figure
8.2 where the interactions with the substrate Leu-Gly-Leu-Ala-Gly are
shown. Below the substrate are the structures of analogue inhibitors of this
substrate in which the scissile (C=0)-NH bond has been replaced by the
HS-CH,;, P(=0)(OH)-NH and (C=0)-CH; groups to give mercaptan,
phosphonamidate and ketone inhibitors, respectively.

DESIGN INFORMATION

The design principle outlined above is purely generic in that it allows for
the design of inhibitors containing widely different scissile peptide bond mi-
metics and does not specify how the peptide portions of the inhibitor are
chosen. The choice of peptide bond mimetics for collagenase inhibitors has
largely followed those found to be successful for ACE and other metallo-
proteinases and, in our discussion of collagenase inhibitors given below, the
inhibitors are grouped accordingly. By and large, this choice is made empiri-
cally from a small number of groups (mercaptan, hydroxamate, ketone,
phosphinate, etc.) found to be effective for other metalloproteinases. The
reason for the empiricism is because the potency of a hydroxamate- or mer-
captan-type inhibitor for one metalloproteinase cannot necessarily be as-
sumed to hold for another. This is unfortunate in the sense that it makes
the development process more empirical, but it has the hidden benefit that
differences in response of individual metalloproteinases to certain functional
groups can be used as a means of developing selectivity (see below). In sum-
mary, no true ‘design principles’ have evolved with respect to the choice of
scissile bond replacement, other than that one is best off screening from
within those moieties with the ability to interact favourably with the Zn(II)
and capable of forming hydrogen bonds to nearby catalytic residues.

The design of the peptide portion of substrate-analogue inhibitors, how-
ever, is less empirical and can be greatly facilitated by several types of infor-
mation. Specifically, the structure of the substrate that is to be mimicked
can be chosen from substrate specificity data, from examination of an X-ray
structure of the enzyme, or from computer modelling of the enzyme active
site. Unfortunately, no crystallographic structure is currently available for
any collagenase or any member of the MMP gene family. Such studies have
progressed slowly due to problems relating to the autolytic degradation of
HFC and HNC at the concentrations needed for crystal growth. Only the



292 INHIBITORS OF INTERSTITIAL COLLAGENASES

porcine analogue of HFC has been crystallized [142], but a structural deter-
mination has yet to be achieved. Thus, crystallographic input into collagen-
ase inhibitor design is not yet possible and must await a successful structure
determination.

The choice of the substrates that have been mimicked in the development
of collagenase inhibitors has so far been guided primarily from substrate
specificity considerations. Initial attempts were logically based upon the se-
quence of the collagenase cleavage site in interstitial collagens. This proved
to be unfortunate, since the detailed specificity studies of HFC and HNC
discussed in an earlier section have since shown that the optimal peptide
substrates have markedly different sequences. It now seems clear that the
collagenase cleavage site in collagens is determined largely by presently un-
appreciated local conformational features in the cleavage site region, rather
than by the ‘sequence specificity’ of the collagenases [93]. Marked improve-
ments in the potency of inhibitors initially prepared by reference to the col-
lagenase cleavage site have been made empirically by changing the residues
present at the various subsites (see below). In retrospect, it is now clear that
the best inhibitors developed in this way generally mimic the structures of
the most potent substrates identified in recent substrate specificity studies.
Thus, the use of substrate specificity data can be quite helpful in rational
inhibitor design.

Another method of designing inhibitors entails computer modelling. A
computer modelling approach to collagenase inhibitor development has
been described by Johnson and associates [1]. Two methods to model inhibi-
tors have been suggested. The first is based on the concept that a good inhi-
bitor should have a conformation like that found in the collagen triple helix
and is called the ‘collagen’ model. The second approach assumes that there
is structural homology between collagenases and other zinc peptidases
whose structures are known, such as thermolysin, and is called the ‘active
site’ model. The two models lead to inhibitor structure predictions that are
incompatible and the ‘active-site’ model has been discarded. One must clear-
ly be cautious in using thermolysin as a model for mammalian collagenases,
since there is a very low homology between these enzymes. The ‘collagen’
model was subsequently used to refine the structure of several inhibitors
based on the assumption that the side-chains of the residues in subsites P,
and P’; do not interact with the enzyme [143].

While this is in principle a valid approach to collagenase inhibitor design,
there is some question as to whether or not the assumptions on which this
model is based are valid. Specifically, there are several reasons for challeng-
ing the assumption that collagenases prefer substrate conformations that
mimic those found in collagen. First, an examination of a model of collagen
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shows that the Gly residues occupy the centre of the triple helix and are ster-
ically inaccessible. Thus, hydrolysis of either the Gly-X bond by tissue colla-
genases or the Y-Gly bond by bacterial collagenases must be preceded by
a local unwinding of the helix to gain accessibility to the scissile bond. Sec-
ond, a comparison of the kinetic data for the hydrolysis of collagens vs.
small synthetic substrates with identical cleavage sequences shows that the
collagens are hydrolyzed with much lower k., values [68,93], reflecting the
difficulty of their gaining access to the scissile bond. These values increase
markedly as the thermal denaturation temperature is approached and this
structure is loosened (Mallya, S.K. and Van Wart, H.E., unpublished data).
Thus, there is currently no evidence to support the notion that the optimal
conformation for a collagenase substrate or inhibitor resembles that of a
collagen chain in the triple helix. Moreover, the assumption used in this mo-
delling procedure that the side chains of residues in subsites P’ and P'; do
not interact with the enzyme directly contradicts the substrate specificity
data [94]. Thus, one must be cautious with respect to the assumptions that
are used in such modelling studies.

ACHIEVING SELECTIVITY

One of the issues in the design of collagenase inhibitors that has received
very little attention is that of selectivity. If a collagenase inhibitor is to be
useful as a therapeutic agent, this may require that it does not simultaneous-
ly inhibit other essential proteinases. The same holds true if the inhibitor
is to be useful in cell-mediated breakdown assays or cell migration systems,
for the purposes of establishing the role of a collagenase in the catabolism
of certain tissues or in cellular migration or invasion, respectively. This se-
lectivity may need to be specific not only with respect to unrelated or dis-
tantly related proteinases such as ACE, but also against other members of
the MMP family and, in certain circumstances, for one of the two known
human collagenases.

The extent of need for selective collagenase inhibitors is not yet clear
since, as emphasized above, the precise roles of HFC and HNC in normal
physiological processes and individual diseases have not yet been convinc-
ingly delineated. It may be true that inhibitors which are effective against
both HFC and HNC, or HFC and HFS, or even all of the MMP may be
desired to treat a certain disease. However, in view of the essential roles that
collagenases are believed to play in normal processes such as growth, devel-
opment and wound healing, it seems likely that selectivity will be a critical
issue. The very fact that the essential roles of collagenases are uncertain
forces serious consideration of this question.



294 INHIBITORS OF INTERSTITIAL COLLAGENASES

In our work, we have focused on the development of inhibitors that are
specific for one or a small subset of the human MMP. In the context of the
substrate-analogue design principle discussed above, the selectivity of an in-
hibitor can be viewed as arising from either the ‘sequence’ of the peptide
portion of the analogue or the identity of the scissile peptide bond mimetic,
since the interactions of both with the active sites of different metallopro-
teinases may differ widely. We have found that selectivity can be built in
to even the initial design of collagenase inhibitors by optimizing the se-
quence of the substrate analogue to conform to that predicted from sub-
strate specificity studies. In most cases, we find that this specificity is trans-
ferrable, at least qualitatively if not quantitatively, from substrate to
inhibitor. In addition, we have found that added selectivity can be achieved,
sometimes quite dramatically, by changing the peptide bond mimetic. This
effect cannot be predicted in the same way as effects due to changes in se-
quence. Hence, the best mimetics for each enzyme must be discovered em-
pirically. Lastly, it should be pointed out that the achievement of selectivity
can often only be accomplished by sacrificing potency and these trade-offs
must be judged in the context of the need for selectivity in efficacy.

INHIBITOR NOMENCLATURE AND ABBREVIATIONS

In order to facilitate reference to, and comparison of, the substrate analogue
inhibitors considered below, a convention of abbreviations has been
adopted to describe the amino-acid surrogates on either side of the scissile
bond. A modification to the C=0 group of residue P, is signified by the
usual three-letter code for the residue followed by the formula of the group
that has replaced the C=0, separated by a hyphen, all enclosed in parenth-
eses. Modification of the NH group of residue P’; is analogously indicated
by the three-letter code for the residue preceded by the formula of the group
substituting for the NH, separated by a hyphen, all enclosed in parentheses.
The stereochemistry at the a-carbon of the modified residue is indicated as
being different from or analogous to that of the parent L-amino acid residue
by inclusion of D- or L-, respectively, within the parentheses; DL-indicates
either that the stereochemical mixture was used or that the diastereomers
were separately assayed but not identified. If the diastereomers are separate-
ly assayed, this is indicated in the tables. Thus, a dipeptide analogue of Ala-
Leu in which the amide bond is replaced by a phosphonamide bond (C=0
replaced by P(=0)OH) is designated as (Ala-1.-PO,H)-Leu, and the corre-
sponding phosphinic acid analogue (C = O replaced by P(=0))OH and NH
replaced by CH;) as (Ala-L-PO,H)-(CH,-L-Leu). Additional examples of
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the application of this nomenclature are given in each of the tables, along
with structural formulas for selected inhibitors. A bond designated by a
wavy line in a structural formula designates either a stereochemical mixture
at that site, or separated but not assigned diastereomers of the inhibitor. A
variety of common abbreviations for organic groups is utilized, such as Me
for methyl, Et for ethyl, and Ph for phenyl, without further definition; less
common abbreviations are defined in the tables in which they appear.

The many inhibition studies on mammalian interstitial collagenases cited
below have unfortunately used enzymes from numerous species (for exam-
ple, human) and cell (for example, fibroblast) or tissue (for example, skin)
types. In our discussion of the inhibitors from each study, the collagenase
used by the investigators is specified. Examples include tadpole skin colla-
genase (TSC), human synovial collagenase (HSC), pig synovial collagenase
(PSC), rabbit bone collagenase (RBC), and rabbit corneal collagenase
(RCCQ). At first sight, this makes comparison of the results from different
studies a bewildering task. However, several simplifying assumptions based
on the discussion of HFC and HNC given in an earlier section can be in-
voked. First, it can reasonably be assumed based on current information
that there are essentially two types of collagenase — the fibroblast-type and
the neutrophil-type. Second, the same collagenase-type from different spe-
cies seem, from the limited data available, to be very similar in their re-
sponse to inhibitors. Third, any collagenase isolated from tissue or organ
cultures is almost assuredly the fibroblast-type enzyme, since neutrophil-
type collagenase has not yet been successfully grown in culture. Thus, to a
first approximation, PSC, HSC, TSC, RBC and RCC can all be considered
analogues of HFC. Conversely, collagenase extracted from neutrophils of
any species can be assumed to be an analogue of HNC. Last, collagenases
obtained from intact (uncultured) tissue can potentially be the fibroblast-
type, the neutrophil-type, or a mixture of the two, depending upon the phy-
siological circumstances. For the bacterial collagenases, only inhibition data
for the CHC and AIC are presented. With respect to the CHC, some studies
have employed the individual CHC (Table 8.1) for inhibition testing, while
others have used a commercial preparation which consists of an undefined
mixture of class I and II CHC. In tabulating the inhibitor data that follow,
no attempt has been made to indicate the assay or activation method (if any)
used. However, it should be noted that these factors can markedly affect
comparisons of different studies.
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INHIBITORS OF BACTERIAL COLLAGENASES

The development of potent inhibitors for the bacterial collagenases has cent-
red on the use of mercaptan, ketone, and phosphonamidate moieties as
scissile bond surrogates [20,144-154]. C-terminal analogue inhibitors (for
example, those with residues on the P’,, of the substrate only) containing the
mercaptan functionality have proven to be moderately effective against ei-
ther AIC or a CHC mixture, with the best K] values found to be in the 200—
600 nM range (Table 8.3.). The most potent members of this group have
a bulky side-chain in subsite P'3, but it does not seem to matter whether or
not that side-chain is charged (compare compounds (8)—(9) and (13)—(16)
in Table 8.3).

Utilization of the ketone functionality as the scissile bond surrogate al-
lows incorporation of both N-terminal and C-terminal (i.e., P, and P’,) resi-
dues into the inhibitor. The series of ketones (17)—(24) has been assayed as
a diastereomeric mixture against - and e-CHC, with the most potent inhibi-
tors exhibiting K values of 1-3 uM for the former and 20—30 nM for the
latter (Table 8.4). The rigid cinnamoyl residue in subsite P, is far more effec-
tive than is its more flexible dihydro derivative (compare (21) and (22),
Table 8.4), and the most favourable P'; residues are either Pro or those with
an extended side-chain. These trends mimic the substrate specificity of these
CHC discussed in an earlier section. That these compounds are acting as
transition-state analogue inhibitors is strongly suggested by the linearity,
with slopes near unity, of plots of log Kj for inhibitors (18)—(21) and (23)—
(24) vs. log Km/keat for their matched substrates for both - and ¢-CHC
[20]; the ketone inhibitors are presumably binding to the enzymes in their
gem-diol (ketone hydrate) form. Confirmation of this type of binding has
been obtained from the '*C-NMR spectrum of *C-enriched ketone (26),
which shows a resonance at 102.6 ppm in the presence of a CHC mixture
attributable to the bound gem-diol form of the inhibitor [149].

Phosphonamidate peptide analogues mimicking the P;...P’; substrate resi-
dues have been prepared and evaluated against a CHC mixture (ZTable 8.5).
Inhibitors with an aromatic side-chain in subsite P, are some 20-fold more
effective than are those with an aliphatic one (compare (31) to (29) or (30),
Table 8.5). An opposite, albeit less pronounced, preference at this site ap-
pears to exist for the ketone inhibitors for f-CHC ((17) vs. (25) and (21)
vs. (26), Table 8.4). However, this difference could be attributable to a pre-
dominance of class IT CHC in the mixture assayed in Table 8.5. Thus, com-
parisons of this sort must be made with caution. Introduction of a double
bond into the P; side-chain decreases the potency of the phosphonamidate
by more than a factor of 10 ((41) vs. (42), Table 8.5), perhaps because of



M.A. SCHWARTZ AND H.E. VAN WART 297

Table 8.3. MERCAPTAN INHIBITORS OF BACTERIAL COLLAGENASES

Example:

g8
o
T

HS-(CH,-Gly)-Pro-Ala-OH
(D

Inhibitor ¢ K]{]Cjo} (,UM)

No. P/ Py Py AIC Ref. CHC? Ref.
1 HS-(CH,-Gly) Pro Ala-OH {3} 144 25 146
1 HS-(CH,-Gly) Pro  Ala-OH 2.1 145
2 HS-(CH»Gly) Pro Ala-OMe 8 145 200 146
3 HS-(CH,-Gly) Gly Ala-OH {77} 144
4 HS-(CH,-Gly) Ala  Ala-OH {55} 144
5 HS-(CH,-Gly) Pro  Leu-OH {21} 144 1.2 146
5 HS-(CH,-Gly) Pro  Leu-OH 2.7 145
6 HS-(CH,-Gly) Pro  Phe-OH 22 145
7 HS-(CH,-Gly) Pro  Pro-OH 0.8 145 0.6 146
8 HS-(CH,-Gly) Pro  Arg-OH 0.5 145 0.4 146
9 HS-(CH,-Gly) Pro Arg-OMe 0.6 145

10 HS-(CH,Gly) Pro NH, 250 147

11 HS-(CH>-Gly) Pro NHBn 170 147

12 HS-(CH,-Gly) Pro  NHp-NO,Bn 20 147

13 HS-(CH,-Gly) Pro  Lys-OH 0.32 146

14 HS-(CH,-Gly) Pro  Lys(Boc)-OH 0.35 146

15 HS-(CH,-Gly) Pro  Har-OH 0.21 146

16 HS-(CH,-Gly) Pro  Ahx-OH 0.29 146

2Abbreviations: Ahx, (§)-2-aminohexanoyl; Bn, benzyl; Har, homoarginyl: p-NO,Bn, para-
nitrobenzyl. YAn undefined mixture of CHC was used.

the conformational restraint imposed by the double bond. An extended
side-chain in subsite P’y again enhances potency, and the best inhibitor of
the CHCs reported to date (Ky = 5 nM) is the phosphonamidate (43), which
has a polarized aromatic side-chain in subsite P; and an aminohexanoic acid
group in subsite P’3. The phosphonate moiety is approximately 300-fold less
effective than the phosphonamidate as a scissile bond surrogate ((38) vs.
(33)), and the phosphoramidate (27) is similarly ineffective.
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Table 8.4. KETONE INHIBITORS OF BACTERIAL COLLAGENASES

Example:

Bz-(pL-Leu)-(CH;-Gly)-Pro-Ala-OH

i
Inhibitors KAICs} (pM)
No. P, P, P/ P, Py B-CHC &CHC Ref.
17 Bz pL-Leu (CH,Gly) Pro Ala-OH 52 44 20
18 PhCH=CHCO pL-Leu (CH,-Gly) Pro Ala-OH 12 0.11 20
19 PhCH=CHCO pr-Leu (CH,Gly) Pro Ala-OMe 60 1.2 20
20 PhCH=CHCO pr-Leu (CH,Gly) Pro Leu-OH 2.8 0.030 20

21 PhCH=CHCO pL-Leu (CH,-Gly) Pro Pro-OH 2.7 0.0i18 20
22 PhCH,CH,CO pL-Leu (CH,-Gly) Pro Pro-OH 220 2.9 20

23  PhCH=CHCO pL-Leu (CH,-Gly) Pro Arg-OH 1.0 0.030 20
24 PhCH=CHCO prL-Leu (CH,-Gly) Pro Arg-OMe 1.1 0.023 20
25 Bz pL-Phe  (CH,-Gly) Pro Ala-OH {120}® 148
26 PhCH=CHCO pL-Phe  (CH,-Gly) Pro Pro-OH 400 149

aThe diastereomeric mixture was assayed in each case. *Undefined mixture of CHC was used.

A number of other scissile bond replacements have been explored in an
attempt to produce inhibitors of the bacterial collagenases, but all have ex-
hibited relatively low potency (Table 8.6). These include a compound with
an N-methylamide residue in subsite P’y (46), two carboxylates (47)—(48),
the hydroxamate N-terminal (49) and C-terminal analogues (50)—(51), and
one N-carboxyalkyl (52) derivative.

INHIBITORS OF MAMMALIAN COLLAGENASES

The selection of inhibitors considered in this section is complete in terms
of the scissile bond surrogate functionalities that have been investigated,
and representative in terms of residue substitutions, but it is not exhaustive



M.A. SCHWARTZ AND H.E. VAN WART 299

Table 8.5.  PHOSPHONAMIDATE INHIBITORS OF BACTERIAL COLLAGENASES
Example:

P, Pr P Py

HO_ 0

P N
\N/\”/
H
e}
Ph

(Ph(CH,),PO,H)-Gly-Pro-Ala-OH

s
Q
I

(€29)]
Inhibitors
No. P, P/ P, Py K, {ICs} (uM)? Ref.
27 (HOPO,H) Gly Pro Ala-OH {780} 150
28 (EtPO,H) Gly Pro Ala-OH {46} 150
29 (Me,CH(CH,),PO,H) Gly Pro Ala-OH {16} 150
30 Me(CH,),PO,H) Gly Pro Ala-OH {14} 150
31 (Ph(CH,),PO,H) Gly Pro Ala-OH 0.8 151
32 (Ph(CH,),PO,;H) Gly Pro Tyr-OH 0.25 151
33 (Ph(CH,),PO,H) Gly Pro Ahx-OH 0.06 151
34 (Ph(CH,),PO,H) Gly Ala Ahx-OH 23 151
35 (Ph(CH,),PO,H) Ala Pro Ahx-OH 2 151
36 (Ph(CH,),PO,H) D-Ala Pro Ahx-OH 5§ 151
37 (Ph(CH,),PO,H) (NMe-Gly) Pro Ahx-OH 50 151
38 (Ph(CH,),PO,H) (0-Gly) Pro Ahx-OH 20 151
39 (MePO,H) Gly Pro Ahx-OH 26 151
40 (PhCH,PO,H) Gly Pro Ahx-OH 0.36 151
41 (Ph(CH,);PO,H) Gly Pro Ahx-OH 0.05 151
42 (PhCH=CHCH,PO,H) Gly Pro Ahx-OH 0.7 151
43 (p-NO,Ph(CH,),PO,H) Gly Pro Ahx-OH 0.005 151
44  (p-CF,Ph(CH,),PO;H) Gly Pro Ahx-OH 0.024 151
45 (Nap(CH,),PO,H) Gly Pro Ahx-OH 0.018 151

2Abbreviations: Ahx, (5)-2-aminohexanoyl; Nap, naphthyl (a- or f- not specified); p-NO,Ph,
para-nitrophenyl; p-CF3Ph, para-(trifftuoromethyl)phenyl. PUndefined mixture of CHC was
used.

in terms of actual compounds synthesized and evaluated; numerous non-
productive and/or non-instructive examples have been omitted. Inhibition
results obtained with tadpole skin collagenase (TSC) are included in this sec-
tion because it is a tissue collagenase that is very similar to the mammalian
collagenases.
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Table 8.6. MISCELLANEOUS INHIBITORS OF BACTERIAL COLLAGENASES

Inhibitor

No. P P, P P P P/ K, (M) Enz. Ref,

46 2200 AIC 152
7/U\ /\n/ cooM

47 HOOG COOH 400 AIC 153
VYOY e

H
HOOC Y ) AIC 153
. VYOY T

o O H  (CHaeNH:
Q
n OH
49 cmNH/j(f?ﬁ( Y‘k: 240 CHC: 147
he
50 HO, /U\/\n/N ((NHe 440 CHC- 147
N i
[o]
s OW%/“”Z 4600 CHC: 147

NH 0O o]
HO
oo QW 120 cH
52 N—L N 0 Ce 147
i S
0] ] Ph-p-NO,

*Undefined mixture of CHC was used.

NON-SUBSTRATE ANALOGUE INHIBITORS

Non-substrate analogue inhibitors of mammalian collagenases have been
described, primarily in the patent literature (Table 8.7) [155—165]. The thi-
azolobenzimidazole and benzothiazolylthio derivatives (53) and (54), respec-
tively, are weak inhibitors of HFC, but attachment of the latter moiety to
a Cys residue as in (55) greatly enhances potency. Large aromatic ureas con-
taining charged end-groups such as (56) and (57) are moderately effective
inhibitors of HFC. The tetracycline antibiotics (58)—(60) have been shown
to be inhibitors of rabbit corneal collagenase (RCC), with doxycycline (58)
being 20-fold more potent than its hydroxylated congener tetracycline (59),
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Table 8.7. NON-SUBSTRATE ANALOGUE INHIBITORS OF MAMMALIAN

301

COLLAGENASES
ICs {Kx} (uM)

No. Inhibitore or % [nhibition  Enz. Ref.

N

\7—3
s3 N \)\/coo;q 350 HFC 155
54 >100 HFC 156
55 5.7 HFC 157
55 {3.5} HFC 158
56 92% @ 45 uM HFC 159
57 9% @ 38 uM HFC 160
58 R=H 15 RCC 161
59 R = OH 350 RCC 161
60 190 RCC 161

*Abbreviations: p-CIPh, para-chlorophenyl.

while minocycline (60) is intermediate in potency. The nature of the binding
interactions of any of these compounds with the enzyme is difficult to envis-
ion, with the exception of that of the Cys derivative (55), which is likely to
interact with the Zn(II) via its sulphydryl group.
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SUBSTRATE ANALOGUE INHIBITORS

As indicated earlier, the primary strategy for collagenase inhibitor design
has been to incorporate scissile bond surrogate functionalities into specific
peptide substrates. In some cases, the functionalities that have been utilized
have allowed incorporation of substrate residues at both P, and P, posi-
tions, while in others only one side of the scissile bond of the substrate has
been mimicked. In the latter cases, the C-terminal analogues (containing P,/
residues) have generally been more potent inhibitors. The relatively large
number of inhibitors that have been reported are categorized below accord-
ing to type of peptide bond surrogate functionality.

Phosphorus-based inhibitors

Both phosphonamidate and phosphinate functionalities have proven to be
effective scissile bond replacements, while phosphoramidates and phospho-
nates have been less useful [143,166—171). Representative data for the inhi-
bition of HFC and HNC by phosphonamidates and phosphoramidates are
summarized in Table 8.8. The best inhibitors in this series have the Gly-Ile
or Gly-Leu sequences at subsites P;-P,” and have an aromatic residue in sub-
site P;". The phosphoramidate (61) and its isosteric phosphonamidate coun-
terpart (62) are moderately good and approximately equipotent inhibitors
of HFC. The incorporation of a phthaloyl group into subsite P, as in (65)
improves potency, and this is in fact more effective than extending the inhi-
bitor on the N-terminal side with substrate residues in subsites P, and P;
(compare (65) with (66), Table 8.8). The value of Kj is almost the same
whether there is a methyl, benzyl or a-methylbenzyl group in subsite Py’
((65), (67) and (68), respectively), but an a-methylbenzyl group of the wrong
stereochemistry clearly interferes with binding ((68) vs. (69)). A dependence
of Kj on pH has been noted in this series, with phosphonamidate (67) being
approximately 3-fold less potent at pH 7.5 than at pH 6.5, while the phos-
phoramidate (61) is somewhat more potent at the higher pH. The phosphon-
amidates (70)—(72) are only moderately effective inhibitors of HNC, and it
is again noted that the incorporation of a substrate residue into subsite P,
has little effect on inhibitor potency.

The inhibition of HFC by a series of phosphinate and phosphonate sub-
strate analogues is summarized in Table 8.9. Since phosphinate inhibitors
require synthesis of the Py’ residue, they are usually prepared as diastereo-
meric pairs. If the diastereomers were separated and assigned stereochem-
istry, this information is included in Table 8.9. A potentially significant find-
ing in this series is that a very large aromatic group in subsite P, enhances
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Table 8.8. PHOSPHONAMIDATE AND PHOSPHORAMIDATE INHIBITORS OF
MAMMALIAN COLLAGENASES
Example:
P, P, P, Py
O
HO O H H
\/P\N N%LN/ME
H o H *, H
/
N
H
Ac-Pro-Leu-(Gly-PO,H)-Ile-Trp-Me
(66)
Inhibitore K, (uM)
No. P P, P, P/ P/ P HFC  HNC Ref.
61 (EtO-PO,H) Ile Trp NHMe 1.5% 166
61 (EtO-PO,H) Nle Trp NHMe 0.9 166
62 (Pr-PO,H) Ile Trp NHMe 2 167
63 (Hex-PO,H) 1Ile Trp NHMe 0.6 167
64 (Dec-POH) Ile Trp NHMe 0.2 167
65 Pht (Gly-PO,H) Ille Trp NHMe 0.05 167
66  Ac-Pro Leu (Gly-PO,H) 1Ile Trp NHMe 0.3 167
67 Pht (Gly-PO,H) 1Ile Trp NHBn 0.025° 168
67 Pht (Gly-PO,H) 1Ile Trp NHBn 0.066° 168
68 Pht (Gly-PO,H) Ile Trp NHaMeBn(S) 0.02 167
69 Pht (Gly-PO,H) Ile Trp NHaMeBn(R) 2 167
70 Cbz (Gly-PO,H) Leu Ala OH 78 169
71 Cbz Phe (Gly-PO,H) Leu Ala OH 71 169
72 Cbz (Gly-PO,H) Leu Ala Gly-OH 14 169

2Abbreviations: Bn, benzyl; Dec, n-decyl; Hex, n-hexyl; aMeBn, «-methylbenzyl; Pht, phtha-
loyl; Pr, n-propyl. PAssayed at pH 6.5. cAssayed at pH 7.5.

inhibitor potency, especially when it is functionalized with polarizing groups
((74)-(76) and (77)—(79)). It has also been demonstrated that the P," and
Py’ side-chains can be connected in a lactam ring as long as the ring size
is large enough to accommodate a trans peptide bond conformation. The
phosphinate inhibitor (79), optimized in this way, exhibits an ICsq of 17 nM
against HFC. As predicted from the substrate specificity data discussed in



Table 8.9. PHOSPHINATE AND PHOSPHONATE INHIBITORS OF MAMMALIAN COLALGENASES

Examples

P, Py P Py
o}
HO_ 0 H, ] H
N._-P N N OFEt
N
o H Y o]

Ac-Pro-Leu(Gly-PO,H)-(CH,-L-Leu)-Leu-Ala-OEt (80)

O
AN N N
5y
o) o]
Br

203
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Inhibitore

ICy (K}

No. P P, P, P/ P P/ (uM)® Ref.
73 Ac (Gly-PO,H) (CHjy-L-Leu) Leu NHMe 37 143
74 Pht (Gly-PO,H) (CH,-L-Leu) Leu NHMe 0.6 143
75 Npt (Gly-PO,H) (CH;-DL-Leu) Leu NHMes¢ 0.16 170
76 3-BrNpt (Gly-PO,H) (CH,-L-Leu) Leu NHMe 0.03 143
77 Npt (Gly-PO,H) (CH,-L-Leu) Alm 0.2 143,170
78 3-BrNpt (Gly-PO,H) (CH,-L-Leu) Alm 0.03 143
79 3-Br,4-HONpt  (Gly-PO,H) (CHj-L-Leu) Alm 0.017 171
80 Ac-Pro  Leu (Gly-POH) (CH;-L-Leu) Leu Ala-OEt 0.07 143
81 Cbz-Pro Leu (Gly-PO;H) (CH,-pDL-Leu) Leu Ala-OH¢ 0.056 170
82 (Hex-PO,H) (CH,-DL-Leu) Trp NHMed {0.5} 167
83 (Hex-PO,H) (O-DL-Leu) Trp NHMed {300} 167
84 (EtO-PO,H) (CH,-DL-Leu) Trp NHMed {4} 167
85 Cbz (Gly-PO,H) (CH;-pDL-Leu) Trp NHMed {0.2} 167
86 Nph (Gly-PO,H) (CH,-DL-Leu) Trp NHMed {0.03}¢ 167
86 Nph (Gly-PO,H) (CH,-DL-Leu) Trp NHMe¢ {0.11}f 167
87 Nph (Gly-PO,H) (CH,-DL-Leu) Trp NHBn¢ {0.01} 167

sAbbreviations: Alm, (S)-3-aminolaurolactam; Bn, benzyl; Hex, n-hexyl; Nph, f-naphthoyl; Npt, 1,8-napthaloyl; Pht, phthaloyl. P(HFC was
used. <One diastereomer. ¢Mixture of diastereomers. ¢Assayed at pH 6.5. fAssayed at pH 7.5.
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an earlier section, aromatic residues in subsites Py’ and P53’ are preferred. The
most potent inhibitor of this series is the phosphinate (87), with a K; value
of 10 nM for the mixture of diastereomers. A pH dependence for K has
been reported for phosphinate (86), which is approximately 3-fold less ac-
tive at the higher pH. The phosphonates (83) and (84) are both much less
effective inhibitors than the related phosphinate (82).

Sulphur-based inhibitors

Substrate analogues containing the mercaptan functionality have been ex-
tensively investigated as collagenase inhibitors, and some other sulphur-
based functionalities have also been explored [1,161,172—185]. The mercap-
tans tend to be very potent inhibitors of all of the MMP, presumably due
to the strong interaction between the active site Zn(II) and the mercaptide
anion. Unfortunately, these compounds tend to undergo inactivation by ox-
idative disulphide formation. However, the rate at which this occurs varies
widely and depends on the structure of the inhibitor. The most common
synthetic route to these derivatives again leads to a diastereomeric mixture.

Mercaptan derivatives that have the SH group formally in-register with
the C=0 of the substrate scissile bond are tabulated in Table 8.10, while
those with the SH group out-of-register are summarized in Table 8.11.
Among the in-register derivatives, the slower eluting diastereomer of the
tripeptide analogue HS-(CH,-pL-Leu)-Phe-Ala-NH, (99) is approximately
10-fold more potent than is the faster eluting isomer (98). A subsequent
asymmetric synthesis of the mercaptan-substituted P, residue led to the sur-
prising demonstration that the more active stereoisomer of this tripeptide
mimetic is in fact the D-Leu analogue (compare (100)—(101), Table 8.10).
The Ala residue in subsite P'; can be replaced by a methyl group, and the
resulting dipeptide analogue inhibitor has essentially the same potency and
stereoselectivity ((100)—(101) vs. (103)—(104)). However, the incorporation
of a D-Ala residue in subsite P3y’ causes a substantial loss in potency ((99)
vs. (102)). Analogues with aromatic residues in subsite P, are again pre-
ferred. The most potent inhibitor in this series has the 3-(2-naphthyl)alanyl
residue in this subsite ((110), ICsy < 14 nM).

Among the out-of-register mercaptans, derivatives (115) and (116) are
equivalent in potency to their in-register counterparts (90) and (91), but with
a reversal in stereoselectivity as indicated by the modest preference for the
L-Leu analogue stereoisomer in subsite P;’. The thiophenol derivative (118)
is very potent, at least in the presence of f-mercaptoethanol which presuma-
bly suppresses disulphide formation.

It has been reported that the incorporation of an alkyl group at the posi-
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tion « to the sulphydryl moiety of an in-register mercaptan enhances inhibi-
tion [175]. Data for the inhibition of HSC by several such compounds are
listed in Table 8.12. Comparison of the ICsy value of the a-methylmercap-
tan (121) in Table 8.12 with that of the comparable unsubstituted mercap-
tan (105) in Table 8.10, indicates an approximate 10-fold enhancement of
potency taking into account that the latter was assayed as the diastereomer-
ic mixture. Although no substantiation was offered, it was claimed that one
of the diastereomers with the S configuration at the methyl-substituted «-
carbon is the more potent one [175].

A very dramatic increase in the effectiveness of an in-register mercaptan
inhibitor is achieved by the attachment of a second chelating moiety at the
carbon atom « to the mercaptan (Table 8.13). The mercapto-ester (130) can
act as a bidentate ligand for the active site Zn(II) and, with an ICs; of 3.9
nM, it is some 50-fold more potent than the corresponding a-methylmer-
captan (121); note, however, that the collagenase sources are different in the
two cases.

Other sulphur-based scissile bond surrogate functionalities that have been
explored include the sulphinate, sulphide, sulphoxide and sulphone moie-
ties, but they have proved to be weak collagenase inhibitors, even when in-
corporating an amino acid residue in subsite Py (Table 8.14). The sulphide
analogue (139) is the best inhibitor in the series shown. It is perhaps note-
worthy that, with the sulphide-containing substrate analogue, the 1-Leu
diastereomer is the preferred stereoisomer ((139) vs. (140)), in contrast to
what is observed with the analogous mercaptan inhibitors. It is clear from
the behaviour of many of the stereoisomers discussed above that some of
these substrate analogue inhibitors do not, in fact, bind in the same way as
the analogous substrates.

Hydroxamate inhibitors

The hydroxamate functionality is an effective scissile bond surrogate in col-
lagenase inhibitors [1,186—203], probably because of its ability to serve as
a bidentate ligand for the active site Zn(II). N-terminal tri- and tetrapeptide
hydroxamate substrate analogues are only moderately potent inhibitors
(Table 8.15). An intriguing observation with respect to possible binding
modes is that the residues in subsites P; and P, can be replaced with their
D-stereoisomer counterparts with essentially no loss of potency, as long as
both are replaced with the pD-isomers (compare (151), (152) and (153), and
(154) vs. (157),in Table 8.15).

C-terminal hydroxamate analogues have proven to be very potent colla-
genase inhibitors (Table 8.16). The pseudotripeptide antibiotic actinonin



Table 8.10. IN-REGISTER MERCAPTAN INHIBITORS OF MAMMALIAN COLLAGENASES

Example:

P, P,

Py
o]
H H\‘
HS N NH,
< N
“ H

HS-(CH,-pL-Leu)-Phe-Ala-NH, (98,99)

Inhibitor

No. P/ Py Py P/ Diaster.b Enz. ICsy(uM) Ref.
88 HS-(CH,-pL-Phe) Ala OEt 1 PSC 100 172
89 HS-(CH,-pL-Leu) Ala OEt lor2 PSC 4-10 172
90 HS-(CH,-DL-Leu) Ala Gly OEt 1 PSC 1-4 172
91 HS-(CH,-DL-Leu) Ala Gly OEt 2 PSC 4-10 172
92 HS-(CH;-pL-Leu) Ala Gly GIn-OH lor2 PSC 4-10 172
93 HS-(CH,-pL-Leu) Leu Gly OEt mix HSC 1.3 1
94 HS-(CH,-pL-Leu) Trp OMe mix PSC 3.6 173
95 HS-(CH,-pL-Leu) Tyr(OMe)-OEt mix PSC 1 173

80¢
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96 HS-(CH,-pL-Leu) Phe NH, lor2 PSC 3-4 173

97 HS-(CH,-pL-Leu) Phe Phe NH, mix PSC 5 173

98 HS-(CH,-bL-Leu) Phe Ala NH, 1 PSC 03 173

99 HS-(CH;-pL-Leu) Phe Ala NH; 2 PSC 0.04 173

99 HS-(CH,-pL-Leu) Phe Ala NH, 2 RCC 0.011 161
100 HS-(CH;-L-Leu) Phe Ala NH, - HNC 0.36 174
100 HS-(CH,-L-Leu) Phe Ala NH; - HFC 0.45 174
101 HS-(CH,-b-Leu) Phe Ala NH, - HNC 0.042 174
101 HS-(CH,-p-Leu) Phe Ala NH, - HFC 0.056 174
102 HS-(CH,-pL-Leu) Phe p-Ala NH, mix PSC 2.6 173
103 HS-(CH,-L-Leu) Phe NHMe - HNC 0.24 174
103 HS-(CH,-L-Leu) Phe NHMe - HFC 045 174
104 HS-(CH,-p-Leu) Phe NHMe - HNC 0.056 174
104 HS-(CH,-p-Leu) Phe NHMe - HFC 0.072 174
105 HS-(CH,-pL-Leu) Tyr(OMe) NHMe mix HSC 3.6 175
106 HS-(CH,-pL-Leu) Leu NHMe A HSC 35 1
107 HS-(CH,-pL-Leu) Leu NHMe B HSC 7.0 1
108 HS-(CH,-DL-Leu) Trp Ala NH, 1 PSC 0.1 173
109 HS-(CH,-pL-Leu) Trp Ala NH, 2 PSC 0.07 173
110 HS-(CH,-pL-Leu) Nal Ala NH; 1 PSC 0.014¢ 173
111 HS-(CH,-pr-Leu) Nal Ala NH, 2 PSC 0.1 173

2Abbreviations: Nal, L-3-(2-naphthyl)alanine. *Diastereomers of unknown stereochemistry are characterized by chromatographic behavior:
I = faster eluting, 2 = slower eluting, diastereomer in reverse-phase chromatography; A, B, etc. designate separated but uncharacterized
diastereomers. “Upper limit because [I}g.. & [enzyme].
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Table 8.11. OUT-OF-REGISTER MERCAPTAN INHIBITORS OF MAMMALIAN COLLAGENASES

Examples:

Py Py Py

(HS-L-Leu)-Leu-Gly-OEt
(112)

2-HSPh~(CH,-DL-Leu)-Tyr{OMe)-NHMe
(117,118)

0l¢
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Inhibitor

No. P/ Py Py P/ Py Diastert Enz. ICsp(uM) Ref.
112 (HS-L-Leu) Leu Gly OFEt - HSC 8.5 1

113 (HS-L-Leu) Ala Gly Gln D-Arg-NH, - TSC 10 176
114 (HS-L-Phe) Ala Gly Gln p-Arg-NH, — TSC 70 176
115 HSCH,-(CH,-L-Leu) Ala Gly OEt - HSC 4.0 1

116 HSCH,-(CH,-p-Leu) Ala Gly OFEt - HSC 9.0 1

117 0-HSPh-(CH,-DL- Leu) Tyr(OMe)NHMe 1 RBC 1.9 177
118 0-HSPh-(CH,-pDL-Leu) Tyr(OMe)NHMe 2 RBC 1.4 177
118 0-HSPh-(CH,-DL-Leu) Tyr(OMe)NHMe 2 HFC 0.71 177
118 0-HSPh-(CH;-DL-Leu) Tyr(OMe)NHMe 2 HFC 0.024¢ 177

“Abbreviations: 0-HSPh, ortho-mercaptophenyl. bDiastereomers of unknown stereochemistry are characterized by chromatographic

behaviour: 1 = faster eluting, 2 = slower eluting diastereomer in normal-phase chromatography. “With f-mercaptoethanol in the assay
medium.
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Table 8.12. «-SUBSTITUTED IN-REGISTER MERCAPTAN INHIBITORS OF MAMMALIAN COLLAGENASES

Inhibitor®

¥
HS N Me
< N7
N

R o H
OMe
No. R P/ Py Py Diaster.b Enz. ICsy (uM) Ref.
119 Me  HS-(CHR-DL-Leu) Tyr(OMe) NHMe 1 HSC 19 175
120 Me  HS-(CHR-pL-Leu) Tyr(OMe) NHMe 2 HSC 13 175
121 Me  HS-(CHR-DL-Leu) Tyr(OMe) NHMe 3 HSC 0.22 175
122 Me  HS-(CHR-pDL-Leu) Tyr(OMe) NHMe 4 HSC L.5 175
123 Ph HS-(CHR-DL-Leu) Tyr(OMe) NHMe 1 HSC 0.27 175
124 Me  HS-(CHR-DL-Ahx) Tyr(OMe) NHMe 1+2 HSC 0.2 175
125 Me  HS-(CHR-DL-Ahx) Tyr(OMe) NHMe 3+4 HSC 1.0 175
126 Me  HS-(CHR-pL-Leu) Thr(OBn) NHMe 1+2 HSC 0.45 175
127 Me  HS-(CHR-DL-Leu) Thr(OBn) NHMe 3+4 HSC 4.9 175

aAbbreviations: Ahx, 2-aminohexanoyl; Bn, benzyl. *Diastereomers of unknown stereochemistry are characterized by chromatographic

behavior: 1 = fastest eluting ... 4 = slowest eluting diastereomer in normal-phase chromatography.

T
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Table 8.13. BIDENTATE «-SUBSTITUTED IN-REGISTER MERCAPTAN INHIBITORS OF MAMMALIAN COLLAGENASES

Inhibitor
Py Py Py
@]
H
HS NYlkN/Me
R
OMe
No. R P/ P, Py Diaster Enz. ICyy (uM) Ref.
128 Me HS-(CHR'-pL-Leu) Tyr(OMe) NHMe A HFC 0.014 178
129 MeO HS-(CHR'-bL-Leu) Tyr(OMe) NHMe 1 RBC 0.072 179
130 MeO HS-(CHR'-pL-Leu) Tyr(OMe) NHMe 2 RBC 0.0039 179
131  BnO HS-(CHR'-pL-Leu) Tyr(OMe) NHMe A RBC 0.031 179
132 BnO HS-(CHR'-pL-Leu) Tyr(OMe) NHMe B RBC 0.27 179
133 BnO HS-(CHR'-pDL-Leu) Tyr(OMe) NHMe C RBC 0.23 179
134  BnO HS-(CHR'-DL-Leu) Tyr(OMe) NHMe D RBC 12.6 179
135 MeNH  HS-(CHR'-pL-Leu) Tyr(OMe) NHMe A RBC 0.0047 179
136 MeO HS-(CHR'-DL-Leu) Phe NHMe A RBC 0.0083 179

2Abbreviations: Bn, benzyl. "Diasteromers of unknown stereochemistry are characterized by chromatographic behaviour: 1 = faster eluting,
2 = slower eluting diastereomer in normal-phase chromatography; A, B, etc. designate separated but uncharacterized diastereomers.
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Table 8.14. OTHER SULPHUR-BASED INHIBITORS OF MAMMALIAN COLLAGENASES

Example:

P2 Py Py P! Ps'
(@]
H H H H
Ph\n/N\/S N>)J\N ’ NH,
N
0 o H N : o)

Bz-(Gly-S)-CH,-L-Leu)-Phe-Ala-NH,

1483

(139)
Inhibitor ICsy (uM)
No. P, P/ Py Py HFC HNC Ref.
137 HO,S (CH,-L-Leu) Phe Ala-NH, 220 79 174
138 HO,S (CH,-p-Leu) Phe Ala-NH, 1100 710 174
139 Bz-(Gly-S) (CH,-L-Leu) Phe Ala-NH, 36 25 174
140 Bz-(Gly-S) (CH,-D-Leu) Phe Ala-NH, 210 110 174
141 Bz-(Gly-SO) (CH,-L-Leu) Phe Ala-NH,? 240 130 174
142 Bz-(Gly-SO) (CH,-L-Leu) Phe Ala-NH," 710 580 174
143 Bz-(Gly-SO) (CH,-D-Leu) Phe Ala-NHj2 1500 1100 174
144 Bz-(Gly-SO) (CH,-p-Leu) Phe Ala-NH,® 79 560 174
145 Bz-(Gly-SO;) (CH,-L-Leu) Phe Ala-NH, 350 140 174
146 Bz-(Gly-SO,) (CH,-D-Leu) Phe Ala-NH, 500 300 174

SASVNHOVTTOO TVILILSYHLNI A0 SYOLIGIHNI

aFaster-eluting diastereomer (normal-phase chromatography). YSlower-eluting diastereomer (normal-phase chromatography)



Table 8.15. N-TERMINAL HYDROXYAMATE INHIBITORS OF MAMMALIAN COLLAGENASES

Ps

Example:

Ps

z
Iz

Cbz-Pro-Leu-Ala-NHOH

(151
Inhibitor ICsy (uM)

No. P, Py P, P, HFC 78C Ref.
147 Cbz Pro Leu Gly-NHOH 40 186,187
148 Ac Pro Leu Gly-NHOH 10 1

149 Cbz Leu Leu Gly-NHOH 300 187

150 Cbz Pro Leu Leu-NHOH 27 35 188

151 Cbz Pro Leu Ala-NHOH 2.6 7.3 188

152 Cbz Pro D-Leu Ala-NHOH 1500 188

153 Cbz Pro D-Leu D-Ala-NHOH 4.1 1.3 188

154 Bz-Gly Pro Leu Ala-NHOH 2.7 7.7 189,190
155 Boc-Gly Pro Leu Ala-NHOH 8.9 190

156 Boc-Gly Pro Leu Val-NHOH 3.1 9.8 189,190
157 Bz-Gly Pro D-Leu D-Ala-NHOH 6.4 3.1 189,190
158 4-HOBz-Gly Pro D-Leu D-Ala-NHOH 1.2 189

159 4-NH,Bz-Gly Pro D-Leu D-Ala-NHOH 1.3 189

*Abbreviations: 4-HOBz, 4-hydroxybenzoyl; 4-NH;,Bz, 4-aminobenzoy!.
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Table 8.16. C-TERMINAL HYDROXAMATE INHIBITORS OF MAMMALIAN COLLAGENASES

Example:
P, Py Ps
O
H\‘ H 7 H
HO. N y
H * H
o H Y o
HONHCO-(CH,-L-Leu)-Leu-Ala-OEt (180)
Inhibitor
No. P/ Py Py Diaster® ICy {Ky} Ref.
(uM)
160 HONHCO-(CH,-L-Ahp) Val (Pro-CH,)-OH - {1.4}¢ 191
161 HONHCO-(CH,-pL-Ahp) Val NMph mix 14 192
161 HONHCO-(CH,-pL-Ahp) Val NMph mix {0.35}¢ 193
162 HONHCO-(CH,-pL-Leu) Val NHBn A {0.013)¢ 194,195
163 HONHCO-(CH,-DL-Leu) Val NHBn B {6}4 194,195
164 HONHCO-(CH,-pL-Leu) Val Gly-NHEt mix 0.2 1

91¢
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165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
180
181
182

HONHCO-(CH,-pL-Leu)
HONHCO-(CH,-pL-Leu)
HONHCO-(CH,-pL-Leu)
HONHCO-(CH,;-pL-Leu)
HONHCO-(CH;-pL-Leu)
HONHCO-(CH,-pL-Leu)
HONHCO-(CH,-pL-Leu)
HONHCO-(CH,-pDL-Leu)
HONHCO-(CH,-pDL-Leu)
HONHCO-(CH,-L-Leu)
HONHCO-(CH;-L-Leu)
HONHCO-(CH,-L-Leu)
HCON(OH)-(CH,-pL-Leu)
HONHCO-(CH,-L-Nle)
HONHCO-(CH,-L-Phe)
HONHCO-(CH;-L-Leu)
HONHCO-(CH,-L-Leu)
HONHCO-(CH,-L-Leu)
HONHCO-(CH,-L-Leu)

Leu

Leu

Ala

Tyr

Tyr
Tyr(OMe)NHMe
Tyr(OMe)NHMe
Phe

Phe

Phe

Phe

Leu

Leu

Leu

Leu

Leu

Leu

DL-Alm

DL-Alm

Gly-NH,
NHMe
NHMe
NHMe
NHMe

NHMe

NHMe
NHCH,-3-Pyr
NH(CH,),NMph
Gly-OEt
Gly-OEt
Gly-OEt
Gly-OEt
Ala-OEt
Ala-OEt

mix
X

=.

e E>E > s

0.2
0.05
0.15
0.037
0.52
0.02

4

0.02
1.0
0.020
0.015
0.025
0.30
0.070
>1
0.0085
{0.005}
0.038
0.026

1
1
196
196
196
196
196
196
196
197
197
198
198
1
1
198
1
198
1

*Abbreviations: Ahp, 2-aminoheptanoyl; Alm, 3-aminolaurolactam; Bn, benzyl; CH,-3-Pyr, 3-pyridinylmethyl; NMph, 1-morpholinyl. A
and B designate separated but uncharacterized diastereomers. <HSC was used unless otherwise noted. 9PSC was used.
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318 INHIBITORS OF INTERSTITIAL COLLAGENASES

(160) is a moderately effective inhibitor, while modification by substitution
of Leu in subsite P;’ and a benzyl moiety in P3" affords the potent inhibitor
(162) with a K; value of 13 nM. Connection of the P,’ and Py’ side-chains
to form a cyclic lactam, as was done in the phosphinate series, is again tole-
rated with little loss in potency ((181) and (192)). The most potent inhibitor
in the series shown is the tripeptide analogue HONHCO-(CH;-L-Leu)-Leu-
Ala-OEt (180), which exhibits a K value of 5 nM againt HSC. The incorpo-
ration of another substituent at the carbon atom « to the hydroxamate
moiety leads to an only modest enhancement of potency in most cases
(Table 8.17), in contrast to the success of analogous substitutions for mer-
captan inhibitors. For example, the phthalimidobutyl substituted hydroxa-
mate (185) is only slightly more active than its unsubstituted counterpart
((180), Table 8.16). However, the mercaptomethyl substituted hydroxamate
(188), with an ICsy value of 3 nM, is some 7-fold more potent than its un-
substituted analogue (172). The possibility that this enhancement is a result
of tridentate binding of the hydroxamate and mercaptide moieties to the
Zn(II) of the enzyme seems unlikely, because the analogous (4-t-butylphen-
ylthiomethyl derivative (193) is equivalently potent.

N-Carboxyalkyl inhibitors

A number of N-carboxyalkyl and N-phosphonoalkyl substituted substrate
analogue inhibitors have been examined [161,204—-208]. These derivatives
contain both the acidic carboxylate (or phosphonate) and basic amine func-
tionalities in the vicinity of the scissile bond. Thus, they are capable both
of electrostatic interaction with the active site Zn(II) and hydrogen bonding
interactions with other active site residues. They are, however, only mode-
rately potent collagenase inhibitors (7able 8.18). The stereochemistry at the
carbon atom to which the carboxylate moiety is bonded markedly influ-
ences the inhibitory potency of these derivatives ((197) vs. (198)). The
phosphonate analogues of this class of derivatives have also been evaluated
(Table 8.18), but are not substantially better inhibitors than the carboxyl-
ates.

Miscellaneous inhibitors

Included in this category of compounds are one example of a substrate ana-
logue containing an N-ketoalkyl scissile bond surrogate moiety (213), and
a number of non-substrate analogue peptides (Table 8.19) [176, 209-214].
Some of the latter compounds contain a Cys residue whose side-chain may
be interacting with the active site Zn(II) atom. All of these compounds are



Table 8.17. «-SUBSTITUTED C-TERMINAL HYDROXAMATE INHIBITORS OF MAMMALIAN COLLAGENASES

Example:

Py Py

R = Me; HONHCO-((S)CHMe-L-Leu)-Tyr(OMe)-NHMe

(186)
Inhibitor

No. R P/ Py Py ICs (uM ) Ref.
183 Me HONHCO-((S)YCHR-L-Leu) Leu Gly-OFEt 0.02 1

184  PhtN(CH;), HONHCO-((S)YCHR-L-Leu) Leu Gly-OEt 0.012 198

185  PhtN(CH,), HONHCO-((S)YCHR-L-Leu) Leu Ala-OEt 0.005 1

186 Me HONHCO-((S)CHR-L-Leu) Tyr(OMe) NHMe 0.005 196,199
187 Me HONHCO-((S)CHR-D-Leu) Tyr(OMe) NHMe >1 196,199
188  HSCH, HONHCO-((S)CHR-L-Leu) Phe NHMe 0.003 200

189  BzSCH,; HONHCO-((S)CHR-L-Leu) Phe NHMe 1 200

190  PhSCH, HONHCO-(($)CHR-L-Leu) Phe NHMe 0.008 201

191 PhS(O)CH, HONHCO-((S)CHR-L-Leu) Phe NHMe 0.015 201

192  4-HOPhSCH, HONHCO-((S)CHR-L- Leu) Phe NHMe 0.010 201

193 4-t-BuPhSCH, HONHCO-((S)CHR-L-Leu) Phe NHMe 0.004 201

194  2-ThiSCH, HONHCO-((S)CHR-L-Leu) Phe NHMe 0.006 201

*Abbreviations: Pht, phthaloy}; Thi, thiophene. "HSC was used.
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Table 8.18. N-CARBOXYLALKYL AND N-PHOSPHONOALKYL INHIBITORS OF MAMMALIAN COLLAGENASES

Example:
P1 P1' le PSI
HOOC H H N
p > N Me
v
H o H \ H

CbzNH

OMe

CbzNH(CH,),(R)YCH(CO,H)-Leu-Tyr(OMe)-NHMe (197)

Inhibitore
No. P, P/ Py Py Diaster.? ICs {Ky} Ref.
(uM)¢
195 Pr(RS)CH(CO,H) Leu Phe Ala-NH, mix 254 161
195  Pr(RS)CH(CO),H) Leu Phe Ala-NH,; mix 1-10¢ 204
196  CbzNH(CH,)y(R)YCH(CO,H) Leu Tyr(OH) NHMe - 1.2 205
197  CbzNH(CH,),(R)CH(CO,H) Leu Tyr(OMe) NHMe - 0.81 205,206
197  CbzNH(CH,),(R)CH(CO;H) Leu Tyr(OMe) NHMe - {0.3} 207
198  CbzNH(CH,)(S)CH(CO,H) Leu Tyr(OMe) NHMe - 200 207
199  CbzNH(CH,)y(R)CH(CO,H) Leu Tyr(OBn) NHMe - 091 205

(1743
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200  CbzNH(CH,),(R)CH(COH) Leu Tyr(OPn) NHMe - 0.54 205

201  MeS(CH,),(R)CH(CO;H) Leu Tyr(OMe) NHMe - 5.5 206
202 Me(R)CH(CO,H) Leu Tyr(OBn) NHMe — 1.7 206
203 Me(RS)CH(PO;H,) pL-Leu Tyr(OMe) NHMe 1+2 0.51f 208
203 Me(RS)CH(PO;H,) DL-Leu Tyr(OMe) NHMe 1+2 ig 208
204  Me(RS)CH(PO;H,) DL-Leu Tyr(OMe) NHMe 3+4 > 1002 208
205  Me(RS)CH(PO;H,) DL-Leu Tyr(OMe) NHMe 1 1.2¢ 208
206  Me(RS)CH(PO;H,) DL-Leu Tyr(OMe) NHMe 2 3.1 208
207  CHx€PO;H,) pL-Leu Tyr(OMe) NHMe mix 27¢ 208
208  Et(RS)CH(PO;H,) pL-Leu Tyr(OMe) NHMe 142 0.33f 208
209  Et(RS)CH(PO:H,) pL-Leu Tyr(OMe) NHMe 3+4 5.4f 208
210 Me(RS)CH(PO;H,) DL-Leu Trp NHMe 1 0.30f 208
211 Me(RS)CH(PO;H,) pL-Leu Trp NHMe 2 0.43f 208
211 Me(RS)CH(PO;H,) pL-Leu Trp NHMe 2 0.69s 208
212 Me(RS)CH(PO;H,) pL-Leu Trp NHMe 3+4 22f 208

2Abbreviations: Bn, benzyl; Pn, pentyl; Pr, propyl. ®Diastereomers of unknown stereochemistry are characterized by chromatographic beha-
viour: | = fastest eluting ... 4 = slowest eluting diastereomer in reverse-phase chromatography. ‘HSC was used unless otherwise specified.
dRCC was used. ¢PSC was used. THFC was used. tRBC was used.
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322 INHIBITORS OF INTERSTITIAL COLLAGENASES

Table 8.19. MISCELLANEOUS INHIBITORS OF MAMMALIAN COLLAGENASES

Example:

P3 P2

el v“¢ Y“ Y

Cbz-Pro-Ala-(Gly-COCH,)-Leu-Ala-Gly-OEt

(213)
No. Inhibitor® ICs {K} (uM) Ref.
or % Inhibition®
213 Cbz-Pro-Ala-(Gly-COCH,)-Leu-Ala-Gly-OEt {60} 209
214  Ac-Cys-Ala-Gly-Gln-p-Arg-NH, 70¢ 176
215 Cys-Ala-Gly-Gln-p-Arg-NH, 50¢ 176
216 Cbz-Glu-Leu-Ala-Gly-OH 450¢ 210
217  Cys-Ile-NH, 35% @ 2 mM 211
218  pGlu-Cys-lle-NH, 75% @ 2 mM 211
219 Cpc-Gly-Pro-Glu-pL-Val(SH)-NH, 86% @ 2 mM 212
220  Ac-Gly-Cys-Gly-Glu-Glu-NH, 80% @ 2 mM 213
221 Boc-Gly-Leu-Pro-NH(n-C;H,6) 44% @ 50 uM 214
222 Boc-Pro-Leu-Gly-NH(n-C;,Hy) 82% @ 50 uM 214
223 Boc-Val-NH(n-C,;Hy) 68% @ 50 uM 214
224  Boc-Val-Val-NH(n-C,Ha) 100% @ 1 uM 214

aAbbreviations: Cpc, cyclopentylcarbonyl; pGlu, pyroglutamatic acid; Val(SH), f-mercaptova-
line. "(HFC was used unliess otherwise specified. “TSC was used.

relatively ineffective collagenase inhibitors, with the exception of the highly
hydrophobic dipeptide derivative (224), which appears to be quite potent;
since the latter is not a substrate analogue, the reason for its effectiveness
is not at all clear.

PHYSIOLOGICAL ASSAYS AND TESTS OF EFFICACY

A number of studies have used synthetic collagenase inhibitors in physiolog-
ical assays with live tissue or whole animals for the purposes of either estab-
lishing the role of a collagenase in a physiological event, or as a test of the
efficacy of the inhibitor. Since these represent two of the most important
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goals of collagenase inhibitor development, we conclude this chapter by
mentioning several of these reports.

The ability of collagenase inhibitors to reduce or prevent cartilage dam-
age in arthritic conditions is, and will continue to be, a key testing ground
for the efficacy of collagenase inhibitors. A SmithKline & French/British
Biotechnology collaboration has recently investigated the anti-inflammato-
ry and anti-arthritic effects of inhibitor BB16 (compound (186) in Table
8.17) using the less potent diastereomer BB15 (compound (187) in Table
8.17) as a control [199,215]. Intraperitonal injections of BB16 (0.6 to 50 mg/
kg) significantly inhibited (> 68%) hindpaw swelling of rats with arthritis
induced by intradermal injections of Freund’s complete adjuvant, while
BB15 produced a similar effect only at much higher doses. These substrates
did not inhibit eicosanoid production, suggesting that the beneficial effects
were due instead to inhibition of one or more MMP. A number of other
hydroxamate-type collagenase inhibitors have also been shown to reduce
oedema in the adjuvant arthritic rat [201]. The arthritic lesions in the rats
were evaluated radiographically and histologically to assess the degree of
skeletal tissue loss. Moderate decreases in the severity of bone and cartilage
loss paralleled the decrease in tissue swelling. Interestingly, parallel experi-
ments with indomethacin showed that it reduced the oedema, but did not
inhibit skeletal loss.

The rat air-pouch model was also used to assess in vivo collagen degrada-
tion by injecting collagen into preformed dorsal, subcutaneous air pouches
and quantitating urinary hydroxyproline as a measure of collagen break-
down. Intraperitoneal injection of BB16 (100 mg/kg) before (1 h) and after
(5 h) collagen injection caused a moderate inhibition of the elevation in urin-
ary hydroxyproline concentrations, while BB15 had no effect. These obser-
vations are consistent with an anti-arthritic effect of BB16 related to its
ability to inhibit one or both collagenases or another MMP. In a somewhat
related study, the daily intraperitoneal injection of 2 mg of recombinant
human TIMP-1 has been shown to reduce the incidence of joint erosion in
type II collagen-induced arthritic mice [216]. While not a synthetic inhibitor,
TIMP-1 is a potent protein (28.5 kDa) inhibitor of all of the MMP, and
this observation supports a role for one or more of these enzymes in this
arthritic model. Other studies have used TIMP or increased TIMP expres-
sion to implicate MMP in tumour cell invasion [217-220].

In another study, a group at Roche investigated the effect of two collagen-
ase inhibitors on the degradation of both collagen and proteoglycan in in-
terleukin-1-a-stimulated bovine nasal cartilage slices [171]. Ro 31-4724
(compound (180) in Table 8.16) is a hydroxamate inhibitor that inhibits fi-
broblast-type collagenase, stromelysin and gelatinase almost equally, while
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Ro 31-7467 (compound (79) in Table 8.9) is a phosphinate fibroblast-type
collagenase inhibitor that is at least 10-fold less potent against stromelysin
and gelatinase. Explants of bovine nasal cartilage exhibit a dose-dependent
release first of proteoglycan followed by hydroxyproline on stimulation by
interleukin-1-¢. Explants cultured.in the presence of 0.3-100 uM Ro 31-
7467 for up to 30 days showed a marked dose-dependent inhibition of colla-
gen degradation, while the reduction in proteoglycan release over 12 days
was minimal. In contrast, low micromolar concentrations of Ro 31-4724 in-
hibited both proteoglycan and collagen release in this system. These results
are consistent with the view that fibroblast-type collagenase is responsible
for the loss in cartilage collagen in this model, while a different MMP is re-
sponsible for the loss of proteoglycan.

Tetracycline antibiotics have at times been prescribed for the treatment
of rheumatoid arthritis. Although the efficacy of this treatment has been
questioned [221], there is some evidence that tetracyclines are effective in
treating rheumatoid arthritis and that this is associated with the inhibition
of collagenases. Several tetracyclines have been shown to inhibit mamma-
lian collagenases in vitro [161]. In one in vivo study, synovial tissue was col-
lected from 7 patients undergoing bilateral total joint replacements before
and after twice-daily oral administration of 100 mg of minocycline (com-
pound (60) in Table 8.7) [222]. Relative to the pretreatment values, the post-
minocycline trypsin-activated collagenase activities of the tissue samples
were 67% lower. A more recent study of 10 patients receiving 200—400 mg
daily of oral minocycline reported a significant improvement in several effi-
cacy variables over pretreatment values [223]. The therapeutic properties of
tetracycline antibiotics in the treatment of periodontal disease has also been
attributed to their collagenase inhibitory properties [224—228]. The efficacy
of these substances had generally been attributed to their ability to suppress
micro-organisms believed to be periodontal pathogens. However, their ad-
ministration has also been shown to reduce the collagenase activity in the
gingival and crevicular fluids of patients with periodontitis, implying that
this is at least a partial basis for their efficacy.

A role for a collagenase, presumably fibroblast-type collagenase, in bone
resorption has been indicated by studies employing the Searle N-carboxyl
alkyl synthetic collagenase inhibitor CI-1 (compound (197) in Table 8.18)
and its less potent stereoisomer CI-2 (compound (198) in Table 8.18) [207].
Cultured embryonic mouse calvaria treated with parathyroid hormone ex-
hibit loss of calcium and show pronounced collagen resorption. CI-1 inhi-
bited the collagen resorption in a dose-dependent manner at significantly
lower concentrations than CI-2, but had only a small effect on calcium loss.
This inhibitory effect was reversible and not due to inhibitor cytotoxicity.
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Several tetracyclines with collagenase inhibitory activity have also been
shown to inhibit parathyroid-induced bone resorption in organ culture
[229]. Subsequent experiments with CI-1 have reinforced the view that a col-
lagenase is involved in bone resorption and, in fact, the resorption of demin-
eralized collagen by collagenase may be the rate-limiting step [230,231].

Collagenase inhibitors have also been used to implicate collagenases in
a number of other physiological states characterized by collagen catabolism.
The involvement of a collagenase in the ulceration following alkali-induced
corneal burns has been investigated in rabbits [232]. The fate of 10 untreated
controls was compared with 10 animals treated topically six times daily and
subconjunctivally once daily with a | mM solution of a mercaptan collagen-
ase inhibitor (compound (99) in Table 8.10). All of the control eyes devel-
oped ulcers and 10 progressed to deep ulcers. In the treated group, 4 eyes
developed ulcers and only one a deep ulcer. None of the treated eyes, but
7 of 10 control eyes progressed to perforation. Since this inhibitor is active
against most of the MMP including both fibroblast- and neutrophil-type
collagenases, no definitive conclusion regarding the involvement of a partic-
ular MMP can be drawn. Tetracyclines with collagenase inhibitory proper-
ties have also been shown to be effective in the treatment of alkali-induced
corneal burns [233], as well as in the corneal degeneration associated with
epithelial defects [234] and infectious keratitis induced by Pseudomonas ae-
ruginosa [235]. Inhibitory tetracyclines may also be effective in the treatment
of epidermolysis bullosa [236,237]. Finally, the Searle inhibitor CI-1 has
been shown to suppress ovulation in the perfused rat ovary [113].

CONCLUDING COMMENTS

The recognition that the members of the MMP gene family are intimately
involved in the iurnover of various components of the extracellular matrix
has greatly stimulated interest in virtually every aspect of these enzymes.
The interstitial collagenases were the first members of this family to be dis-
covered and are the only two human enzymes capable of catabolizing inter-
stitial collagens at an appreciable rate under physiological conditions. Since
collagen is the most abundant protein in humans and its breakdown in a
variety of pathological conditions has profound negative consequences, the
development of collagenase inhibitors is currently a high priority in many
pharmaceutical companies and academic centres. This is evidenced by the
rapid increase in new patents and reports of new inhibitors, as described
herein. Despite this burst of current activity, however, collagenase inhibitor
development is still in its early stages. From the therapeutic viewpoint, the
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key issues that remain are potency, selectivity and bioavailability. Thus, no
subnanomolar collagenase inhibitors have yet been reported, and the issue
of selectivity is just beginning to be addressed. Moreover, the important task
of establishing efficacy in experiments at the tissue or whole animal level re-
quires pharmokinetic studies that are still in their initial stages. Once these
issues are resolved, specific potent inhibitors of collagenases and the other
MMP will be critical tools in elucidating the role of these enzymes in vivo
and, hopefully, these substances will fulfil their potential as therapeutic
agents toward a variety of human diseases.
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Analgesia with kappa opioid agonists, 114
Analgesics, antiarrhythmic action and

narcotic, 83
Anthelmintic action of pyridazin-3-ones, 164
Anthopleurin A, antiarrhythmic action, 85
Anthralin, effect on 5-LO, 15
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Benzofuro[2,3-c]pyridin-6-ol, opioid
analgesic, 130, 131

Benzopyrano-{4,3-b}-1,4-oxazin-9-ol
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BW-A137C, effect on 5-LO, 31
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Cathepsins, 275
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Chrysartemins in feverfew, 221, 222, 229
Chrysartemin A, see Canin
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Cirsiliol, effect on 5-LO, 9
CK-1649, antiarrhythmic action, 87
Clofilium, 67
chemical modifications of, 86
pharmacology, 75
Clopazine and DA agonists, 192
Coenzyme Q10, antiarrhythmic action, 85
Collagenases, 271
assays, 283
bacterial, 275
classification, 276
degradation of types I-III, 274
design of inhibitors, 289, 293, 295
difference between bacterial and
interstitial, 298, 299
fibroblast-type, 278
from Achromobacter iophagus, 275
from Clostridium histolyticum (CHC), 275,
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properties, 276
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function, 272
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D2 receptor, adaptivity, 189,
molcular biology, 188
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D4 receptor, 189
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Dauricine, antiarrhythmic agent, 85

Deprenyl, Parkinson’s disease and, 187
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Dopamine (DA) D1 and D2 receptors, 186,
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electrical state of N atom, 205
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metabolism, 202
models, 207
molecular modelling, 206
potential clinical uses, 187
prodrug of 3-PPP, 203
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Dopamine ligands, 129
Dopamine receptor antagonists, 186, 197, 209
Dopaminergic autoreceptor antagonists, 189,
209
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Eicosanoids in inflammation, 2
Elastin, 272
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administration, 219
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chemical constituents, 221, 222
clinical studies, 233
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history, 218
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platelet aggregation and, 229, 232, 233
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composition, 279-282
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properties, 279
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Goniopora toxin, antiarrhythmic action, 85
Gossypol effect of 5-LO, 8
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Haloperidol, DA agonist, 189, 201
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Hydroxamic acids as collagenase inhibitors,
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Hydroxamic acids, effect on 5-LO, 27, 43
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inhibition of 5-LO, 33
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and its inhibition, 3, 40
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191, 198
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assays for, 241
HT;, 240
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types of, 240
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Ibutilide, antiarrhythmic agent, 86

ICI 197067, kappa agonist, 121, 123
selective ligand, 114
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