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PREFACE

Annual Reports in Medicinal Chemistry continues to strive to provide timely and critical
reviews of important topics in medicinal chemistry. Emphasis is placed on emerging top-
ics in the biological sciences which are expected to provide the basis for entirely new
future therapies.

Volume 33 retains the familiar format of previous volumes, this year with 37 chapters.
Sections |-1V are disease-oriented and generally report on specific medicinal agents
with updates from Volume 32 on antithrombotics, neurokinin antagonists, and antifungal
agents. As in past volumes, annual updates have been limited to only the most active
areas of research in specifically focused and mechanistically oriented chapters, where
the objective is to provide the reader with the most important new results in a particular
field. To this end, chapters on topics not reported in at least five years include: serotonin,
histamine H3 receptors, sodium channels, epilepsy, phosphodiesterase 1V, adenosine,
antimicrobial potentiation, B3 adrenergic receptor agonists, and prostanoid receptors.

Sections V and VI continue to emphasize important topics in medicinal chemistry, biolo-
gy, and drug design as well as the critical interfaces among these disciplines. Included
in Section V, Topics in Biology, are chapters on pro-inflammatory kinases, macrophage
inhibitory factor, Bcl-2, chemokine receptors as HIV co-receptors, and caspases. Each
of these areas is likely to lead to novel medicinal agents in the future. Chapters in
Section VI, Topics in Drug Design and Discovery, reflect the current focus on mecha-
nism-directed drug discovery and newer technologies. These include chapters on pre-
dictive toxicology, surface plasmon resonance, high-throughput screening, and anti-
sense oligonucleotides.

Volume 33 concludes with To Market, To Market—a chapter on NCE introductions world-
wide in 1997 and chapters on gender-based medicine, chemoinformatics, technology
providers and integrators, and two chapters on glossary of terms used in medicinal
chemistry and in computational chemistry. In addition to the chapter reviews, a com-
prehensive set of indices has been included to enable the reader to easily locate topics
in volumes 1-33 of this series.

Volume 33 completes my 9" and last year as Editor-in-Chief of Annual Reports in
Medicinal Chemistry. During this period, it has been my pleasure to work with 13 highly
professional section editors and numerous authors whose critical and insightful chapters
have contributed to the success of this series.

James A. Bristol
Ann Arbor, Michigan
May 1998



SECTION |. CNS AGENTS

Editor: David W. Robertson, DuPont Merck Pharmaceutical Company
Wilmington, Delaware

Chapter 1. Dopaminergic Approaches to Antipsychotic Agents

John M. Schaus and Frank P. Bymaster
Lilly Research Laboratories
Indianapolis, IN 46285-0510

Introduction - Schizophrenia is a psychotic disorder of unknown eticlogy in which
patients suffer from a cluster of symptoms which may include both positive {delusions,
hallucinations, disordered thoughts, and disorganized speech) and negative (flat affect,
anhedonia, social withdrawal, emotional detachment, cognitive deficits, and poverty of
speech) symptoms. This disease, which is relatively common (lifetime prevalence rate
~ 1%), usually strikes its victims during adolescence or early aduithood. Since
occupational and social function is severely affected, often leading to
institutionalization, the cost to society is very high.

The dopamine hypothesis of schizophrenia has provided a framework for
understanding the disease and proposing approaches to its treatment. This hypothesis
suggests that schizophrenia results from increased dopaminergic neurotransmission
and that treatments which decrease dopaminergic function will alleviate psychotic
symptoms (1). While the action of most antipsychotic agents can be understood in
terms of this hypothesis, alternative approaches. to antipsychotics involving glutamate
(2), serotonin (3), neuropeptide (principally neurotensin (4) and CCK (5)), muscarinic
(6) and adenosine (7) neurotransmitter systems, and the sigma binding site (8) have
been proposed. This report will cover dopaminergic approaches to the treatment of
schizophrenia, focusing on work published since the topic was last covered in this
series (9). A review of antipsychotic patent literature has appeared recently (10).

Dopamine receptors - Cloning studies have identified five dopamine receptor subtypes
which can be grouped into two major classes - the D1 receptors, consisting of the D1
and D5 subtypes, and the D2 receptors, consisting of the D2, D3, and D4 subtypes
(11,12,13). In a seminal study, the average daily dose of the antipsychotics was found
to be well correlated with affinity of the antipsychotics for the D2 class receptors (14).
While positive symptoms respond to treatment with D2 antagonists, the negative
symptoms are not appreciably affected; moreover, these agents cause side effects
which include sedation, extrapyramidal symptoms (EPS), hyperprolactinemia, and
tardive dyskinesia which can limit patient compliance (15). New dopaminergic
approaches to antipsychotics have targeted specific receptor subtypes or sought to
combine dopaminergic activity with activities at other neurotransmitter receptors.

Clozapine and other multireceptorial agents - Clozapine (1) is the first compound to
have been identified as an “atypical” antipsychotic, that is, one which is effective in

treating both the positive and negative symptoms of schizophrenia without also
inducing EPS and hyperprolactinemia seen with the classical, “typical” antipsychotics.
While clozapine is a remarkably effective agent, its utility has been tempered by the
observation that 1-2% of treated patients develop agranulocytosis, a potentially fatal
blood disorder (16). As a result, clozapine is reserved primarily for refractory patients
and, in the US, its use is accompanied by mandatory blood monitoring.

Copyright © 1998 by Academic Press

ANNUAL REPORTS IN MEDICINAL CHEMISTRY-—33 l All rights of reproduction in any form reserved.
0068-7743/88 $R6.00



120

Section I—CNS Agents Robertson, Ed.

Because of the unique efficacy of clozapine, a great deal of effort has been made
to identify compounds with similar clinical efficacy but without its toxicologic problems.
Clozapine binds to many different neurotransmitter receptors and it is not yet known
which of these interactions are critical for its atypical profile. One approach to identifying
new clozapine-like antipsychotic agents is to develop compounds with a similar, broad
pharmacologic profile. The Table outlines neuronal receptor binding affinities of
clozapine and a number of other antipsychotics either currently in clinical use or under
development. Of these multireceptorial agents, olanzapine (3) has a binding profile
most similar to that of clozapine (17,18). Like clozapine, upon chronic administration,
olanzapine inhibits A10 dopamine firing without affecting A9 firing, suggesting
antipsychotic efficacy without EPS liability (19). Indeed, clozapine, olanzapine, and
quetiapine (§) are effective antipsychotics, produce minimal EPS and have a surprisingly
benign side effect profile in spite of interaction with a number of neuronal receptors (20).
Thus, compounds with similar multireceptorial interactions to clozapine are efficacious
and well tolerated sntipsychotics.
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Table: Affinities (K, nM) of antipsychotic agents for neuronal receptors (21-23)

Compound D1 D2 | D3 | D42 | 5-HT2A | 5-HT2C | ot o2 musc. | H1
Haloperidol 270 | 14 | 21 11 25 >5000 | 19 | >5000 | 4670 | 730
Clozapine, 1 540 | 150 | 360 | 40 3.3 13 23 | 160 34 2.1
Risperidone, 620 | 33 | 13 16 0.16 63 23 ) 75 | >5000 ] 2.6
Olanzapine, 3 250 17 | 54 28 1.9 7.1 60 | 230 26 3.5

Sertindole, 4 210 | 74 | 8.2 21 0.85 1.3 1.8 | 1680 [ >5000 | 570

Quetiapine, 5 4240 | 310 | 650 | 1600 120 3820 | 58 87 1020 | 19

Ziprasidone, 6 | 330 | 97 | 75 39 03 13 12 | 390 | >5000 | 5.3
Zotepine, 7 84 13 | 16 39 0.91 29 34 | 960 550 | 34

A number of researchers have focused on development of clozapine analogues
which retain its pharmacology but are less toxic. A series of clozapine analogues in
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which nitrogens in the diazepine and piperazine rings were replaced by carbon or
oxygen was prepared and evaluated for affinity at dopamine and serotonin receptors
(24,25). Analogues 8 and 9 possessed similar affinities for serotonin receptors as
clozapine with 9 having higher dopamine receptor affinity than clozapine and 8 having
lower affinity. The distal nitrogen of the piperazine was required for high affinity to
dopamine and serotonin receptors. The tetrahydropyridy! analogues 10 and 11 were
equipotent with clozapine at the serotonin and dopamine receptors tested. Compound
12 and other pyridine-containing clozapine analogues have similar pharmacology to
clozapine (26-28).

N

While replacement of the chlorine in clozapine with a trifluoromethanesulfonyloxy
group (13) led to a significant decrease in receptor affinity, the analogous derivative of
isoclozapine (14) is GMC1-169 (15) which had an in vitro and in vivo profile predictive of
atypical antipsychotic activity (29).

The 9,10-methanodihydroanthracene system of ZD3638 (16) represents a
departure from the dibenodiazepine nucleus of clozapine. Molecular modeling studies
indicated that the aromatic rings of 16 are held in a geometry similar to that seen in both
clozapine and conformationally restricted D1 and D2 receptor antagonists (30) and 16
has significant affinity for D1, D2 and 5-HT2A receptors (Ki = 13, 42, 39 nM,
respectively).

Combined D2/5-HT2 receptor antagonists - The common anatomical location and
functional interactions between the dopaminergic and serotonergic systems, and the
high 5-HT2A receptor affinity of a number of atypical antipsychotics including clozapine
(22,31,32), led to the proposal that 5-HT2A receptor antagonists may be effective in
enhancing the antipsychotic activity and/or ameliorating the side effects of D2 receptor
antagonists (3). In particular, it has been proposed that those compounds with a high
D2/5-HT2 affinity ratio (D2/5-HT2A > 13) are likely to be atypical antipsychotics (33). A
considerable amount of work has been directed toward the identification of compounds
with both 5-HT2A and D2 receptor antagonist activity as antipsychotic agents (9,31,34).

Compound 17 has high affinity for the 5-HT2A receptor (Ki = 5.1 nM) and has a
D2/5-HT2A ratio of 8.4. It was designed by optimizing the linker connecting a cyclic
benzamide moiety, intended to impart D2 antagonist activity, to benzoisothiazol-3-yl
piperazine, a 5-HT2 antagonist fragment also present in tiospirone (35,36). It was found
that the cyclic amide could be replaced by a benzamide and optimization of the
substituents on the benzamide provided 1192U90 (18), a high affinity 5-HT2A receptor
antagonist (Ki = 3.3 nM) with a D2/5-HT2A ratio of 10 (37-39). An intramolecular
hydrogen bond is not critical for the activity of 18 since the unsubstituted amide 19 had
similar in vitro activity (5-HT2A Ki = 2.1 nM, D2/5-HT2A = 12). The benzamide could
also be replaced by heteroaromatic amides and still retain the desired activities (40).
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Joining the same benzoisothiazol-3-yl piperazine moisty to an indole fragment intended
to mimic the aromatic rings of serotonin and dopamine led to 6 (41).

MSOO)K
- (Chea_ szmh-c |
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20

The similar 3-(4-piperidinyl)-1,2-benzisoxazole nucleus, present in the 5-HT2
antagonist risperidone (2), was incorporated into iloperidone (20) which has a D2/5-
HT2A ratio of 12 (42,43}. The analogous furocoumarin derivative 21 was found to have
a D2/5-HT2A ratio of 100 and displayed clozapine-like behavioral activity in vivo (44).
The SAR of a series of arylpiperazines which contain the 3-butyl-(thiazolidinone)
sidechain has been reported. HP-236 (22) and 23 display in vivo pharmacology
indicative of atypical antipsychotic activity (45).

~N

(o]
Me )
~(CHa)q_ A X NSNS ANH
S0 S N
N
5/ ¢ A" 24:X=0
22:R=Me 25: X=CHy
23: R.R = (CHy)y 26:X=8

The D2 and 5-HT2A receptor antagonist activity of 4 was retained following
replacement of the piperazine ring with the 2-(methylamino)ethoxy group (24) but the
corresponding carbon and sulfur analogues 25 and 26 lost activity (46). These results
were rationalized based on a previously published computational model (47).

4 selectiv ine receptor an ists - The high affinity of clozapine for the D4
receptor and the observation that clinically effective plasma levels of clozapine correlate
better with its D4 receptor affinity than its D2 receptor affinity (48) have focused attention
on the development of selective D4 receptor antagonists as antipsychotic agents. In
addition, an increase in the number of D4 receptors in the brains of patients with
schizophrenia over normal controls has been reported (49), although this finding has

been disputed (50).
" IO 1)
A X
N N7 N >\NH
O\/N(\ N\)\/ \)
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N /
H N\)
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2.&
A number of structurally related arylpiperazines have demonstrated high affinity
and selectivity for the D4 receptor. Compound 27 (Ki = 1.6 nM) was among the first
reported to possess significant selectivity for the D4 receptor, but it was not
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characterized as either an agonist or antagonist (51). Subsequent refinement of the
series led to NGD94-1 (28) which showed high affinity (Ki = 3.6 nM), improved
selectivity, and antagonist activity in vitro at the D4 receptor (52). Compound 28 was
active in an antipsychotic model in vivo (prepulse inhibition) without causing effects
predictive of EPS liability (53). The use of [3H]-NGD94-1 in membrane binding and
autoradiographic studies has been reported (54). L-745,870 (29) has high affinity (Ki =
0.4nM) for the D4 receptor, is more than 2000-fold selective versus the D2 and D3
receptors and is a full antagonist in vitro (55). In spite of achieving high brain levels of
drug in pharmacokinetic studies, 29 showed no effect in a number of animal models
which have been used to predict antipsychotic activity. U-101387 (30) is also an
arylpiperazine derivative with D4 receptor selectivity (56). The S enantiomer (Ki = 7.2
nM) had higher affinity for the D4 receptor than the R enantiomer (Ki = 100 nM) and was
a full D4 receptor antagonist in vitro. This compound is reported to have excellent
pharmacokinetics in monkeys and to be in clinical trials for treatment of schizophrenia
(56).

L-741,742 (31) and its regioisomeric isoxazole analogue are also reported to be
potent and selective D4 receptor antagonists (Ki = 3.5 and 2.5 nM, respectively) in vitro
(57,58). Elaboration of a lead identified from screening a compound library provided 32
which has high affinity and selectivity for the D4 receptor (Ki = 3.6 nM, D2/D4 = 216). It
was characterized as a partial agonist with low efficacy (12%)}) in an in vitro functional
assay (59). Ester 33 is a high affinity (Ki = 6 nM) antagonist of D4 receptors in vitro with
over 1000-fold selectivity versus the D2 receptor (60). The N-acyl nemonapride
analogue YM-43611 (34) displays good affinity for the D4 receptor (Ki = 5.6 nM) but with
only modest selectivity against other dopamine receptors (D2/D4 = 34, D3/D4 = 11).
Cleavage of the cyclopropylcarbonyl group would yield a nonselective dopamine
antagonist, however the metabolic stability of 34 is not reported (61).

. CH,Ph
Cl Me N/CH2CH2Ph N/ 2
7 A
o
- Me Q (o]
31 32
e L0
o CH,Ph o® N N~cH,ph
N
O)I\/ V/‘L u OMe
33 34

The results of a clinical study of 29 in a four week trial in schizophrenia have been
published (62). No efficacy was observed in spite of achieving serum concentrations
which were calculated to result in >30% occupancy of the D4 receptor (63). Other D4
receptor antagonists have a different in vivo preclinical profile, so clinical trials with those
agents are required to demonstrate whether selective D4 receptor antagonists truly lack
antipsychotic activity or if this is idiosyncratic to 29.

D3 selective dopamine receptor antagonists - The D3 dopamine receptor is found
primarily in limbic areas of the brain and only at low levels in the striatal regions (64).

This is in contrast to the localization of the D2 receptor and implies that D3 selective
antagonists may have antipsychotic activity without inducing EPS. The D3 receptor
affinities for many compounds, including a number of antipsychotics, have been
reported (21,65).
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The dimeric benzimidazole PD58491 (35, D3: Ki = 19.5 nM, D2/D3 > 100), F
nafadotride (36, D3: Ki = 0.3 nM, D2/D3 = 10), and the aminotetralin derivative (+)-
$14297 (37, D3: Ki =7 nM, D2/D3 = 40) are reported to be D3 receptor antagonists (66-
68). GR218231 (38) has high affinity and selectivity (D3: Ki = 1 nM, D2/D3 > 400),
however it is not reported whether it is an antagonist or an agonist at the D3 receptor
(69). Tetracyclic analogues of 37 have shown similar affinity and selectivity to the parent
compound (70) but their efficacy was not reported. A series of naphthaleneamides
related to 36 has been reported to be agonists and partial agonists at the D3 receptor
(71) and a QSAR study of these compounds has appeared (72).

Dopamine D1 receptor antagonists - In three open clinical trials of the D1 antagonist
SCH39166 (73,74) in schizophrenia, no appreciable antipsychatic activity was observed
(75-77). A clinical study of the D1 receptor antagonist NNC 01-0687 reports efficacy on
the negative symptoms of schizophrenia (78).

Partial D2 receptor agonists - It has been recognized that dopaminergic transmission
may also be decreased by activating dopamine autoreceptors (79). These receptors,
located presynaptically on dopamine neurons, are of the D2 class. Activation leads to a
decrease in the synthesis and release of dopamine from the nerve terminal. Since D2
receptors are located both presynaptically and postsynaptically, a decrease in
dopaminergic transmission will only occur if the presynaptic receptors are selectively
activated. A number of compounds, including preclamol (80), terguride (81), and
roxindole (82), have been reported with just this sort of selectivity. It is now believed that
these compounds are partial agonists at the D2 receptor. Due to the presence of a
greater receptor reserve presynaptically than postsynaptically, these partial agonists
exert agonistic effects presynaptically while they block postsynaptic receptars (83,84).
Preclinical studies have indicated that D2 receptor partial agonists may also alleviate
side effects induced by typical neuroleptics. Terguride and preclamo! attenuated the
catalepsy and hyperprolactinemia induced by haloperidol in rats (85).

Y C

H N

42 43 44
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From a series of 2-pyridylpiperidines, {-)-PD 135385 (42) was identified as a partial
agonist at D2 receptors (86). It was effective in decreasing dopamine turnover and
decreasing rat locomotor behavior without inducing stereotypic behavior at higher doses.
Continued investigation revealed that the 1,4-cyclohexene linker could be replaced with
a 1,5-disubstituted cyclohexene provided the ethylene linker was shortened (87). The
resulting compound, Cl| 1007 (43), was a partial agonist with 53% the efficacy of the full
agonist quinpirole in an in vitro second messenger assay (88,89). The conformational
rigidity imparted by the cyclohexene of 42 and 43 can be mimicked by an alkyne system,
resulting in 44 which displayed 85% agonist efficacy in an in vitro functional assay (90).

(\N’(CHZ)"*O N 0 NH
N \@ 5 HO\CEOJ) /\©
=Y "y,
Y H
47

X

X 45: X=Cl, Y =CHp, n=4

46: X=Me,Y=CH,n=3
Aripiprazole (45) was found to have greater antagonist efficacy than its analogue
46 in a series of in vivo assays. It decreased dopamine turnover and blocked apo-
morphine-induced stereotypy at doses 10-20-fold lower than those required to induce
stereotypy (91,92). In an investigation of 2-aminomethylchromane derivatives, 47 was

demonstrated to be a high affinity, selective D2 partial agonist (Ki = 0.2 nM) (93).

The efficacy of some D2 partial agonists in treating schizophrenia has been tested
clinically, mostly in open label trials with relatively small numbers of patients. Roxindole
showed no efficacy in one trial and only marginal efficacy in another, with both trials
experiencing a high dropout rate (94). In a double-blind, placebo-controlled study,
preclamol was effective, however the antipsychotic activity could not be sustained for
longer than a week (95). The investigators propose agonist-induced receptor
desensitization for this tolerance. Whether the transient activity of these agents can be
avoided through a modified dosing regime, or is inherent to the mechanism, remains to
be seen.

Conclusions - While many recent approaches to treating schizophrenia are based on the
dopamine hypothesis, improved understanding of dopamine receptor molecular biology,
pharmacology, and physiology has led to new hypotheses about antipsychotics. The
discovery and clinical study of compounds with better defined pharmacology will allow
the testing of these hypotheses. It is hoped that this research will lead to new
antipsychotics which not only treat the positive and negative symptoms ot schizophrenia
while minimizing side effects, but also address the cognitive and mood disorders
associated with the disease.
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Introduction - ldentification of novel compounds which more effectively treat both
acute and chronic pain states, and which lack side effects associated with current
therapies remains a major challenge in biomedical research (1). At present, pain
management continues to rely on nonsteroidal anti-inflammatory drugs (NSAIDs),
acetaminophen, opioids and adjuvant analgesics that include local anesthetics,
anticonvulsants and tricyclic antidepressants. Analgesia research over the last
several decades has focused largely on identifying safer NSAIDs (resulting in a
plethora of classical cyclo-oxygenase (COX) inhibitors, and more recently COX-2
inhibitors) and safer opioids. Efforts directed toward identifying safer opioids are
prominently reflected in the last two reports on analgesics in Annual Reports in
Medicinal Chemistry (2, 3). To date, efforts in analgesia research have met with mixed
results in terms of improving on existing therapies.

In the last five to ten years, advances in neurobiology, and development of more
sophisticated animal models for clinical pain have led to a paradigm shift in
understanding of pain mechanisms. It is now appreciated that all pain states are not
the same (4), and that tissue and nerve injury induces phenotypic changes (neuronal
plasticity) in pain pathways in the nervous system (4 - 8). These become sensitized
peripherally and/or centrally at the leve!l of the spinal cord, resulting in altered
processing of noxious and non-noxious sensory information. Alterations in at least 15
distinct neurotransmitters or neuromodulators in the spinal cord, in the descending
and ascending pathways associated with pain perception, and/or in the peripheral
nervous system have been implicated in central and peripheral sensitization, revealing
a range of novel molecular targets for analgesic drug development.

This report highlights centrally acting analgesics like the opioids, as well as the
latest advances in the NSAIDs, with information largely limited to the clinical validation
of novel, potential near-term analgesics. Additional attention is given to other newly
emerging molecular targets that may represent major advances both in our
understanding of pain processing and in identifying potential novel treatment options.

Opioids - A major effort has been undertaken over the past 20 years to develop opioid
receptor ligands that, because of their receptor subtype selectivity, would be free of
the dependence, tolerance, immunosuppression, respiratory depression and
constipation associated with traditional opioids like morphine (9, 10). This has been
predicated on the cloning and expression of three major opioid receptor subtypes (u-,
8- and x-) which are coupled to inhibitory G-protein (pertussis-toxin sensitive)
transduction mechanisms. Moreover, each of these opioid subtypes have been
further subdivided into putative subtypes, and an “orphan” member of this family, ORL,
has also been described (11). To date, the search for improved opioids has been an
elusive one, with considerable basic science and clinical trial expenditure, and with
success limited to incremental improvements. Nonetheless, efforts are still continuing
to identify such compounds, and opioids prevail as the major class of centrally-acting
analgesics (3). Tramadol (1) is the most recent opioid introduced to the US market
(March, 1995). It is a weak (approx. 2 uM) opioid receptor agonist and monoamine
uptake blocker that was in the European market for 15 years prior to US introduction.
The rapid uptake of this compound into the market can be attributed to the fact that,
unlike most opioids, it is not scheduled. However, the compound is under extensive
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post-marketing surveillance for abuse potential (12), with FDA discussions evaluating
the need for it to be scheduled in the near future (13).

The x-agonists spiradoline and enadoline have been H  CH2N(CHa)
abandoned due to dose-limiting dysphoria in trials of post- *
surgical pain (14). One trend that seems to be emerging is
to target peripheral sites of action in order to limit
dependence liabilities, respiratory depression and other HO
CNS side-effects. Opioid agents still at an active stage H:CO 1
include (14): ADL 2-1294 a topically active formulation of
the p-receptor agonist, loperamide, targeted for use in burns and abrasions; BCH
3963, a p-receptor agonist; asimadioline (EMD 61753, 2), a peripherally active -
receptor agonist targeted for use in inflammatory hyperalgesia; and other x-receptor
agonists, including apadoline (RP 60180, 3); TRK-820 and SB 205588 (4).

s

More recent preclinical results indicate that s-opioid
agonists may be safe and effective analgesics (15). Ox
Compound § (TAN-67; 5 K;=1.1nM, u K; =2320 nM, xK; = |
1800 nM) is representative of these efforts (15). In -

addition, there has been considerable focus on developing 2
alternative {(e.g. intranasal) and delayed release dosage 5
forms of traditional opioids. More than 50% of the near-term

pain management pipeline is represented by this category @ OH
(18).

COX-2 Inhjbitors - NSAIDs act by blocking the synthesis of prostaglandins via the
COX pathway (17), diminishing the peripheral sensitization leading to hyperalgesia.
Currently available NSAIDs are nonselective inhibitors of both known COX isoforms:
COX-1 which is a constitutive enzyme, and the more recently discovered COX-2,
which is induced in inflammatory conditions (18, 19). Evidence is emerging that the
anaigesic and anti-inflammatory effects of the current NSAIDs are mediated by COX-2
inhibition, while their adverse effects (e.g. gastrointestinal lesions and bleeding) may
be mediated by COX-1 inhibition (20), providing the rationale for developing selective
COX-2 inhibitors as safer analgesic and antiinflammatory agents. An intensive search
has lead to the identification of a variety of novel chemical series of selective COX-2
inhibitors, which have been recently reviewed in Annual Reports in Medicinal
Chemistry (21). Several selective COX-2 inhibitors are currently in clinical
development (22), the most advanced being celecoxib (6, SC 58635) and MK-966 (7).
Celecoxib is 375-fold selective

for COX-2 (IC5q = 40 nM) versus 0 F

COX-1 in vitro (23), while MK-866 s
shows >1000-fold selectivity for |, \/
COX-2 in cell-based assays _N

(21). Both agents have shown ] CFs F z o
analgesic effects in patients 4 0

after dental extraction and in

short-term osteoarthritis trials [ (\3‘

(24 - 28). In addition, celecoxib c~-N

. . vd
has shown efficacy in short-term HsC HsC H
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trials in rheumatoid arthritis (24, 25, 29). Data from the dental pain trial indicated a
ceiling effect for the analgesic effects of MK-966, as is characteristic for current
NSAIDs (30). MK-966 showed markedly improved gastric tolerance compared to
aspirin and ibuprofen (24), while celecoxib also showed an improved side effect profile
with respect to both gastric tolerance and platelet aggregation (24, 29).

Excitatory Amino Acid Receptor Modulators - The excitatory amino acid, giutamate,
plays a key role in processes related to chronic pain and pain-associated
neurotoxicity, acting through N-methyl-D-aspartate (NMDA) receptors. In chronic and
intractable pain, the NMDA antagonist, (1)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid ((£)-CPP), abolished the process of central sensitization (31). Other
NMDA receptor antagonists like MK-801 (discontinued), ketamine, memantine and
dextromethorphan have antinociceptive activity in a variety of animal model systems
(32). The major issue with this class of compounds is their psychotomimetic effects
that include both dysphoria and cognitive impairment. GV 196771A (8) is a compound
which modulates NMDA receptor function by blocking the glycine binding site of the
NMDA receptor complex (33). Compound 8 is active in animal models of nociception
(33). At doses 3- to 10-fold below those eliciting CNS side effects, NMDA antagonists
can provide opioid sparing effects and may prevent the tolerance related to prolonged
opioid use {32). Late stage clinical trials of a dextromethorphan/morphine combination
are ongoing. Antagonists of the kainic acid subtype of the glutamate receptor include
LY 293558 (9) which is active when delivered at a dose of 1.2 mg/kg in a capsaicin
model of allodynia/ hyperalgesia (34).

N
cl N H
— N N,\\/,,,/ COOH
H | | |
COONa NH
9

Cl N 8 H
Serotonergics - Several of the many serotonin (5-HT) receptor subtypes (35) have

been implicated in modulating pain processing. So far, two areas of pain research
have seen particular progress with respect to identifying viable pain management
therapies via modulation of serotonin receptors: 5-HT1-like receptor subtypes for
migraine headache, and 5-HT3 receptors for visceral pain disorders. For migraine, it
has been reported that both 5-HT1F and 5-HT1B/D agonists would be useful to treat
the neurogenic inflammation associated with trigeminal activation (36), while 5-HT3
receptor antagonists may have utility in modulating visceral sensory information (37).
A report of the latest chemistry developments in serotonin receptor modulation appear
in this volume (Chapter 3).

Neurokinin Receptor Antagonists - It is well established that the tachykinin,
Substance P, plays a major role as a nociceptive transmitter in pain processing as well
as in the plasma extravasation involved in migraine. Substance P interacts with the
tachykinin receptor family that includes NK-1, NK-2 and NK-3 receptors, an area that
has been recently reviewed (38). A number of tachykinin (neurokinin) antagonists
have been evaluated in clinical trials for a variety of disease states including pain, with
somewhat disappointing results. This may be due to internalization of the receptor
after activation, to a nociceptive cascade where Substance P activates a tyrosine
kinase to phosphorylate the NMDA receptor evoking neuronal hypersensitivity, or to
the inability to interrupt the actions of other nociceptive transmitters conveying
“painful” stimuli to the brain. Several, but not all, of the neurokinin antagonists appear
to have limited bicavailability. L-733060 (10) is a potent NK-1 antagonist that seems to
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overcome the bioavailability issues, enter the CNS and inhibit pain-related behavior
(39). Other representative NK-1 antagonists (38) include an erispant derivative (K; =
0.3 nM, 11); and lanepitant (K; = 0.15 nM, 12). These compounds are, in general, very
eftective in models of NK-induced pain, but have not shown consistent promise in
clinical trials in pain models that are not predominantly mediated by substance P
release.

i hannel Modulators - Compounds that alter cell membrane hyperexcitability
by altering Ca2* ion channel function have analgesic activity. Ziconitide (SNX-111) is
a 25 amino acid peptide w-conotoxin, isolated from snail venom, that acts as an N-type
calcium channel antagonist. It is currently in trials for severe cancer pain, but can be
given only via the intrathecal route (40}. Gabapentin (13}, which is
approved for use as an anticonvulsant, is used extensively off-label to
treat neuropathic pain due to anecdotal evidence of its effectiveness.
Gabapentin was thought to be a selective GABA modulator, but
evidence for a direct effect on GABAergic function has not been
forthcoming. Instead, gabapentin, and a second generation analog, Cl-
1008 ({S)-isobutylGABA)), produce their actions by interacting with the 13
028 subunit of the voltage sensitive calcium channel [41].

NH; COOH

Sodium Channel Blockers - Overexpression or abnormal activation of novel membrane
sodium channels has been reported on sensory neurons following inflammation and
neuropathy (42 - 44). Tetrodotoxin-sensitive sodium channels are overexpressed in
large axons following nerve injury (43). In addition, tetrodotoxin-resistant sodium
channels, which are found in many small nociceptive neurons (45), appear to be
upregulated by nerve growth factor (NGF), prostanoids and other inflammatory
mediators (46 - 48). Upregulation of both PN1-type sodium channels and brain type lil
sodium channels has also been reported following nerve injury

and inflammation (43, 49). Sodium channel blockade may account cl
for the effects of a number of agents currently used in the

management of neuropathic pain, including certain local

anesthetics (lidocaine, tocainide), anticonvulsant drugs 14 cl
(phenytoin, carbamazepine, lamotrigine), and antiarrhythmic NH,
agents (mexilitine). Novel sodium channels are currently being F Z i
targeted for the development of analgesic agents which might Na N
have an improved side effect profile over the exisiting agents due Y

to greater selectivity. The most advanced novel sodium channel
blocker is BW4030W92 (14) which is reported to effectively
reduce the hypersensitivity accompanying peripheral tissue and
nerve injury without changing baseline (non-injured) nociception in preclinical models
(50). Recent developments in sodium channels are reviewed further in Chapter 6 of
this volume.
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Muscarinic Agonists - Agonists at the various G-protein coupled muscarinic receptors
{M4-M,4) have potent analgesic activity, although this is frequently confounded by
typical muscarinic side effects including pronounced effects on Gl motility.
Vedaclidine (NNC 11-1053, LY297803, 15) is the most advanced of these agents,
having M, agonist and M,/M3 antagonist activity (51). ET-142 and SS-20 (16) are two
other muscarinic agonists at the preclinical stage (52).

Bradykinin Antagonists - Bradykinin is an important inflammatory mediator, which can
activate C- and Ad- nociceptive afferents, and which appears to play a role in
inflammatory pain and hyperalgesia (53). Two subtypes of bradykinin receptors have
been identified, B4 and B, (54, 55). The B, receptor on neurons appears to play a major
role in the early stages of inflammation, while the B4 receptor, which is upregulated by
cytokines, plays a more prominent role in maintaining hyperalgesia (56). A series of
small linear and cyclic peptides derived from the carboxy-terminal fragment of the
potent B, receptor antagonist, HOE 140 (57) have been described, and suggested as
leads for the design of nonpepetide ligands of the B, receptor (58). A further repont
describes a series of peptidic mixed B,/B, antagonists with long duration of in vivo
activity, which have led to the design of potent nonpeptide BK antagonists (59).

Cholinergic Channel Modulators (ChCMs) - Nicotine produces many of its actions in
the body by activating different nicotinic acetylcholine receptors (nAChRs) which are
ligand - gated ion channels. ChCMs are a broad class of compounds that interact with
nAChRs and include nicotinic agonists, nicotinic antagonists, and allosteric
modulators (60). Reports indicating that nicotine may have analgesic activity date
back to the early 1930s. However, it was not until the discovery of the frog alkaloid,
epibatidine (17) by Daly (61), that the tools were available to more precisely
characterize this novel approach to pain modulation. Epibatidine is 100-200 times
mare potent than morphine as an analgesic (61). It acts via nAChRs, is not
antagonized by the opioid receptor antagonist, naloxone, and has very high affinity (K;
= 0.05 nM) for the major nAChR subtype in the brain, a4p2 (62). This alkaloid is,
however, non-selective with regard to its actions at a number of nAChRs including the
ganglionic (a3px) and neuromuscular (a1B15y) subtypes, as a consequence of which
there is a very narrow window between the beneficial analgesic actions of the
compound and its toxic and ultimately lethal effects on the cardiorespiratory system.
ABT-594 (18), which has a K; = 0.05 nM at adp2, is an (RA)-azetidine bioisostere of
nicotine that retains the analgesic actions associated with this class of compound
while showing a reduced propensity towards the toxic side effects seen with
epibatidine (62). ABT-594 is approximately 70 times more potent than morphine in a
spectrum of acute and chronic nociceptive models and, unlike morphine, shows no
evidence of tolerance or opioid-like dependence liability, nor does it have effects on
respiration or Gl motility (62). This compound is currently in clinical development for
the treatment of acute and chronic pain disorders. DBO-83 (19) with a K; = 4 nM at
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a4p2 (63), and AG-4 (64) represent other novel ChCMs that have shown
antinociceptive activity in preclinical pain models.

Adenosine Analogs - The endogenous purine nucleoside, adenosine (ADO), has
neuromodulatory, antinociceptive and antiinflammatory properties which are mediated
by activation of specific cell-surface receptors (A4, Aza, Azp, A3 subtypes) on a
variety of cell types (65, 66). ADO analogs produce antinociception in a broad
spectrum of animal pain models (67). The pharmacology of these responses suggests
that the spinal cord is a key site for antinociception by ADO, and that the Ay receptor
subtype is the primary mediator of the antinociceptive effects of ADO (68). Several
approaches to modulating ADO for analgesic benefit are under investigation. ADO
itself, administered as an intravenous infusion at doses below those having effects on
the cardiovascular system, has shown clinical benefit in human pain states, including
post-operative and neuropathic pain (69, 70). In addition, the direct-acting ADO A
receptor agonist GR79236 is in clinical trials as a potential treatment for pain (71). A
series of mixed A{/Azp receptor agonists, exemplified by UP-202-32 (20), have also
been reported to have antinociceptive activity in animal models (72). Inhibitors of the
ADO-metabolizing enzyme ADO kinase, which prevent ADO reuptake, therefore
amplifying the concentrations and actions of ADO in the extracsllular space, represent
an alternative approach. Several series of nucleoside-based AK inhibitors with ICsq
values in the nanomolar range (73 - 75) have been reported, including GP3269 (21),
and A-127157 (22).
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Cannabinoids - While tetrahydrocannabinol (THC) in cannabis is responsible for the
euphoria associated with marijuana use, another component, cannabinoldiol (23) is a
powerful peripheral analgesic (76). Based on the two known types of cannabinoid
receptors, CB1 and CB2, the latter not found in neuronal tissues, CB2 ligands have
become pharmaceutical targets to avoid producing compounds with CNS effects
similar to cannabis. The CB1 receptor inhibits adenyl cyclase activity through
activation of Gi protein. The low overall sequence homology (44 %) between CB1 and
CB2 suggests it will be possible to identify subtype selective ligands, and has led to
the growing interest in the therapeutic application of the cannabinoids (76).
Presumably, antinociception can be produced in rodents at peripheral CB2 receptors,
and at spinal and supraspinal sites via CB1 receptors (77). A very potent cannabinoid
lacking a phenolic hydroxy substituent (24) has been shown to have high affinity for
the CB2 receptor (78). More recently, SR 144528 (25), which has CB2 Ki= 0.6 nM and
CB1 K;= 400 nM, was reported as the first highly potent, selective and orally active
CB2 receptor antagonist (79). The medicinal chemistry of cannabinoids has been
reviewed recently (80).
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Vanilloi C r Modulators - Capsaicin (26), is the ingredient in hot chili peppers

that elicits an intense burning sensation by activating sensory neurons sensitive to
thermal stimuli. Creams containing capsaicin have been used to treat neuropathic pain
states, in eftect to desensitize nociceptive pathways by hyperexcitation. A rat
vanilloid-1 (VR1) receptor has recently been cloned (81). The receptor is sensitive to
the agonist, capsaicin (26) and to resiniferatoxin, as well as the antagonist,
capsazepine (27). The VR1 receptor is a non-selective cation channel related to the
Drosophila retinal protein, TRP, which is thought to be involved in regulating calcium
entry into cells that have depleted calcium stores. VR1 is a protein of 838 amino acids
containing six transmembrane domains with a short hydrophobic stretch between
transmembrane regions 5 and 6. Cells transfected with VR1 show an increase in
calcium levels in response to elevated (45 °C) temperatures. Changes in pH, which
have previously been implicated in capsaicin receptor activation, were able to
potentiate capsaicin-evoked changes in calcium current flow. Northern blot analysis
shows that VR1 is expressed in trigeminal and dorsal root ganglion, but not in the
nodose ganglion which contains cell bodies of visceral nociceptors, and not in the
hypothalamus, which is involved in thermoregulation. This suggests that either VR1 is
expressed at levels below detection, or it raises the intriguing potential that distinct VR
subtypes may subserve functions related to core temperature regulation, somatic
sensations and viscero-sensory control. While efforts to develop more stable analogs
of capsaicin, e.g. NE-21610 (nuvanil), have been discontinued due to severe
hypothermic effects, the possibility that subtypes of vanilloid receptors regulate these
activities may renew interest in the vanilloid receptor area (82).
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Nitric Oxide Synthase Inhibitors - Nitric oxide synthase (NOS) catalyzes the oxidation
of L-arginine to produce nitric oxide (NO), which functions as a second messenger in a
variety of physiological processes (83, 84), including neurotransmission and
inflammation. Three isoforms of NOS have been identified: the constitutive endothelial
NOS (eNOS) and neuronal NOS (nNOS), and a cytokine-inducible NOS (iINOS). NOS is
upregulated in DRG neurons following nerve injury (85). A role for NO has been
described in the thermal hyperalgesia of neuropathic pain (86) and in prolonged
chemical nociception (87). In addition, recent studies with the classical NOS inhibitor,
L-NCmethylarginine (28) in patients suggest a role for NO in migraine pain (88).
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Early attempts to prepare selective NOS inhibitors produced a series of L-arginine
and L-citrulline analogs, as well as non-amino acid isothioureas, amidines, guanidines
and a number of nitrogen-containing heterocycles, which have been reviewed (84, 89).
More recently, N®-propyl-L-arginine (29), and a series of substituted N-
phenylisothioureas, such as {30) have been described as selective NNOS inhibitors
(90, 91). In addition, a series of N®-nitroarginine and phenylalanine-containing
dipeptides and dipeptide esters have been described, with up to three orders of
magnitude selectivity for n(NOS over iNOS, although selectivity for nANOS over eNOS
was only 2- to 5-fold (92).
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Growth Factors - The role of growth factors in s
nociceptive processing is an emerging field of

research. Administration of NGF (nerve growth factor) ()€ e NH;
to rodents leads to hyperalgesia, while animals with an

NGF knockout are insensitive to pain. NGF-mediated 4 CN
signal transduction appears to be involved in 3
inflammatory pain states (93). A NGF antagonist, C(CHala

AG-879 (31) is currently in development (94).

Conclusions - The explosion in knowledge related to the molecular events and
pathways involved in pain processing have provided a major impetus to understanding
pain and to devising new therapeutic approaches to its treatment. With increasingly
weil-established and predictive animal models of nociception available to examine the
role of these targets in pain, the availability of human clinical pain models and the
increasing availability of compounds with novel mechanisms of action, it is anticipated
that research efforts will continue to develop the understanding of the discrete events
associated with pain, yielding novel analgesic agents early in the 21st century.
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Chapter 3. Latest Developments in Serotonin Receptor Modulation

Laramie M. Gaster and Frank D. King
SmithKline Beecham Pharmaceuticals
Harlow, Essex, United Kingdom

Introduction - The important neurotransmitter serotonin (5-HT) was identified around
50 years ago after it was isolated from whole blood and shown to have vasoconstrictor
properties (1). its identification in brain led to immediate speculation that it could be
involved as a mediator in psychiatric disorders (2) and there is now substantial
experimental evidence to demonstrate that this hypothesis was correct. The role of
5-HT in appetite, sleep, mood control, thermoregulation and pain has been extensively
reviewed (3-5). The multiple actions of 5-HT are mediated through 14 different
receptors and these have been subdivided into 7 distinct groups on the basis of
operational pharmacology, sequence analysis and transduction mechanisms; it is now
clear that all 14 human receptors are encoded by different genes (6-8). Many
compounds with mixed 5-HT receptor binding profiles have been reported but this
review is intended to summarise recent advances in more receptor specific
modulation. For this reason, non-selective agents and combination therapies with
serotonin re-uptake inhibitors are not included.

5-HT1A Receptors - Progress in 5-HT1A receptor modulators was reviewed in 1995
(9). The CNS localisation of 5-HT1A receptors implicates their involvement in a
number of behavioural processes. They are located presynaptically on cell bodies in
the raphé nuclei where they mediate autoinhibitory control of 5-HT neurotransmission,
as well as post-synaptically in limbic areas and fronta! cortex where they mediate
neuronal inhibition (10-14). Buspirone is a full agonist at pre-synaptic and a partial
agonist at post-synaptic 5-HT1A receptors (15). Its introduction as an anxiolytic in the
mid 1980s prompted the development of a number of other

d “spirones” such as gepirone, ipsapirone and tandospirone
4 (16-19). 5-HT1A receptor agonists are still being developed as
potential anxiolytic/antidepressant agents. These include
ainespirone, sunepitron, MKC-242 and ebalzotan (20). BAY x
3702 is being developed as a neuroprotectant (21). A review of
buspirone’s current clinical pharmacology and therapeutic
/ applications was recently published (15). Preclinical studies have
continued with reports of more selective agents such as 1

1 (LY301317) which displaces [3H]-8-OH—DPAT binding to 5-HT1A
receptors in rat hippocampus with Ki of 0.26nM and shows > 200 fold selectivity over 8
other receptors tested. /n vivo, 1 demonstrated 5-HT1A receptor agonist activity and
was able to induce lower lip retraction and flat body posture in rats at 3mg/kg p.o. (22).
In pidgeons and rats, 1 increased the rate of punished responding without affecting
unpunished responding, indicative of a non-sedative anxiolytic profile. In the forced
swim test in rats, 1 significantly decreased immobility time at 1 and 3 mg/kg s.c. in
common with a number of antidepressants agents. New benzocycloalkyl piperazines

NPr,

HN

2. 3, and 4, have recently been m R
reported as selective 5-HT1A

receptor agonists with profiles of U_\_ 2 H
activity similar to buspirone. In rat rd F
hippocampal membranes the (-) K 4 Cl

enantiomers of 2 and 3 had Ki
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valuses for the 5-HT1A receptor of 0.4 nM and 0.5 nM respectively. All three analogues
were active jn vivo in the rat lower lip retraction model of central 5-HT1A receptor
function with minimum effective doses of around 2.5 mg/kg i.p. (23).

OMe

Few selective, silent 7\ / \ R
5-HT1A receptor antagonists — 5 cyclohexyl
have been identified and < S N
there are no reports of their U_\_ 6 4-PhF
utility in the clinic. R 7 4-Phl
WAY-100635, 5 was the first 0
truly selective agent, showing
no intrinsic efficacy at either pre- or post-synaptic 5-HT1A receptors (24). Its affinity
for human 5-HT1A receptors is sub-nM and it has proved a useful chemical tool for
evaluation of 5-HT1A receptor function. It was recently radiolabelled [carbonyl-11-C]
and used as a PET ligand for mapping 5-HT1A receptors in human brain (25). More
recently, two structurally related analogues, 6 and 7 were shown to have similar
profiles (26,27). An attermpt was made to develop {125-[]-p-MMP! as a radioligand for
in vivo imaging of 5-HT1A receptors with SPECT but this was unsuccessful because
of rapid in vive metabolism. Related iso-indolones, 8, and @ were potent 5-HT1A
ligands (Kis 0.07 and 2.5 nM respectively}. Their radiciodinated counterparts showed
improved metabolic stability over [125-{-p-MMPI, but they displayed low specific
binding to 5-HT1A receptors in vivo (28).

@O‘x @C"x%

5-HT1B/1D Beceptors- The 5-HT1B/D receptors were originally subdivided on the
basis of their pharmacology but have recently been reclassified (7). Functional
distinction between these receptors is still under extensive investigation and is now just
beginning to be elucidated with the identification of selective agents, so they are
considered together. Several 5-HT1B/1D receptor agonists have been identified as
antimigraine drugs. These wers reviswed in last year's volume (29) and therefore only
reponts during the last year are included here.

\ 12.R= /\O\ﬂ F

10,R=  NMey
11,R= N \\H J_:'LR: \_ I-Q
X / .

CH,NHBn
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Two further papers have appeared based on the 5-heterocyclic analogue 10
{L-741,604). In the first paper (30), the N-dimethyl group of 10 was replaced by
pyrrolidine 11 (L-760,790) and methylenepiperidine 12 (L-772,405). In both series,
amino substitution gave h-5-HT1D full agonists of sub-nM affinity which were 2100
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fold selective over h-5-HT1B. In the second paper (31}, the piperidine is replaced by
substituted phenethylpiperazine as exemplified by 13 (L-775,606) which again
showed >100 fold selectivity for the 5-HT1D receptor with sub nM potency. Oral
bioavailability in rat, dog and monkey was ~25%.

Investigation on the effect of chain
extension of 5-O-alkyltryptamines showed j\/
that 5-HT1A receptor affinity reduced
more rapidly than 5-HT1B affinity, with
maximum potency (Ki 1nM) and selectivity
(31) with the 5-nonyloxy analogue (32). A 14 R = NHSO;Me
series of anilide derivatives has also J_ R = NHSO,Ph-4-NO,
shown nM affinity at both the h-5-HT1B
and h-5-HT1D receptors (33) which is an extension of earlier work on a series of
piperazides (34). The high potency and efficacy of examples such as 14 and 15
further confirms the finding that large substituents can be accommodated on the 5-
position of the indole. This ability to tolerate large 5-substituents is further exemplified
by the high potency and efficacy of a series of dimeric tryptamines with a diverse set
of 5-substituent linkers, e.g. 16, 17 and 18 which the authors claim supports the
hypothesis for the presence of two 5-HT pharmacophores in the same molecule (35).

| 4 @fgl o0

16X= 18X = \/\r(ﬂ\/

As an alternative to tryptamines, a series of
naphthyloxyethylamines derived from propranolol have
shown moderate to good affinity and efficacy, the best

compound being 19 with both h-5-HT1B (Ki 26 nM) and
h-5-HT1D (Ki 34 nM) affinity (36).

A model of the agonist binding site of the human 19
5-HT1A, 1B and 1D receptors has been published based upon the bacteriorhodopsin
template (37). Revision may be warranted in light of more recent electron
cryo-microscopy data which shows a major difference in the relative pasition ot the
aspartate containing transmembrane helix 11l (38, 39).

Iz

0N ANHMe

It has been known for some time
that 5-HT1B/D receptors mediate
auto-inhibitory control over the release N/ﬁ '/\ NMe
of 6-HT from presynaptic nerve OMa ‘\/ N N\/'
terminals, which suggests that they N\n/
play a role in central 5-HT o
neurotransmission (40,41). The sub- OMe
classification of pre-synaptic serotonin
autoreceptors in the human cerebral cortex as 5-HT1B (42) suggests that 5-HT1B
receptor antagonists could be fast-acting antidepressants since acute blockade of

these receptors would evoke an immediate increase in terminal 5-HT release. It has
also been suggested that cortical and hippocampal 5-HT1B receptors play a role in
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mechanisms of sthanol o

dependence  (43,44). Me N 0 Me
5-HT1B/D receptor Y Q Q

antagonists and their O\N/

potential in depression

have been reviewed

(45,46) but recently, 21
antagonists  selective

for the for the 5-HT1B receptor have been reported. The arylpiperazide, 20 showed 2
nM affinity for 5-HT1B receptors and was reported to be 45 and 350 fold selective
over 5-HT1D and 5-HT1A receptors respectively (47). The spiropiperidine 21
(SB-224289) showed >80 fold selectivity for human 5-HT1B receptors over 19 other
receptors and was an inverse agonist in the [35-S]-GTPYS binding mods! of 5-HT1B
receptor function (48).

5-HT1E Receptors - Even though this receptor was identified some time ago (49),
there has been no reported progress in the design of selective 5-HT1E ligands.

5-HT1F Receptors - The cloning of the human 5-HT1F receptor was reported in 1993
(50) and 5-HT1F receptor mRNA has been identified in rodent and primate brain
regions {51). Autoradiography using non-selective ligands has been used to determine
the distribution of 5-HT1F receptors in rat brain, where localisation was detected in
cortical layers and caudate putamen (52, 53). It has been proposed that inhibition of
trigeminal stimulation-induced neurogenic dural inflammation cotrelates with 5-HT1F
receptor activation in the guinea-pig and that 5-HT1F agonists could find utility in the
treatment of acute migraine (54). However it has also been reported that 5-HT18/D
receptors are the key mediators in migraine (55).

N E NMe,
g Ell ’
22 H

23

Compound 22 (LY334370) is a high affinity 5-HT1F agonist (Ki of 1.6 nM) and acts
as a potent inhibitor of neurogenic dural inflammation in both rat and guinea-pig with
estimated 1D50 of 30 pg/kg p.o and 45 pg/kg p.o. respectively (56). Although 22 also
has high affinity for the 5-HT1A receptor (11.9 nM) functional studies indicate that this
compound has no 5-HT1A agonist or antagonist activity at doses that are several
orders of magnitude higher than the dose that was fully effective in the rat dural
extravasation model (57). More recently 23 (LY 344864), has been shown to be a more
selective 5-HT1F full agonist (Ki for 5-HT1F = 6 nM, for 5-HT1A = 530 nM). When 23
was administered orally 75 minutes before trigeminal stimulation in the rat neurogenic
dural inflammation assay, an ID50 of 1.2 ng/kg was obtained implicating the
involvement of the 5-HT1F receptor. However, the authors propose that further studies
are necessary to fully characterise this response in this species (58).

5-HT2A receptors - Pre-clinical animal studies have provided good evidence for the
role of 5-HT2A receptors in the pathophysiclogy and treatment of schizophrenia (59,
60), though many of these studies have used non-selective compounds which do not
differentiate between 5-HT2 subtypes. A number of selective 2-HT2A antagonists are
now available, the most investigated being 24 (MDL 100907) which has 5-HT2A
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binding affinity of ~0.4 nM) and 100 fold selectivity over 5-HT2C receptors (61,62). In
animal models, using reduction in amphetamine-induced hyperiocomotion as
evidence of antipsychotic activity, 24 had an ED50 of 0.08 mg/kg i.p. with a much
greater safety index when compared with a range of benchmark compounds.
Imaging and occupancy of human 5-HT2A receptors has also been reported using
[11-C])-MDL 100,907 and [123-1]-5-1-R91150 25 as PET ligands (63-65).

Meq HCH HN OMe
MeO | i
o Me
25
The different structural classes of bath selective and non-selective 5-HT2A

N
24

receptor antagonists has been comprehensively reviewed (60) and only the more
recently reported selective compounds are described here. A series of ring-opened
sertindole analogues furnished compounds typified by 26 which retained 5-HT2A
receptor affinity but with improved selectivity over dopamine D2 and adrenergic a1
receptors (66). The authors also reported that these compounds had considerably
lower affinity for 5-HT2C receptors, though no supporting data was given. The series
of pyrimidino-piperazines has been extended to include additional examples from
which the furan/thiophene combination 27 was the most selective for 5-HT2A
receptors over 5-HT1A, though no data for 5-HT2C was included (67)

MT Z
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| \‘\LYO /—\>_ ..
O <—-NH , \
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27
Spiperone 28 and 29 (AMI-193) have been reported to show 2100 fold selectivity
for 5-HT2A over 5-HT2B and 5-HT2C receptors (68). In the same study
pyrido[4,3-blindole and indoline analogues showed some selectivity, up to 10-60 fold
with 30 but with reduced affinity (Ki 11 nM at 5-HT2A).
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5-HT2B receptors - The human 5-HT2B receptor o
is the species homologue of the rat fundus (/1/
receptor and has been implicated in the early s o NH,
ol
N
31

steps of the generation of migraine headache
(69). No truly selective agonists are known, but
31 (BW 723C86) was used to identify
5-HT2B receptor mediated anxiolytic-like activity
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in the rat social interaction test (70) and hyperphagia and teduced grooming in rats
(71). Compound 32 (SB-204741) has been described as a selective 5-HT2B receptor
antagonist with pA2 of 7.8 in rat stomach fundus) (72). More potent, selective
compounds have been identified from a series of tetrahydro-B-carbolines (73),
typified by 33 (LY287375), which has pKB of 10.1.

H

{r

5-HT2C receptors - The 5-HT2C literature is fascinating in that preclinical animal
studies support both agonists (74) and antagonists (75) as potential anxiolytics and
antidepressants. Mice in which the 5-HT2C receptor gene has been inactivated have
been reported to show obesity, epilepsy, cognitive deficit and a decrease in trait
anxiety (76). A number of potent and selective agonists have been reported (77-81)
including 34 (Ro 60-0175), 36 (Ro 60-0213, Org 35032), 36 (Org 37684),
pyrazinoindoles (e.g. 37) and 38, Org 8484. Of interest, the in vivo pharmacodynamic
model was penile erection in rats, an activity reportedly not seen in man (82). The
agonists are active in a number of models of depression (pharmaco-EEG, restoration
of bulbectomy-induced passive avoidance deficit, reversal of chronic mild
stress-induced self stimulation reduction and differential reinforcement of low rates
schedule) and also in anxiety

and  anxiety-related models wo M° P
(inhibition of defensive butying, $
inhibition of aversive brain 1 \NH N//\ NH,
stimulation escape, schedule- F P 2 l
induced polydipsia paradigm V4
and reduction of excessive 34 35
scratching).

: Me

NH Br N s
OMe \JH o
36 37

Potent and selective 5-HT2C receptor antagonists fall within two structural
classes exemplified by the spiro-hydantoin 39 (RS-102221) (83), and the ureas 40
(SB-206553) (84,85) and 41
(SB-242084) (86). Compound
39 is a highly polar molecule
and reported to have limited
access to the brain (87). In o OMe
contrast, the ureas show
activity in the centrally-
mediated pharmaco-dynamic
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model of the reversal of m-chlorophenyi-piperazine-induced hypolocomaotion and the
anxiety models of social interaction and Geller-Seifter conflict tests (88).

5-HT3 receptors - The only proven indication for 5-HT3 receptor antagonists is in the
treatment of radiation- and chemotherapy-induced emesis and in spite of the many
proposals for the therapeutic application of 5-HT3 receptor antagonists for CNS
disorders, none have been confirmed in the clinic (88, 90). The clinical effects of
5-HT3 agonists have yet to be explored. Pre-clinical studies have suggested a role in
the modulation of acetycholine release (81) and potential for the treatment of anxiety
(92), although emesis may be a problem with this class of compound (93). Quipazine
42 has been the lead compound (pKi 9.4) for the main structural class of 5-HT3
receptor agonists and partial agonists, with 43 (S 21007) being the most
characterised (92) with a pKi of 8.85 and an EC50 of ~10 nM for stimulating the
uptake of [14-C]guanidinium in substance P-stimulated NG 108-15 cells (93). Both
[3,2-e} and [2,3-e]-fused thiophenes show high 5-HT3 receptor affinity (92) which can
be further improved with a fused phenyl and in particular pyridyl 44, pKi 12 and in
vivo efficacy being dependent upon the aromatic substitution (94,95). A second
series of 5-HT3 agonists was developed from 1-phenylbiguanide, for which a 70-fold
increase in receptor affinity was achieved by 3-Cl substitution, a 100-fold increase for
the 2-naphthyl and only a 2-fold drop in affinity for 3-chloro-phenylguanidine (96).

70 Bom fro-

5-HT4 Regggg ors -The role of the 5-HT4 receptor in CNS function has been reviewed
and its distinct localisation coupled with neurochemical and electrophysiological data
suggest an involvement in cognition and anxiety (97-99). There is continuing interest
from pre-clinical animal models in the potential use of 5-HT4 receptor agonists for
memory enhancement (100, 101) and in the regulation of dopamine function (102). 25
years after their first description, benzamides are still being explored as 5-HT4
receptor agonists, although this is mainly for their potential as modulators of
gastrointestinal motility (103-107).

There have been few o, OR o
developments in the field of 5- NHR R
HT4 receptor antagonists since o
the review published last year E A\ o
(98), although 45 (SB-204070) BUO_\
and 46 (SB-207266) were © i U

NH,
45 46

recently reported to show

modest anxiolytic activity in the

rat social interaction model

(108). Early clinical data are beginning to appear for 46 (109,110} but this is
regarding its potential for use in irritable bowel syndrome. Clinical support for
potential in CNS disorders is still awaited with interest for this class of drug.

5-HT5 Receptors -The 5-HT5A and 5-HTSB receptors were recently identified by
¢DNA cloning. Mouse, rat and human receptors have been identified (111-115). When
expressed in CHO cells the mouse 5-HT5 receptors exhibit similar pharmacological
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profiles to 5-HT1B/D receptors (111). Roles for 5-HT5 receptors in brain development
and regulation of astrocyte-mediated CNS pathologies have been suggested (113).
Selective ligands for 5-HT5 receptors have yet to be identified but preliminary studies
suggest that 7-hydroxy and 7-methoxy-1-naphthylpiperazines could be useful
templates for the design of such ligands since they dispiace [3-H]-LSD from mouse
5-HT5A receptors with Ki values of 3 nM and 52 nM respectively (116).

5-HT6 receptors - The 5-HT6 receptor is of interest because of its expression in
several brain areas, in particular the caudate nucleus (117) and a possible link
between reduced extrapyramidal side effects of certain atypical antipsychotics (118).
Centrally mediated function has been demonstrated in the rat using antisense to
induce behavioural syndromes of yawning, stretching and chewing (119). Site
directed mutagenesis has defined the agonist binding site (120). However, selective
agonists and antagonists are eagerly awaited to help define the therapeutic potential
of these receptors.

5-HT7 receptors - The molecular biology, pharmacology, distribution and function of
the 5-HT7 receptor has recently been reviewed (121). Animal studies suggest that
the receptor is located presynaptically in the
CA1/CA2 region of the hippocampus and is also

A\
located in the periphery, in particular the coronary o0=s—
artery and the colon. A correlation between 5-HT7
receptor affinity and ability to protect against Me O—Me
Me
a7

audiogenic seizures has been noted (122). The first
selective  5-HT7  receptor  antagonist, 47
(SB-258719) has recently been reported (123).

Conclusion- The serctonin area persists in being the focus of intensive research
since specitic 5-HT receptor modulation offers opportunities for therapeutic
intervention in a number of disease areas. Enormous progress has been made over
the past decade in the design of selective ligands and these are helping to establish
a clearer definition of the functional relevance of 5-HT receptors. Hitherto, clinical
data have been derived mostly from serotonergic agents with mixed profiles but
progression of more selective agents to the clinic will help clarify the role of this
neurotransmitter, particularly in mental iliness.
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Chapter 4. Recent Advances in Histamine H, Receptor Agents

James G. Phillips, Syed M. Ali, Stephen L. Yates, and Clark E. Tedford
Gliatech Inc., 23420 Commerce Park Rd.
Beachwood, Ohio 44122

Introduction - The discovery of a third type of histamine (HA) receptor (1), the H,
receptor, and the development of the H, subtype selective agonist, R-o—
methylhistamine 1, and antagonist, thioperamide, have stimulated a renewed interest
in exploring the role of histamine as a neurotransmitter (2). The histamine H, receptor
was originally characterized as a presynaptic autoreceptor that has been shown in rat
brain cortex to control the synthesis and release of histamine (3). Furthermore,
evidence has since been accumulated regarding the co-localization of modulating H,-
heteroreceptors on serotoninergic (4), cholinergic (5), noradrenergic (6), dopaminergic
(7), and peptidergic (8) neurons. The H, receptor is most abundantly distributed in the
CNS, with much lower levels present in peripheral tissues. However, the detection of
histamine H, heteroreceptors on isolated enterochromaffin-like celis of rat stomach
(9), and on lung (10), and cardiac tissues (11), has brought consideration of the H,
receptor as an important general neuroregulatory mechanism for various physiological
processes, not only in the CNS, but in peripheral tissues as weil. Most importantly,
recent medicinal chemistry efforts, which have been summarized (12-14), and
pharmacology advances made towards the development of selective and potent H,
receptor agents, have now provided opportunites for clearer elucidation of the role of
this receptor subtype in human physiology and pathophysiology.

DESIGN OF HISTAMINE H, PHARMACOPHORES
Histamine H, Receptor Agonists - Several potent and selective H, receptor agonists

have been reported (15). Compound 1 (K =1.5 + 0.5 nM) was the first H, agonist
introduced into clinical trials (2). In human volunteers 1 was well tolerated at dosages
(p.o.) of several hundred mgs per day over several days (16). However, comparatively
low plasma levels were attributed to extensive methylation of the drug’s imidazoie ring
by histamine-N-methyitransferase as shown by the high recovery of tele-Me-A-a—
methylhistamine in urine. To circumvent these metabolic issues, a series of
azomethine prodrugs of 1 was designed (17). Compound 2 was selected for
development (18). In humans receiving 0.1 mmol of 2 orally, plasma levels of R-a-
methylhistamine-like immunoreactivity decayed with a t,, of more than 24 h, the area
under the curve being two orders of magnitude higher than after oral administration of
1. Compound 2 exhibited anti-inflammatory and antinociceptive properties in rodents.
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The H, agonist R-a—methylhistamine has been reported to elicit adverse
bronchconstricter events by direct activation of H, receptors in vivo (EDs,= 1.7 mg/kg)
which suggests this agent is less selective in vivo (19). Efforts directed towards the
discovery of therapeutically useful H, receptor agonists devoid of undesired H, activity
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(20) have identified the cyclic, conformationally restricted pyrrolidine 3 (K, =2.8 + 1.5
nM). Compound 3 has been shown to have a greater separation of H, and H, activities
in vivo (Hy/H, ratio >> 550) than R-a—-methylhistamine (H,/H, ratio =17). No evidence of
H, activity was detected at doses of 3 as high as 100 mg/kg, iv.

Even more potent in receptor binding studies (21) than R-a-methylhistamine is the
H, agonist (@R, BS)- dimethylhistamine 4. This compound (K = 0.8 £ 0.2 nM, EC,= 3.4
+ 2.0 nM) displays a selectivity ratio of 130,000:1 for H, vs. H/H, receptors in vitro.
However, 4 is also a weak substrate for histamine-N-methyltransferase. The K,, value
of the enzyme for 4 is reported to be 2.8 uM and the V., 1.7 nmol/mg per h, these
values being close to those reported for histamine (22).
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The stereoselective preparation of both enantiomers of trans-2-(1H-imidazol-4-
yl)cyclopropylamine was recently disclosed (23). (1R, 2R)-trans-{1H-imidazol-4-
yl)cyclopropylamine § (K = 3.5 + 0.5 nM) was shown to have an order of magnitude
better binding affinity for the H, receptor than its (1S, 25) analog § (K, = 23 £1 nM).
These studies accentuate the conformational preference of an anti-relationship
between the basic side chain nitrogen and the 1H-midazol-4-yl moiety for potent H,
agonists. They also highlight the known enantioselective preferences of this receptor.

NH3

3

Potent and selective nonchiral histamine H, agonists have also been described.
4-(1H-imidazol-4-ylmethyl)piperdine I in binding studies in rat cortex with the H,
antagonist ["1]- iodophenpropit demonstrated two binding sites, K,, = 2.7 + 0.5 nM and
K.=1.01 £ 0.2 puM (24). This is in agreement with described displacement curves for
other H,agonists. For comparison, 1. showed a K, and K, of 4.3 + 3.4 nM and 0.22 +
0.15 pM, respectively. Compound 8 (S-[2-(imidazol-4-yl)ethyljisothiourea) is the most
potent H, agonist reported to date, and has been shown to inhibit the binding of [°H]-(A-
a—-methylhistamine) to rat brain membranes with a K = 0.1 + 0.01 nM (25-26). The
release of endogenously synthesized [*H)-histamine induced by K*-depolarization from
rat brain slices and synaptosomes was inhibited by 8 with EC,, values of 1.0 + 0.3 and
2.8 £ 0.7 nM, respectively. Compound 8 behaves as a full agonist and is about 4 times
more potent than 1 and 60 times more potent than histamine. It was found not to be a
substrate or an inhibitor of histamine-N-methyltransferase. After oral administration to
mice, 8 decreased the tele-MeHA level in the cerebral cortex with ED, values of 1.0 &+
0.3 mg/kg, an effect that was still maximal after 6 hr (26).
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3-(1 H4midazol-4-yl)propyl(4-iodophenyl)methy! ether 9 was originally disclosed

as a highly selective and potent H, receptor antagonist (27). This ligand exhibited a K;

=5+ 1 nM in a functional H, receptor binding study using rat brain synaptosomes.
However, it was determined subsequently to elicit an agonist response in a selective
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H, receptor guinea pig ileum bioassay (28). Both 9 and its desiodo derivative 10 were
demonstrated to act as partial agonists at the functional H, receptor in mouse brain
cortex, yet in guinea pig ileum, only 9 behaved as a partial agonist. in a related study,
9 and several 4-phenyl substituted analogs elicited agonist responses of varying
magnitude that appeared related to the nature of the substituent in the 4-position of the
aromatic ring {29). The data obtained from the bicassay, and conformational analysis
(COSMIC) of these compounds (Table) led to the proposal that a gradual loss of
agonism through the series was associated with an increased preference for adopting
folded conformations. These folded conformations bring the imidazole and aromatic
groups close together in space. It has been speculated that the role of histamine at
the H, receptor is to mediate proton transfer across the receptor via its imidazole group
(30). If the role of histamine at the H, receptor is similar to that proposed for the H,
receptor, then the imidazole ring of these H, ligands most likely activates the H,
receptor in the open conformation. Following this overture, agonist responses would
be expected to be reduced as the majority of the conformations of these ligands
become folded because n-stacking interaction between the imidazole and the remote
aromatic ring would reduce the propensity for proton transfer (29).

X % folded pKy + s.e. % o
conformation
H 100 77+05 33
F 85 7.8 15
Cl 56 8.0+0.3 58
Br 26 7.8+0.3 84
| 33 8.2+02 82

2 Relative to A-a-methylhistamine; Table is adapted from ref 29

Table. Agonist Activity of 4-Substituted Phenyl Derivatives of10

Tissue dependent expression of agonist efficacy has also been observed for a
number of homologs of histamine (31). A study of histamine homologs using two
binding assays, ['*I]-iodophenpropit and N*-[°H]-methylhistamine binding to rat brain
cortex membranes, and two functional H, receptor assays (inhibition of the neurogenic
contraction in the guinea pig jejenum and [*H]-noradrenaline release in mouse brain
cortex slices), have provided some evidence for H, receptor heterogeneity. The
histamine homologs 11, 12, and 13 all acted as competitive H, antagonists at the
guinea pig jejenum. However, in the mouse brain cortex, they behaved as partial
agonists. Compound 1 3 in the guinea pig jejenum, exhibited a pA, = 8.4; pK; = 9.1 (N"-
[*H]-methylhistamine binding), whereas it had a pD, of 8.2 + 0.2 in mouse brain cortex
(PH]-noradrenaline release). Additional studies are needed in order to determine if
these observed discrepancies are due to differences in the efficiency of receptor
coupling, tissue or species differences, or the existence of H, receptor subtypes.
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Histamine H, Receptor Antagonists - Since the disclosure of thioperamide 1 4 (K, = 4.3
+ 1.6 nM) as a potent and selective H, receptor antagonist (2), there has been a large
number of 1H-imidazol-4-yl derivatives prepared and evaluated for their H, receptor
affinity. The thiourea moiety of thioperamide was considered a liability for further drug
development (32). Therefore, initial strategies employed in carrying out SAR studies
for the development of selective and potent H, antagonists used 4-[1H-imidazol-4-
yilpiperidine, histamine, histamine homologs, or 8 and its isothiourea homologs, as
scaffolds, and investigated the utility of amide, thioamide, guanidine, urea, ester, and
carbamate spacers as functional replacements for the thiourea moiety. These studies
also investigated the optimal distance from the imidazole head group to the spacer,
and the optimal distance from the spacer to an appropriate lipophilic tail group.
Prominent H, antagonists {33-35) that emanated from these early efforts (33-38) were
compounds 15 (K =0.93 + 0.06 nM), 16 (pK; = 8.1), and 17 (K = 43.8 + 3.0 nM).
Compound 17 was shown to cross the blood-brain barrier and induced dose-dependent
increases (10 and 30 mg/kg, i.p.) in histamine release at concentrations that exhibited
significant histamine H, receptor occupancy (35).

X &
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Advances in H, receptor pharmacology and the availability of several new
radiolabeled H, antagonist ligands such as ['*1)-Q, [**I}]-iodophenpropit, and [°H]-S-
methylthioperamide have intensified efforts directed towards selection of an H,
antagonist clinical candidate (39-41). In this regard, several unique series of potent H,
antagonists have recently been reported (42-43). Compounds 18 (K, = 4.8 + 0.9 nM)
and 19 (K= 17 + 3 nM) represent new antagonists that were discovered by using an
approach for the preparation of brain penetrating compounds initially applied in the
design of the H, antagonist, zolantidine (44). it had been demonstrated that amino-
substituted aromatic nitrogen containing hetsrocycies could serve as functional
equivalents of thiourea and urea spacer groups.

H
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Access to the CNS can be impeded by several phenomena. Many of the selective
and potent H, receptor antagonists reported possess functional groups, i.e. compound
15, that can be protonated at physiological pH. Other distribution phenomena such as
high binding to plasma proteins can preclude effective entry across the blood brain
barrier. QSAR studies on a series of para- and meta-substituted 4(5)-phenyl-2-{[2-
[4(5)-imidazolyl]ethyl]thio}limidazoles detailing octanol/water partition coefficients (log
P), dissociation constants (pK,), H, receptor affinity (pK), and H, antagonist potency
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(pA,) have been described (45). These studies yielded a QSAR model for this series
that indicates that antagonist potency depends parabolically on lipophilicity and is
decreased by bulky para-substituents. Compounds of this series are the
thiolimidazoles 2 0 (pK,= 7.85 1 0.06) and 2 1 (pK,= 8.53 + 0.20).
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Particularly interesting with respect to the search for and identification of new
structurally entities as histamine H, receptor antagonists is the divulgence that
verongamine 22, isolated from the marine sponge,Verongula gigantea, exhibits
selective H, receptor antagonist activity with an IC,, = 0.5 uM (46). Several new H,
antagonists were developed by using 22 as a template for design (47-49). Structural
modifications of 22 which led to the development of chiral H, antagonists included: (1)
incorporation of a chiral trans cyclopropane ring for the 2-carbon straight chain
between the imidazole head group and the amide-oxime spacer and/or (2) replacement
of the amide-oxime moiety with olefin or allylic amine spacers. Important compounds
identified from these studies were 23 (K, =1.85 +0.5nM), 24 (K =1.0 £ 0.1 nM), 28 (K,
=0.37 £0.2nM), and 26 (K, =2.4 + 0.2 nM).
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Following these efforts, potent and selective acetylene based series of H,
antagonists were reported (50, 51). New antagonist compounds were obtained by
several additional structural modifications which included: replacement of olefin or
allylic amine spacers with an acetylene, and optimization of the hydrophobic tail
feature using Topliss guidelines for aliphatic side chain substitution. Potent and
selective H, antagonists identified from these studies were compounds 27 (K = 0.8 +
0.04 nM)and 28 (K = 0.22 + 0.1 nM). Importantly, these acetylene H, ligands with a
planar, but non-polar spacer containing no heteroatoms have been demonstrated to
cross the blood-brain barrier very efficiently, and elicit an antagonist response in
guinea pig ileum functional studies (52, 53).
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NEUROPHYSIOLOGY OF THE HISTAMINE H; RECEPTOR

The central nervous system (CNS) regional distribution of H, receptors in the brain
parallels the areas known to receive histaminergic innervation (54, 55). A rostrocaudal
gradient of H, cortical receptors is seen, with the frontal cortex receiving the highest
density, and within the cortex, deep layers (IV-VI) having the greatest density (55).
Limbic regions of the basal forebrain including the caudate nucleus, globus pallidus,
offactory tubercle and nucleus accumbens also contain high levels of H, receptors as
well as the reticular part of the substantia nigra. The ontogenic development of the H,
and H, receptors is different in both development as well as regional distribution
patterns within the CNS, suggesting important yet separate functions (56). The
abundance of H, receptors in several well-conserved limbic regions suggests an
involvement in arousal, emotional, motor and cognitive functions.

Histamine containing neurons from the posterior hypothalamus have been well
characterized and resemble the other biogenic amine systems in their topographically
diverse terminal fields. Neuronally released histamine is known to be under tonic
circadian control and influence many CNS homeostatic processes including arousal,
body temperature, eating and drinking, attentional, learning and memory processes,
neuroendocrine, locomotor as well as other activities (57). Histamine H, receptors
have been identified on these histaminergic nerve terminals in the brains of rats as well
as humans (1-2, 58-62). As described, this H, autoreceptor provides for a histamine
receptor subtype that is uniguely positioned to regulate the amount of neuronally
synthesized and released histamine and influence overall histamine tone in the CNS
(62,63). The presence of H, receptors on non-histaminergic nerve terminals (i.e.
heteroreceptors) has also been established by several labs (64-67).

Receptor distribution studies have demonstrated that the H, receptor is found in
the highest ievels in the brain with very low levels expressed in the periphery (68).
However, H, receptors have been identified on parasympathetic and sympathetic
nerve terminals, and peripheral functional assays have been used to determine H,
agonist or antagonist properties.  Typically, the H, receptor modulation of
acetylcholine and/or norepinephrine release in the Gl and cardiovascular systems is
studied. Compound 1 has been shown to inhibit gastric acid secretion which suggests
that it may have protective benefit against known ulcer-inducing agents (69).
Inhibitory effects on neuropeptide release via H, receptor activation on sensory C-
fibers has been described (18). Pharmacological differences have been seen
between peripheral and CNS bioassays and could illustrate species, regional, or
receptor subtype difterences. Peripheral H, receptors may be functionally quiescent
given a low histamine tone under normal physiological conditions. However, activation
of these peripheral H, receptors provides modulatory effects that could be important
under certain pathophysiological conditions.

THERAPEUTIC APPLICATIONS FOR HISTAMINE H, LIGANDS

Histamine H, Agonists - Numerous lines of evidence support a role of histamine and
for H, receptors in arousal/vigilance or slesp/wake mechanisms (70-71). Recent
understanding of the role of histamine in sleep/wake mechanisms have been gained
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through the use of selective H, receptor ligands (71-73). Oral administration of 1
caused a significant increase in deep slow wave sleep in the cat (72) and rat (73)
consistent with a reduction in histamine release and diminution in histaminergic tone.
These findings suggest that histaminergic tone actively modulates whole brain activity
and regulates arousal states and sleep/wake cycles in the CNS. |t has been reported
that azomethine prodrugs of 1 can be effectively used to liberate 1. in vivo at a
sufficient rate (74). This approach highly increases the G| absorption and CNS
penetration of 1. Some of the newer pyrrolidine H, receptor selective agonists (75)
appear to have better CNS penetration than §. Compound 3 (10 mg/kg, po)
potentiated the pentobarbital-induced loss in righting reflex, increased total sleep
time, promoted EEG activity consistent with physiological sleep (76).

The potential use of H, agonists for the treatment of migraine has been suggested
(8,18). Activation of H, receptors on C-fiber sensory nerve endings inhibit the release
of neuropeptides such as substance P and neurokinin. These vasoactive
neuropeptides can cause vasodilation and increase vascular permeability in the blood
vessels of the dura matter resulting in neurogenic inflamation and pain. H, agonists
like 3 (10 mg/kg, po) have been shown to effectively inhibit the activation of
neurogenic inflammation in a rodent model of migraine (76).

Sympathetic nerve endings (SNE) in the guinea pig (77), dog (78), and human
heart (11) harbor the histamine H, receptor, whose function is to downregulate
exocytotic norepinephrine (NE) release. In protracted myocardial ischemia, NE is also
released by a non-exocytotic, “carrier-mediated" mechanism (i.e., by reversal of
neuronal uptake), a process most recently substantiated in ischemic human
myocardium (79). H, receptors are normally quiescent, but become activated in
myocardial ischemia, when histamine is copiously released from mast cells (80).
Recent studies reveal that H, receptor activation inhibits both neuronal and non-
exocytotic, "carrier-mediated” NE release (81). Enhanced NE activity is a recognized
cause of cardiac dysfunction and arrhythmias in myocardial ischemia (82} and
hypertension (83), and these findings identify a new protective role for H, receptors.

Histamine H, Antagonists - Thioperamide 14 enhances arousalivigilant patterns in a
dose-dependent fashion in the cat (72) and in the rat (73). This has been also
confirmed for newer non-thiourea H, blockers 1 7 and provides for a unique approach to
several sleep disorders characterized by excessive daytime sleep (i.e. narcolepsy) or
dysfunctions in HA tone and/or disruptions in circadian sleep patterns.

To date, several lines of evidence strongly suggest a role of neuronal histamine in
cognitive processes (84-88). More recently, the use of H, antagonists in learning and
memory disorders has been suggested (89, 90). It has been reported that two
selective H, antagonists, 14 and 15, produced significant improvements in a delayed
non-matching to position task in rats, a model of short term memory (91). Thioperamide
was also shown to improve learning and memory in a senescence-accelerated genetic
mouse strain in a step-through (PAR) passive avoidance response (89). Thioperamide
increased histidine decarboxylase (HDC) activity and improved response latency. In
those studies, the senescence-accelerated control mice had reduced forebrain levels
of HDC activity suggesting that improvement in HA neuronal activity could be useful in



38 Section I—CNS Agents Robertson, Ed.

age-related memory decline. Moreover, stimulation of H, receptors with 1 and 8 has
been shown to decrease acetylcholine (ACh) from the frontal cortex and impair
cognitive performance in both object recognition and PAR (90). In contrast, 1 was
shown to improve recall in a water maze, suggesting opposite effects in a hippocampal-
driven spatial learning paradigm (92). These findings might suggest differential
influences by histamine H, receptor activation or blockade in either short term memory
paradigms versus spatial learning tasks.

The ability of the histamine system to modulate neurotransmitter release and
improve vigilant or attentional processes would further suggest the utility of H,
therapeutics in ADHD and other attentional disorders. PET studies in ADHD children
have indicated an asymmetry in the prefrontal cortex and caudate regions of the brain
consistent with the attentional deficits and hyperactivity experienced by the patients
{93-96). The presence of high levels of H, receptors in these regions suggest
involvement in both attentional and motor systems. Studies have demonstrated
improvements in acquisition in rat pup models with H, antagonists (97).

Histamine's role in eating and drinking homeostasis, body temperaturs, and
hypothalamic hormone release suggest additional potential areas for therapeutic
intervention (98). Chronic clinical use of H, blockers has been known to produce side
effects such as weight gain. In contrast, direct icv injections of histamine into
hypothalamic appsetite centers attentuates feeding in rats.  Dysfunction in
histaminergic transmission has now been reported in genetically obese Zucker rats
with dramatic reductions seen in both hypothalamic histamine levels and HDC enzyme
activity (99). Moreover, H, receptors appear to modulate histamine release in critical
eating centers in the hypothalamus.

Clinical evidence has clearly established a role of histamine in seizure-formation.
Treatment of epileptic patients or overdosing with CNS-penetrating H, blockers in
children can lead to clincal presentation of seizures. Recent animal data indicate that
H, receptor antagonists decrease the incidence and frequency of electrically-induced
seizures, thus suggesting a new approach to epilepsy (100-101).
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Chapter 5. Galanin Receptors: Recent Developments and Potential
Use as Therapeutic Targets

Zahra Fathi
Bristol-Myers Squibb, Wallingford, CT 06492
W. Bret Church and Tiina P. lismaa
Garvan Institute of Medical Research, Sydney NSW 2010, Australia

introduction - The neuropeptide galanin has a widespread distribution in the central
and peripheral nervous system of vertebrate and invertebrate species and has a broad
range of biological actions which suggest potential therapeutic applications of
galaninergic ligands in man. The effects of galanin include modulation of pituitary
hormone secretion, inhibition of release of neurotransmitters that may play a role in
memory acquisition or contribute to anoxic damage in the brain, modulation of appetite
and sexual behavior, as well as effects on pain, gastrointestinal motility, heart rate
and blood pressure (reviewed in 1). Human galanin is a 30 amino acid non-amidated
peptide while in other species for which the entire sequence is known, it is comprised
of 29 amino acids and is C-terminally amidated (2-6, see 7). Amino acids 1-14 are
conserved in all species examined to date, except for a single substitution in tuna fish
galanin (Figure 1).

Endogenous Galanin Peptides

Human GWTLNSAGYLLGPHAVGNHRSFSDKNGLTS

o T s ID----- H--Y--A(amide)
Rat, Mouse @ ~ ------e--——- ID~-=====- H-~~(amide)
Dog = seeemmemeecee- ID----~- HE-P---(amide)
Cow = meeeemeeo- LDS--~-Q--H-~A(amide)
Sheep @ = @ —sceeeeeeee- ID---~- H--H--A(amide)
Chicken, Quail  ----c----eeonnn D----- N--H-F-(amide)
Alligator = —-----emee - ID----= NE-H-IA(amide)
Frog = —cceemeeee ID--=--- N-~-H--A(amide)
Bowfin = —-emeeemeee-o D--~-~LN--H--A(amide)
Dogfish  -—--coemm D---

Trout @ —eeemeeee- GIDG--TL~~-H--A(amide)
Tunafish --~--- A---ecm—- GIDG--TLG--P--A(amide)
Chimeri lapin Pepti

M15 GWTLNSAGYLLGPQQFFGLM (amide)

M32 0 eeeeeeeeean RHYINLITRQRY (amide)

M3 0 el PPGFSPFR(amide)

M0 0 meeeeeemee - PPALALA (amide)

C7  meeeeeeeeee- [D-R]PKPQQ[D-W]F{D-WILL(amide)

Figure 1. Amino acid sequences of endogenously occurring galanin peptides and
chimeric galanin peptides. Dashes represent identity with human galanin sequence.
The sequence of dogfish galanin is known only for amino acid residues 1-20. In the
chimeric galanin peptides, galanin(1-13) is linked to the following C-terminal residues:
M15, also known as galantide, Substance P(5-11); M32, Neuropeptide Y(25-36); M35,
Bradykinin(2-9); M40, PPALALA (synthetic sequence) and C7, Spantide (Substance P
receptor antagonist).

The use of truncated forms and analogs of galanin peptide, and of chimeric
galanin peptides (Figure 1) which act differentially as agonists or antagonists in
different physiological assays, has provided considerable pharmacological evidence
for existence of galanin receptor subtypes, which may mediate specific effects of the
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peptide in discrete tissues or organ systems (reviewed in 7-9). In this report we
highlight recent advances in molecutar cioning of galanin receptor subtypes, whose

characterization enables correlation with existing pharmacological data and
assessment of potential therapeutic applications of galaninergic compounds.

ALANIN R OLECULAR BIOLOGY, PHARMACOLOGY AND
DISTRIBUTION

Molecular cloning of the first galanin receptor, GALR1, was reported in 1994, and
in the past year, cDNA clones encoding two novel galanin receptor subtypes, GALR2
and GALRS3, have also been described.

Table 1. Pharmacology of Cloned Galanin Receptor Subtypes

M15;M32;
Receptaor Subtype Peptide Potency" G Protein Effector;  M35;MA40;
Cellular Response Cc7
mMGALR1-348aa Goy,; JcAMP
rGALR1-346aa Gal' > Gal(1-18) >> Gal(2-29) Goy, ; JCAMP Agonist
hGALR1-349aa >>> [D-Trp?]Gal = Gal(3-29) Goy, ; LcAMP Agonist
rGALR2-372aa Gal = Gal(2-29) > Gal(1-16) > Gogyq; TPL TCa®*  Agonist
hGALR2-387aa {D-Trp?]Gal >>> Gal(3-29) Gay,; LCAMP
TAA™
rGALR3-370aa Gal > Gal(1-16) >>> Gal(3-29) ND™**

¥, Listed rank order of potency is based on rGALR1-3 binding studies.

*, Gal, Galanin(1-29) " AA, Arachidonic Acid; *“, ND, Not Determined.

GALR1 - The first high affinity galanin receptor, GALR1, was cloned from human
Bowes melanoma cells (10). Analysis of the full-length GALR1 sequence predicts the
presence of seven potential transmembrane (TM) domains, characteristic of members
of the superfamily of G protein-coupled receptors (GPCRs). c¢DNA clones encoding
species homologs of GALR1 have been isolated from rat Rin 14B insulinoma cells
(11,12) and mouse brain (13). Human, rat and mouse GALR1 are highly conserved,
with overall identities of 292%. Genomic structure has been reported for human and
mouse GALR1, and in both cases GALR1 coding sequences are contained on three
coding exons, with conserved intron/exon junctions (13,14).

The pharmacology of galanin binding to heterologously expressed human (10,15),
rat (11,12,15) and mouse (13) GALR1 has been studied in stably and transiently
transfected mammalian cells. Binding of ['*|]-galanin to cloned GALR1 is saturable,
exhibiting high affinity (K, = 0.02 to 0.3 nM). The first two N-terminal residues of
galanin are required for high affinity binding o rat GALR1: removal of Gly’ significantly
reduces high affinity binding and removal and/or modification of Trp® results in
complete loss of high affinity binding (Table 1). Chimeric galanin peptides M15, M32,
M35, M40 and C7 (Figure 1) also exhibit very high affinity, in the low nM range, towards
rat GALR1. The pharmacology of human GALR1 endogenously expressed in Bowes
melanoma and CHP-12 neuroblastoma cells (15,18), is similar to cloned human and rat
GALR1. Despite global similarities and absence of a wide range of GALR ligands,
subtle pharmacological differences distinguish human and rat GALR1. For example, in
[*I]-galanin displacement binding assays, [D-Trp®galanin(1-29) exhibits low affinity
for human GALR1 but is inactive at rat GALR1 (K = 306 nM versus K, >1000 nM). At
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heterologously expressed human and rat GALR1, galanin causes a concentration-
dependent decrease in forskolin-stimulated cyclic AMP accumulation. This response
is eliminated by treatment with pertussis toxin, consistent with coupling of GALR1 to
inhibitory G proteins. These results agree with signal transduction studies done in
native tissues as well as in galanin receptor-expressing cell lines, where galanin has
been shown to inhibit cyclic AMP accumulation in rat brain (17), hypothalamic and
entorhinal cortical (18) and hippocampal (19) membranes, as well as in rat pancreatic
Rin m5F (20) and Rin 14B (21) cells and human Bowes melanoma cells (16). At both
endogenously as well as heterologously expressed human and rat GALR1, the
chimeric galanin peptides M15, M35, M40 and C7 behave as agonists and inhibit cyclic
AMP accumulation (16,22-24).

Regional distribution of GALR1 mBNA in rat brain has been examined by in situ
hybridization and shown to be widespread but discrete (11,12,25-28). Highest levels
of expression are seen throughout the basal forebrain, including the hypothalamus,
especially in the medial preoptic area, paraventricular and supraoptic nuclei, ventral
hippocampus, and amygdala, especially in the bed nucleus of the accessory oifactory
tract. Significant expression is also seen in rat brain stem and the dorsal horn of the
spinal cord. This suggests that GALR1 may mediate many of galanin's central effects,
including feeding, cognition, neuroendocrine functions and modulation of sensory
processing. Peripheral expression of human and rodent GALR1 has been studied by
Northern hybridization. However, the data are limited and contradictory, and both
restricted and widespread expression patterns have been reported (11,13,15). By
Northern blot analysis, human GALR1 mRNA expression is also detected in fetal brain
and small intestine (10). Furthermore, mRNA encoding GALR1 has been isolated from
human small intestinal mucosal epithelial cells and shown to be present in this cell type
throughout the length of the alimentary canal (29).

GALR? - In the past year, a second galanin receptor subtype, GALR2, has been
cloned from rat (30-33) and cloning of the human homolog, which exhibits 85% identity
with rat GALR2, has also been reported recently (34). Sequence comparisons reveal a
low level of homology between GALR2 and GALR1, with overall amino acid identity
being about 38%. GALR2 coding sequences are interrupted by a singie intron, a
genomic organization distinct from GALR1. These observations suggest that GALR1
and GALR2 are highly divergent and may have evolved independently. Pharmacology
of heterologously expressed human and rat GALR2 (K, = 0.13 to 0.97 nM) is similar to
GALRT1 (Table 1). Rat GALR2, however, can be pharmacologically distinguished from
rat GALR1 based on its significantly higher affinity for galanin(2-29) and [D-
Trp®lgalanin(1-29). These two galanin analogs, therefore, can be classified as
selective peptides for rat GALR2 versus rat GALR1. Unlike GALR1, stably expressed
rat GALR2 primarily couples to activation of phospholipase C, causing elevation of
intracellular inositol phosphate and Ca* levels, although coupling to inhibition of
forskolin-stimulated cyclic AMP accumulation in transiently transfected COS-1 cells
has also been reported (31). Furthermore, signaling through rat GALR2 stimulates
arachidonic acid hydrolysis. Galanin-mediated  arachidonic acid and
phosphatidylinositol hydrolysis has been reported in mudpuppy (35) and human smali
cell lung carcinoma cells (36), respectively. Similar to rat GALR1, chimeric galanin
peptides M15, M32, M35, M40 and C7 behave as agonists at rat GALR2 to stimulate
phosphatidylinositol and arachidonic acid hydrolysis (24,33).

The pattern of expression of rat GALR2 mRNA has been examined by multiple
approaches, including Northern blot, ribonuclease protection and in situ hybridization
analysis (30-33,37,38). Expression is found in rat brain, spinal cord, anterior pituitary
and peripheral tissues, including kidney, testis, skeletal muscle, liver, hean, spleen,
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lung, stomach, smail and large intestine. In the brain, GALR2 mRNA is detected in
hypothalamus, amygdala, cerebral cortex, cerebellum, thalamus and hippocampus.
The regional distribution of GALR2 mRNA in the brain overlaps, yet is distinct from the
distribution of GALR1 mRNA. The results of subtractive receptor autoradiographic
localization studies using [**1}-galanin and [D-Trp*jgalanin(1-29) for selective
displacement at GALR2 also indicate a substantial overlap in the distribution of GALR1
and GALR2 in many brain regions (39). The overlapping distribution patterns of GALR1
and GALR2 in hypothalamus, amygdala, hippocampus and spinal cord indicate that
GALR1 and/or GALR2 could mediate the central effects of galanin on feeding
behavior, neuroendocrine functions, cognition and sensory modulation.

GALR3 - The cloning of a third galanin receptor subtype, GALR3, from rat
hypothalamus has been reported recently (40). The isolated rat GALR3 cDNA
encodes a 370 amino acid GPCR, which shares 36 and 54% overall amino acid identity
with the rat GALR1 and rat GALR2, respectively. In transiently transfected COS-7
membranes, specific ['*°l]-galanin binding to rat GALR3 is saturable, exhibiting high
affinity (K, = 0.55 nM). Despite the very low levels of receptor expression, preliminary
displacement binding experiments using galanin fragments suggest that rat GALR3
may be pharmacoiogically distinguished from rat GALR1 by exhibiting higher affinity
for galanin{2-29) and from rat GALR2 by showing lower affinity for galanin(1-19) as
compared to galanin(1-16). Furthermore, similar to GALR1 and GALR2, galanin(3-29)
is inactive at rat GALR3. Galanin-induced functional coupling for rat GALR3 has not
been reported. Future studies to attain higher levels of expression of GALR3 in
heterologous expression systems and demonstration of agonist-mediated functional
coupling should assist in further definition of the pharmacology of this galanin receptor
subtype. By Northern blot analysis, rat GALR3 mRNA is reported to be present in
heart, testis and spleen. No expression was reported in brain, lung, kidney, liver or
skeleta! muscle.

Qther Galanin Binding Sites and Functional Responses - The existence of additional
galanin receptor subtypes with discrete pharmacological profiles is suggested by both
radioligand binding and functional analyses. The use of ['®l]-galanin(1-15) as a
radioligand in autoradiographic studies of rat brain has allowed the identification of
specific, high-affinity binding sites for this ligand in the dorsal hippocampal formation,
neocortex and neostriatum, where ["®I]-Tyr*-galanin(1-29) binding is minimal or
absent (41). The functional significance of galanin binding sites that preferentially
interact with the truncated peptide galanin{1-15) is not clear and their relationship to
galanin receptors that have been described in dorsal hippocampus (19) remains to be
defined. The existence of an additional galanin receptor subtype, in smooth muscle
cells of the gastrointestinal tract, is suggested by the equipotency of galanin{(3-29),
galanin(1-29) and galanin(1-15) to cause relaxation of dispersed guinea pig gastric
smooth muscle cells, concomitant with an elevation of intracellular cyclic AMP levels
(42). Furthermore, galanin receptors that are functionally responsive to the truncated
peptide galanin{3-29) have also been described in dispersed rat pituitary cells (43). In
contrast to the ['**I]-Tyr**-galanin(1-29) binding sites that have been demonstrated on
human pituitary tumors (44) and the galanin receptors occurring on guinea pig gastric
smooth muscie cells (42) that are activated by galanin(3-29), the galanin receptors on
dispersed rat pituitary cells do not bind ['*1]-Tyr**-galanin(1-29). They are detectable
only with ['**| Bolton Hunter]-galanin(1-29), and are unresponsive to galanin(1-15).

Considerable use has been made of chimeric galanin peptides in efforts to
elucidate the biological role of galanin and to characterize galanin receptor subtypes
mediating patrticular effects. These peptides act as antagonists and inhibit galanin
action in a range of functional assays, including inhibition of evoked release of
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acetylcholine in the hippocampus, hyperpolarization of locus coeruleus neurons,
modulation of spinal cord excitability and stimulation of feeding (see 7). However, they
exhibit agonist activity in other galanin functional assays. For example, M40 acts as a
weak agonist in inhibition of insulin secretion from mouse pancreatic islets (45) and
M15 and M35 act as full agonists in relaxation of dispersed guinea pig gastric smooth
muscle cells (46). Further characterization of cloned receptors in heterologous
expression systems, together with detailed localization studies, will be necessary to
achieve a greater understanding of the mechanisms of action of chimeric galanin
peptides and whether their biological activity reflects the existence of additional
galanin receptor subtypes with discrete pharmacological properties.

Molecular Modeling - The mode of binding of galanin to GALR1 has been studied using
a combination of site-directed mutagenesis and molecular modeling (47,48). A three-
dimensional model of GALR1 has been proposed using the experimental coordinates
of the TM helices of bacteriorhodopsin, a seven TM protein with no homology to
GPCRs (49). The galanin peptide has been modeled on the basis of 'H-NMR evidence
for highly populated a-helical conformations of free galanin in aqueous solutions, at
least in the N-terminal Thr'-Leu'' region, as well as o-helix that could be induced in
other soivents (50,51). Alanine scanning mutagenesis of galanin(1-16) suggests a
major role for Trp? Asn® and Tyr’ in galanin receptor recognition (see 8,52). The
proposed major ligand-receptor interactions are between the N-terminus of galanin with
Phe'™ in TM Ill, Trp® with His®™* and/or His® in TM Vi and Tyr® through aromatic
interaction with Phe®® in extracellular loop 3. This model predicts that the C-terminus
of the galanin peptide extends beyond the limits of the helical bundle.

Recently Baldwin and co-workers have achieved a positioning of the individual
helices of bovine rhodopsin, based on an extended library of sequences of GPCRs
(53), with electron cryo-microscopy maps of a frog rhodopsin (54). As rhodopsin is a
GPCR, the details of helix positioning and differences from bacteriorhodopsin are
important and may now allow for a reassessment of the existing models of GPCRs.
Future site-directed mutagenesis studies of cloned galanin receptors to establish
rhodopsin-based models will almost certainly advance our understanding of the
structure of the galanin binding pocket.

GALANIN RECEPTORS AS THERAPEUTIC TARGETS

Obesity - Galanin and galanin binding sites are present in high concentrations in rat,
as well as primate and human, hypothalamus, particularly in nuclei associated with the
control of feeding behavior (55,56). Galanin stimulates feeding when administered
centrally into the paraventricular nucleus (57,58) or amygdala (59-60) of satiated rats
and has been reported to selectively increase fat intake when rats are given a three-
macronutrient chaice diet (57). The effect of galanin on fat intake may be dependent
on experimental conditions since studies employing different feeding paradigms were
unable to demonstrate an effect on preferential fat consumption by galanin (61,62).
Intraparaventricular administration of chimeric galanin peptide M40, which inhibits
galanin-induced feeding, has been reported to reduce spontaneous fat intake in the 3-
choice macronutrient paradigm (63) but shows no effect on spontaneous food intake in
a fat-chow choice paradigm in rats (61). Furthermore, repeated intracerebroventricular
administration of galanin for 14 days did not increase total daily food intake nor induce
significant weight gain (62). Currently, the role of endogenous galanin in the regulation
of feeding behavior remains unclear. Co-expression of multiple galanin receptor
subtypes in rat hypothalamus emphasizes the need for the development of subtype-
selective galanin receptor antagonists in order to investigate the role of galanin in the
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regulation of food intake, and to assess their therapeutic potential as anti-obesity
agents.

Cognition - Galanin has been reported to modulate the activity of cholinergic neurons
and may therefore play a role in memory processes. In the rat ventral hippocampus,
an area of importance to spatial learning, galanin inhibits cholinergic
neurotransmission both presynaptically, by inhibition of acetylcholine release (64),
and postsynaptically, by inhibition of muscarinic acetylcholine receptor signaling (65).
Administration of galanin into the lateral ventricles, hippocampus or medial septum of
rats impairs performance in memory tasks, primarily impairing the acquisition, but not
retrieval, of spatial memory (66-68). The inhibitory effect of galanin on working
memory has been reported to be attenuated by administration of the chimeric peptides
M15, M35 and M40 (63-71).

In dementing ilinesses, such as Alzheimer's disease, Down's syndrome and in
many patients with Parkinson’s disease, there is degeneration of cholinergic neurons
projecting from the basal forebrain to the cerebral cortex. Galaninergic fibers and
terminals hypertrophy and hyperinnervate surviving cholinergic neurons of the
nucleus basalis of Meynert and diagonal band (72,73), leading to the suggestion that
the cognitive deficit of such neurodegenerative disorders may be exacerbated by
inhibition of acetyicholine release by galanin. Consistent with this are observations of
preservation of galanin receptors (74,75) and elevated galanin levels in the cerebral
contex of afflicted individuals (76). The possible contribution of galanin to the
cognitive deficit of disorders involving cholinergic dysfunction suggests therapeutic
potential for galanin receptor antagonists, whose use in combination with
anticholinesterase or cholinergic agonists may provide a potential treatment strategy.

Pain - The localization of galanin-like immunoreactivity in primary afferent terminais
and in interneurons of the superficial dorsal horn of the spinal cord (77), together with
demonstration of galanin binding sites on dorsal horn neurons (78), suggests a role for
galaninergic transmission in the modulation of sensory processing, and particularly in
nociception. However, the reported effects of exogenously administered galanin on
nociception are contradictory, with antinociceptive, hyperalgesic and pronociceptive
effects seen in response to mechanical stimuli (79-81). Nevertheless, both galanin
and the N-terminal fragment galanin(1-15) potentiate the analgesic effects of
intrathecally-administered morphine (82,83), and the chimeric peptides M15 and M35
are efficacious in antagonising the antinociceptive effect of opioid and non-opioid
drugs (84,85). This raises the possibility that spinal galanin receptor agonists which
potentiate the analgesic actions of morphine may be clinically useful in the treatment
of chronic pain (for a report on novel molecular approaches to analgesia, see chapter
2).

The inhibitory effect of galanin on the nociceptive spinal flexor reflex is
stronger after sciatic nerve axotomy than in intact animals (86), as is the facilitation of
this reflex by the chimeric peptide M35. These observations suggest that galanin may
be an endogenous analgesic factor that is of particular importance after nerve injury
(87). In addition, the application of antisense oligonucleotides to galanin to the
proximal end of a transected sciatic nerve, or chronic infusion of the chimeric peptide
M35 after axotomy, results in increased self-mutilation (autotomy) (88,89). As this
behavior is thought to reflect the development of neuropathic pain arising from ongoing
spontaneous neuronal discharges in injured peripheral nerves, a role for galanin in
suppressing this behavior and in controlling the development of neuropathic pain may
be inferred. Suprisingly, the autotomy response to nerve injury is abolished in
homozygous galanin knockout mice (90,91). Detailed characterization of the galanin
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knockout mouse, including investigation of potential developmental deficits, should
resolve this apparent discrepancy, and establish the exact role of galanin in
neuropathic pain.

Nerve injury and nerve regeneration - Plasticity in expression of neuropeptides in
response to nerve injury is well-documented (92), and up-regulation of galanin
expression has been observed after axotomy of sensory, motor and sympathetic
neurons (see 1). However, the functional significance ot galanin expression in
response to nerve injury is not clear. Of particular interest is that the galanin knockout
mouse exhibits significantly diminished capacity for functional regeneration of
sensory neurons after peripheral nerve transection (90,91), which suggests that
galanin may play a role in mediating or facilitating the regenerative process in injured
sensory neurons and raises the possibility that a galanin agonist may be of use in
such therapeutic applications.

Within discrete regions of the brain, galanin modulates the release of a range of
neurotransmitters, including inhibition of glutamate release from hippocampal neurons
in response to anoxia (93) and inhibition of the release of aspartate and glutamate in
response to depolarization in the ventral hippocampus (94). Furthermore, blocking
neuronal activity or an imbalance in excitatory and inhibitory neuronal inputs will trigger
increased expression of galanin (95,96). Thus, the ability of galanin to inhibit the
release of excitatory neurotransmitters may reflect involvement in neuroprotective
mechanisms in vivo, which may be of relevance in strategies for treating acute brain
trauma or hyperactivity.

Neuroendocrine Disorders - Galanin is expressed in the hypothalamic-pituitary axis
and in peripheral neuroendocrine tissues such as the pancreas, and has been
demonstrated to have potent and species-specific effects on the secretion of pituitary
and glucoregulatory hormones (see 8,97,98). In humans, intravenous infusion of
galanin potently stimulates the secretion of growth hormone (GH) (97,99). This effect
of galanin suggests potential for development of galanin agonists as GH
secretagogues that may have utility in either the diagnosis or treatment of GH
insufficiency syndromes. A variety of immunological and pharmacological
approaches have provided evidence that galanin stimulation of GH secretion is
mediated by effects on the release of either GH-releasing hormone (GHRH) (100) or
somatostatin (101,102), while intracerebroventricular administration of a specific
galanin-antiserum in rats decreases GH pulse amplitude and increases GH pulse
frequency, suggesting tonic modulation of both GHRH release and somatostatinergic
tone by galanin (103). In addition to actions on hypothalamic neurons, galanin
released into the hypophysial portal circulation could act at the anterior pituitary as a
hypophysiotropic factor. While data pertaining to galanin stimulation of pituitary
hormone secretion by direct action on the pituitary gland are contradictory (104-106),
demonstration of expression of mRNA encoding GALR2 in the rat anterior pituitary (32)
is consistent with a biological role for galanin in anterior pituitary cells. An autocrine
role for anterior pituitary galanin in stimulating GH secretion is suggested by
correlation of elevated levels of GH secretion with expression of galanin in
somatotrophs cultured from both wild-type C57BL/6S mice and mice exhibiting somatic
hyperplasia arising from a GHRH transgene (107). It should be noted that the
expression of galanin within human and rat pituitary shows cell-specific differences
(see 108), and it is not yet clear how these differences relate to pituitary function.

Paradoxically to galanin stimulation of GH secretion in normal human subjects,
the infusion of galanin into acromegalic patients has been reported to inhibit GH
secretion (109). A normal GH secretory response to galanin infusion is restored in a
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significant number of patients following neurosurgical removal of GH-secreting
adenomas, while galanin inhibition of GH secretion can be demonstrated in vitro in a
number of surgically removed adenomas (110) A significant proportion of such
adenomas do not exhibit inhibition of GH secretion in response to the somatostatin
analog octreotride (111), which is currently in use as a non-surgical therapy for
acromegaly. This raises the possibility that galanin receptor agonists may be useful
therapeutic agents for the treatment of acromegalic patients who are unresponsive to
octreotride.

EUTURE DIRECTIONS

To date, three galanin receptor subtypes have been cloned and pharmacological
data suggest the existence of additional receptor subtypes. Localization studies
indicate substantial overlap in the CNS and possibly peripheral expression of the
cloned galanin receptors. The development of subtype-selective galanin receptor
agonists and antagonists is essential to provide experimental tools that would allow
delineation of the role of each receptor subtype in mediating the wide spectrum of
galanin’s biological activities, and to define therapeutic indications for galaninergic
compounds. As peptides generally do not cross the blood-brain barrier, peptidic
galanin receptor agonists and antagonists will probably be of limited use for
therapeutic CNS applications. The only small molecule galanin receptor ligand
reported to date is a new spirocoumaranone related to the griseofulvin family of
compounds, with a reported inhibitory activity (IC;, = 1.7 uM) at GALR1 (112). The
development of selective high affinity small molecule galanin receptor ligands would
allow realization and validation of their therapeutic potential as novel CNS medicines.
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Chapter 6. Sodium Channels: Recent Developments and Therapeutic Potential

David J. Madge
The Wolfson Institute for Biomedical Research
140 Tottenham Court Road, London W1P 9LN

Introduction - It has long been recognised that the electrical excitability of cells is mediated by
proteins which can modulate the ability of ions to travel across the cell membrane. Such proteins
may be active transporters of ions, such as the sodium-calcium exchangers, or they may be
proteins which (under certain, defined circumstances) allow the passive diffusion of ions down
the concentration gradient which may exist across the cell membrane. These proteins are referred
to as ion channels. Over the last ten years it has become increasingly clear that ion channels
represent an excellent target for novel drug design (1). This report concerns recent developments
in our understanding of the mechanisms which control the activity of a series of channels which
are selective for sodium ions. In particular we will focus on the voltage regulated sodium
channels which are found in the central nervous system, and emerging therapeutic applications of
sodium channel modulators.

The family of sodium channels is a large, heterogeneous, group with members showing
variations in mechanisms of regulation as well as variations in structure and tissue distribution
(2). Genes encoding putative sodium channels have been isolated from numerous mammalian
sources, including cardiac tissue, neural tissue and epithelial cells, and are also found in
nematodes (C. elegans) and snails (Helix aspersa). These channels usually comprise a principle,
ion conducting, o subunit in conjunction with two complementary, smaller subunits, usually
referred to as B1 and f2. The o subunits of these channels are structurally diverse, arising from
multiple sodium channel genes and alternative splicing events. Several families of sodium
channel o subunits have been described, based principally on sequence homology. Different
classes of sodium channels may have different complementary subunit requirements for full
functionality, and in many cases the required complements to a particular o subunit have yet to
be identified (3). It is now becoming clear that many drugs of a previously unknown mechanism
of action actually act by modulating sodium channel conductance. These drugs include tertiary
amine local anesthetics such as procaine (1), Class I antiarrhythmics such as lidocaine (2) and
mexiletine (3), and anticonvulsants such as carbamazepine (4) and phenytoin (§), as discussed in
Chapter 7 of this volume. It is through the use of drugs such as these that the role of sodium
channels, and the potential importance of sodium channel blockers, in neuroprotection and
analgesia has begun to be explored (4).

o CH

o/\/'(/ \[(\N/\ C[ o A

SODIUM CHANNEL HETEROGENEITY

HN

Sodium channel proteins are notoriously difficult to purify, clone and express, and hence
progress towards a full understanding of the role of individual channels has been slow. During
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the early days of this area of research the binding of neurotoxins such as tetrodotoxin (TTX) and
saxitoxin (STX) were useful markers for sodium channel activity, with the eel electroplax
providing the first sodium channel a subunit. Recent advances in molecular biology techniques
have led to the identification of increasing numbers of distinct gene products in all areas, and
sodium channel research has not escaped this. Currently nearly a dozen different mammalian
sodium channel genes have been found, as shown in Table 1, and many more will doubtless
follow. Splice variants occur and often have important functional consequences. Sequence
homology is high between members of the group of channels found in the brain (around 75-88%)
and these are assumed to have similar structures. If chemical similarity of the individual amino
acids is taken into account the apparent homology between the brain sodium channels is actually
much higher, suggesting a fairly recent divergence. The sodium channels found in peripheral
sensory neurones, skeletal muscle and cardiac tissue show a lower homology (around 60%) to the
brain channels. This difference between the channels is reflected in their differing sensitivity to
tetrodotoxin, with the majority of peripheral channels being insensitive to this neurotoxin,

Gene Locus | Species Other Names Site of expression Ref.
Scnla Rat Typel, NaChl Brain (5)
Scn2a Rat Typell, NaCh2 | Brain (6)
Scn3a Rat Typelll, NaCh3 | Brain N
Scn4a Mouse SkM1 Skeletal muscle (8)
Scn5a Mouse hl, SkM2 Heart (&)
SCN6A Human HUMNACH Heart, uterus (10)
Scn7a Mouse Na-G Glial cells (11)
Scn8a Mouse and Rat | NaChé6 Neuronal and glial cells | (12)
Scn9%a Rabbit NaS Glial cells (13)
Unknown Electric eel Electroplax (14)
Unknown Rat TTXi, SNS Sensory neurones (15)

Table 1: Cloned Sodium Channels

NEURONAL SODIUM CHANNELS

Structure - Native, neuronal voltage gated sodium channels exist as polypeptide multimers of an
a subunit (260kDa) and subsidiary 1 and B2 subunits of 36 and 33kDa, respectively (16).
Although the isolated o subunit demonstrates all of the basic pharmacology and physiology of a
sodium channel, it has been shown that co-expression of a and B1 subunits modulates sodium
channel characteristics (17). In addition it was recently shown that the B1 subunit may play a
more important role in vitro than was previously thought, particularly in respect of the actions of
neurotoxins and local anesthetics (18). The P2 subunit has been suggested to be involved in
functional sodium channel expression and localisation (19). A single a subunit is thought to
comprise an independent voltage dependent channel with four homologous domains (D1-D4),
each with six transmembrane segments (S1-S6), as shown in Figure 1. Each transmembrane
segment consists of an amphipathic o helix of about 22 amino acids. Although the three-
dimensional structure is not known, it is generally assumed that the four sodium channel domains
each fold similarly to models of voltage sensitive potassium channels (20), which consist of a
tetramer of four identical, but separate, subunits. An extracellular pore-forming region between
S5 and S6 forms a narrow selectivity filter containing several charged residues (21), and the
entrance to the conductance pore is sited here. The S6 segments appear to line the channel pore,
and it has been shown that this region is intimately involved with antiarrhythmic drug binding
(22).

Voltage sensitivity - One of the transmembrane segments, the S4 in each of the domains, is
highly charged, having multiple basic residues (4,5,6 and 8 in D1, D2, D3 and D4, respectively).
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Membrane deploarization would be predicted to cause an outward movement of these segments
with respect to the cell membrane, and it has been suggested that this forms the mechanism by
which the channel senses voltage changes and converts transmembrane potential into
conformational changes, resuiting in a change in sodium ion conductance (23). Mutations of
charged and hydrophobic residues within the S4 segments result in changes in the voltage
dependence of the channel (24). More recent studies looking for the accessibility of cysteine
residues to derivatisation with methanethiosulphonate reagents have confirmed that several
residues in the S4 segment of domain D4 translocate from an intracellular to an extracellular
position in response to depolarisation, and this may play a key role in both voltage dependence
and gating of the channel (25).

Mechanism of Inactivation - Mutations or chimeras formed from specific regions of the primary
amino acid sequence of sodium channels alter channel properties such as calcium and sodium
selectivity. Site directed antibodies and site directed mutagenesis have been used to establish the
residues forming the inactivation gate, which closes several milliseconds after channel opening
(26). This intracellular loop is between D3 and D4 of the sodium channel o subunit and is 53
residues in length, with three amino acids in particular (isolecuine, phenylalanine and
methionine, IFM, at positions 1488-1490) being crucial for inactivation. The IFM motif is
suggested to act as the inactivation ‘plug’ for sodium channels, binding at the intracellular mouth
of the sodium ion conductance pore (27). Inactivation also depends on residues in the
intracellular loop connecting segments 4 and 5 in D4, which appear to form the binding site for
the IFM motif (28). Quantitative analysis confirms that inactivation of sodium channels behaves
much like the binding of a ligand (the inactivation loop) to a receptor, with binding affinity being
a function of channel conformation (29).
o subunit domains

1 2 3 4
ScTx
Qutside
A v vy Inside
P
Amino
terminus
2 P L/ Carboxyl
P B lerminus
<F> PKC Phosphorylation site @ PKA Phosphorylation site
@ Inactivation Particle + Charge Sensing subunits

Figure 1: Sodium Channel o subunit structure

Function - The voltage-sensitive (or voltage gated) sodium channel is responsible for the increase
in sodium permeability during the initial rising phase of the action potential in nerve (as well as
in neuroendocrine, skeletal muscle and heart) cells. These electrically excitable cells maintain a
high intracellular K* concentration and a low intracellular Nat concentration relative to the
extracellular fluid. Hence the opening of sodium channels results in sodium entry into the cell,
depolarisation, and therefore cell firing. Voltage clamp experiments reveal a biphasic nature to
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sodium channel permeability; this has been attributed to an initial rising conductance (activation)
followed by a period during which permeability returns to normal, resting, levels (inactivation).
Thus three distinct sodium channel states can be observed: resting (or closed), activated (open)
and inactivated (closed and blocked). Inactivation proceeds many thousands of times faster when
channels are open compared to the resting state.

Drugs that interact with sodium channels to block ion flux cause the channels to inactivate
to a greater extent and with smaller depolarisations than they would normally. The relatively
slow off-rate of drugs such as the anticonvulsant phenytoin means that there is an accumulated
block with repeated depolarisations (use-dependent block). This means that, in the case of
therapeutically relevant concentrations of phenytoin (8 mM) channel block is only significant if
cells remain depolarised for at least S seconds. This may explain why many drugs of this type do
not alter normal action potentials or excitatory synaptic potentials - these events last less than
200 ms. Recent studies with the neuroprotective compound riluzole have shown similar results to
those found with phenytoin. Riluzole was found to block cloned recombinant type Ila channels (in
oocytes) only at high concentrations, whereas at low concentrations a preferential block of the
inactivated state of the channel was observed (30). Thus sustained depolarisations, as occurs
during ischemia or seizures, greatly enhances the blocking action of phenytoin and similar drugs.
Hodgkin and Huxley first described the three-state model for sodium channels, and a theory to
explain use-dependent blockade of ion channels, termed the ‘modulated receptor theory’ (MRT),
has been developed based on their observations. This theory assumes that sodium channel
blockers bind different channel states with different affinities, and that drug binding alters the
transition rates between different states (31). The MRT states that:

The three normal channel states are: Resting (R), Open (O) (or activated), and Inactive (I)
Under normal resting conditions the channels are predominantly in the Resting state and are
nonconducting

e  When the membrane is depolarised, the channels Open and conduct sodium, resulting in the
inward sodium current that makes the major contribution to the action potential

e The inward sodium current rapidly decays as channels move to the Inactive state
The return of the Inactive state to the Resting state is termed reactivation and is voltage- and
time-dependent

o Drug binding results in transitions to R, O and I" channel states. These ‘** states have
different transition rates between them compared to the normal states

More complex models have been developed to explain the apparent ability of many sodium
channel blockers to distinguish between normal conductance and the sustained burst of activity
which occurs during, for example, an epileptic fit. These models propose the existence of two
inactivated states, one of which arises from a brief depolarisation (the fast inactivated state),
which is explained by the ball-and-chain model of channel inactivation, and a second, slowly
inactivated, state which arises following sustained depolarisation. It has been proposed that the
selectivity of compounds such as lamotrigine (7, vide infra) arises from a specific binding to the
slowly inactivated state, stabilising the channel in this conformation and therefore making less
channel available for activation (32). However, other studies suggest that the use-dependent
action of these compounds could also be explained by the slow, cumulative, binding of this type
of compound to the fast-inactivated state of the sodium channel (33).

REGULATION OF NEURONAL SODIUM CHANNELS

Phosphorylation - One of the means by which brain sodium channels have been found to be
regulated is phosphorylation, and both protein kinase A and protein kinase C are involved.
Phosphorylation by protein kinase C has been shown to reduce curent magnitude (34) and can
also slow the rate of fast inactivation (33). The target for PKC appears to be a serine residue
(S1506) in the linker between domains 3 and 4 (see Figure 1). The effect of phosphorylation by
protein kinase A is to reduce sodium current amplitudes by reducing the open probability of the
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channel, an effect which is only observed when S$1506 has already been phosphorylated by PKC
(36). Of the five PKA consensus sites in the linker between domains 1 and 2 of the type IIA
sodium channel, four have been shown to be phosphorylated by PKA (37), and the same four
sites are found to be dephosphorylated by phosphatase 2 and calcineurin (38). Moreover,
functional effects of PKA activation were recently reported and confirmed to be mediated by
phosphorylation of the PKA consensus sites in the linker region between domains 1 and 2 of the
rat brain IIA alpha subunit (39), and work is underway to determine the precise role of potential
phosphorylation sites in channel regulation (40).

Neurotoxin Binding - A wide range of toxins have been found to act an sodium channels to either
block the channel or to interfere with the activation or inactivation of the channel. On the basis of
structural studies and binding information it has been deduced that there are six different toxin
binding sites. Toxins acting at Site 1 are associated with paralytic food poisoning and classically
contain a positively charged guanidinium moiety, as in tetrodotoxin and saxitoxin. Sodium
channels are permeable to simple guanidinium ions, and they are attracted to the mouth of the
pore by the same mechanism which attracts sodium ions, but in the case of the bulky neurotoxins
the pore becomes blocked by the rest of the molecule. Site directed mutagenesis experiments to
replace the negatively charged glutamic acid moiety at residue 387 with glutamine results in a
1000-fold reduction in the sensitivity to this class of toxin. A model of the site of action of TTX
and STX has recently emerged which takes into account the above observations and also
incorporates information on the crystallographically determined structures of TTX and STX. This
model confirms a crucial role for the extracellular segments between S5 and S6 in forming part
of the lining of the pore and also in forming part of the binding site for the guanidinium toxins
(41). The model accurately predicts the changes in sensitivity to these neurotoxins on the basis of
different interactions with different sodium channel isoforms.

The lipid soluble toxins (binding site 2) appear to bind in the hydrophobic domain of the
cellular membrane, as do the brevetoxins (sites 5), while binding sites 3 and 4 are on the
extracellular surface of the o subunit. Labelling studies with the neurotoxin batrachotoxin (site
2) reveal a binding site near the transmembrane segment S6 of domain 1 on the o subunit of
recombinant sodium channels (42). This site is adjacent to the determined binding site of
brevetoxin (site 5), at a transmembrane region between domains 1 and 4 (43), implying a
common area for binding of hydrophobic toxins. It is becoming increasingly clear that these
neurotoxin binding sites do not exist in isolation to each other and examples of allosteric
interactions between the binding sites are frequently discovered. Recent studies, for example,
show a role for brevetoxin (site 5) in the modulation of scorpion o toxin binding (site 3) (44),
with further studies showing that tetrodotoxin (site 1) reverses this effect (45). Such observations
serve to emphasise the care needed in interpreting results from binding studies or guanidine flux
experiments, which often incorporate neurotoxins in the protocols. It is clear, however, that
studies on the interactions of these neurotoxin binding sites will soon begin to tell us how and
where to best interfere with sodium channel activities for therapeutic benefit. The pyrethroid
insecticides, analogues of the natural toxins found in the flowers of the chrysanthemum family,
are well known for having effects on a variety of neuronal receptors but their primary cause of
toxicity is due to binding and stabilisation of the open state of voltage gated sodium channels.
The binding site for this class of compounds is referred to as site 6, and it has recently been
shown, through photoaffinity labelling, that this site lies on the o subunit of the type Ila sodium
channel (46).

Drug Binding - The site of action of antiarrhythmic, anticonvulsant and local anesthetic drugs is
believed to be on the intracellular side of the sodium channel (47). Most studies on sodium
channel mutants have been carried out with local anesthetic drugs, and it is found that single
amino acid alterations at residues 1764 or 1771 do not alter channel gating but decrease local
anesthetic action (48). Mutations at 1769 enhance local anesthetic block, while substitution also
alters selectivity of molecules for permeation through the channel. The molecular site of local
anesthetic block is thus concluded to be within the ion conductance pathway, near the
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inactivation gate and the selectivity filter (49). It was suggested that the ionisable amino group
binds to the selectivity filter of sodium channels, in the same way that tetracthylammonium ions
block potassium channels, and mutation studies have provided clear evidence in support of this.
More recent studies with phenytoin and lidocaine suggest an interaction of these drugs with the
same site (50). This site appears to be neurotoxin binding site 2, with drugs binding to the site in
a frequency and voltage dependent manner (51). However, the possibility of a binding site for
sodium channel blockers which modulates the binding of ligands such as BTX to neurotoxin
binding site 2 through an allosteric interaction cannot be ruled out (52). Selective high affinity
binding of these inhibitors to the inactivated state of the channel is believed to be the property
that makes them specific for the blockade of abnormally firing sodium channels without
inhibiting normal cardiac and neuronal sodium channels. However neither lidocaine or phenytoin
require sodium channels to cycle through the open state for use-dependent binding to occur;
repetive depolarising impulses that are insufficient to cause channel opening still cause increased
blockade with these agents (50).

THERAPEUTIC USE OF NEURONAL SODIUM CHANNEL BLOCKERS

Sodium channels have been suggested to play a role in (and sodium channel blockers to be
useful in treating) many disorders of the central nervous system. The majority of the compounds
studied to date show some potential in more than one of these disorders; very few compounds
with selective anticonvulsant, analgesic or neuroprotective activity have been identified.
However, it is possible that discrete sodium channels are involved in the pharmacology of each
condition, giving the potential for selective compounds with a clearly defined usefulness. This
point will only be clarified when a range of neuronal channels have been expressed in isolation
and selective blockers identified.

The structural similarity between the different cation channels means that selectivity is a
serious issue; many sodium channel blockers also have effects on calcium channels (mexiletine
and lifarizine), while others effect potassium channels (lidocaine). Selectivity over peripheral
sodium channels is also essential for any therapeutically useful neuronal sodium channel blocker.
Successful neuronal sodium channel blockers will obviously have to address these problems as
well as demonstrating a lack of effect on normal action potentials. In fact the majority of the
newer generation of sodium channel blockers have been found to be ‘use-dependent’ - their
activity increases in situations where rapid neuronal firing is sustained for several seconds. This
means that the more potent compounds have little or no effect on normal neuronal activity.

Anticonvulsants - Neuronal sodium channel blockers found their first major application with the
discovery of their potential as new treatments for epilepsy, and this area of therapy has seen a
minor revolution with the arrival of more potent and selective compounds offering improved
control over this debilitating condition (see Chapter 7 of this volume). New sodium channel
blocking anticonvulsants that are now finding clinical use include fosphenytoin (6), lamotrigine
(7) and zonisamide (8).
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Evidence for the role of sodium channel block in the activity of the current group of new
anticonvulsants is based on the similarity of their actions to those of TTX in rat hippocampal
slices. Electrophysiological studies support selectivity of action of phenytoin and lamotrigine on
persistent bursts of sodium channel openings, with little effect on normal action potential
activity. Recently reported anticonvulsants include a series of propanamide derivatives, typified
by PNU-151774E (9), and several 3-aminopyrroles, exemplified by AWD-140190 (10). These
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compounds show potent activity in the maximal electroshock (MES) model for anticonvulsants,
(EDsy of 8 mg/kg and 2.5mg/kg, respectively) and also show excellent selectivity over
neurological impairment (a common side effect of many sodium channel blockers), measured in
the rotorod assay (53,54).
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Consideration of the activity of the 3-aminopysroles, in conjunction with the other known
anticonvulsants such as lamotrigine, phenytoin, carbamazepine and zonisamide, led to the
suggestion of a pharmacophore model of the interaction of these compounds with their sodium
channel binding site (54). This pharmacophore incorporates an aromatic ring with a hydrogen
bond donor (H-D) moiety and a separate hydrogen bond donor-acceptor (H-A and H-D) group, as
illustrated for lamotrigine.
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Neuroprotective Agents - Stroke and other brain injuries are major causes of mortality and
morbidity in the adult population for which no efficient therapy is presently available (55).
Despite considerable study, the mechanisms causing irreversible brain damage after ischemia are
not fully understood and the primary event in this catastrophic cascade remains subject to
conjecture. Nevertheless, the energy failure which results in cellular damage following head
injury certainly involves changes in cellular ion homeostasis (56); anoxic neurones are rapidly
depolarised and thus voltage sensitive sodium and calcium channels will be opened (57).
Excitatory amino acids such as glutamate and aspartate are clearly implicated in the pathogenesis
of neuronal death (58), and numerous studies have demonstrated that antagonists of glutamate
release can attenuate ischemic brain damage in animal models of focal ischemia (59). Selective
blockade of sodium channels with TTX slows or reduces many of the markers of ischemia-
induced cell damage, and local anesthetics have been shown to have neuroprotective properties.
Further studies have revealed the potential of many of the classical, and newer, anticonvulsants
to protect against ischemia and there is now a substantial body of evidence to suggest that
voltage-dependent sodium channel blockers are neuroprotective in models of global and focal
ischemia (60,61,62).
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Sodium channel blockers act more effectively during conditions of cellular depolarization,
sustained for seconds. This should result in the compounds having little effect on normal
neuronal signalling, but allow the blockade of sodium channels during pathological conditions
such as seizures or ischemia. Many of these agents (phenytoin, lidocaine, carbamazepine,
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lamotrigine and others) are cerebroprotective at doses that are relatively free of side effects, in
marked contrast to excitatory amino acid antagonists or L-type calcium channel blockers. One
chemical series that has been particularly productive for the identification of neuroprotective
sodium channel blockers is the benzothiazole system, represented by structures 11, 12, and 13, as
shown in Table 2.

Table 2. Activities of Selected sodium channel blockers in the Middle Cerebral Artery Occlusion
(MCAO) model of neuroprotection.

Compound Reduction in Infarct Volume Ref.
Lubeluzole (12) 50% at 0.3mg/kg bolus then infusion (63)
BW619C89 (14) 48% at 20mg/kg (64)
BW1003C87 (15) 46% at 20mg/kg (65)
Lamotrigine (7) 52% at 20mg/kg (66)
Carbamazepine (4) 24% at 2x50mg/kg (67)
Phenytoin (§) 40% at 2x100mg/kg (67)
RP66055 (13) 44% at 2x8mg/kg (67)

A further group of neuroprotective sodium channel blockers has been identified in
derivatives and analogues of the antiarrhythmic drug lidocaine, 2. These include the mixed
sodium/calcium channel blocker lifarizine, 16, which is widely found to be neuroprotective in
models of global and focal ischemia (68), and a series of lipophilic amide analogues (such as
PD85639, 17) which are found to be neuroprotective in a hypoxia model (69).
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A model of the membrane potential alterations which occur following an ischemic event,
mimicked in vitro by treatment with veratridine, has been used to evaluate several sodium
channel blockers and gives ICsq values for lubeluzole, riluzole, lamotrigine and phenytoin of 0.54,
1.95, 10 and 16.1, respectively (70). Several of these sodium channel blockers have also been
studied in models of head trauma, such as the rat fluid percussion model. The necrosis which
follows a blow to the head appears to develop as a result of an interruption in blood flow causing
edema and ischemia. BW1003C87, 15, and BW619C89, 14, both reduce the damage observed
following head trauma and it is likely that many other voltage dependent sodium channel
blockers would also be protective in this model (71,72).

Analgesic Agents - Inappropriate impulse generation within injured axons and their
corresponding dorsal root ganglion (DRG) neurones has been suggested to be the mechanism for
formation of neuropathic pain following nerve injury, and this process has been shown to be
dependent on sodium channels (73). Both lidocaine and carbamazepine have been shown to
effect a use-dependent block of sodium channels in DRG neurones 18 days post-axotomy (74),
and carbamazepine was recently shown to relieve paresthesias following damage to the
ilioinguinal nerve during hemiorraphy (75). Sodium channel blockers have also been shown to
have local anesthetic activity (76), and several of the drugs already established as local
anesthetics or anticonvulsants (carbamazepine, lidocaine, phenytoin, lamotrigine) have been
found to be either useful in the treatment of neuropathic pain, such as from trigeminal neuralgia
or diabetic neuropathy, or to be active in animal models of these disorders (77, 78, see also
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Chapter 2 of this volume). The effects of these drugs are thought to be mediated centrally as local
administration to the hyperalgesic paw is ineffective (79). In studies aimed at differentiating
between analgesic activity (pain response in a normal paw) and hyperalgesic responses (pain
CH, CH, responses after PGE; injection) lamotrigine clearly had no effect on
o\)\N -~ Rormal pain responses but blocked completely the hyperalgesic pain
H response. The same study, using streptozocin-induced diabetic
CH, 18 neuropathy, showed that intrathecal lamotrigine could block
hyperalgesia for as long as two days (80). A mexilitine analogue,

18, has recently been claimed to be particularly useful in the treatment of neuropathic pain (81).

Conclusions - Over the last few years several new classes of voltage-dependent sodium channel
blockers have come to light, and these are being studied as new treatments for various, often
presently poorly addressed, disease states. Our increasing awareness of the importance of these
channels and their therapeutic usefulness will only serve to extend this trend and will drive
research into the identification of new agents with ever more selective actions. Perhaps the most
crucial step forward will be the development of expression systems for more recombinant
channel proteins, allowing a more thorough and straightforward route to the identification of
sodium channel blockers that are selective for individual channel subtypes.
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Chapter 7. Recent Progress In Antiepileptic Drug Research

Nicholas D. P. Cosford, lan A. McDonald, and Edwin J. Schweiger
Chemistry Department, SIBIA Neurosciences
505 Coast Boulevard South Suite 300
La Jolla CA 92037-4641

Introduction - Epilepsy is a relatively common neurological condition affecting 0.4-1%
of the world’s population (45-100 million people). For the general populace there are
approximately 20-70 new cases per 100,000 diagnosed each year with a 3-5% lifetime
probability of developing the disease (1,2). The older established antiepileptic drugs
(AEDs) phenytoin, carbamazepine, clonazepam, ethosuximide, valproic acid and
barbiturates, are widely prescribed but suffer from a range of side effects (3).
Furthermore, there is a significant group of patients (20-30%) that is resistant to the
currently available therapeutic agents. Since 1989 several new drugs have been
launched, including felbamate, gabapentin, lamotrigine, oxcarbazepine, tiagabine,
topiramate, vigabatrin and zonisamide (4-11). While many of the new AEDs show
improved efficacies and side-effect profiles, patients with intractable epilepsy remain
untreated. There is clearly a need for improved medications, therefore, and an
enormous effort has been exerted towards this goal over the last several years.
Anticonvulsants were last reviewed in this series in 1989 (2). The purpose of the
present report is to highlight the most important recent developments in antiepileptic
drug research, with an emphasis on the discovery of novel therapeutics and the
elucidation of their mechanism of action.

Until recently, AEDs were identified through a combination of empirical
compound screening and serendipitous discovery. Intensive research into the physio-
logical and biochemical events which take place during epileptic seizures has
provided insight into the molecular mechanisms by which these might be controlled
(12,13). The present understanding of the mechanisms by which AEDs exert
therapeutic benefits, and consequently the way in which this chapter is organized,
may be summarized as follows: (a) by potentiating inhibitory mechanisms
(predominantly the GABA system); (b) by inhibiting excitatory mechanisms
(predominantly the glutamate system); and (c) by inhibiting excessive neuronal firing
(modulation of membrane cation conductance via sodium, calcium or potassium
channels). in addition, several drugs operate through other or unknown mechanisms.
The mechanism of action of AEDs and their clinical significance in relation to animal
seizure models has been reviewed recently (14).

Considerable progress has been made recently in understanding the under-
lying causes of epilepsy at a molecular level (15,16). Two point mutations in the
cysteine proteinase inhibitor gene, cystatin B (CSTB), proved that this gene is
responsible for progressive myoclonus epilepsy of the Unverricht-Lundborg type (17).
The role of phosphoinositide-specific phaspholipase C-p (PLC-B), a G protein-coupled
enzyme, was studied with knockout mice (18). It was found that PLC-Bf" mice
developed epilepsy and that PLC-B1 is involved in signal transduction by coupling to
muscarinic receptors. Neuronal apoptosis was observed in the rat dentate gyrus in
two models of human limbic epilepsy (19).
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DR THAT POTENTIATE INHIBITORY M

A number of newer AEDs enhance y-aminobutyric acid (GABA) activity as a
primary mode of action (20). The steps in the synaptic actions of GABA which are
possible sites of drug intervention include stimulation of GABA release, inhibition of
GABA reuptake, reduction of the breakdown of GABA, or modulation of post-synaptic
GABA receptors (GABA-R). GABA-R are comprised of GABA,-R, which are ionotropic
and coupled to fast chloride channels, and the metabotropic GABA,-R, which are
linked via G proteins to potassium (K*) and/or calcium (Ca®) channels and adenyiate
cyclase (20,21).

There have been extensive efforts to further elucidate the role of GABA-R in
epilepsy (20). Thus, knockout mice, in which the GABA,-R 3 subunit was inactivated
by gene targeting, displayed signs of neurological impairment including epileptic
seizures (22,23). The expression of GABA,-R mRNA was measured in hippocampal
slices prepared from rats with pilocarpine-induced seizures (24). Reduced levels of
mRNA expression for the 02 and a5 subunits were evident in the hippocampus of
epileptic animals, but no decrease in mRNA encoding al, a2, or ¥2 subunits was
observed. Mice bred to be deficient in the 65-kDa isoform of glutamic acid
decarboxylase (GAD65), which synthesizes GABA in vivo, developed seizures

precipitated by fear or mild stress, indicating that GAD65™ mice represent a useful
model of epilepsy (25).

GABA Uptake Inhibitors - Tiagabine is a Q
lipophilic analogue of nipecotic acid which

selectively inhibits GABA uptake [GABA \

transporter | (GAT-1) antagonist] (9). It

exhibits anticonvulsant effects in both O Ml
amygdala- and hippocampal-kindled sei-

zures in rats, antagonizes pentylene- %g:ggmg
tetrazole (PTZ)- and 6,7-dimethoxy-4-
ethyl-B-carboline-3-carboxylate (DMCM)-induced tonic convulsions, and sound-
induced seizures in DBA/2 mice (9,26-28). Two tiagabine analogues, NNC 05-2045
(1) and NNC 05-2090 (2), blocked audiogenic seizures in DBA/2 mice and genetically
epilepsy-prone (GEP) rats (1 only), and were anticonvulsant in the maximal
electroshock seizures (MES) test and in amygdala kindled rats (29).

OH A

Benzodiazepine R M - Benzo-
diazepines and other ligands that interact at the

=N
= N<g
GABA /benzodiazepine receptor complex (BzR) N Z ¢
span a continuum of activity ranging from full (:[ N=
agonists through antagonists to inverse agonists. A N
A 2

series of imidazoquinoxaline amide, carbamate and

urea derivatives that exhibit high affinity for the 0~ N
GABA,/benzodiazepine complex were investigated K/o

(80-32). Thus, screening against [*H]-flunitrazepam

led to identification of 3 with an IC,, of 0.81 nM,

which was effective in antagonizing PTZ-induced seizures following intraperitoneal (ip)
administration in mice with an ED, value of 0.84 mg/kg.
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Neuroactive stergids — Subcutaneous (sc) ad-

ministration of 3B substituted steroid ganaxolone Q
(4) was shown to protect against PTZ and

cocaine-induced convulsions in mice (ED,,

values of 3.45 and 7.78 mg/kg respectively).

Ganaxolone (sc) also potentiated the anti-

convulsant effect of diazepam (0.1 mg/kg) X

against PTZ with an ED,, value of 0.97 mg/kg HO 5

(33). 3B-Phenylethynyl derivatives, such as 5, 5

were active in the rodent PTZ and MES tests 4X=Me Hs=a

following ip administration with ED,, values for 5 8 X = C=C-4-(C(O)Me)-Ph, Hs = f
of 2.8 and 9.2 mg/kg, respectively (34).

DR THAT | TORY H

Compounds which modulate glutamic acid receptors are frequently first
evaluated for anticonvulsant activity. Glutamate receptors fall into two main classes
which encompass ion channels (NMDA, kainic acid/AMPA receptors) and
metabotropic receptors (mGiuRs) (35).

lon-channel glutamate receptors (NMDA) - The status of the discovery of NMDA

antagonists has been reviewed recently (36). Despite the fact that NMDA channel
blockers have generally failed in the clinic due to unacceptable side effects,
considerable research continues in this area, and many compounds have been
evaluated in epilepsy models. It was reported that the competitive NMDA antagonists,
LY235959 (§) and LY233053 (7) enhance the anticonvulsant activity of various drugs
in the mouse MES model of epilepsy (37). Another non-competitive antagonist, the
sterol hemisuccinate derivative 8, was neuroprotective against NMDA-induced
seizures in mice (38).

(0]

HPO/” COOH COOH

NH HOOC

e
z ﬁN 8
H

A number of allosteric modulators acting at the glycine binding site of the
NMDA receptor complex continue to show antiepileptic potential. The indole 9 (MDL
105,519) showed anticonvulsant activity in a number of models (39); the closely
related 10 (GV150526) similarly attenuated NMDA-induced seizures (40). The
anticonvulsant activity of quinolinones, such as 11 (L-701,324) has been confirmed
(41) and a large series of analogues were reported (42). Compound 12 (ACEA-1416),
the 6-methyl-7-chloro analogue of 13 (ACEA-1021), and related benzazepines, such
as 14, were active in attenuating electroshock-induced seizures (43-45).

-ch | gl r A i - The therapeutic potential of
AMPA/Kainate receptor antagonists has been reviewed recently (46). Although
compounds with anticonvulsant activity have been synthesized, to date none appear
to have a.therapeutic range to suggest clinical utility, due to adverse effects on motor
performance (47). In an attempt to improve the physical properties of quinoxaline-
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12 R=CH;, 14

13 R=CI
diones, a series of 5-substituted derivatives led to the identification of 15 as a
hydrophilic antagonist active in the MES model (48,49). The anticonvulsant activity of
YM 90K (16) has been studied in some detail (50) and it was reported that introduction
of an additional nitrogen atom led to elimination of affinity for the glycine site of the
NMDA receptor; 17 was a
potent AMPA antagonist with
good activity in the DBA/2

mouse epilepsy model (51). I
N-Hydroxylation led to a very
: L g I

HOC

potent AMPA antagonist, 18,

with over 100-fold selectivity

in affinity compared to the ]_6 X=CH;R=H
NMDA glutamate and glycine 0 17 X=N; R=H
binding sites (52). 18 X=CH; R=0H

Analogues 19-22 of the non-competitive benzodiazepine AMPA antagonist
GYKI 52466 (23), were reported to be equally active in a number of epilepsy models
with lower toxicity than the parent (53). The related dihydrophthalazines 24 were
reported to have a similar profile, but with no activity at the central benzodiazepine
binding site (54). The phosphonic acid 25 is an orally active, water soluble, selective

0 \ O Nj\N/\/
O
<O O /N}\‘ <o O /’!‘ ;

MeO
g
e 9 O
O H,N NH,

YA N=N

19 R1,R2, R3=H N~NJ\ V3 Lo
20R1=CHy;; R2,R3=H ¢ PO.H N X
21 R1, R3 = H; R2 = NH, \ v NH
22 R1, R2 = H; R3 = NH, .
N
25
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AMPA/kainate antagonist with good activity in attenuating audiogenic seizures (55).
Further SAR results of the decahydroisoquinoline derivative, LY293558 26 and related
compounds such as 27 were reported (56,57). Some of these antagonists were active
in epilepsy models with reduced side-effects.

r r - It has become apparent that mod-
ulators of the G protein-linked mGIuRs have potential as antiepileptic agents.
Activation of Group II/Ill or antagonism of Group | receptors (58) is expected to be
reflected in activity in animal models of epilepsy (59). Thus, compound 28 {(S)-
4C3HPG], which is both an agenist at Group I/l and antagonist at Group |, is active
in the PTZ and DMCM epilepsy models (60). Phenylglycine derivatives, such as 29,
selectively attenuated Group Il receptors and were active in the DBA/2 mouse model.
Compound 30, a non-selective agonist, is active in the DBA/2 mouse (60) and
amygdala kindled rat models (61). Introduction of nitrogen in the cyclopentyl ring (62)
furnished the selective Group Il agonist 31. Elaboration of this compound, based on
elegant molecular modeling, led to the design and synthesis of bicyclic analogues,
including 32 (LY354740), which is a potent, selective Group Il agonist with
anticonvulsant activity in the ACPD-induced limbic seizure model (63). Another
conformationally-restricted analogue, 33 (DCG-1V) similarly activated Group il mGiuRs
and was active in the kainic acid seizure model (64).

R2

HOOC HOC,
1 [ 3
8 CO,H
H,N"
NH,
28 R1 = H; R2 = OH 30X =
29R1=CH,; R2=H 31X =NH
DR HAT INHIBIT EX VE NEURONAL FIRIN

Inhibition of neuronal cation conductance via block of voltage-gated sodium
channels (VGSC) is a proven mechanism by which certain drugs act to control
seizures (for a review of VGSC see Chapter 6 of this Volume). In addition, recent
evidence points to a significant role for neuronal voltage-gated calcium channels
(VGCC) as molecular targets for the treatment of epilepsy (65).

Inhibition of VGSC - The established first choice AEDs phenytoin, carbamazepine,
and valproic acid, exert their effects primarily by antagonism of neuronal VGSC
(13,66,67). Many of the newer drugs, including lamotrigine (68), felbamate (69), and
topiramate (70) exhibit significant inhibitory activity at VSSC in addition to other modes
of action. The pharmacology and pharmacokinetics of fosphenytoin, a phosphate
ester prodrug of phenytoin developed as a replacement for injectable sodium
phenytoin, have been reviewed recently (8,71). Oxcarbazepine is functionally a
prodrug of carbamazepine with fewer side effects than

the parent (4,11). Br o
A series of sodium channel blocking 3-amino- (N_—)
pyrroles was synthesized and tested for anticonvulsant
activity (72). Compound 34 was orally active in the MES 34 / \
test in rats (ED,, value of 2.5 mg/kg) with no neurotoxicity COOMe

noted, even at high doses. Three vinca derivatives, H
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vinpocetine, vincamine and vincanol, were found OOH
to attenuate MES-induced convulsions in mice

(ED,, values of 27, 15.4 and 14.6 mg/kg ip =
respectively) and block whole-cell Na® currents in a5

rat cortical neurons with IC_ values of 44, 72 and

40 uM respectively (73). A metabolite of valproic OOH S s}
acid (VPA), trans-2-ene valproic acid (35), was /\i/\

found to limit sodium-dependent action potential F

firing rates recorded in cultured mouse spinal cord 36 37

and cortical neurons (74). Pharmacokinetics and metabolism studies were performed

on an o-fluorinated analogue of VPA (36) which is anticonvulsant in the PTZ model
with an ED, of 1.7 mmol/kg ip (75).

Inhibition of VGCC - Several AEDs, including VPA, ethosuximide, dimethadione and
zonisamide are antagonists of T-type calcium channel currents (4,10,13).
Furthermore, the anticonvulsant thiobutyrolactone o-EMTBL (37) reduced T-type
currents in rat dorsal root ganglion neurons (76). Lamotrigine has recently been
shown to inhibit N-type (65,77) and P/Q-type calcium channels (65), while w-conotoxin
MVIIC and w-agatoxin IVA, which act predominantly at P/Q-type calcium channels,
prevented clonic and tonic sound-induced seizures in DBA/2 mice (78). A mutation
identified in the o,, VGCC subunit gene of tottering and feaner mice was related to the
seizure phenotype displayed by these strains (79). During the initial stages of
hippocampal-kindling induced in rat, o ,-, o, and o -VGCC subunit mRNA levels
were significantly increased, in contrast to a,,-subunit gene expression which
decreased and o, in which no significant change was observed (80).

DRU HICH ACT THR H OTH R N

Despite the recent progress in understanding the biochemistry of epileptic
seizures there continues to be therapeutic agents discovered for which there is, as
yet, no clear mechanistic rationale. Research programs based on well defined points
of intervention have in many instances resulted in identification of anticonvulsants with
ambiguous or muitiple modes of action. This section summarises the advances made
in areas of research not already covered in the previous sections.

Compound 38 (SB-204269), which resulted from a program focused on
potassium channel modulators, is an orally active anticonvulsant in the mouse MES
test at 0.1-30 mg/kg (81). A novel, stereoselective binding site was identified in rat
brain membranes using [’H]-SB-204269 with 1000-fold difference between the
affinities of SB-204269 (82) and the antipode 39. In order to elucidate the
conformational preference of the acyl moiety, racemic fused-ring ketones were
prepared (83). It was found that 40 retained potency in a binding assay against {"H]-
SB-204269 while 41 was essentially inactive, suggesting that 40 mimics the low

SO 3 3

. HN HN
OH OH OH
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energy conformation at the binding site.

Originally designed as a GABA mimetic, gabapentin
(42) does not interact with any known sites on GABA-R, nor NH,
does it block GABA uptake or inhibit GABA transaminase (84).
Radioligand binding studies with [‘H]-gabapentin have COCH
established that gabapentin binds to the 0,8 VGCC subunit;
however, the significance of this finding in relation to the 42
mechanism of action of the drug is unclear. A series of conformationally biased
analogues of gabapentin was prepared in order to determine a conformational
preference for the drug in its binding interactions with the a,5 subunit (85).

The pharmacological and clinical profiles of levetiracetam, an anticonvuisant
analogue of the nootropic agent piracetam were recently reviewed (86), as were the
antiepileptic effects of adenosine, ATP and adenosinergic ion channel modulators
(87). The anticonvulsant losigamone (AO-33) is a B-methoxy butenolide derivative in
clinical trials for the treatment of epilepsy. A study of its mechanism of action focused
on the effects of the drug on NMDA- and AMPA-induced depolarizations in a cortical
wedge preparation of the DBA/2 mouse and on amino acid release from BALB/c
mouse cortical slices (88).

A series of N-(phenylacetyljtrifluoromethanesulfonamides (43-49) was prepared
in order to evaluate the effect of aryl substituents on anticonvulsant activity (89). All
seven compounds exhibited significant activity against MES- (ED,, value of 6.2 mg/kg
ip for 43) and PTZ-induced seizures; in vitro binding studies revealed that 43 did not
displace [‘H]-GABA or [*H]-flunitrazepam, Ester and amide derivatives of N-
(benzyloxycarbonyl)glycine as well as esters of N-(3-phenylpropanoyl)glycine were
prepared and evaluated in the MES test and several chemically induced seizure
models (90). Benzylamide 50 had an ED,, of 4.8 mg/kg ip in the MES test. Deriv-
atives of N-benzyl-2-acetamidopropionamide, 51 and §2, were highly potent in the
MES test, exhibiting ED,, values of 8.3 and 17 mg/kg ip.respectively (91). A series of
(aryloxy)aryl semicarbazones were synthesized and evaluated in MES, PTZ, and
neurotoxicity (NT) screens (92). Quantitative structure-activity relationship analysis,
and X-ray crystallography of five compounds indicated a number of physicochemical
parameters, including interatomic distances and bond angles, which appeared to be
important for activity in the MES test. Aroyl(aminoacyl)pyrroles such as 53 were
anticonvulsant in the mouse and rat MES tests but not in the mouse metrazole test, a
property in common with phenytoin and carbamazepine. Compound §3 exhibited ED,,
values of 23.9 and 28.1 mg/kg ip in the mouse and rat MES tests, respectively (93).
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Conclusion - An enormous quantity of research has been devoted to the study of
epilepsy and antiepileptic agents over the last few years. This has led to significant
advances in understanding the physiology of the disease state and consequently new
and improved mechanisms of intervention. The older AEDs with broad activity profiles
and adverse reactions in patients have given way to new AEDs with better defined
mechanisms of action and fewer side effects. Further advances in molecular biology
and physiology of epilepsies have provided even more insight, and the present
generation of preclinical anticonvulsants will likely lead to highly selective, well
tolerated AEDs of the future.
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Introduction - The structurally related neuropeptides, substance P (SP), neurokinin A
(NKA), and neurokinin B (NKB), belong to a family of molecules termed tachykinins
(TKs). Widely distributed in the central and peripheral nervous systems, TKs influence
function of many tissues. SP and NKA have been linked to several chronic diseases:
asthma, inflammatory bowel disorders, rheumatoid arthritis pain and psychiatric
disorders (1 - 4). Less is known of the actions of NKB; however, cough behavioral and
cardiovascular responses have been indicated (5, 6). The role of these neuropeptides in
pathophysiology has been advanced by the recent development of antagonists selective
for each of the neurokinin receptors (termed NK1, NK2, and NK3 for their preference for
SP, NKA, and NKB, respectively).

Tachykinin research has been reviewed extensively (for recent examples, see (7-14)).
Following a brief discussion of recent results on TKs in inflammation (an underlying
feature of many chronic diseases) this chapter reviews recent advances in the
development of the neurokinin antagonists. Whenever possible, the literature cited here
will reflect work performed since the publication of a similar review (15).

TACHYKININS AND INFLAMMATION

Expression of tachykinins and their respective receptors is altered by a number of
inflammatory conditions including arthritis and asthma. SP and NKA are encoded from
a single gene (PPT-A) which gives rise to multiple mRNAs, i.e., o, B, and y, through RNA
splicing (16). The amounts of these precursors are regulated normally in a tissue-
specific manner which determines local levels of the neuropeptides (for review, see (1)).
The NKB gene (PPT-B) shows structural similarity to PPT-A; however, the PPT-A and -B
mRNAs differ in the major sites of their expression (17). Enhancement of afferent input
(for example, in chronic polyarthritis) increases the levels of SP, its transcript and NK1
receptors in neurons of the dorsal horn (the first synaptic processing station for pain) and
in those neurons proximal to the site of input (18, 19). Spread of inflammation
contralateral to the initial arthritic joint also gives rise to dorsal horn expression of PPT-A
(20). In human asthma, mRNA expression of NK1 and NK2 receptors increases(21, 22).
Exposure of animals to allergen enhances levels of PPT-A in the nodose ganglion (the
major sensory supply to the airways) concomitant with a 3-4 fold rise in SP and NKA in
the lung (23). Mice over-expressing nerve growth factor (selective for lung) demonstrate
tachykinin positive hyperinnervation and increased SP content in the lung with
associated airway hyperreactivity , characteristic of asthma (24). Thus, plasticity of TK
(and their respective receptors) expression influences organ function in animal models.

SP may exacerbate inflammatory states by promoting the migration of leukocytes
(13). Local administration of SP to normal human skin and other tissues, induces rapid
and prolonged influx of neutrophils and eosinophils into the dermis (25, 26). Adhesion of
granulocytes is prevented by NK1 receptor antagonism or antibodies to ICAM-1 which is
upregulated on endothelium by SP (27- 29). SP therefore stimulates formation of gaps
between endothelial cells, which is permissive to migration of inflammatory cells, and it
propagates chemoattraction of these cell types (30).

Copyright © 1868 by Academio Press
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Tachykinergic fibers extend to primary and secondary lymphoid tissues which contain
NK1 receptors and thereby link TKs to immune aspects of inflammation (31-33). Immune
cells; T-lymphocytes (34), B cells, and hematopoietic progenitors (for review, see (35)),
express NK1 receptor mRNA. Lymphocyte proliferation and function, i.e., cytokine
production, is stimulated by SP; IL-2 in T-cells, and IL-1, IL-3, IL-6 and GM-CSF in bone
marrow mononuclear cells (36 - 38). Activation of NF-xB (a transcription factor involved in
cytokine expression) is triggered with nM concentrations of SP and is blocked by a NK1
receptor antagonist (39). Alveolar macrophages express PPT mRNA and respond to
both SP and NKA by producing superoxide anion via the respiratory burst (40, 41).
Macrophages activated in vivo by SP also secrete TNFa, suggesting a potential autocrine
or paracrine role for SP in sites of inflammation (42). Finally, molecular disruption of the
NK1 receptor protects the lung from immune complex injury (43).

Recent studies using “knock-out” mice (lacking either TK production or the NK1
receptor) have provided new information on the role of TKs in pain transmission and, to
date, one other inflammatory condition (enteritis (44)). Previous work suggested that
tolerance to painful stimuli was achieved from depletion of neurokinins from C-fiber
afferents and induction of hyperalgesia required activation of both NK1 and NK2
receptors (45 - 47). Maintenance of hyperalgesia involves only those neurons in dorsal
horn expressing the SP receptor (48). Mutant mice lacking the PPT-A gene (no
detectable levels of SP and NKA) are hypoalgesic within a specific “window” of pain
intensities; i.e., moderate to intense pain, independent of pain modality (49); for
alternative viewpoint, see (3). Interestingly, stimuli sufficient to provoke neurogenic
inflammation in wild type mice was essentially without effect in TK null mice (49).
Moreover, animals without NK1 receptor demonstrate blunted responses to intense
noxious stimuli and were free of the characteristic amplification (so-called “wind up”) to
painful stimuli (50). These observations are timely given recent discovery of potent NK,
especially NK1, receptor antagonists.

NK1 ANTAGONISTS

New Entities - Efforts to improve metabolic stability and potency of the previously
reported NK1 antagonist L-742,694 (1) (51), led to synthesis of L-754,030 (2) (52). The
phosphonate amide prodrug L-758,298 (3) (53) and another class of prodrug where R3 =
CO2CH2CH2NH2-HCI (54) have improved water solubility. The role of (S) « methyl
benzyl moiety is more fully described in a related piperidine series (55). A recently
reported alicyclic derivative of L-742,694, (4), is selective for the NK1 receptor and
displays sub-nanomolar affinity (56).

Compound § was the most active of a series of benzimidazolones in the hot plate test
in mice (EDgg 0.3 mg/kg po). Compound 6 was active in a mouse SP-induced bronchial
hypersensitivity model (IDsg 3mg/kg po) and active iv in a guinea pig SP-induced
bronchoconstriction model (57).

Using a unique synthetic approach, a template for azanorbornane derivatives that
display potent SP receptor affinity has been prepared (58). Of the compounds reported,
Tc is the most potent with a Ki of 0.16 nM against human NK1 receptor. SAR studies
and conformational analysis were used to optimize NK1 activity in a previously reported
isoquinoline and pyrido[3,4-b]pyridine series (59); the tetrahydropyridines 8a, 8b and 8¢
exhibit excellent in vitro and in vivo inhibitory activity (EDgg 0.20-0.27 mg/kg, po -
capsaicin-induced plasma extravasation in guinea pig trachea) (60). In the same animal
model, a related 1,7-naphthyridine has oral activity (EDsg 0.068 mg/kg) (61). The most
active of a series of 1,4-benzodiazepin-2-one derived NK1 antagonists is 9 with a Ki of 10
nM (62). SAR studies on the previously reported CGP49823 (10) (63) yielded CGP73400
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(11) with an improved oral activity (EDsg in a NK1 bronchospasm model 4.4 and 0.19
mg/kg po, respectively) (64). MEN 10930 (14, X=1,1-cyclohexyl) is a potent, specific and
competitive inhibitor of the human NK1 receptor (Ki=1.0 nM) but shows essentially no
affinity for NK1 sites present in rat urinary bladder membranes (65). Administration (iv) of
a related pseudopeptide, MEN 11149 (14, X= (1R, 2S)-cyclohexyl) prevented plasma
protein extravasation induced by [Sar9 Met(02)11]-substance P in guinea pig bronchi and
nasal mucosa (66, 67). The duration of inhibition (sc) in nasal mucosa was greater than 6
hours.
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Studies Involving NK1 Antagonists - Molecular modeling studies that led to the
attachment of the water-solubilizing butyl tetrazole group of S18523 (12) and $19752 (13)
indicated that the tetrazole group lies outside the membrane-spanning domain of the NK1
receptor and does not significantly interfere with antagonist binding (68). Spectroscopic
studies on a series of NK1 compounds of general formuia 14 revealed that the extent of
formation of a charge transfer complex between the indolyl and naphthyi rings correlates
with hNK1 binding potency (69). Both CP-99,994 (15) and CP-96,345 (16) appear to bind
within the NK1 receptor transmembrane domain bundle; however, the contribution of
individual amino acid residues to the binding of each compound differs. In particular, 15
has interactions with Leu-203 and lle-204 not present in the piperidine 16 (7C).
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SR140333 (18) was active (icv) in a rat cerebral ischemia model, suggesting that
NK1 antagonists may find utility as treatment of cerebral ischemia (71). Compound 18
was employed to show a preferential involvement of NK1 versus NK2 receptors in
nociceptive transmission following trigeminal ganglion stimulation (72). In a ferret
cisplatin-induced emesis model PD 154075 (19), which has good oral bioavailability and
brain penetration, was effective against both the acute and delayed phases of emesis
while ondansetron was potently effective only against the acute phase (73). Of interest,
low bioavailability of Cam-2445 (20), which is highly lipophillic and poorly soluble, was
due to precipitation within the Gl tract (74).
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Clinical Studies Involving NK1 Antagonists - MK-869 (structure not revealed), has
reportedly shown "excellent antidepressant and anxiolytic activity as monotherapy in a
Phase 1l trial for depression” {75). For women after undergoing lower abdominal surgery
CP122,721 (17) (200 mg po, €0-80 min prior to surgery) was equivalent to andansetron
(4 mg iv prior to end of the procedure) for control of nausea (76). However, those
receiving 17 had a significantly lower number of emetic episodes. The combination of
the two therapies provided the longest duration free of nausea and vomiting. GR205171
(21) (25 mg iv) was more effective than placebo in controlling post-operative nausea and
vomiting in women following major gynecological surgery (77). There was, however, no
relief of post-operative pain. Consistent with these findings, L-754,030 (2) did not
prevent post-operative dental pain (78). In these trials, adverse effects have not been
reported.
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NK2 ANTAGONISTS

New Entities - The NK2 antagonist SR 144190 (22) blocked [BAIaa]neurokinin A-(4-10)
induced bronchoconstriction in anaesthetized guinea pigs more potently than the
prototype nonpeptide NK2 antagonist SR 48968 (25) after intravenous, intraduodenal or
oral administration (78). The potencies of metabolites of 22, SR 144782 (23) and SR
144743 (24), were similar when given iv or ip but were significantly less active following
intraduodenal administration. Compound 22, like 25, antagonized citric acid-induced
cough and airway hyperresponsiveness to acetylcholine. Additionally, 22 attenuated
[BAla8]neurokinin A-(4-10)-induced urinary bladder contraction in rats, prevented castor
oil-induced diarrhea in rats and blocked the turning behavior induced by intrastriatal
injections of [Nle10]neurckinin A-(4-10) in mice (80).

YM-38336 (26) was equipotent to 25 in a NK2 binding assay but was 3-fold more
potent in reversing [BAIa8]NKA (4-10)-induced bronchospasm in guinea pigs (81).
ZD7844 (27), a potent (Ki =1.1 nM) selective NK2 antagonist with high oral bioavailability
antagonized aerosolized [BAIa8]NKA (4-10)-induced dyspnea in conscious guinea pigs
(>50% protection at 0.6 pmole/kg, po) (82). A NK2 lead 28 (isomer A, ICsp = 11 nM)
was generated from a combinatorial library approach. Further biological evaluation of
this series has yet to be published (83).
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The introduction of a sugar moiety into the lipophilic MEN 10627 (29) to yield
Nepadutant (MEN 11420, 30) did not influence binding activity but markedly improved in
vivo potency and duration of action (84). Compound 29 was shown to be a potent and
selective antagonist of NK2 receptor mediated bronchoconstriction in guinea pig airways
with a long duration of action (85).

Studies_Involving NK2 Antagonists - From studies using compounds 22, 23 and 24,
described above, the antitussive actions of NK2 receptor antagonists appear to be
exerted via their effect on the peripheral nervous system (86). Alternatively, the site of
action of 25 in the cat and guinea pig (capsaicin-induced cough) was shown to be
centrally mediated (87). NKA induced hyperalgesia has been inhibited by 25 (88).
Capsaicin induced urinary bladder motor responses was prevented by 30 (100 nmol/kg,
i.v.) (89). Compound 30 blocked dose dependently contractile activity of human and
guinea pig colon elicited by either NKA or the more NK2 selective agonist, [BAla8]NKA(4-




76 Bection I—Cardiovascular and Pulmonary Diseases Doherty, Bd.

10) (90). It should be noted that under certain experimental conditions protection against
gastric insults may be afforded by activation of NK2 receptors (91, 92).
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NK3 ANTAGONISTS

New Entities - SB 222200 (31) is a selective NK3 antagonist (Ki =4.4 nM) which blocked
senktide-induced contraction of isolated rabbit sphincter muscle. Oral administration
decreased s.c. senktide-induced head shakes and tail whips in mice (ED5g = 5.6 mg/kg).
Compound 31 effectively crosses the blood brain barrier with brain concentrations 190%
of plasma concentrations (93).
H Cl
Ph ‘, Et ci

O+ NH Me o
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Studies _Involving NK3 Antagonists - Studies using selective NK3 antagonists have been
limited. A study with the NK3 antagonist SR 142801 (32) suggests that NK3 receptor
stimulation might be involved in cough but not in bronchoconstriction induced by citric
acid in guinea pig (94).

MIXED ANTAGONISTS

The spiro compounds 33 , 34 and L-743,896 (35), exhibit potent balanced NK1 and
NK2 binding affinity and are orally active (95, 96). The spiro derivatives YM-35375 (36)
and 37 are cited as lead compounds in a NK1-NK2 dual receptor antagonist program (81,
97). The SAR generated from a 20,000 member combinatorial library was used to design
potent selective NK1-NK2 dual receptor antagonists (98). Seven NK receptor inhibitors,
represented by SCH 60059 (38) and SCH 60065 (39), and two uncharacterized
compounds, were isolated from fermentation broth. All of these compounds showed duai
inhibition in NK1 and NK2 receptor binding assays (IC5g 2.5-11 uM for NK1 and 6.8-16
uM for NK2) (99). The synthesis, SAR and characterization of the previously reported
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NK1-NK2 dual antagonist, MDL 105,212 (40), has been recently described (100).
Compound 40, given iv or po, inhibits capsaicin-induced bronchoconstriction in guinea

pigs (101).
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Compounds 41 and 42 have been identified as dual histamine (H1) and NK2 receptor
antagonists (102, 103).
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Conclusion - Pre-clinical data suggest a role for TKs in chronic inflammatory diseases.
However, the outcomes of pilot pain trials using NK1 antagonists have been
disappointing. To date, clinical evidence indicates that these agents will find application in
conditions that lack an overt inflammatory component such as emesis and/or
depression/anxiety. Nonetheless, there remains an enthusiasm for the anticipated clinical
benefits afforded by NK antagonists in chronic inflammatory diseases such as asthma.
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Chapter 9. Thrombosis and Coagulation

Joseph P. Vacca
Medicinal Chemistry Department
Merck Research Laboratories
West Point, Pennsylvania 18969

Introduction - A great deal of progress has been made in the past ten years towards
developing agents for controlling thrombotic events. Treatment approaches include
control of platelet aggregation, lysis of clots, and inhibition of thrombin generation and
activity. This article will focus on advances towards discovering potent and specific
thrombin and factor Xa inhibitors (1-5). Currently, heparin and warfarin are used for the
treatment and prevention of thrombolytic events. Heparin is an intravenously
administered compound which acts by inactivating various coagulation enzymes such
as antithrombin Ill. Warfarin interferes with the synthesis of several enzyme
precursors responsible for blood coagulation and generally takes several days for its
effect to take place. Although both compounds are considered first line therapy for
thrombolytic disorders, each has its limitations and there still exists a great need for a
better anticoagulant. Hirudin and Hirulog are two direct acting thrombin inhibitors
which have reached the clinical stage of development. Both compounds are large
molecules and require intravenous or subcutaneous administration. Each compound
has displayed good efficacy in small clinical trials but have limited utility due to the
dosage requirements and safety considerations. For this reason a number of etforts
have focused on finding small molecule inhibitors of the serine proteases thrombin and
tactor Xa. Thrombin cleaves a variety of substrates such as fibrinogen, factors V and
VIIl, factor Xitl as well as the platelet thrombin receptor. Factor Xa is responsible for
cleaving prothrombin to generate thrombin and control of this enzyme would have a
direct effect on thrombin activity. Although several orally bioavailable small molecule
inhibitors of thrombin have been developed, only a few of these have reached clinical
trials and little is known about their efficacy. This article will focus on the progress
made in discovering novel thrombin and factor Xa inhibitors within the past year.

LOWM WEIGHT-DIRECT A T IN INHIBIT
Reversible Transition-State Inhibitors - The first synthetic serine protease inhibitors to

be extensively explored were tripeptides such as 1 (6). These compounds are
referred to as reversible transition-state inhibitors (RTSI) because they contain a C-
terminal group which binds in a reversible fashion to the serine hydroxyl group at the
enzyme active-site and mimics the transition-state achieved when the enzyme
cleaves the substrate. Compound 2 was reported last year to be an example of an
RTSI which contains a cyclic-lactam in place of the Phe-Pro dipeptide group normally
found in inhibitors. A new series of inhibitors has recently been described in which the
cyclic lactam has been replaced by a heterocycle (7). The compounds 3-5 are potent
inhibitors of thrombin (IC;, = 0.47-2.32 nM) and show good selectivity (40-300 fold)
towards the closely related enzyme trypsin. Modeling of these compounds into the
thrombin active site suggest that the pyridinone group binds to the thrombin Gly-216
residue in a similar manner to the Phe-Pro group in standard inhibitors. The arginine-
aldehyde group interacts with the serine hydroxyl and specificity pocket while the
benzyl-sulfonamide group fills the hydrophobic S3 thrombin site. Compound 3 is also
reported to be 31% orally bioavailable in dogs and to be efficacious in a rat thrombosis
model.

Most thrombin inhibitors described to date also contain a basic moiety in the
P1 sidechain which interacts with an aspartic acid residue (Asp189) found in the
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specificity pocket of thrombin. Boronic acid § has been reported to be a good
thrombin inhibitor (IC;, = 6.3 nM) despite having a neutral P1 sidechain (8). Addition of
a cyano group to the meta-position of the aromatic group further increases potency (Z,
I1Cso = 0.48 nM) and it is also ten-fold selective over trypsin. An X-ray crystal structure
of compound 7 bound to thrombin shows that the cyano-benzyl group does not fill the
specificity pocket as anticipated but appears to swing away from the aspartic acid

group. The cyano group forms a hydrogen bond with Gly219, which is a backbone
residue of thrombin.
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Non-Peptide Detived inhibitors - The past year has seen the disclosure of a variety of
non-peptide derived inhibitors by several research groups. Most thrombin inhibitors
are peptide derived and contain a highly basic residue in the P1 sidechain. These
same features preclude most of these inhibitors from having good oral bicavailability in
animal models. Compound 8 was discovered by screening compounds (against
human thrombin) which contained groups with acidity constants of pKa < 10 (9). The 4-
amino-pyridine group of 8 has a pKa of 9.2 and the compound is highly selective for
thrombin. Exploration of the structure activity relationships of this novel series led to
the discovery of compound 9, which inhibits thrombin with an IC,, = 70 nM and is
inactive against trypsin and plasmin. The reason for the high specificity of this
compound might be explained after examining an X-ray structure of a closely related
analog in the thrombin active site. The amino-pyridine group fits in the specificity
pocket and has a favorable interaction with an adjacent alanine methyl group of the
enzyme. In trypsin, the alanine is replaced by a serine and this would lead to an
unfavorable hydrophilic and steric interaction. This 4-amino pyridine group has also
been used in other inhibitor designs such as compounds 10 (ICs, = 5.0 nM), 11 and its
constrained version 1 2 (10-12).

Examination of an X-ray structure of compound 13 bound to thrombin was
recently reported (13). As expected, the benzamidine group forms a salt bridge with
the aspartic acid group in the specificity pocket. The benzyipiperidine group spans
the active-site cleft and interacts with the hydrophobic S3 site. There appears to be a
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hydrogen bond between the catalytic serine hydroxyl group and the indole hydrogen.
This interaction is seldom seen with other inhibitors.

Compound 1 4 was identified as a competitive thrombin inhibitor (Ki = 374 nM)
through random screening of a sample collection (14). SAR studies showed that
deletion of the ketone carbony! group gave an eight-fold increase in potency. Addition
of a 6-phenol led to a forty-fold increase in activity. Further modifications gave
compound 15 which is a competitive (Ki = 9.9 nM) inhibitor, is selective against a
variety of other serine proteases, and displays modest (9%} oral bioavailability in rats.
An X-ray structure of 15 bound in the thrombin active site shows that the aryl portion
of the thiophene sits deep within the specificity cavity and the phenol group interacts
with Asp189. The side chain spans the S2-83 site and the pyrrolidine group interacts
with the hydrophilic S3 pocket. The C2 side chain has few interactions with the active
site and predominantly resides in solvent.

Inhibitors Based Upon Argatroban and NAPAP - Argatroban (16) differs from the
previously described inhibitors in that it is comprised of only two amino acids and that
the basic amine sidechain interacts with the specificity pocket through a different
approach (15). The compound is in phase Il clinical trials in the U.S. and is already
approved for use in Japan as an intravenous agent. Compound 17 was designed
based upon the argatroban template and is a modestly active inhibitor of bovine
thrombin (Ki = 52.4 nM) with poor selectivity for trypsin (16). It was hypothesized that
selectivity over trypsin might be achieved by increasing the size of the group which
fills the specificity pocket. Since thrombin has a larger pocket than trypsin, this
should engender specificity over trypsin and this was indeed the case for the
amidrazone 1 8 (Ki = 1.47 nM, 20 fold increase in specificity). Compound19isa
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potent thrombin inhibitor (Ki = 6.5 nM) but unlike before, activity is lost when the extra
amine group is added to the amidine moiety (2.0, Ki = 4320 nM). It is postulated that
the benzamidine group in compound 1 8 enters the specificity pocket from a different
angle and the addition of the extra amine causes an unfavorable interaction with the
enzyme. It was recently reported that substitution of the N-terminal aza-cycloheptane
group of compound 1 8 with an N-methyl-N-cyclopropyl group affords LB30057 which is
potent (Ki = 0.38 nM) and has good oral bioavailability (58%) in dogs (16). Compound
21 was designed based upon the NAPAP series of compounds and is reported to be
potent (Ki = 23 nM), selective (6-fold) and to possess oral bioavailability in rats,
however, duration remains a problem (18). Compound 22 (UK156,4086, Ki = 0.46 nM) is
a similar structure and has recentiy entered clinical trials. The compound was reported
to be well absorbed and tolerated in normal healthy volunteers after the administration
of single doses in the range of 10-200 mg. However, duration may be an issue
because the anticoagulant parameters returned to baseline within 8 hrs of the dose
administration (19).

Tripeptide Derived Non-Covalent Inhibitors - Compounds of this type consist of three
residues which span the S1-S3 active sites. They usually contain a basic amine group
in the P1 position which binds to Asp189 in the specificity pocket and do not react
covalently with the active site serine group. A new efficient preparation of inogatran
(23) which has undergone clinical evaluation as an intravenous agent, has been
recently reported (20, 21). Modification of the P1-P3 portions of inogatran has
resulted in the orally bioavailable compound melagatran 24 (22). The related
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derivative 25 is reported to be potent, selective and to have 22% oral bioavailability in
rats (23). Selectivity versus trypsin can be improved by addition of a hydroxyl group
adjacent to the amidine function to afford 2 6 (24). Compounds 27 and 2 8 represent
examples of inhibitors which contain a hydroxyl group in the P3 residue in place of the
acetic acid-amine normally found in inhibitors such as 2.3-2 6 (25).
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Compound 29 is a modest thrombin inhibitor with poor oral bicavailability in
animals. Addition of a phenyl group to the P3 Phe sidechain led to a fifty-fold increase
in activity (30, Ki = 0.1 nM) (26). A similar increase in activity was seen by appending
a benzylsulfonamide group to the P3 Phe amine to give 31 (Ki = 0.4 nM). Compound
3.2 represents the combination of the two modifications and gave, as expected, a very
potent compound (Ki = 0.0025 nM). An X-ray structure of 32 in the thrombin active
site suggests that the benzylsulfonamide group occupies a novel lipophilic site formed
by residues Asn217-Gly219 and the cyclohexyl group of the inhibitor. It was found
that reduction of the phenyl groups of 3 0 gives a potent compound 3 3 (Ki = 0.056 nM)
which is selective (2100-fold) and orally bioavailable in dogs (90%) (27). However this
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compound did not show good activity in an in vivo model and it was speculated that
high protein binding may compromise its effectiveness in the presence of serum
components. Further modifications in the P3 group resulted in the potent inhibitors 3 4
(Ki =14 nM), 35 (Ki = 0.28 nM), and 36 (Ki = 1.5 nM) (28, 29). Compound 3 6 was
discovered through a rapid multiple analog synthesis using a solid support approach.
The compound has good oral bicavailability in animals (74% dogs; 39% rhesus
monkeys) and occupies the thrombin active site in the usual fashion.

Inhibitors which contain a highly basic amine usually suffer from poor oral
bioavailability in animal models due to low absorption. Substitution of the weakly basic
amino-pyridine moiety for the cyclohexylamine found in 3 Q gave the modestly active
37 (Ki=12 nM) and led to an improvement in oral bioavailability from <10% to 40-76%
in rats and dogs (30). The P3-P2 Phe-Pro group of compound 3 Q was replaced with
the achiral benzylsulfonamide-pyridinone group to give compound 38 (Ki = 4.6 nM)
(31). Replacement of the cyclohexyl-amine group of 38 with an amidino-piperidine
resulted in a further increase in potency (39, Ki = 0.5 nM) but this compound had poor
oral bioavailability in animals. Substitution of an amino-pyridine group for the basic N-
terminal group in 3 6 resuited in a loss in potency (40, Ki= 11 nM) (32). Addition of a

O L
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methyl group adjacent to the pyridine nitrogen increased potency twenty-fold (41, Ki =
0.5 nM) and also gave a similar increase in selectivity towards trypsin. An X-ray
structure of 41 in thrombin shows that the aminopyridine group occupies the
specificity pocket and that the methyl group interacts with the aliphatic side chain of
Val213. Compound 41 was reported to have good efficacy in an animal model of
thrombosis and is orally bioavailable in dogs and cynomolgus monkeys. Further
modifications of the sulfonamide pyridinone group resulted in the discovery of a novel
series of inhibitors which contain a pyrazinone group in the P2 position (4 2) (33).

I/ 1

NH

Most compounds presented in this review have contained a charged group in
the P1 position which interacts with Asp189 in the specificity pocket. Compound 30
was used as a design template to discover novel P1 groups via a rapid analog resin-
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based approach. These efforts resulted in the discovery of several neutral P1 groups
which gave potent thrombin inhibitors such as 4 3 (Ki = 3.0 nM) (34).

cl
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Factor Xa Inhibitors - Factor Xa is a serine protease which cleaves prothrombin to
generate thrombin and lies at the crossroads of the extrinsic and intrinsic coagulation
pathway. Only a small amount of factor Xa is needed to generate many molecules of
thrombin. It has been hypothesized that this would be a better target for controlling
thrombogenic events because it would require lower plasma levels of an inhibitor and
should have a better therapeutic index for anticoagulation control versus unwanted
bleeding events. The development of specific, small molecule factor Xa inhibitors has
been less successful than the discovery of thrombin inhibitors and only recently has
there been any crystallographic data to help facilitate structure-based design of factor
Xa inhibitors (35). Nevertheless, this has become a major focus of many research
programs and significant progress is now being reported. Compound 4 4 was recently
disclosed as being a potent (Ki = 1.3 nM) Factor Xa inhibitor with comparable efficacy
to argatroban, heparin and daiteparin in a rat arterio-venous shunt model (36). The
compounds were also studied for their effects on template bleeding time and 44 had a
wider separation between bleeding risk and antithrombotic effects in this model. Other
compounds recently disclosed in the patent literature are 45 (ICs, =69 nM), 46 (IC,, =

230 nM) and 4.7 (Ki = 5uM) (37-39). Bis(amidinobenzyl)cycioheptanone 4 8 can exist
with the sidechains either in an all-trans, all-cis, or cis/trans orientation to each other

LU0 UL
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(40). It was found that the optimal orientation for factor Xa inhibition is when the
olefinic groups are in the orientation as shown (41). The bisaylidene-cycloheptanone
ring system was replaced by a penta-substituted pyridine ring and the benzamidine
groups were systematically modified to afford the optimal inhibitor ZK-807191 (49).
The compound is potent against factor Xa (Ki = 0.1 nM) and is selective (3200-fold)
towards trypsin. Substitution at the 4-position of the pyridine ring leads to selectivity
over a number of related serine proteases. The phenol group opposite to the amidine
function adds
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potency and selectivity to the molecule and computer modeling studies in a trypsin
site (modified to mimic factor Xa) suggest that it binds to the catalytic serine hydroxyl
group. It was also reported that 49 is 20% orally bioavailable in dogs and monkeys.

BECENT CLINICAL TRIALS

Clinical Studies with Thrombin Inhibitors - Several articles reviewing the use of
thrombin inhibitors in a clinical setting have recently been published (42-46). A clinical
study comparing the efficacy of desirudin (hirudin) versus enoxaparin (low molecular-
weight heparin) for the prevention of thrombogenic complications after total hip
replacement has recently been published (47). Desirudin gave a lower rate of proximal
deep-vein thrombosis (DVT) (4.5% vs. 7.5%) and a lower rate of overall DVT (18.4%
vs. 25.5%) versus enoxaparin. The combination of enoxaparin plus aspirin was more
effective than unfractionated heparin plus aspirin in reducing the incidence of
ischemic events in patients with non-Q-wave coronary events (unstable angina or non-
Q-wave myocardial events) (48). A study comparing the effects of subcutaneous low
molecular-weight heparin versus unfractionated heparin in patients who have a history
of pulmonary embolism or venous embolism has recently been published (49). The trial
showed that both treatment regimens were equally effective. The preclinical and
clinical pharmacology of the small molecule thrombin inhibitor argatroban has been
reviewed (50). A study has been published comparing the effects of three different
doses of the small molecular-weight inhibitor inogatran versus heparin in patients with
unstable coronary artery disease (51). The conclusion was that none of the dosage
groups of inogatran had any advantage over heparin in preventing ischemic events. A
clinical trial comparing two doses of napsagatran, (a small molecular-weight
intravenous thrombin inhibitor) with heparin for the treatment of proximal DVT showed
no significant differences in any of the endpoints (52).

Conclusions - The first generation of thrombin inhibitors to reach the clinic were
polypeptides derived from natural sources. This was followed by the discovery of
small molecule inhibitors which were studied as intravenous agents. We are now at a
point where some orally active, small molecule thrombin inhibitors are being introduced
into the clinic and results of these studies should be available in the next few years.
Finally, a new effort on Factor Xa inhibitors has been initiated and the progress of
these inhibitors should not be too far behind those of thrombin inhibitors.

References

J. Shater, R. Gould, Drug Disc. Design, 1, 419, (1994).

J. Edmunds, S. Rapundalo, M. Siddiqui, Ann. Rep. Med. Chem., 31, 51, (1996).

W.C. Ripka, G.P. Vlasuk, Ann. Rep. Med. Chem., R, 71, (1997).

W.C. Ripka, Curr. Opin. Chem. Biol., 1, 242, {1997).

M.R. Wiley, M.J. Fisher, Exp. Opin. Ther. Patents, 7, 1265, (1997).

S. Bajusz, E. Barabas, P. Tolnay, E. Szell, D. Bagdy, Int. J. Pept. Protein Res., 12, 217,
(1978).

oorwp~



Chap. 9 Thrombosis and Coagulation Vacca 89

7. S.Y. Tamura, J.E. Semple, J.E. Reiner, EA, Goldman, T.K. Brunck, M.S. Lim-Wiiby, S.H.
Carpenter, W.E. Rote, G.L. Oldeshulte, B.M. Richard, R.F. Nutt, W.C. Ripka, Bioorg. Med.
Chem. Lett., 7 (12), 1543 (1997).

8. S. Lee, R.S. Alexander, A. Smallwood, R. Trievel, L. Mersinger, P.C. Weber, C. Ketiner,
Biochem., 36, (43), 13180 (1997).

9. W. von der Saal, R. Kucznierz, H. Leinert, R.A. Engh, Bioorg. Med. Chem. Lett, 7, (10),
1283, (1997)

10. N.S. Watson, M. Pass, V. Patel, W0922589-A1, June 26, 1997

11. AM. Naytor-Olsen, G.S. Ponticelio, J.P. Vacca, R.W. Hungate, C.A. Cobum, B.T. Phillips,
S.D. Lewis, M.E. Fraley, WO9810763, Sept. 9, 1997

12, M.E. Fraley, R.W. Hungate, A.M. Naylor-Oisen, J.P. Vacca, WO9806396-A1, Feb. 19, 1998

13. N.Y. Chirgadze, D.J. Sall, V. J. Klimkowski, D.K. Clawson, S.L. Briggs, R. Hermann, G.F.
Smith, D.S. Gifford-Moore, J-P. Wery, Protein Sci., 8, 1412, (1997).

14, D.J. Sall, J.A. Bastian, S.L. Briggs, J.A. Buben, N. Y. Chirgadze, D.K. Clawson, M.L.

Denney, D.D. Giera, D.S. Gifford-Moore, R.W. Harper, KL. Hauser, V.J. Klimkowski, T.J.
Kohn, H. Lin, J.R. McCowan, A.D. Palkowitz, G.F. Smith, K. Takeuchi, K.J. Thrasher, J.M.
Tinsley, B.G. Utterback, S.B. Yan, M. Zhang, J. Med. Chem., 40, (22), 3489, (1997).

15. R.P. Schwarz, J.C.P. Becker, R.L. Brooks, M.J. Hursting, J.L. Joffrion, G.D. Knappenberger,
T.P. Kogan, P.W. Kogan, A.A. McKinney, Clin. Appl. Thromb. Haemostasis, 3 (1), 1, (1997).

16. S. Kim, S.Y. Hwang, Y.K. Kim, M. Yun, Y.S. Oh, Bicorg. Med. Chem. Lett, 7 (7), 769,
(1997).

17. Y.S. 3h, M. Yun, S.Y. Huangi_,| S.Hong, Y. Shin, K. Lee, K.H. Yoon, Y.J. Yoo, D.S. Kim, SH.
Lee, Y.H. Lee, H.D. Park, CH. Lee, S.K. Lee, S. Kim, Bioorg. Med. Chem. Lett, 8 (7), 631,
(1998).

18. J. Sturzebacher, D. Prasa, J. Hauptmann, H. Viewag, P. Wikstrom, J. Med. Chem., 40,
3091, (1997)\.4

19. M. Allen, S.M. Abel, C.G. Barber, N.J. Cussans, J.C. Danilewicz, D. Ellis, E. Hawkeswood,

M. Herron, S. Holland, D.N.A. Fox, K. James, R.J. Kobylecki, J.P. Overington, J. Pandit, H.
Parmer, M. Powling, D.J. Rance, W. Taylor, N.B. Shepperson, 215th ACS Natl. Meet., Mar
29-Apr 2, 1998, Dallas TX, Abst MEDI 200

20. P. Preville, J.X. He, M.Tarazi, M.A. Siddiqui, W.L. Cody, A.M. Doherty, Bioorg. Med. Chem.
Lett, Z, (12), 1563, (1997).

21. A-C. Tegre-Nilsson, R. Bylund, D. Gustafsson, E. Gyzander, U. Eriksson, Thromb. Res,, 2,
133, (1997).

2. D. Gustafsson, T. Antonsson, R. Bylund, U. Eriksson, E. Gyzander, 1. Nilsson, M. Elg, C.

Mattsson, J. Deinum, S. Pehrsson, O. Karlsson, A. Nilsson, H. Sorensen, Thromb.
Haemostasis, 79, 110, (1998).

23. A.L. Schacht, G.F. Smith, M.R. Wiley, US Patent 5,705,487-A (1998).

24. V. Klimkowski, A. Schacht, M. Wiley, W09749404-A1, Dec. 31, 1997.

25. D.Gustafsson, J. Nystrom, W0970224-A1, Jan. 23, 1997.

28 T.J. Tucker, W.C. Lumma, A.M. Mulichak, Z. Chen, AM. Naylor-Olsen, S.D. Lewis, R.

Lucas, R.M. Freidinger, L.C. Kuo, J. Med. Chem., 40, (6}, 830, (1997).

27. T.J. Tucker, W.C. Lumma, S.D. Lewis, S.J. Gardell, 8.J. Lucas, E.P. Baskin, R. Woitmann,
J.J. Lynch, E.A. Lyle, S.D. Appleby, I-W. Chen, K.B. Dancheck, J.P. Vacca, J. Med. Chem.,
40, (11), 1565, (1997).

28. T.J. Tucker, W.C. Lumma, S.D. Lewis, S.J. Gardell, B.J. Lucas, J.T. Sisko, J.J. Lynch, E.A.
Lyle, E.P. Baskin, R.F. Woltmann, S.D. Appleby, I-W. Chen, K.B. Dancheck, A.M. Naylor-
Olsen, J.A. Krueger, C.M. Cooper, J.P. Vacca, J. Med. Chem., 40, (22), 3687, (1997).

29. S.F. Brady, K.J. Stauffer, W.C. Lumma, G.M. Smith, H.G. Ramijit, S.D. Lewis, B.J. Lucas,
S.J. Gardell, E.A. Lyle, S.D. Appleby, J.J. Cook, M.A. Holahan, M.T. Stranieri, J.J. Lynch,
Jr., J.H. Lin, I-W. Chen, K. Vastag, A.M. Naylor-Olsen, J.P. Vacca, J. Med. Chem., 41, (3),
401, (1998).

30. D-M. Feng, S.J. Gardell, S.D. Lewis, M.G. Bock, Z. Chen, R.M. Freidinger, A.M. Naylor-
Olsen, H.G. Ramijit, R. Woltmann, E.P. Baskin, J.J. Lynch, R. Lucas, J.A. Shafer, K.B.
Dancheck, |-W. n, S-S. Mao, J.A. Krueger, T.R. Hare, A.M. Mulichak, J.P. Vacca, J.
Med. Chem., 40, (23), 3726, (1997).

31 P.E.J. Sanderson, D.L. Dyer, AM. Naylor-Oisen, J.P. Vacca, S.J. Gardell, S.D. Lewis, B.J.
Lucas,Jr., E.A. Lyle, J.J. LynchJr., AM. Mulichak, Bicorg. Med. Chem. Lett, 7, (12), 1497,
1997).

32. E’.E.J. Sanderson, K.J. Cutrona, B.D. Dorsey, D.L. Dyer, C.M. McDonough, A.M. Naylor-

Olsen, |-W. Chen, Z. Chen, J.J. Cook, S.J. Gardell, J.A. Krueger, S.D. Lewis, J.H. Lin, B.J.
LucasJr., EA. Lyle, JJ. Lynch, Jr., M.T. Stranieri, K. Vastag, J.A. Shafer, J.P. Vacca,
Bioorg. Med. Chem. Lett., 8, 817, (1998).

P.E.J. Sanderson, 215th ACS Natl. Mtg., Mar 29-Apr 2, 1998, Dallas TX, Abst MED! 199
W.C. Lumma, Jr., K.M. Witherup, T.J. Tucker, S.F. Brady, J.T.Sisko, A.M. Naylor-Olsen,
S.D. Lewis, B.J. Lucas, J.P. Vacca, J. Med. Chem,, 41, (7), 1011, (1998).

H.Brandstetter, A.Kuhne, W.Bode, R.Huber, W. von der Saal, K.Wirthensohn, R.A. Engh J.
Biol. Chem., 271, 29988, (1996).

K. Sato, T. Kawasaki, Y. Taniuchi, F. Hirayama, H. Koshio, Y. Matsumoto, Eur. J. Pharm.,
339, 141, (1997).



53888 I8

E-3
pry

ABHRER

&

88

W
-

Section II—Cardiovascular and Pulmonary Diseases Doherty, Ed.

T1.9Ng%r)noto. H. Kawamoto, S. Sato, M. Honma, M. Miyaji, Y. Takaka, JP10001467, Jan. 6,
1.9gg;noto, K. Hayashi, H. Kawamoto, S. Sato, M. Miyaji, Y. Koka, JP10017549, Jan. 20,

., Dominguez, Q. Han, D.E. Duffy, J.M. Park, M.L. Quan, KA. Rossi, R.R. Wexler,
WO8801428-A1, Jan. 15, 1998.
J. Sturzebecher, U. Sturzebacher, H. Viewig, G. Wagner, J. Hauptmann, F. Markwardt,
Thromb. Res., 24, 245, (1989).
K. J. Shaw, D. O. Amaiz, B. O. Buckman, Y. L. Chou, D. D. Davey, K. Eagen, B. D. Griedel,
W. J. Guliford, M. Kochanny, R. Mohan, H. Ng, G. B. Philiips, M. Pinkerton, S. Sakata, S. C.
Wu, W. Xu, W. Yun, Z. Zhao, D. Light, J. Dallas, S. Koovakkat M. Whitiow, A, Liang, L
Trinh, E. Ho, D. Smith, B. Subramanyam, R. Vel , J. Walters, K. A. White, M. E.
l\sﬂ‘glli)vlag('nM' M. Morrissey, 215th ACS Natl. Mtg., Mar 29-Apr 2, 1998, Dallas TX, Abst
H.D. White, Thromb. Haemostasis, 78, {1), 364, (19897).
M. Verstraete, Thromb, Haemostasis, 78, (1), 357, (1997).
J.P.R. Hermann, M.J.B. Kutryk, P.W. Serruys, Thromb. Haemostasis, 78, (1), 367, (1997)
F. Catella-Lawson, Coronary Artery Disease, §, (2), 105, (1997).
B.M. Ewenstein, N. Engl. J. Med., 337, (19), 1383, (1997).
B.\. Eriksson, P. Wille-Jorgensen, P. Kalebo, P. Mouret, N. Rosencher, P. Bosch, M. Baur,
S. Ekman, D. Bach, S. Lindbratt, P. Close, N. Engl. J. Med., 337, (19), 1329, (1997).
M. Cohen, C. Demers, E.P. Gurfinkel, A.G.G. Turpie, G.J. Fromell, S. Goodman, A. Langer,
R.M. Califf, K.A.A. Fox, Ch.B., J. Premmereur, F. Bigonzi, N. Engl. J. Med., 337, (7) 447,
1997).

he Columbus Investigators, N. Engl. J. Med., 337, (10}, 657, (1997).
R.P. Schwartz, Jr., J.C.P. Becker, R.L. Brooks, M.J. Hurstinq_. J.L. Joffion, G.D.
gna;;p1en(tf9rg_¢’a)r. T.P. Kogan, P.W. Kogan, A.A. McKinney, Clin. Appl. Thromb. Haemostasis,
TRIM Study Group, Eur. Heart J., 18, 1418, (1997).
H. Bounameaux, H. Ehringer, J. Hulting, H. Raschs, H.J. Rapold, M. Zultak, A. Rames,
C.H. Basle, J.W. tenCate, P.A. Schnsider, C.H. Geneva, H.E. Schmitt, D.O. Slosman, A.
Perrier, H. Spannagl, M.E. Gschwandtner, M. Banyai, R. Koppensteiner, E. Minar, A
Stumpfler, M. Haumer, R. Verhaeghe, J. Vermylen, J.C. Wautrecht, K. Taghizadeh, H.D.
Bruhn, M. Lins, K.H. Zurbom, H. Schwarzenberg[,)J. Schauer, H. Scheel, C. Ruhimann, H.
Voigt, T. Wagner, H.J. Siemens, G. Schwieder, D. Heene, C.E. Dempfle, J. Harenberg, S.
Pfitzner, W. Brockhaus, O. Schuster, K. Weisshaar, R. Sebiger, B. Ho n, O. Anders, B.
Krammer, F. Plath, H. Lestin, N. Baumann, U. Ehrertreich, G. MullerEsch, B. Ruprecht, G.
Wedaen, G. Larfars, J. Wallvik, O. Bjuhr, D. Didier, S. Desmarais, R. Wutschert, P.
deMoerlooss, Y. Christen, C. Bemard, S. Kupka, A. Kirisits, M. Janssen, G. Verweij, C.J.
Kragj, W.D. Sitiner, U. Hanka, A. Maier, A.S. Johansson, E. Johansson, M. Olesen, E.
Breier, B. Wittke, T. Goggin, C. Stephenson, M. Turkish, L. Willlams, C. Dutreix, A.
Gautsch, D. Nonn, R. Ward, P. Lows, K. Lad, D. Green, A. Gravel, |., Thromb. Haemostasis,
1B, 997, (1997)



Chapter 10. Phosphodiesterases 4 Inhibitors

Catherine Burnouf, Marie-Pierre Pruniaux, Corinne M, Szilagyi
Institut de Recherche Jouveinal/Parke-Davis
3-9, rue de la Loge
94265 Fresnes, France

Introduction - Major advances in our understanding of
inflammation at both the biological and molecular level have
opened up multiple opportunities for therapeutic intervention
in asthma. Some of the more established of these approaches
have now been validated clinically, but there is still a long
way to go before the mainstay treatments such as steroids and
the nonsteroidal anti-inflammatory drugs have significant
competition. In the last few years there has been a rapidly
increasing research effort into a family of cyclic nucleotide
phosphodiesterases (PDE). The PDE4 family which represents a
molecular target for new antiasthmatic and anti-inflammatory
drugs has attracted much interest (1-3). PDE4 1is the
predominant form of PDE found in cell-types implicated in
chronic inflammatory diseases and, amongst the bone-marrow
derived cells only platelets do not express this isozyme (4).
The potential benefits of PDE4 inhibitors on inflammatory
cell function were initially explored through several in
vitro experiments; i.e., these compounds inhibited superoxide
generation in human monocytes, €osinophils and neutrophils,
mediator release in basophils, macrophages and neutrophils,
TNFa-release in monocytes and macrophages (5-12). The anti-
inflammatory effects of PDE4 inhibitors, often using rolipram
as a standard, were also observed in vive ; i.e., inhibition
of microvascular leakage into the lungs of sensitized guinea-
pigs, and reduction of ©bronchial hyper-reactivity and
eosinophilia in cynomolgus monkeys following repeated antigen
challenge (13-14). Recent data have shown that PDE4
inhibitors potently suppress TNFa-release from mononuclear
phagocytes (15). These observations opened the possibility of
using PDE4 inhibitors in the treatment of pathologies
associated with over expression and production of TNFa, such
as certain auto-immune diseases.

In this chapter we will give an overview of the PDE4
inhibitors which are presently in clinical development. 1In
addition, the main directions that are being employed to
develop the next generation of compounds will be discussed ;
the obvious therapeutic goal being to optimize on the anti-
inflammatory actions of PDE4 inhibitors while formulating
strategies to limit their side effects. For this purpose two
main areas are actually under investigation ; the first one
focuses on the research of the physiological relevance of the

Copyright © 19688 by Aocademic Press
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high affinity rolipram binding site and the second one
consists of attempts to identify PDE4 subtype selective
inhibitors.

PDE4 INHIBITORS UNDER CLINICAL DEVELOPMENT

LAS-31025 (1) (arofylline), a xanthine derivative has been
reported to be in phase 3 clinical trials since 1996 (16).
Arofylline displayed a PDE4 in vitro activity (ICso=5.3uM, PDE4
from guinea-pig heart ventricle) but the affinity of arofylline
for adenosine receptors was found similar to the PDE4 ICso (ICso at
3.7aM and 7.2pM for A; and Az, respectively) (17). Compared to
rolipram (2), arofylline exhibited similar or more potent
antiinflammatory activity in the airways : ~57% inhibition at
10mg/kg p.o. for both rolipram and arofylline in the model of
guinea-pig airway eosinophil infiltration and 47% and 50%
inhibition respectively for rolipram and arofylline in a model of
extravasation in sensitized guinea-pig trachea (18). LAS-31025
showed in vitro bronchodilatory and in vivo antibronchoconstrictor
effects (12 and 42  fold more potent than theophylline,
respectively). Also, emetogenic potential of arofylline was about
30-fold lower than that of rolipram.

Rolipram (2), from Schering, originally in development as
antidepressant therapy (phase 3 in 1991), was dropped for this
indication. It is now reported to be in phase 2 for multiple
sclerosis (16). The major side-effect observed for rolipram is
strong emesis (19). However, rolipram (2) continues to be used as the

standard specific PDE4 inhibitor and inhibitor of TNFu-release for evaluation of
the mechanism of action in asthma (20-24) and in novel therapeutic indications.

SB-207499 (ariflo) (3) is a PDE4 inhibitor reported in phase
2 for asthma (16). This PDE4 inhibitor retains in vitro
antiinflammatory activities similar to those of rolipram (2)

(histamine-release in basophils, LPS-induced TNFa formation in
monocytes, neutrophil degranulation, antigen-driven proliferation
and cytokine synthesis). However, it also produces acid secretion
from isolated rabbit gastric glands(25). Compared to emesis
induced by rolipram, SB-207499 displayed a 100-fold lower emetic
potential (EDs; at 0.04 and 4.6mg/kg 1i.v., respectively for
rolipram and SB-207499 in dog) 1leading to a tenfold improved
therapeutic potential (26). It is also the first compound to be
claimed with a tenfold selectivity for the PDE4D form of the
enzyme (27).
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WAY-PDA-641 (4) (filaminast), a PDE4 inhibitor reportedly in

phase 2 for asthma has an in vitro PDE4 ICso of 0.42uM in dog

trachea and is 36-fold selective over PDE3 (16,28). WAY-PDA-641
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relaxes respiratory smooth muscle in vitro and in vivo. WAY-PDA-
641 is more potent than aminophylline in vitro and in vivo. WAY-
127093B (5), ancther PDE4 inhibitor, (ICse=17nM, dog trachea) has
increased selectivity for PDE4 versus PDE3 (ICs>300puM) (29). In
guinea-pig after oral administration, WAY-127093B was less potent
than rolipram but more potent than aminophylline in inhibiting
antigen-induced bronchoconstriction (EDs; at 2.9, 0.5 and 43mg/kg
p.o., respectively) and was more potent than rolipram (2) in
inhibiting antigen-induced airway eosinophilia (EDs; at 0.3 and
2.5mg/kg p.o., respectively). Both compounds were equipotent in
inhibiting antigen-induced airway eosinophilia in Brown Norway
rats (EDsp 0.5-0.6mg/kg p.o.).

o . P
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The phase 2 development of the selective PDE4 inhibitor RP-
73401 (6) (piclamilast) for asthma was discontinued and the
compound 1s now being pursued for rheumatoid arthritis (16,30,
31). PDE4 isolated from various cell types was inhibited by RP-
73401 with an ICs of about 1nM and 19,000-fold selectivity against
the other PDE isoenzymes. RP-73401 was also reported as a potent
and long-acting relaxant of human bronchial muscle in vitro (more
potent than rolipram and theophylline) (32). RP-73401 was retained
in bronchial tissue for much more longer period of time than
rolipram. In clinical studies, RP 73401 did not prevent allergen-induced
bronchoconstriction during the early phase reaction in astlmatics (33). The di-
N-oxide derivative 7 of RP-73401 showed an ICso at 150nM against
PDE4 with a biocavailability of 77%, in rodents, (cf 1% for RP-

73401) and an EDso of 1lmg/kg when dosed orally in TNFa-inhibition
studies (16,34).
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CP-80633 (8) (atizoram) showed efficacy in phase 2 clinical
trials for atopic dermatitis (35). CP-80633 selectively inhibited
PDE4 (human lung, ICs0o=1.3uM). CP-80633 dose-dependently (3-32mg/kg

p.o.) elevated plasma cAMP levels and decreased systemic TNFa-
production in mice (EDs, at 1.2 and 3.9mg/kg p.o., in control and
adrenalectomized mice, respectively) (36). It was also shown to be a

potent branchodilator in a model of histamine-induced bronchoconstriction in
anaesthetized guinea-pigs (EDs=10pg/kg i.v.) (37). In a model of antigen-induced
cell recruitment in atopic monkeys, CP-80633 (lmg/kg, <id, s.c., 1 hour before
antigen~challenge) displayed same antiinflammatory effects by reducing increases
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in bronchoalveclar lavage neutrophils and eosinophils (38). CP-353164 (9) was
identified as a potent inhibitor of PDE4 (ICs=0.34uM) and TNFa-
release in vitro in isolated human monocytes (ICse=0.037uM) and
human whole blood (ICsc=0.18uM) (39). This compound was equipotent
to rolipram (2) and more potent than SB-207499 (3) in vivo in a

murine TNFa-production model (68% and 65.2% inhibition at 1lmg/kg
p.o. and 59.4% inhibition at 10mg/kg p.o. for rolipram (2), CP-
353164 (9) and SB-207499 (3), respectively.
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D-4418, in phase 1 clinical trials, is reported as being a
selective PDE4 inhibitor although the exact structure has not yet
been described (40). D-4418 showed a tenfold therapeutic window
(difference between efficacious dose in guinea-pigs and emetic
dose in ferrets and dogs). In the asthma model of antigen-induced
bronchoconstriction/inflammation in sensitized guinea-pigs, D-4418
inhibited the early and late asthmatic reactions (41).

D-22888 (exact structure not reported) displayed a selective
in vitro PDE4 activity (ICse=158nM, human leukocytes) (42). TNFa-
release was inhibited in 1:5 diluted human whole blood and in rat
liver macrophages with ICsos at 8uM and 14uM respectively. The
effects of D-22888 were investigated on allergic rhinitis in
domestic pigs. D-22888 exhibited an antiallergic effect and dose-
dependently inhibited the rhinorrhea. D-22888 is under preclinical
evaluation for the treatment of allergic rhinitis and other
allergic disorders (16).

A new series of PDE4 inhibitors in a novel benzodiazepine
family was recently described (43,44). SAR studies showed the
importance of the S5-membered ring fused to the benzodiazepine
nucleus for the PDE4 activity : both non-cyclic derivative 10 and
6-membered ring analog 1l lost activity compared to the 5-membered
derivative 12 (45). Various modifications were realized on the
different aromatic moieties leading to several compounds with PDE4
activity and selectivity over other isozymes PDEl, 3 and 5. From
this series, the profile of an orally active selective PDE4
inhibitor, CI-1018 (13) was identified (46). CI-1018 displayed an
inhibition of PDE4 isocenzyme from U937 cell line (ICse=1.14uM) with
good selectivity over other PDE iscenzymes. This compound
inhibited TNFa-production from LPS-stimulated human peripheral
blood monocytes (ICge=0.7uM). In vivo, €I-1018 showed good potency
and efficacy vs antigen-induced pulmonary eosinophilia in actively
sensitized Brown Norway rats (EDs¢c=5.1 mg/kg po) with a duration of
action >24 hours. The compound was not emetic at therapeutic doses
in several species : while rolipram was emetic at 0.lmg/kg i.p. in
ferrets, CI-1018 did not induce any vomiting episodes up to
10mg/kg i.p.. CI-1018 is currently being evaluated in phase 1
clinical trials (16).
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v-112294A (14), a purine derivative selected for a
preclinical evaluation, is a selective PDE4 inhibitor (ICs=200nM,

human lung) (16,47). V-112294A inhibited TNFa-release from
monocytes (ICs=300nM) and was active in vivo (EDso=8mg/kg p.o.) in
a murine model of LPS-stimulated TNFo-release. V-112294A also
suppressed antigen-induced accumulation of eosinophils into
bronchoalveclar lavage (BAL} in guinea-pigs (85% at 24 hr at
10mg/kg p.o. at -24 hr, -1 hr and +6 hr relative to antigen). In
addition, V-112294A induced relaxation of isolated trachea smooth
muscle (ICso=171aM) and inhibited antigen-induced
bronchoconstriction in allergic guinea-pigs (67% at 10mg/kg p.o.).
With a biocavailability >50% in humans and >70% in ferrets, and a
plasma half-time in humans greater than 7 hours, V-112294A did not
produce any emetic episodes at doses up to 300mg in humans and at
10mg/kg p.o. in ferrets (30,47). In addition, no side effects were
observed in CNS, cardiovascular, gastrointestinal or wurinary
systems at doses up to 75mg/kg p.o..

The structure-activity relationships (SAR) of a series of
pyrido[2,3-d]pyrimidin-2 (1H)-one derivatives were 1investigated
leading to several compounds with potent and selective PDE4
inhibitory activity. From this series, YM-58997 (15), is under
preclinical evaluation (16). This selective PDE4 inhibitor
(ICs0=1.2nM, human peripheral blood cells) was orally active in a
model of antigen-induced pulmonary eosinophilia in guinea-pigs

(EDso=1mg/kg) (48). In order to develop more potent and orally
active compounds, a series of pyrido[2,3-d]pyrimidin-2(1H)-ones
derivatives has been investigated. Few compounds were orally

active in carrageenan-induced pleurisy model and did not cause
emesis up to 100mg/kg p.o. in ferrets (49).

The diphenyl pyridyl ethane derivative 16, 1is the most
promising compound from a new series of CDP-840 17 analogs (50).
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This compound has an in vitro inhibitory PDE4A activity with an
ICso at 0.8nM and is under preclinical evaluation (50,51).

The most promising compound 18, from a series of quinoline-
related PDE4 inhibitors, 1is under investigation (52,53). In a

model of inhibition of eosinophil activation, it displayed an ICgg
of 0.71nM.

U
R

A newly generated naphthalene derivative, T-440 (19),
identified as a selective PDE4 inhibitor (ICs5=57nM, guinea-pig
lung) raises the intracellular cAMP level of peripheral blood
monocytes (PBMCs) in a concentration-dependent manner (54,55). T-
440 which is in clinical development, was assessed in various in
vivo models (16). This compound administered i.v. to anaesthetized

guinea-pigs inhibited histamine-induced bronchoconstriction
(EDso=0.08mg/kg) and this effect was closely correlated with T-440
in vitro PDE4 activity (56). It inhibited also antigen-induced

bronchoconstriction with an EDs; of 2.3mg/kg i.v.. T-440 suppressed
allergen-induced IL-5 production by peripheral blood mononuclear
cells (PBMCs) of atopic asthmatic (ICs0=0.03%9ug/ml) and allergen-
induced proliferation of PBMCs (ICs0=0.30ug/ml) (10). This activity
is probably due to the increase of cAMP which induces reduction of
IL-5 production as it has been shown in PBMC from atopic asthmatic
subjects (58). T-440 also induced inhibition of IL-2, IL-5 and IL-
4 production by concanavalin A activated PBMCs in a concentration-
dependent manner (ICs, at 0.11, 0.57 and 7.7ug/ml, respectively)
(57). T-440 at 10mg/kg p.o. significantly inhibited allergen-
induced immediate and late asthmatic reactions in eosinophil

infiltration into the airways of guinea-pigs (59). T-440 and
rolipram were equipotent in inhibiting ozone-induced airway
hyperresponsiveness at 10mg/kg p.o. (60) . T-440 reversed

histamine-, Ach- and allergen-induced bronchial contraction in the
human bronchus by releasing chemical mediators, probably from mast
cells (61). The effects were more potent with T-440 than those
found with aminophylline (one of the clinical non selective PDE
inhibitor). A T-440 derivative 20 coming from a novel series of
naphthalene analogs is also under preclinical evaluation for
treatment of asthma (62,63). This compound displayed an improved
in vitro PDE4 activity (ICs0=0.4nM). In guinea-pig, it inhibited
histamine-induced bronchoconstriction (EDs¢=14pg/kg) (16,64).
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KF-19514 (21), a mixed PDE4-PDEl inhibitor has been studied
preclinically in asthma (16), (IC5=0.40pM and 0.27uM for in vitro
PDE4 and PDEl activity) (65). In vitro, KF-19514 produced a more
potent relaxation of antigen-induced contraction in guinea-pig
tracheal smooth muscle than rolipram (ECs=0.058uM and 0.34uM,
respectively) and both induced more potent inhibitory effects on
the antigen-induced than on histamine or <carbachol-induced
bronchoconstriction. In wvivo, KF-19514 suppressed antigen-induced
bronchoconstriction with a stronger activity than that found in
histamine-induced bronchoconstriction (EDs; at 0.004 and 0.056mg/kg
i.v., respectively in guinea-pigs) suggesting that KF-19514 may
have anti-allergic activity and may be considered as a
bronchodilator or bronchoprotective agent (66). A complete
inhibition of PAF-induced eosinophil infiltration in the airways
was observed at 0.5mg/kg p.o., an inhibition of TNFa-production in
mice was shown (EDso=0.023mg/kg p.o.) and a total inhibition of
antigen-induced hyperreactivity was found at O0.1lmg/kg p.o.(65).
KF-19514 also inhibited anaphylactic bronchoconstriction after
oral administration (EDso=0.2mg/kg) (65). Inhaled KF-19514 (0.0001-
0.01%) significantly suppressed PAF-induced airway inflammation
and hyperresponsiveness in guinea-pig (ICss=14.8uM/0.00063% against
eosinophil accumulation) (67). Moreover, in bronchial smooth
muscle from guinea-pig, KF-19514 inhibited in vitro both
cholinergic and tachykininergic contraction with a potent
inhibitory effect on tachykininergic contraction (ICso=0.49uM)
(67) .

R5-17597 (22), a PDE4 inhibitor from a series of 8-aryl-1,6-
naphthyridinone analogs, 1is reported to be 1in preclinical
development (l6,68). RS-17597 demonstrated a selective PDE4
inhibition (ICs=0.92nM) and in vivo reduced antigen-induced acute
bronchoconstriction and cell influx into the lungs of ovalbumin-
sensitized guinea-pigs. In vitro, it produced relaxation of
guinea-pig tracheal rings contracted with carbachol (16).

NEW PDE4 SERIES

From SAR studies of rolipram-related series, two series of
heterocyclic condensed purines led to the identification of new
PDE4 selective inhibitors. Some BWA78U analogs 23 exhibited potent
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PDE4 activity and selectivity over PDE3 (69). The most important
results were from introduction of methyl or trifluoromethyl
moieties in position 2 (24 and 25, respectively) increasing PDE4
activity (ICcp at 0.2 and 0.04uM, respectively) and PDE4
selectivity versus PDE3.
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A novel series of heterocyclic-condensed purines was
designed and synthesized (70). Some of these derivatives, which
did not show any adenosine-antagonist activity, had similar or
improved PDE4 activity to known PDE4 inhibitors. A correlation
between in_vitro PDE4 activity and in vitro tracheal-relaxant
activity was found. 26 was the most active and selective PDE4
inhibitor (in vitro PDE4 ICgy=1.6uM, cerebral cortex) and did not
induce emesis iIn Suncus murinus in a range between 10-100mg/kg

p.o. while its imidazole analog 27 caused emesis at 10 or 30mg/kg
p.o..
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To date, a crystal structure of the PDE4 enzyme is not
available, limiting our understanding of the catalytic mechanism.
Molecular modelling has been performed by exploring the structural
requirements for PDE4 inhibition and defining a common
pharmacophore model for rolipram-like compounds, xanthine and
quinazolidinone derivatives (71}).

Various mutational analyses have been performed in order to
identify critical amino acids within the central conserved domain
of recombinant human PDE4A (72). In parallel, evidence for a zinc
binding domain (His-His-Glu) in the active site is supported by
SAR studies demonstrating that two novel rolipram-related series
with a hydroxamic acid group, a well-known metal chelator, induced
a stereospecific interaction with PDE4 (73). By overlapping these
two series with cAMP and taking into account that these compounds
bind to a metal in the PDE4 active, a model of the PDE4 active
site was built. From these series, 28 (R=H) and 29 (R=H) were
identified as excellent candidates with nanomolar PDE4 affinities.
The best derivative 28 is a potent candidate reported to be under
study for «cocrystallysation with the enzyme.
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In addition, it has been shown that 2n®" activates purified

recombinant human PDE4A with an ECso <luM (compared to ECso for Mg2+
at 100uM). Moreover, titrations of the PDE4A inhibition with Zzn?'
and Mg?* showed that replacement of Mg®' by 2Zn®* , as the activating
metal ion, led to decreases in PDE4A inhibitor affinities (74).

SELECTIVITY ISSUES

Catalytic activity and HARBS - Historically, a high affinity,
stereoselective and saturable [‘H]-rolipram binding site in rat
brain homogenates has been reported (75). This high affinity
rolipram binding site (HARBS) was found as a component of PDE4
(76-78). The functional relevance of the HARBS remained unclear
but several research groups have focussed on the hypothesis that
inhibitors with potent PDE4 activity and reduced affinity on HARBS
would induce relevant antiinflammatory activity with reduced side
effects such as emesis, increased gastric secretion and
psychotropic activity (19,25,79,80).

In order to achieve this objective, a series of 1,4-
cyclohexanecarboxylate derivatives were evaluated by increasing
the PDE4 catalytic activity (inhibition of human monocyte-derived
PDE4 catalytic activity = LPDE4 activity) over their high affinity
on HARBS ([’H]-rolipram binding site in the CNS = HPDE4 activity)
(26). From this series, SAR studies of substituents at the
benzylic position of cyclohexanone revealed that the nitrile 30
and the acetylenic 31 derivatives were the most promising
compounds (ICsps at 44 and 120nM on LPDE4 and HPDE4 respectively
for 30 and ICs0s at 80 and 300nM on LPDE4 and HPDE4 respectively
for 31). i
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Ma0' ° Me0 2
30:R =CN 32:R1 = COH R2= H,RI=H
31: R =CCH 33:R1 = H,R2 = COH ,R3 = CN

3 :RY = COH,R2=H,R3 = CN

The effects of substituents (Rl and R2 of 32, 33, 3) led to
the identification of 3, SB-207499, which was equipotent in
inhibiting LPDE4 activity (IC50=95nM) and  HPDE4 activity
(ICso=120nM) : the axial carboxylic isomer 32 was less active
{IC50>0.5uM on both HPDE4 and LPDE4). Compared to 3, the analog 32
without the CN substituent induced a reduction in the LPDE4
activity (ICse at 1200 and 120nM for LPDE4 and HPDE4 activity
respectively). Compared to R-rolipram, SB-207499 (3) showed an
improved therapeutic potential of greater than tenfold.

In parallel, SAR studies of a series of 6-aryl-4,5-
heterocyclic-fused pyridazones 34 demonstrated that it was
possible to obtain, within this non-related rolipram series,
compounds with dissociated PDE4 activity and affinity for HARBS
(81).

X Het = thiophene
Het I /\R1 pyrazole
@ pyrrole

pyridine

R=H.cCl,NO,
R1 = Ma, Ph

The best compounds (35, 36, 37 and 38) displayed in vitro
PDE4 activity in a range between 0.6 to 3.1nM. Furthermore, these
PDE4 selective derivatives (over PDE3) presented a lower affinity
for the rolipram binding site compared with that found with the
nitraquazone-related compound 39 and rolipram.

With the side effects of early PDE4 inhibitors observed, new
generation compounds with improved therapeutic windows have now
been discovered. To date, two molecular approaches have been
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used : one targeting one of the two conformers of PDE4 (82-84) and
the other involving design of selective PDE4 subtype inhibitors
(82,85).

To date, no correlation has been reported between inhibition
of the PDE4 catalytic activity and [*H]-rolipram binding, thus the
functional role of the HARBS remains to be defined (86). Also, the
functional role of PDE4 inhibitors correlated better with the
inhibition of the PDE4 «catalytic activity than with the
displacement of ﬁH]—rolipram suggesting that the native PDE4 in
human monocytes exist in a low-affinity state (87). Some new
information from studies related to the identification of the
functional domains of human recombinant PDE4A (88) and PDE4B
(78,89) supports the hypothesis that PDE4 exists as two distinct
active conformers : one conformer binding rolipram at the
catalytic site with a high affinity (HARBS) and the other binding
rolipram with a low affinity (83).

PDE4 Subtypes - Recently cDNAs for four members (A,B,C and D) of
the human PDE4 family were cloned and the chromosomal localization
of the human genes defined (90-92). The four subtypes (A,B,C,D)
were identified and characterized and using RT-PCR demonstrated
to be differentially expressed between tissues and cells (93-95).
Alignment of the amino acid sequence of the human PDE4 subtypes
showed three distinct highly conserved domains : the catalytic
site and two upstream conserved regions, UCR1 and UCR2, whose
function is still unclear (96). Further diversity is also known in
this family of enzymes by different splicing and post-
translational processing (97). Northern blot analysis of mRNA from
different cells and tissues demonstrated the existence of
transcripts of different sizes for each of the four PDE4 subtypes
(98,99). Detailed analyses of the expression pattern of these
isozymes recently appeared and revealed clear differences ; the
functional significance of the diverse cellular and tissue
distribution of human PDE4 subtypes is still under investigation
and remains to be clarified. However it is clear that differential
modulation of cAMP levels in different cell types may be feasible,
raising the possibility of specific intervention with compounds
selective for a single subtype. The low abundance of PDE4 isozymes
in the tissues has precluded their purification from natural
sources, but the production of recombinant proteins in diverse
expression systems offers the opportunity of studying each subtype
independently for the identification of distinct biochemical
properties that could differentiate them. In a recent study
conducted with recombinant PDE4 subtypes expressed in baculovirus
the authors demonstrated that although these isozymes have some
similar properties (i.e. Mg2+ dependency) , they also have
significant differences with regard to some characteristics (pH
dependence, specific activity and sensitivity to drug inhibition)
(100). PDE4 subtype selective inhibitors could bring the
opportunity to increase the tissue or cell selectivity in a next
generation of compounds, decreasing side effects and improving the
therapeutic index. To date, no subtype selective inhibitor has
been reported. Prototype PDE4 inhibitors do not discriminate
between the subtypes (101), however several compounds (rolipram
(2), CDP-840 (17), Ro-201724 (40) and RP-73401 (6) were
significantly less potent on PDE4C.
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40

OTHER THERAPEUTIC INDICATIONS THAN ASTHMA

cAMP is an ubiquitous second messenger that is involved in
various biological responses. Phosphodiesterase 4 inhibitors, by
increasing intracellular cAMP levels, lead to the inhibition of
inflammatory cell activation. In particular, PDE4 inhibition
decreases cell proliferation, adhesion and chemotaxis and inhibits

inflammatory mediator or cytokine release such as TNFa by wvarious
inflammatory cells (102,103). As many pathologies are due to the
dysregulation of the inflammatory response or to immune disorders,
there is an increased interest in the use of PDE4 inhibitors in
the treatment of diseases other than asthma.

Atopic dermatitis (AD) - AD is the most common chronic skin
disease in young children and it is frequently associated with
asthma and allergies, suggesting that PDE4 inhibition may offer a
new therapeutic approach directed at correction of the immune
dysfunction associated with this disease (104). A recent study
showed that the type 4 phosphodiesterase inhibitors rolipram (2),
Ro-201724 (40) and denbufylline (41) produced a concentration-
related inhibition of proliferation of human peripheral blood
mononuclear cells (HPBM) from normal and subjects with AD. 1In
addition, this study indicated that the proliferative response of
HPBM from AD subjects was more sensitive to PDE4 inhibition than
the proliferation of HPBM from normals (11).

L PN
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Arthritis - Recent studies demonstrated the essential role of
tumor necrosis factor a in the pathogenesis of many infectious and
inflammatory diseases one of these being arthritis (106). TNFa
levels are known to increase both in plasma and synovial fluid of
patients suffering from rheumatoid arthritis (107). In a model of
collagen II-induced arthritis in rats, very similar to human
rheumatoid arthritis, rolipram (2) given subcutaneously 2mg/kg
twice daily for five days before the onset of arthritis
significantly delayed the appearance of the symptoms (108).
However, after the cessation of the treatment, these animals
started to develop an arthritis that demonstrated all the
characteristics of the disease in untreated animals and reached
the same arthritis top score as the control group. In the same
study, rolipram (3mg/kg) given subcutaneously twice daily at the
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time point when arthritis was apparent, drastically changed the

development of the disease : progression of severity was halted
and even after the cessation of treatment, the arthritis score did
not reach the levels observed in untreated animals. The

investigators were alsoc able to demonstrate a strong down-
regulation of TNFa and IFNy mRNA expression in regional lymph nodes
suggesting that the major effect of rolipram is exerted in the
effector phase of the inflammatory process (109).

Multiple sclerosis - Increasing evidence show that PDE4 inhibitors
may be useful in the treatment of multiple sclerosis (110).It has
recently been demonstrated that rolipram (2) suppresses the
clinical manifestations of acute experimental autoimmune
encephalomyelitis (EAE), an animal model of multiple sclerosis,
and inhibits the production of TNFa (111-113). More recent studies
show that continuous PDE4 inhibition by rolipram (3x6.25mg/kg/day)
reduced the clinical signs of EAE during both the initial episode
of disease and subsequent relapses. Rolipram also reduced gene
expression of several TH1 proinflammatory cytokines (including
TNFa and IL2) in the CNS (114). Pentoxifylline (42) (PTX), a mixed
PDE3-4 inhibitor was investigated in a model of experimental
autoimmune neuritis (EAN) in rats immunized with peripheral nerve
myelin containing neuritogenic peptide SP26. At 200mg/kg/day, PTX
(42) significantly suppressed clinical EAN, weight loss and T cell
proliferation (115).

Septic shock - In a model of endotoxin-induced acute renal failure
in rats, the selective PDE4 inhibitor Ro-201724, given as a
posttreatment (10pg/kg/mn), significantly increased urinary cAMP
excretion, markedly attenuated endotoxin-induced increases in
renal vascular resistance and decreases in renal blood flow and
glomerular filtration rate. Ro-201724 (40) also improved survival
rates for endotoxin-treated rats (116). Pentoxifylline (42) has
been studied in patients suffering from septic shock. Twenty-four
patients fulfilling the criteria of septic shock were included in
this study : 12 received PTX at 1lmg/kg/hr over 24hr, 12 served as

a control group. After 24h, TNFa levels were significantly lower
in the therapy group, while IL-6 showed a significant increase.
Nevertheless, inhibiting a single mediator in severe septic shock
cannot 1inhibit completely the inflammatory response (117). 1In
another study, pretreatment with PTX (5 to 50 mg/kg i.p. 3x) or
the selective PDE4 inhibitors rolipram (10 to 30mg/kg i.p. 3x) and
denbufylline (41) (0.1 to 3mg/kg 1i.p. 3x) reduced LPS-induced
bowel erythrocyte extravasation in rats and denbufylline was 100
fold more potent than and PTX in inhibiting LPS induced mesenteric
blood flow fall, without affecting renal blood flow or cardiac
index. This suggests that potent and selective PDE4 inhibitors
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with a good safety profile could be a promising therapy in this
field (118).

Inflammatory Bowel Diseases - Crohn’s disease - In recent years,
an important role for TNFa as a pivotal pro-inflammatory mediator
in Crohn’'s disease has emerged and this has resulted in the
development of several therapeutic strategies that target TNFa
transcription by increasing intracellular cAMP concentrations
(119). PTX (42) was studied in vitro on PBMCs and organ cultures
of inflamed mucosa from patients suffering from IBD. In this
study, PTX inhibited TNFa-release from PBMCs by 50% at a
concentration of 25pg/ml but IL-6 and IL-8 concentrations were not
decreased suggesting that PTX may not be potent enough (120). The
same compound was studied in patients suffering from Crohn’s

disease but failed to show clinical efficacy (121). In an
experimental model of colitis wusing intracolonic injection of
trinitrobenzene sulphonic acid (TNBS) in rats, PTX given

intracolonically at 100mg/kg 24 and 48 hours following TNBS
treatment, significantly reduced the gross morphology damage
scores compared to animals receiving saline, but did not decrease
TNBS-induced elevation of colonic collagen contents (122). Further
studies are required with more potent and selective PDE4
inhibitors to discover whether there will be a real therapeutic
effect of PDE4 inhibitors in IBD.

Liver injury - TNFa causes hepatic failure in humans, a phenomenom
that has been widely studied in various experimental animal
models. In an acute model of T-cell mediated hepatic failure,
rolipram (2) (0.1 to 10mg/kg i.p. 30mn before the challenge either
with Concanavalin A (Con A) or Staphylococcal enterotoxin B (SEB)
was shown to significantly reduce plasma TNFa and INFy
concentrations whereas it significantly elevated IL-10 levels
(123). Rolipram also suppressed Con A-induced IL-4 release. The
plasma activities of liver specific enzymes ALT, AST and SDH were
also assessed as their increase indicates massive liver cell
destruction. Pretreatment of naive mice receiving Con A or
galactosamin-sensitized mice receiving galactosamin/SEB with
rolipram (0.1 to 10mg/kg i.p.) dose-dependently inhibited plasma
enzyme activities. These results suggest that PDE4 inhibitors may
be of considerable interest in the treatment of T cell disorders
such as liver failure.

Pulmonary hypertension - The activity of phosphodiesterases which
hydrolyze vasodilatory second messengers (cAMP and cGMP) may be
increased by hypoxia-induced pulmonary hypertension (HPH). Tested
in a model of isolated pulmonary artery rings from normal rats and
rats with HPH, rolipram was shown to potentiate the relaxant
activities of isoproterenol and forskolin. In this study, the same
effect was observed with milrinone (a selective PDE3 inhibitor)
suggesting that inhibition of PDE3 and PDE4 activity can
significantly improve pulmonary artery relaxation in HPH (124).

Bone loss disease : Denbufylline (41) was examined on bone loss in
Walker 256/S-bearing rats and on mineralized nodule formation and
osteoclast-like cell formation in bone marrow culture systems.
Serial oral administrations of denbufylline inhibited the decrease
in the bone mnmineral density of femurs from Walker 256/S-bearing
rats, restored the bone mass and the number of osteoclasts and
osteoblasts per trabecular surface in the femur metaphysis. It




Chap. 10 Phosphodiesterases 4 Inhibitors Burnouf et al 108

also increased the number of mineralized nodules and decreased the
number of osteoclast-like cells in the in vitro bone marrow
culture system. These effects seem to be specific for PDE4
inhibition and are mimicked by dibutyryl cAMP suggesting that the
PDE4 isoenzyme may play an important role in bone turnover through
cAMP and that its inhibitors are candidates for therapeutic drugs
in diseases involving bone loss (125).

Conclusions - One of the most intensively studied therapeutic
targets currently of interest to the pharmaceutical industry is
the inhibition of type 4 phosphodiesterase enzymes. PDE4
inhibitors are very attractive anti-asthmatic drugs because of
their therapeutic profile consisting of a broad spectrum of anti-
inflammatory activities coupled with additional bronchodilatory
and neuromodulatory actions. With such a plethora of new,
structurally different and potent PDE4 inhibitors, presented in
this review, it is reasonable to expect that in a near this class
of antiinflammatory agents will find wutility in asthma and
possibly other inflammatory diseases. Opportunities exist to
increase the therapeutic window of safety of the first generation
inhibitors. It has yet to be determined whether the second
generation of PDE4 inhibitors will overcome emesis and other GI
side effects to allow the full therapeutic potential of these
compounds to be realized. Treatment of other inflammatory and
immune diseases such as rheumatoid arthritis and atopic dermatitis
is also a significant opportunity for this class of agents. Only
time will tell whether significant advantages will be offered by
this new alternative approach of PDE4 inhibition compared to
existing medication in the treatment of asthma, but early clinical
data in some instances clearly suggests an optimistic forecast. It
is also likely that rapid advances in genomics will lead to an
increasing array of novel targets, ultimately providing hope for
more effective anti-inflammatory treatments.
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Chapter 11. Adenosine

Michael P. DeNinno
Central Research Division, Pfizer Inc. Groton CT 06340

INTRODUCTION

Adenosine 1 is essential for the proper functioning of every cell in the body.
It is a component or precursor to a component of RNA and DNA, and in its native
form, or in various phosphorylated states, acts as a neurotransmitter at the P1 and
P2 purine receptors. The intra- and extra-cellular levels of adenosine are tightly
regulated through its production from ADP and ATP, transport through specific
nucleoside transporters, and catabolism (1). Levels rise sharply during periods of
stress and trauma and thus it has been considered as an endogenous protective
agent and many of its functions relate to such a role. Adenosine and its derivatives
exert their actions through two classes of receptors called P1 and P2. The
development of the P2 receptors which recognize phosphorylated adenosine
derivatives has been slow and will not be discussed in this review. Progress around
the P2 receptors has been recently summarized (2,3). In contrast, the adenosine P1
receptors have received much more attention. There are four receptors in this family
which are distinguished by, among other factors, having a high {A1, A2a) or low (A2b,
A3) affinity for adenosine (4-7). The physiological reason for this difference is not
well understood, but it is likely that the latter receptors would only be activated during
times of extreme stress, trauma or ischemia. They are

all prototypical G-protein coupled receptors containing NH2
seven transmembrane-spanning domains. The A3 N N

receptor is the newest of this family, being identified in </ | )N
1991 (8,9). This chapter will summarize the o N N/

therapeutic potential and recent SAR and HO
pharmacology of adenosine and its receptor agonists

and antagonists. NS
HO  OH

1 Adenosine

THERAPEUTIC OPPORTUNITIES

The past several years have seen unprecedented growth in the therapeutic
potential of adenosine and adenosine derivatives (10-14). This development is due in
large part to the availability of selective agonists and antagonists for most of the
adenosine receptors. The exception to this progress is the A2b receptor, for which
selective ligands remain elusive. Despite the large body of data linking adenosine
with certain disease states, clinical development of modulators of adenosine activity
has been slow. To date, the only marketed agent in this area is adenosine itself. The
reasons for this slow development are manifold. Adenosine receptors are widely
distributed throughout the body. This fact coupled with the wide range of activity
these receptors regulate make a poor combination for drug therapy. In addition, no
non-nucleoside agonists have been reported and although some oral activity has
been demonstrated for nucleoside derivatives, they generally suffer from both low
bioavailability and short half-lives (15). Some adenosine agonists also show tendency
for tachyphylaxis which would likely prevent their use for chronic conditions (16).
Adenosine antagonists do not suffer from such limitations. The structures of these
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inhibitors are also more varied and not surprisingly it is this class that has progressed
further clinically. There is also some species differences between the receptors
particularly regarding the A3 subtype (17-19). In fact, there have been suggestions
that the A3 receptors from the rat and human may not be equivalent. This difference
is significant in two ways. First, the rat receptor is most commonly used in
radioligand binding assays thus leaving questions about a compound's selectivity in
other species. Secondly, rat is often used for in vivo studies, making connections
between rat and humans from such studies questionable.

With the above restrictions accepted there are still a number of potential
indications where adenosine modulation is a viable approach. These include the use
of agonists in acute settings with acceptable routes of administration (e.g. topical,
inhalation or parenteral) or the use of antagonists which have fewer pharmacokinetic
issues. Detailed below are the therapeutic areas which have the greatest potential for
pharmaceutical intervention with an adenosine related drug.

Ischemia- Besides inducing hemodynamic effects, adenosine is probably best known
for its ability to protect organs, including the heart and brain, from ischemic injury.
The involvement of adenosine in this preconditioning phenomenon follows from the
early wark on mechanical preconditioning (20). Brief periods of mechanically induced
ischemia protect tissues from a subsequent longer period of ischemia. During these
short preconditioning episodes it was discovered that adenosine levels rose sharply.
Adenosine could be shown to induce a number of changes beneficial to a hypoxic cell
including hypothermia, bradycardia and preservation of cellular ATP levels (21-23).
These effects were attributed to activation of the A1 receptor which was supported by
the fact that selective A1 agonists were also protective (24,25). Although the
hemodynamic effects induced by the A1 agonists have been shown not to play a
major role in cardioprotection, they present a major hurdle for the development of
such an agent. More recently, selective agonists at the A3 receptor have shown
promise as cardio- and cerebro-protective agents without causing changes in blood
pressure or heart rate in animal models (26-28). Because adenosine agonists are
involved here, disease states requiring short term treatment and non-oral routes of
delivery are best suited. Such possibilities include acute coronary syndrome, acute
stroke, and perioperative ischemic injury (29). Adenosine itself has demonstrated
positive effects when given prior to PTCA and is now undergoing further clinical trials
as a cardioprotective agent (30,31).

Acadesine, an adenosine modulating agent with a complex mode of action,
has been extensively studied clinically for the reduction of cardiac events following
coronary artery bypass surgery. However, five separate clinical trials failed to show a
statistically significant effect and thus the compound was dropped from development.
However, meta analysis of the five studies did show a positive effect on early cardiac
death, Mi, and combined adverse cardiovascular events (32).

Asthma- The involvement of adenosine in asthma has the added weight of human
studies (33-35). Adenosine causes bronchoconstriction, but only after challenge with
an allergen and only in asthmatics. The effect could be biocked with theophylline, a
weak non-selective adenosine antagonist. More recent studies have implicated the
A1, A2a, and A3 receptors in asthma (36-39). The system is complicated by the
apparent priming necessary to see a biological response. However, asthma is a
disease well suited for the limitations of adenosine therapy because the doses would
be administered topically and in aerosolized form. The true role of adenosine
receptors in asthma may only be satisfactorily resolved in the clinic.
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Glaucoma- The evidence suggesting a role for adencsine in the reduction of intra-
ocular pressure has recently been reviewed (40,41). This effect appears to be
mediated through A1 receptor agonism. Importantly, no desensitization was
observed in the rabbit eye after five days of exposure to CPA, a selective A1 agonist.
This pressure lowering has been reported to be a result of reduced aqueous humor
inflow but the molecular mechanism has not yet been fully elucidated (41).

Pain- There exists strong evidence, including clinical experience, that adenosine
possesses antinociceptive properties (42). This appears to be, at least in part, a local
effect perhaps mediated by the A1 receptor. Used clinically, adenosine has
demonstrated activity against.ischemic pain, post-operative pain and peripheral
neuropathic pain (43-46). Adenosine and adenosine analogs are now being studied
clinically using local, intrathecal administration for pain control.

Central Nervous System- Adenosine receptors are widely distributed in the central
nervous system (CNS) where adenosine acts to depress neuronal activity. Not
surprisingly, adenosine antagonists, caffeine being the most well known agent in this
class, are CNS stimulants. As an endogenous depressant, adenosine is implicated
as a sleep inducing agent. Adenosine levels in the brain rise sharply upon prolonged
wakefulness (47). In addition, a selective A2a agonist increased slow-wave sleep and
paradoxical sleep in rats in a dose dependent manner (48). This sleep inducing effect
could be attenuated by the administration of the A2a antagonist KF-17837.
Interestingly, KF-17837 also reduced the sleep inducing effect of PGD2, another
proposed sleep-promoting agent, suggesting its ultimate action on the adenosine
receptor system.

In the brain, adenosine is released in high concentrations during cerebral
ischemia and other stress and trauma situations. In this role, adenosine is
considered to be an endogenous anticonvulsant/neuroprotectant (49,50). In fact,
adenosine modulators have shown both pro and anticonvulsant properties and have
demonstrated the ability to positively attenuate the anticonvulsant effects of other
agents. Adenosine agonists are also neuroprotectants during periods of cerebral
ischemia through the same mechanisms as the cardioprotective effects (51).
However, therapeutic intervention for CNS ischemia has the added challenge of
discovering compounds which cross the blood brain barrier.

Perhaps the most intriguing adenosine connection in the CNS is its
relationship to the striatal dopaminergic system (52). Stimulation of the central A2a
receptors in this region results in an inhibitory response on dopamine neurons while
A2a antagonists increase dopaminergic activity. These observations have led to the
theory that A2a agonists may be novel atypical antipsycotic agents, whereas A2a
antagonists may have therapeutic benefit in Parkinson's disease (53). Compounds
for the latter indication are already in clinical development. However, their use may be
limited to early Parkinsonism since this modality relies on the ever decreasing
number of dopamine producing neurons to be effective. The development of A2a
agonists for schizophrenia seems unlikely at this time due to drug
delivery/pharmacokinetic issues as well as the likelihood of serious hemodynamic
side-effects.

Miscellaneous- In addition to the indications listed here, adenosine has been
implicated in a number of other disease states. Some of these include cancer
(54,55), inflammation (56-59), fever (60-62), diabetes (63-65), and wound healing
(66).
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Adenosine Compounds in Clinical Development- This section is devoted to adenosine
compounds currently undergoing clinical investigation. A number of other agents
have been dropped from development in recent years, mostly due to unacceptable
side-effects. GP-1-531(2) is an adenosine regulating agent in the same class as
acadesine, which was discussed earlier (67). It is reportedly in phase |l trials for the

same indications as its predecessor.
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CVT-124 (3) is a selective A1 antagonist with diuretic activity. It has been initially
targeted for the treatment of edema in hospitalized congestive heart failure patients
and is now in phase Il trials. In healthy volunteers, CVT-124 increased sodium and
water excretion while preserving potassium levels (68). KW-6002 (4) is a xanthine
derived selective antagonist at the A2a receptor (69). The compound is currently in
phase |l clinical trials for the treatment of Parkinson's disease as a monotherapy or in
combination with L-dopa. RPR-100579 (§) is a modified nucleoside with activity at
both the rat A1 (Ki = 4nM) and A2a (Ki 2 47 nM) receptors (70). It contains a
carbocyclic ring in place of the ribose and it lacks the N1 nitrogen on the purine. |t
was last reported in phase | trials for the prevention of myocardial ischemic injury.
GR-79236 (6) is a selective A1 agonist with a long development history. It failed in
earlier trials as a cardiostimulant and for the treatment for diabetes. It has reentered
early clinical trials for the management of pain.
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MEDICINAL CHEMISTRY

Studies aimed at elucidating the role of adenosine in human disease have
been aided greatly by the availability of selective agonists and antagonists at the
adenosine receptors. There is a clear correlation between the presence of these tools
and information regarding the functions of a particular receptor in vitro and in vivo.
The A1 receptor has been the most widely studied in keeping with the long-standing
availability of selective ligands. In contrast, agonists and antagonists for the A3
receptor have only recently been described, and accordingly, the pharmacological
role of the receptor is only now being unraveled. Also, the paucity of biological data
surrounding the A2b receptor can be understood in light of the present poor state of
SAR development of this receptor (72). Several recent reviews have described the
progress of the medicinal chemistry of the adenosine receptors in some detail (73-
75). Only the highlights of this work as well as more recent contributions will be
described here. Unfortunately, data for the human receptors is scarce, and unless
otherwise stated, the reported activities are from the rat.
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A1 RECEPTORS

Agonists- Selective agonists at the A1 receptor can be obtained simply by the
addition of a N6 substituent, particularly an a-branched substituent. CPA (7) is one
of the most well-known agents potent and selective for the A1 receptor. Its human Ki
is 1 nM for A1 and it is almost 200 fold selective against the other adenosine
receptors. SDZ WAG-994 (8) contains the added element of 2'-O methylation.
Although this modification resulted in some ioss of potency, the compound has
shown good oral bioavailability in the rhesus monkey (6).
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NNC 21-0136 (9) is reported to be a CNS selective agonist with minimat
cardiovascular effects (76). Compound 10 was one of a series of compounds
designed to be partial agonist at the A1 receptor in an effort to reduce cardiovascular
side effects and receptor desensitization (77). The exemplified compound had only
40% the intrinsic activity of adenosine.
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Antagonists- Many classes of A1 antagonists have been reported (75). The earliest
examples were from the xanthine class typified by DPCPX (11) and KW-3902 (12).
Since then, a number of other heterocyclic series have been discovered that show
good potency and selectivity at the A1 receptor (13-15) (78-80).
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Compound 13 for example, has a Ki for the rat A1 receptor of 7 nM and is more than
4000 fold selective (78). Modification at the C3’ position of the A1 agonist CPA led to
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the nucleoside based antagonist 16 which was the most potent of the series with a Ki
of around 20 nM in the rat (81).
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A2a RECEPTOR

Agonists- Almost universally, A2a agonists can be distinguished by substitution at
C2. This characteristic is evident in CGS 21680 (17), 18 and 19 (82). However,
moderately A2a selective agonists have also been discovered with only modification

at N6 (20).
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Antagonists- As with the A1 receptor, A2a antagonists have covered a wide variety of
heterocyclic core structures. A number of xanthine based analogs have been
described, such as BS-DMPX 21 which shows good potency and selectivity at the

A2a receptor. A recently described agent, 23, has a Ki of 2.4 nM and 200 fold
selectivity (83).
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Adgonists- Not long after its discovery, SAR around this receptor began to develop.
For optimal activity it was found that the methyl amide at C5' and benzyl substituents
at N6 were preferred. From extensive SAR, IB-MECA (24) and CI-IB- MECA (25) were
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identified as potent and selective agonists in the rat (84-87). However, as discussed
earlier, the rat and human A3 receptors are non-homologous. This difference is
manifested in the pharmacology since compound 24 is 50 fold selective in the rat (vs.
A1), but only 10 fold selective in human (88). The C5 ethenyl derivative 26 was
reported to be 50 fold selective for the human A3 receptor (vs. A1) and possessing an
A3 Ki of 20 nM (89).

13

H
C

Antagonists- Only recently have antagonists, selective for the A3 receptor, been
described. Several series now exist with quite diverse structures. Modification to a
weak A1 antagonist lead resulted in the dihydropyridine derivative MRS1191 (27) with
a human A3 receptor Ki of 31 nM (80). A similar approach, this time starting from an
A2a ligand, yielded the highly potent (human Ki = 0.65 nM) analog MRS1220 (28)
(91). Two recent patent applications described novel A3 antagonists, such as
L268605 (29) and 30 (92, 93).

Indirect Adenosine Modulators- In addition to the direct acting agonists and
antagonists described above, several other indirect methods of adenosine
potentiation have been investigated. In general, these agents inhibit the catabolism
or uptake of adenosine thereby leading to increased extra-celiular levels of the
nucleoside. One potential benefit of these approaches is that they may provide a
more site-specific therapy, preserving the beneficial effects of elevated adenosine
levels only at the region of potential injury. Three main mechanisms have been
targeted for intervention: adenosine kinase, adenosine deaminase and adenosine
transport inhibitors. Compounds from each of these three classes have shown
efficacy in animal models of some of the same diseases for which adenosine
agonists have shown benefit (94-101).
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The coformycin analog 31 represents one class of adenosine deaminase inhibitors
and has a Ki for this enzyme from porcine heart of 97 nM (102). A series of C5'
amino nucleosides, such as 32 are being developed as adenosine kinase inhibitors
(103). GP-1-515 (32) inhibited the enzyme from human cardiac tissue with an IC50
value of 4nM. Compound 33 was shown to be a potent (IC50 = 62 nM) inhibitor of
adenosine uptake into human erythrocytes (104).

SUMMARY

Research focused on methods of adenosine modulation is at an all time
high. Medicinal chemistry has provided selective agonists and antagonists for three
of the four presently known adenosine receptors. There is an ever increasing
understanding of the role of adenosine in disease as well a growth in the chemical
arsenal available for pharmaceutical intervention. It appears to only be a matter of
time before a selective adenosine modulator joins adenosine as an approved agent
for the treatment of human disease.
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Introduction - Over the past several years, the emergence of organisms resistant to
nearly all of the major classes of antimicrobial agents has become a serious public
health concern (1-3). As pointed out in a number of recent reviews (4,5), antimicrobial
resistance is a worldwide phenomenon which is having a significant impact on
therapeutic strategies to treat a variety of bacterial, fungal and protozoal infections.

The emergence of bacterial resistance 1o a variety of antimicrobial agents such as
the B-lactam antibiotics, aminoglycosides, macrolides, glycopeptides and quinolones
is quite serious (1). Several of the organisms causing the most significant problems
include staphylococcus, enterococcus and streptococcus (6,7). Methicillin-resistant
Staphylococcus aureus (MRSA) strains, for example, comprise approximately 40% of
all S. aureus hospital isolates in the United States (8). Since the emergence of MRSA,
vancomycin has been the only uniformly effective agent available to treat serious
staphylococcus infections (4); however, reports in 1997 of vancomycin-intermediate
resistant S. aureus (VISA) clinical isolates in Japan and the United States have
caused considerable concern among health care providers (9). More troublesome is
that patterns of resistance can be magnified by transfer of the genetic information
among species (10}, and recent studies suggest that resistant bacteria are persistent
in nature due to the stability of resistance genes and transfer elements (11).
Antimicrobial resistance is not strictly limited to bacteria. For example, reports of
resistance to the antifungal agents fluconazole and ketoconazole have begun to
appear (2,12), and the isolation of strains of Plasmodium falciparum (the etiologic
agent responsibie for malaria) which are resistant to several drugs such as chloroquine
leave few therapeutic options for control of this infection (3,13).

There are three basic strategies that microorganisms employ in response to the
pressure of antimicrobial therapy (14,15). They include i) drug inactivation (16) ii)
target modification (17) and iii) alteration in target accessibility primarily through
increased efflux of drug (18). Resistance to the penicillins and cephalosporins, for
example, frequently resuits from inactivation of these compounds by f-lactamases,
enzymes which catalyze the hydrolysis of the p-lactam nucleus (4). One of the most
successful approaches in overcoming the problem of p-lactamases has involved the
development of B-lactamase inhibitors such as clavulanic acid, sulbactam and
tazobactam (19). These compounds have little intrinsic antibacterial activity but rather
potentiate the activity of the penicillin or cephalosporin by protecting the p-lactam ring
from inactivation.

Copyright © 1998 by Acaderuic Press
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The successful strategy of using a p-lactamase inhibitor to potentiate the activity of
p-lactams may be applied to overcoming other microbial resistance mechanisms
(14,15). For example, inhibition of an efflux pump would potentiate the activity of a
known antimicrobial agent and confer enhanced susceptibility to a particular organism
(20). Indeed, an effective approach in tackling the growing problem of antimicrobial
resistance may include not just the discovery of new compounds and elucidation of
novel targets but the development of potentiators of known antimicrobial agents as
well (21). The following chapter will examine the opportunities available and strategies
undertaken to overcome several microbial mechanisms of resistance by extending the
potentiator approach beyond the p-lactamase arena.

INHIBITION OF METHICILLIN RESISTANCE IN STAPHYLOCOQCCI

MRSA was first described in the early 1960's and has since become one of the
major nosocomial infections in the hospital setting (22). The prevalence of MRSA
throughout the world continues to increase with MRSA strains being reported in
countries such as Japan, Argentina, Spain and Canada (4,22). Nearly all strains of
MRSA share a common feature of carrying the mecA gene which encodes for a low
affinity penicillin-binding protein, PBP2a (22-24). Production of this protein confers an
intrinsic resistance to all p-lactams. Expression of the mecA gene depends on two
regulatory systems, mecR1-mecl and blal-blaR1 (25) as well as several auxiliary
genes designated fem (factors essential for the expression of methicillin resistance)
(26,27).

From a drug discovery standpoint, a logical approach to overcoming methicillin
resistance would involve the inhibition of any of the

resistance factors described above by the use of a (\

small molecule inhibitor in combination with a p-lactam R N’\‘o
(4). Several reports describing such an approach have

recently appeared. For example, the unnatural H& oH
tripeptide, LY301621 (1), potentiates the activity of o OH

methicillin against MRSA and acts as a relatively weak,

stand-alone inhibitor of bacterial growth (28). SAR

studies highlight the importance of the topology of 1 1 R=CgHs
on potentiation activity (29).

A more directed approach involved screening for compounds which displace the
binding of radiolabelled penicillin to PBP2a (30). The screen, based on technology
known as the scintillation proximity assay (SPA), is both high-throughput and robust.
Over 250,000 compounds were tested and several leads resulting from this study,
such as the anthraquinone dye Cibacron blue 3G-A, were found to sensitize MRSA to

p-lactams. The compounds themselves demonstrated weak

OH : . .. .
S Me antibacterial activity. In a separate screening program, two agents
/\[ (MC-200,616 (2) and MC-207,252) were identified which potentiate
the activity of g-lactams against MRSA (31). The MIC,, of imipenem

: ’\519 for 24 strains of MRSA was approximately 500-fold lower in the
presence of these agents, shifting from 64 to 0.125 ug/mL. The

levels of susceptibility to antibiotics of classes other than the p-

H lactams, such as macrolides, quinolones, glycopeptides and
OAc aminoglycosides, remained unchanged in the presence of 2. Both
2 compounds appear to modify the expression and/or function of

PBP2a. In addition, MC-207,252 successfully potentiated the
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activity of a variety of p-lactams against MRSA in an in vivo infection model (32).

INHIBITI ERIB -MEDIATED RESISTAN
Macrolide-lincosamide-streptogramin (MLS) Resistance - Macrolide, lincosamide and

streptogramin (MLS) antibiotics are structuraily distinct but share a similar mechanism
of action (33,34). They exert their antibacterial effects by binding to the 50S subunit of
the bacterial ribosome, inhibiting protein synthesis by preventing transpeptidation and
translocation reactions (35). The introduction of erythromycin in the 1950’s was
followed shortly thereafter by reports from several countries of erythromycin-resistant
staphylococci (4). Studies since have established that the most common mechanism
of resistance is associated with modification of the ribosome by adenine-specific N-
methyltransferases (36,37). The modified ribosome binds the MLS antibiotics less
efficiently leading to a co-resistance phenotype which is widely distributed and has
been detected in a variety of gram-positive and gram-negative organisms such as
Staphylococcus spp., Streptococcus spp. and members of the family
Enterobacteriaceae.

The enzymes involved in the modification of the ribosome are inducibly or
constitutively produced (38) and are encoded for by a class of genes called emn
(erythromycin ribosome methylation) (36-39). Approximately 30 erm genes have been
isolated and characterized from a variety of organisms which are clinically resistant to
erythromycin, the most widely distributed of which is ermC (36,37,40-42). In both
gram-positive and gram-negative bacteria carrying the erm gene, methytation of a
particular adenine residue in a highly conserved region of the 23S rRNA has been
implicated in MLS resistance (43). This residue is in a region of the ribosome directly
involved in the formation of the peptidyl transferase center and, upon methylation,
confers resistance to all known macrolides, lincosamides and streptogramin B class
antibiotics.

Since MLS resistance is directly linked to the erm genotype, inhibition of the
methyltransferase enzyme should, theoretically, potentiate the activity of the MLS
antibiotics (4,15). Such an approach was recently undertaken to identify compounds
that would specifically inhibit the methyltransferase encoded by ermC (44). The
search utilized a high-throughput biochemical assay where the selectivity of the
compounds for the methyl transferase was assessed by their ability to inhibit the liver
enzyme catechol-O-methyltransferase and the prokaryotic enzyme, EcoR |/
methylase. Over 160,000 synthetic compounds were screened and several selective
analogs of various structural types such as 3 and 4 were identified which had IC,,s
ranging between 450 and 900 nM. The compounds fared poorly in vitro, however, in
combination with azithromycin against strains of bacteria expressing MLS-resistance.
Similarly, none of the compounds, in combination with azithromycin, protected mice
infected with a S. aureus strain expressing inducible MLS-resistance at doses of 100

mg/kg.

HaC =N,

o

O N CH;j
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Tetracycline Resistance - Tetracyclines have been used extensively over the last 50
years to treat a variety of bacterial infections in both humans and animals. The
compounds inhibit bacterial cell growth by the inhibition of protein synthesis at the
ievel of the ribosome by disrupting the codon-anticodon interactions between tRNA
and mRNA (45). Bacterial resistance to this class of antimicrobial agents is a growing
probiem and is primarily due to the transfer of resistance genes rather than via
spontaneous mutations (46). The exact mechanism of resistance to tetracyclines is
not completely understood, but it appears that a cytoplasmic protein associates with
the ribosome and allows for protein synthesis to occur even in the presence of bound
tetracycline. Like macrolides, the most prevalent mechanism of resistance to
tetracyclines is ribosomal protection (14,15). The genes responsible for this are
designated Tet(M), Tet(O) and Tet(Q) and typically reside in plasmids and/or
transposons (45-47). Tet(M) and Tet{(O) are found in a variety of gram-positive and
gram-negative organisms such as Staphylococcus spp. while Tet(Q) is found only in
Bacteroides (48).

INHIBITION OF ANTIBIOTIC INACTIVATION PROCESSES

Aminoglycosides - The most clinically significant contributor of bacterial resistance to
aminoglycosides is plasmid-mediated enzymatic alteration of the drug (49). Three
classes of aminoglycoside modifying enzymes have been identified in both gram-
positve and gram-negative bacteria and include N-acetyltransferases, O
adenyltransferases and O-phosphotransferases (kinases). Over 50 aminoglycoside
modifying enzymes have been characterized at the genetic level and all of the proteins
studied to date are constitutively expressed (50). In contrast to resistance
determinants found in macrolides, there is no evidence for inducibility of
aminoglycoside resistance (51). Because the rate of modification is an important
determinant of the level of resistance, it may be reasonable to expect that inhibitors of
aminoglycoside modifying enzymes could be useful as potentiators of aminoglycoside
antibiotics (15). However, since nearly all clinically used aminoglycosides can be
modified by at least two separate mechanisms, a broad spectrum inhibitor or a
combination of two inhibitors would most likely be necessary in overcoming
aminoglycoside resistance.

There are examplies of approaches to inhibit each of the three classes of
aminoglycoside modifying enzymes described above. For instance, one study (52)
examined the inhibition of gentamicin acetyltransferase-l by a gentamicin-CoA multi-

substrate analog. Although the compound inhibited the

Q o acetyltransferase with a K =5-20 x 10" M, it did not potentiate the

HO activity of gentamicin against gentamicin-resistant E. coli, in vitro. In

a separate study, 7-hydroxytropolone (§) potentiated the activity in

vitro of several aminoglycosides against aminoglycoside-resistant

5 bacteria possessing a 2 °-O-adenyltransferase (53), and a modest

enhancement of the efficacy in vivo of tobramycin was demonstrated

(54). A variety of structurally diverse analogs of § were prepared; however, few of
these analogs showed any significant enzymatic inhibitory activity (54).

The most studied aminoglycoside-modifying enzymes are the ubiquitous
aminoglycoside 3’-phosphotransferases [APH(3%)s] (50). These enzymes
phosphorylate the 3” and or 5°" hydroxyl group of a variety of aminaglycosides such as
amikacin. Several compounds, such as the structurally related neamine and
kanamycin analog 6, have been described which serve as mechanism-based inhibitors
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of the 3'-phosphotransferases (55). Based on a study which demonstrated that the
structure of APH(3%)-1lla is related to eukaryotic protein kinases (56), Daigle and co-
workers recently evaluated known protein kinase inhibitors as potential inactivators of
aminoglycoside kinases (57). Several isoquinolinesulfonamide derivatives such as 7.
and 8 were found to inhibit APH(3")-llla but did not reverse aminoglycoside resistance
in cell culture.

R
X
]
NH; N
NH S
2 ?‘, 0,
HO™ Y NH, NH,
OH Z X=N, Y=CH, R=H
[} 8 X=CH, Y=N, R=Cl

Chloramphenicol - The primary mechanism of resistance to chloramphenicol is due to
the presence of chloramphenicol acetyltransferase (CAT), an enzyme which catalyzes
the acetylCoA-dependent acetylation of the antibiotic at the C-3 hydroxyl group (58).
Genes for CAT are widely distributed among most gram-negative and gram-positive
bacteria and several show a high degree of homology, especially around their active
sites (59). Thus, it may be possible to identify a single, broad spectrum inhibitor of all
CATs which would potentiate the activity of chloramphenicol. indeed a compound
which inhibits CATs produced by Streptomyces and potentiates the activity of
chloramphenicol in vitro has been identified (60). The agent, a peptide analog, is also
active in vivo. Recently, a new class of enzymes was discovered which are
structurally unrelated but functionally similar to the classical CATs (59). The enzymes,
know as xenobiotic acetyltransferases (XATs), may offer new opportunities for
chloramphenicol potentiation.

Macrolides - Various inactivating enzymes, encoded for by ereA and ereB, are
responsible for high-level macrolide resistance and have been detected in strains of E.
coli and in members of the family Enterobacteriaceae (61-63). The enzymes hydrolyze
the lactone ring of 14-membered macrolides such as erythromycin (64). Enzymatic
inactivation of macrolides is quite limited as nearly all of the macrolide resistant strains
found in the clinical setting involve ribosomal modification (61).

] 1ON PS|

General Qverview - Without doubt, drug inactivation and target modification are two of
the most studied and best characterized mechanisms of resistance to antimicrobial
therapy (16,17). Over the last several years, however, resistance caused by active
efflux mechanisms has attracted worldwide attention since the discovery that
tetracycline resistance in E. coli is based not just on ribosomal modification but also on
energy-dependent efflux (20). Active efflux systems are recognized today as an
important cause of antimicrobial resistance among a variety of structurally diverse
agents, including antibacterials, antifungals and antiprotozoals (2,3,18). Thus, the
inhibition of effiux transporters to potentiate the activity of antimicrobial agents is an
attractive avenue of drug discovery.
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Bacterial - Active efflux plays a major role in the resistance of a variety of organisms to
several classes of antibacterial agents, including g-lactams, macrolides, tetracyclines
and fluoroquinolones (18). Whereas tetracyclines and macrolides are excreted by the
expression of drug-specific pumps (45,65-67), a variety of structurally unrelated
antimicrobial agents are substrates of multidrug efflux pumps (68-70). Both drug-
specific and multidrug efflux systems are found in a variety of gram-negative and
gram-positive bacteria. Active efflux of antimicrobial agents has even been
demonstrated in wild-type strains of enterococci and Pseudomonas aeruginosa
(71,72).

Several approaches to potentiate the activity of antibacterial agents via the
inhibition of efflux pumps have been described. For example, an inhibitor of efflux
pumps in Pseudomonas aeruginosa which potentiates the activity of quinolones was
recently identified using a high-throughput-screening program (73). In a separate
study, assays to identify inhibitors of tetracycline efflux pumps were described which
specifically identified tetracyclines of distinct structure (74). Also, various structural
analogs of tetracycline were tested in an everted membrane vesicle system for their
ability to inhibit the tetracycline efflux pump (75,76).
One compound, 13-[(3-chloropropyl)thio]-5-hydroxy-
tetracycline (9), demonstrated the best efflux
inhibitory activity and exhibited potentiation in vitro
against various organisms which are resistant to
tetracycline due to an efflux mechanism. This study
was unique in that it revealed both extensive and
9 R = CHS(CH2kCl important SAR information regarding a specific class

of efflux pump inhibitors.

0
OH O OH O O

Fungal - The azole antifungal agents, such as ketoconazole, fluconzaole and
itraconazole, inhibit the cytochrome P450-dependent 14a-demethylase, an essential
enzyme of the ergosterol biosynthetic pathway (77). As a consequence of the
increasing number of infections caused by Candida albicans, especially among AIDS
patients, the use of azole antifungals has increased and has led to the appearance of
yeast isolates resistant to these agents (78,79). There is growing evidence that efflux
of the azole antifungal agents is an important mechanism of resistance in various
isolates of Candida (80-83). To date, three multidrug efflux transporters, the ATP-
binding cassette (ABC) transporters, CDR1 and CDR2, and the major facilitator BEN'
have been identified (84-86). Overexpression of the proteins encoded for by these
genes results in an increased efflux of various azoles from a variety of fungal species
(87-88). Interestingly, the genes encoding members of the superfamily ABC
transporters are well known mediators of muitidrug resistance (MDR) in mammalian
cells (89). The mechanism of MDR has been extensively studied and involves the
expression of p-glycoprotein (P-gp), an efflux pump for various antineoplastic agents
(90). The potentiation of antitumor agents by inhibition of P-gp using a variety of
agents such as verapamil and MS-209 has been reported to reverse MDR both in vitro
and in vivo (90-92).

Protozoal - The emergence of resistance in the late 1950's to chloroquine, an agent
used to treat malaria, severely compromised the effectiveness and use of this drug
(3). Studies have demonstrated that chloroquine resistance in Plasmodium
falciparum, the causative organism, bears close similarities to the MDR phenotype
described above and can be reversed by several drugs including verapamil (3). Two
genes, pfmdr1 and pfmdr2, have been identified in P. falciparum which are
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approximately 60% homologous to the MDR genes found in mammalian cells (93,94).
However, the exact role of these genes in the emergence of drug resistance remains
controversial since there appears to be no correlation between the ampiification of the
pfmdr1 gene and resistance to chloroquine, in vitro (85).

With growing evidence that chloroquine resistance patterns are modulated via a P-
gp-like transporter, studies to block the MDR phenotype and potentiate the activity of
chloroquine have been reported. For example, chlorpheniramine reverses chloroquine
resistance in 11 of 14 P. falciparum isolates at 625 nM with no potentiation observed
against chloroquine-susceptible clones (96). In another study, fangchinoline, a bis-
biphenylisoquinoline, potentiated the activity of chloroquine against a chloroquine-
resistant P. falciparum strain in vitro (97). The compound also potentiated the activity
of vinblastine in an MDR cell line approximately 90-fold, indicating it may inhibit the P-

gp transporter. WR268954 (10), a pyrrolidino

alkylamine, decreases the IC,, of chloroquine
MeO ( for drug resistant P. falciparum 90-fold when
compared to chloroquine alone (98). The
NN\/ compound has weak intrinsic antimalarial
10

activity and may act as a competitive inhibitor
of the binding of chioroquine to the putative
transporter.

VANCOMYCIN RESISTANCE IN ENTE

Resistance to vancomycin does not fit within any of the categories described
above, due to the unique mechanisms of action of the glycopeptide class of antibiotics
(99). Vancomycin inhibits peptidoglycan synthesis by binding to the D-Ala-D-Ala
terminus of the disaccharyl pentapeptide unit of the peptidoglycan polymer comprising
the bacterial cell wall. Over the last several years, clinically significant vancomycin
resistance in enterococci has appeared and has been traced to a set of five genes,
VanA, VanH, VanR, VanS and VanX (99,100). Each of the genes is required, and
together are sufficient to confer the resistance phenotype. Whereas VanH and VanA
synthesize D-Ala-D-lactate, which is incorporated into the peptidoglycan chain in place
of D-Ala-D-Ala, VanX hydrolyses D-Ala-D-Ala and dramatically reduces the availability
of precursors ending in D-Ala. Synthesis of VanA, VanH and VanX is reguiated at the
transcriptional level by the VanR-VanS two-component regulatory system.

Theoretically, inhibition of any or all of the five important Van genes would inhibit the
resistance mechanism and potentiate the activity of vancomycin. Several reports
describing such approaches are known. For example, several phosphinates inhibited
the enzymatic activity of VanX by acting as slow binding inhibitors (101,102). One
compound, D-3-[(1-aminoethyl)phosphinyl}]-D-2-methylpropionic acid, showed a time-
dependent onset of inhibiton of VanX but failed to potentiate the activity of
vancomycin in a strain of vancomycin-resistant Enterococcus faecium. In a similar
study, several compounds such as 2,3-dimercapto-1-propanesulfonic acid and 2,3-
dimercapto-1-propanol inhibited VanX in a time-dependent fashion (103). In a separate
study, the MIC of vancomycin in several resistant isolates was reduced up to 31-fold
in the presence of an amphipathic cationic peptide (104). The compound exhibited
little to no intrinsic antibacterial activity at concentrations equal to or less than 32

pg/mL.
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CONCLUSION

With an ever increasing understanding of the mechanisms of antimicrobial

resistance, the discovery and development of potentiators of known antimicrobial
agents should be included alongside the elucidation of structuraily unique agents and
the identification of novel targets. The success of p-lactamase inhibitor/-lactam
combinations provides compelling evidence for the feasibility of just such an

approach.
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Chapter 13. Matrix Metalloproteinase Inhibitors and Cancer

James B. Summers and Steven K. Davidsen
Abbott Laboratories, D-46U AP10, 100 Abbott Park Road,
Abbott Park, IL 60064-3500

Introduction — Cancer claims the lives of more than six million people worldwide each
year; one in five Americans will experience cancer in their lifetime and one in three will
die from it. Despite billions of dollars in research over several decades, little progress
has been made to reduce these macabre statistics. Often ineffective cytotoxic drugs,
radiation and surgery together with their frequently associated sequelae of debilitating
side effects are still the mainstays of cancer therapy. However, there is reason for
hope. Several promising approaches have appeared on the horizon in recent years
which offer the potential for a more effective and less toxic treatment for cancer.
Among these are the inhibitors of the matrix metalloproteinases (MMP). Evidence
summarized herein suggests that MMP inhibitors may prevent local invasion and
distant metastasis of cancer cells as well as limiting tumor growth by blocking new
blood vessel formation and the activation of growth factors. A conclusive link between
MMPs and cancer may soon emerge as the results of definitive clinical trials with
inhibitors are completed.

The MMPs have been extensively reviewed (1-4) including a recent general
Report within this series (5). Although MMPs may play a role in numerous diseases
including arthritis, periodontal disease, multiple sclerosis and osteoporosis, this Report
will focus exclusively on the recent developments relating MMPs to cancer.

Qverview of the MMPs — The matrix metalloproteinases are a family of zinc containing
enzymes that degrade extracellular matrix. They are excreted by a variety of
connective tissue and pro-inflammatory cells including fibroblasts, osteoblasts
endothelial cells, macrophages, neutrophils and lymphocytes. Most are excreted as
inactive proenzymes and then activated extracellularly by serine proteases or other
MMPs. These activated enzymes are inhibited by secreted proteins known as tissue
inhibitors of metalloproteinases (TIMP) of which there are currently four known (6). The
relative expression of TIMPs and MMPs in tissues is critical to the regulation of
extracellular matrix degradation and remodeling. A disruption of the inhibitor/enzyme
balance contributes directly to cancer progression and other diseases.

The MMPs have been divided into four families by virtue of similarities of their
domain structure (3). The smallest MMP, matrilysin (PUMP-1, MMP-7), is the only
member of the Minimal Domain family and consists of a signal sequence, a prodomain
with a “cysteine switch” that is removed during activation, and a zinc containing
catalytic domain. This enzyme cleaves several substrates including proteoglycan,
laminin, and fibronectin. The addition of a hemopexin binding domain connected by a
hinge region to the C-terminus of the catalytic domain characterizes the Hemopexin
Domain family. Three collagenases, so named because of their unique ability to cleave
fibrillar collagen are members of this family: fibroblast collagenase (interstitial
collagenase, MMP-1), neutrophil collagenase (MMP-8), and collagenase-3 (MMP-13).
Metalloelastase (MMP-12) and stromelysin-1, 2 and 3 (MMP-3, 10, 11) also contain
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hemopexin domains. The latter member, stromelysin-3, contains a putative furin-like
enzyme recognition sequence that may contribute to its secretion from cells in a
catalytically active form. The proteolytic function of stromelysin-3 is unclear, but it may
activate other MMPs. As the name implies, the Fibronectin Domain family of MMPs,
including gelatinase A and B (72kD gelatinase, MMP-2 and 92kD gelatinase, MMP-9)
contain fibronectin-like sequences within the catalytic domain and are capable of
degrading a broad collection of matrix substrates including gelatin, type IV collagen and
elastin. The most recently discovered class of MMPs are Transmembrane Domain
family. There are currently four family members (MT-1-MMP — MT-4-MMP, MMP-14 -
MMP-17). These enzymes contain a sequence that is capable of spanning the cellular
membrane and are proposed to activate gelatinase A at the surface of cells (7).

New MMPs are continuing to be discovered. Using a MMP similarity search of
the EST database, a partial cDNA clone that encodes the 3-prime end of a putative
MMP, designated MMP-18, was identified (8). It is appears to be another Hemopexin
Domain family member. Recently reported MMP-19 (9) and MMP-20 (enalmelysin) (10)
also share structural elements with this family.

BATIONALE FOR MMPS IN CANCER

The role of the MMPs in the progression of cancer may involve several
mechanisms. Originally the MMPs were thought to mediate invasion and metastasis
primarily by matrix remodelling thereby allowing tumor cells access to blood and
lymphatic vessels. Evidence for this mechanism is based largely on the increased
invasiveness of cell lines which overexpress the MMPs (11,12). More recently it has
been shown that MMPs can play a role in primary tumor growth (13). This may involve
the release of stroma-bound growth factors or MMP-mediated tumor angiogenesis.
Alternatively, remodelling of the extracellular matrix in the vicinity of the primary tumor
may provide the spacial requirements necessary for tumor growth.

Much of the experimental evidence which links the MMPs with the progression
of cancer comes from studies which have demonstrated elevated levels of the MMPs in
human cancer biopsies. Virtually all the MMPs have been detected either at the protein
or nucleic acid level in cancerous tissue, though the expression of a given MMP is not
necessarily restricted to a specific tumor type. For example increased gelatinase-A
expression has been demonstrated in carcinomas of the pancreas (14), breast (15)
ovary (16) and colon (17) and fibroblast collagenase mRNA levels are higher in head
and neck cancerous tissue relative to the corresponding noncancerous tissue (18,
19). The detection of MMP mRNA directly in cancer specimens by in situ hybridization
indicates that most MMPs are produced by stromal rather than neoplastic cells (20).
This implicates the release of cancer cell-derived factors as stimulators of stromal MMP
activity and emphasizes the importance of tumor-stromal interactions in the
progression of solid tumors (21,22).

Elevated MMP activity in human cancerous tissues has been correlated with
tumor behavior. For example, enhanced gelatinase activity is associated with a higher
tumor grade in breast (15), bladder (23) and gastric cancers (24). In colorectal
cancer, tumor expression of fibroblast collagenase has been correlated with poor
prognosis (25) and stromelysin-3 mRNA levels correlate with decreased patient
survival in breast cancer (26). Measurement of plasma MMP concentrations, either
alone or complexed with TIMP, has been examined as a noninvasive method for cancer
diagnosis and monitoring (27).
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While these studies provide useful correlative evidence in support of the role
of MMPs in cancer, it is important to emphasize that a complete analysis of all MMPs
expressed by a broad range of tumor types is currently not available. This raises the
question as to which MMPs are primarily involved in the progression of cancer and
whether these MMPs differ from those responsible for physiological processes such as
tissue remodelling. Despite these uncertainties, it is clear that some MMPs are
associated with human cancers more often than others. The gelatinases fall into this
category and may be particularly important in tumor progression for several reasons.
First, type IV collagen is a major component of basement membranes and is a
particularly good substrate for both gelatinases. It has also been shown that activation
of pro-gelatinase A is distinct from most pro-MMPs and involves the formation of a
ternary complex between gelatinase A, TIMP-2 and MT-MMP-1 at the cell surface (28,
29). Since pro-gelatinase A is mainly expressed by fibroblasts, this suggests a
mechanism by which tumors can use host derived MMPs to facilitate invasion.
Consistent with this mechanism are recent results demonstrating the binding of
gelatinase A to the surface of invasive cells via interaction with the adhesion molecule

ovp3 (30).
P INHIBIT! N LINICAL

Perhaps the most convincing evidence that the MMPs play a significant role in
the progression of cancer comes from studies with various MMP inhibitors. Both
protein-based and small molecule synthetic MMP inhibitors have been analyzed in a
variety of in vitro and in vivo models of connective tissue remodeling. The discussion
of MMP inhibitors provided below will focus primarily on the activity of these agents in
short term models of cancer progression.

in- d nhibitors — As mentioned previously, the balance between
activated MMPs and TIMPs determines the overall MMP proteolytic activity and
consequently, the extent of extracellular matrix turnover. Alteration of this balance in
favor of excess inhibitor has been shown to modify invasive behavior. For example,
exogenously added TIMP-2 has been shown to block the invasion of human
fibrosarcoma HT-1080 tumor cells through a reconstituted basement membrane (31).
The same is true for monoclonal antibodies raised to either gelatinase A (32) or
gelatinase B (33). Intraperitoneal administration of TIMP-1 in nude mice significantly
reduced lung colonization by murine melanoma cells in a model of metastasis (34, 35).
Furthermore, over-expression of the TIMPs in tumorigenic cell lines markedly reduced
metastatic potential and invasive behavior (36-38). TIMP-1 has been suggested to
have a suppressive effect on the process of angiogenesis since it has been shown to
block endothelial cell migration in a Boyden chamber assay (39).

Synthetic MMP Inhibitors — Several excellent reviews have been published which
describe the various classes of synthetic MMP inhibitors as well as the structural
features necessary for potent MMP inhibition (40-42). For that reason the current
discussion will focus on compounds which have been examined in preclinical cancer
animal models or which are currently undergoing cancer clinical trials. Table 1 provides
a list of these agents along with inhibition constants for four representative MMPs.
These compounds are all prime-side, reversible MMP inhibitors which rely on a
hydroxamate moiety to bind to the zinc atom at the enzyme active site. Inhibition
potencies vary substantially for these compounds, not only for a given enzyme but also
across the MMPs listed. While batimastat (BB-94, 1) and CGS 27023A (4) exhibit
broad spectrum MMP inhibition, CT-1746 (5) and AG-3340 (6) are more selective for the
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inhibition of the gelatinases. This raises one of the key issues in the field, namely
whether broad spectrum or sub-type selective MMP inhibitors provide the optimal
inhibition profile for anticancer activity. In support of the broad spectrum approach is
the overlap in substrate activity between the different MMPs. Selective inhibitors may
minimize potential side effects though no single MMP has been associated with the
progression of a particular tumor type. It seems likely that the MMP selectivity issue
will be resolved only after clinical studies of agents with differing inhibition profiles.

Table 1. Enzymatic Potency of Selected MMP Inhibitors (IC,,, nM)

MMP Inhibitor MMP-1 MMP-2 MMP-3 MMP-9  ref.

1 3 4 20 4 (43)
2 5 6 200 3 (40)
3 0.4 0.5 27 0.2 (44)
4 33 20 43 8 (45)
5 122 004 109 042  (46)
6 82 008 0.17 - (47)

Another selectivity issue relates to the activity of these compounds against
enzymes which are structurally related to the matrix metalloproteinases. Succinyl
hydroxamate-based inhibitors such as batimastat exhibit minimal inhibition of
metalloproteinases like angiotensin converting enzyme (48) and enkephalinase (49),
although related compounds have been shown to inhibit the processing of several
membrane-bound ligands (50). Of particular interest is the ability of hydroxamic acid-
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based inhibitors (51-53) to block the release of TNFo through inhibition of TNFa
converting enzyme (TACE), a member of the reprolysin subfamily of zinc
metalloproteinases (54, 55). The ramifications of this additional inhibitory activity on
the anticancer properties of these inhibitors is currently unknown.

By far the most well-studied inhibitor in terms of preclinical cancer animal
models is batimastat. In a syngeneic model of experimental metastasis, batimastat
was shown to inhibit the number of lung colonies produced by intravenous injection of
B16-BL6 mouse melanoma cells (56). The growth of B16-BL6-derived tumors following
subcutaneous inoculation was inhibited even though batimastat demonstrated no direct
cytotoxic effects in vitro. Efficacy has also been demonstrated for batimastat in
xenografts models of human cancers. The compound given by intraperitoneal injection
at 50 mg/kg/day caused a reduction in the volume of human breast cancer solid tumors
grown in the mammary fat pad of nude mice (57). Human MDA-MB-435 breast cancer
cells were used to demonstrate the inhibitory activity of batimastat on lung metastasis
following resection of the primary tumor (58). An increase in survival time has been
demonstrated with batimastat in xenograft models of human ovarian (59) and
pancreatic cancer (60).

The antiangiogenic properties of batimastat have been investigated using
several models (61). Endothelial cell invasion through a layer of reconstituted
basement membranes (Matrigel) was significantly inhibited in the presence of
batimastat despite its minimal effect on cell proliferation. Transformed mouse
endothelial cells were used to form hemangiomas in nude mice and batimastat dose-
dependently inhibited the growth of these tumors while reducing tumor associated
hemorrhage. These results suggest that the growth inhibitory properties of MMP
inhibitors may be at least partially mediated by alterations of the angiogenic response.

GM-6001 (3) is another broad spectrum MMP inhibitor which exhibits
antiangiogenic activity, in this case as measured by a reduction in blood vessel number
in Hydron pellets implanted in the corneas of rats (62). Treatment of a c-Ha-ras
transfected glial cell line with 3 reduced the percent of cells migrating through
reconstituted basement membrane and implicates the MMPs in brain tumor
invasion (63). Like batimastat, 3 exhibits poor bioavailability in primates and
consequently its clinical evaluation has been limited to diseases which are consistent
with topical administration, for instance corneal ulceration (64).

Not all hydroxamate-based MMP inhibitors have limited bioavailability.
Marimastat (BB-2516, 2) is 20 to 50% orally available in laboratory animals depending
on the species (48) though mini-pumps are required to sustain therapeutic blood
concentrations in rodents (1). It has been speculated that internal hydrogen bonding
of the a-hydroxy substituent and a shielding effect of the tert-butyl group contribute to
the enhanced oral absorption of marimastat (40). A similar explanation has been
proposed for the superior pharmacokinetics displayed by the D-valine-derived
sulfonamide CGS 27023A (4) relative to its structural analogs. That is, the large
isobutyl group protects the hydroxamate moiety from metabolic degradation (45).
While both of these broad spectrum MMP inhibitors are currently undergoing cancer
clinical studies, published data in preclinical cancer animal models have not appeared.

Gelatinase selective MMP inhibitors which possess pharmacokinetics
sufficient for in vivo efficacy studies have been difficult to identify, yet at least two
have been reported in the literature. CT1746 (§) dosed in combination with the
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cytotoxic agent cyclophosphamide was more effective at inhibiting the growth and
metastasis of Lewis lung tumors than either agent used alone (65). In a model of
human colon cancer involving the orthotopic implantation of histologically-intact human
tumor tissue, § prolonged the median survival time in addition to inhibiting primary tumor
growth and metastatic spread (66). The relationship between rodent pharmacokinetics
and anti-tumor effects of a series of gelatinase selective MMP inhibitors have been
studied using the murine Lewis lung carcinoma model (67). While a definitive
correlation between these two variables could not be constructed, AG3340 (6) was
identified as the most efficacious analog within the series. At a dose of 50 mg/kg once
daily, 6 caused complete cessation of primary tumor growth in 66% of treated mice.
Clinical development of this compound is currently underway.

CLINICAL TRIALS WITH MMP INHIBITORS

Although several MMP inhibitors are now engaged in clinical trials for the
treatment of cancer, only the results of trials with batimastat and marimastat have been
reported in detail.

Batimastat — Because of its low aqueous solubility, batimastat could not readily be
administered orally or intravenously to humans. Therefore, initial clinical studies were
focused on cancers where the drug could be delivered parenterally in the vicinity of a
relevant tumor. Batimistat was administered as a suspension through a cannula
directly into the peritoneal or pleural cavity in patients with malignant ascites or pleural
effusions. Intraperitoneal administration gave rise to high and sustained plasma
concentrations that peaked within 24—48 hours and were still detectable for up to four
weeks after dosing (68). An effective haif-life of 19 days was estimated (69).

Aithough it is not possible to assess efficacy in any of these studies, a
suggestion of clinical benefit was observed.  When batimastat was administered
intraplurally, a significant improvement in dyspnea and reduction in the number of
pleural aspirations in one month were noted (70). Following intraperitoneal delivery, five
of nine patients with ascites responded to the drug as assessed by a reduction in
abdominal girth and drainage (71).

The observation that intraperitoneal administration of batimastat created a
depot that was slowly dissolved to produce sustained systemic exposure, lead to the
evaluation of the drug in patients with other types of malignancies (72). Although initial
trials suggested no major toxicities in patients with malignant ascites, intraperitoneai
injection in individuals without ascites resulted in substantial abdominal pain and
cramping that was attributed to deposition of the insoluble drug in the peritoneum.
Acute bowel toxicity was seen in significant proportion of patients in a larger
study (69). In view of these toxicities and because batimastat could only be
administered directly to a body cavity, it was suspended from clinical trials for cancer in
late 1996 in favor of the orally active analog marimastat (73).

Marimastat — Initial clinical trials confirmed the oral bioavailability of marimastat in
healthy volunteers that was predicted from animal studies (74). The drug was well
absorbed, with an estimated bioavailability of approximately 70%. The elimination half-
life was estimated to be between 8-12 hours, consistent with twice daily dosing.
Plasma levels were approximately 2- to 3-fold higher in cancer patients than in healthy
individuals, perhaps because of the age of the subjects and decreased clearance
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rates (69). Following 10 mg, b.i.d., trough plasma concentrations of marimastat
remained more than 40 times the IC;, of the compound versus gelatinase A.

The evaluation of the efficacy of an MMP inhibitor in cancer is more
challenging than that of traditional cytotoxic agents. Since MMP inhibitors are
expected to act through prevention or reduction of further growth, not by killing the
tumor, examination of tumor reduction is not appropriate. Ultimately these type of
drugs must demonstrate increased survival or decreased time to disease progression,
but these studies are large, expensive and time consuming. Therefore, the first
efficacy studies with marimastat were designed to utilize biological markers which might
provide an indication of therapeutic potential and optimal dose. Since an increase in
the level of plasma cancer specific antigens (e.g., PSA for prostate cancer) may reflect
a progression of the tumor, phase Il clinical trials with marimastat were designed to
evaluate the rate in rise of these markers. In a series of trials involving various types of
cancers, patients were selected who exhibited at least a 25% increase in the rate of
rise of plasma cancer antigen over the month prior to initiation of the therapy (75-78).
Marimastat treatment significantly reduced the rate of rise of all antigens examined in a
dose dependent manner. More than 50% of the patients exhibited a diminished or
reduced rise in antigens. The rate of antigen level rise rebounded seven days after the
drug was discontinued. In addition, these changes were correlated to a decrease in
tumor burden by CT scan in pancreatic cancer (75, 79) and to an increase in survival in
ovarian (78) and pancreatic patients. The design and the relevance of these trials has
been debated in the literature (80). [t was argued that the fall in the rate in rise of
cancer antigens may merely reflect the normal marked variation in levels observed over
a short interval. This debate will only begin to be resolved when larger clinical trials are
completed that examine the influence of MMP inhibitors on established endpoints such
as survival in comparison to standard therapies. Five phase lll trials with marimastat in
a variety of cancers are currently in progress.

Marimastat is generally well tolerated with the exception of a musculoskeletal
syndrome characterized by pain and stiffness usually commencing in the small joints of
the hand and spreading to the arms and the shoulder (43, 69). If dosing continues
other joints may become involved as well, but the symptoms disappear within 1-3
weeks after the drug is discontinued. The side effects are dose and time dependent; at
the lowest dose that significantly reduced cancer antigens (10 mg, b.i.d.)
approximately 30% of the patients develop it after 3-5 months of treatment. To manage
this toxicity, subsequent clinical trials are incorporating a short “dosing holiday”
followed by a dose reduction. The symptomatology of the musculoskeletal effect is
similar to that seen in toxicological studies in the marmoset that involved tendinitis at
the tendonis insertion to the joint. The cause of this toxicity is unknown, but may
indicate an impairment of the normal tissue remodeling that occurs regularly in the
tendons and joints. It has been speculated that this remodeling may be governed by
one or more of the MMPs. Although the precise identity of which MMPs, if any, are
responsible for the toxicity is unclear, several laboratories have focused on the
development of inhibitors that unlike marimastat selectively block only a subset of
MMPs.

Other Inhibitors — Several other MMP inhibitors are involved in cancer trials including 4
and 6. Phase | resuits with the latter compound have been reported {(81). The drug
was well absorbed and displayed a half life of between 2.8 and 5.9 hour following a
single dose in healthy volunteers.
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CONCLUSIONS

The preclinical data available to date, strongly support a role for MMPs in
several aspects of cancer. Based on work cited here and elsewhere, there is reason to
believe that MMP inhibitors may influence the local invasion and metastatic spread of
tumors as well as control growth by blocking new blood vessel formation. However, a
definitive link of MMPs to cancer cannot be established until it has been demonstrated
in large, well designed clinical trials that inhibitors have a significant effect on patient
survival or time to disease progression. Hopefully, this puzzle piece should be put in
place in the near future as results of such trials become available.

Although the first generation of compounds may establish a definitive link
between cancer and MMPs, there will still be much that remains to be answered. The
musculoskeletal side effects seen in early trials may prove to be an impediment to long
term dosing, compliance and optimal efficacy. As such it may be critical to identify
agents which control tumors without significant side effects. Doing so will require a
more precise understanding of the relationship of MMPs, tumors and tendon
remodeling. 1t remains to be seen whether selective inhibition of a subset of MMPs will
provide adequate efficacy in a broad range of cancer, avoid side effects, and evade the
development of resistant mechanisms.

References

1. P.D. Brown, Med. Oncol., 14, 1 (1997).

2 A E.Yu, R E. Hewiit, E. W. Connor, and W. G. Stetler-Stevenson, Drugs Aging, 11, 229 (1997).

3. W.C. Powell and L. M. Matrisian, Curr. Top. Microbiol. Immunol., 213, 1 (1996).

4. L. J. Denis and J. Verweij, Invest. New Drugs, 15, 175 (1997).

5. W.K. Hagmann, J. W. Becker, and M. W. Lark, in “Ann. Rep. in Med. Chem.” Vol. 31, J. A. Bristol,
Ed., Academic Press, New York, 1996. p. 231.

6. D.E.Gomez, D.F. Alonso, H. Yoshiji, and U. P. Thorgeirsson, Eur. J. Celi Biol., 74, 111 (1997).

7. A Y. Strongin, I. Collier, G. Bannikov, B. L. Marmer, G. A. Grant, and G. |. Goldberg, J. Biol.
Chem., 270, 5331 (1995).

8. J.Cossins, T. J. Dudgeon, G. Catlin, A. J. Gearing, and J. M. Clements, Biochem. Biophys. Res.
Commun., 228, 494 (1996).

9. AM Pendas V. Knauper, X. S. Puente, E. Liano, M. G. Mattei, S. Apte, G. Murphy, and C. Lopez-
Otin, J. Biol. Chem 272, 4281 (1997).

10. E. Llano, A. M. Pendds, V. KnaGper, T. Sorsa, T. Salo, E. Salido, G. Murphy, J. P. Simmer, J. D.
Bartlett, and O. Ldpez, C.. Biochemistry, 36, 15101 (1997).

1. W.C. Powell, J. D. Knox, M. Narve, T. M. Grogan, J. Kittelson, R. B. Nagle, and G. T. Bowden,
Cancer Res., 53, 417 (1993).

12. H. Kawamata, S. Kameyama, K. Kawai, Y. Tanaka, L. Nan, D. H. Barch, W. G. Stetler-Stevanson,
and R. Oyasy, Int. J. Cancer, 63, 568 (1995).

13. A.F. Chambers and L. M. Matrisian, J. Nat. Cancer Inst., 83, 1260 (1997).

14. T.M. Gress, F. Muller-Pillasch, M. M. Lerch, H. Friess, M. Buchler, and G. Alder, Int. J. Cancer,
62, 407 (1995).

15. B. Davies, D. W. Miles, L. C. Happerfisld, M. S. Naylor, L. G. Bobrow, R. D. Rubens, and F. R.
Balkwill, Br. J. Cancer, 67, 1126 (1993).

16. H. Autio-Harmainen, T. Karttunen, T. Hurskainen, M. Hoyhtya, A. Kauppila, and K. Tryggvason,
Lab. Invest., 63, 312(1993)

17. C. Pyke, E. Ralfkiaer, K. Tryggvason, and K. Dano, Am. J. Pathol., 142, 359 (1993).

18. !&{I1 E’,%I?:t:é 1(; Clavel, D. Muiler, J. Abecassis, . Binninger, and P. Birembaut, invasion Metastasis,

19. S.T. Gray, R. J. Wikins, and K. Yun, Am. J. Pathol., 141, 301 (1992).

20. P.Basset, A. Okada, M. Chenard, R. Kannan, . Stoll, P. Anglard, J. Bellocg, and M. Rio, Matrix
Biology, 15, 535 (1997).

21. J. A Uria, M. Stahle-Backdahl, M. Seiki, A. Fueyo, and C. Lopez-Otin, Cancer Res., 57, 4882
1997).

2. I(( Shi)bata, F. Kikkawa, A. Nawa, N. Suganuma, and M. Hamaguchi, Cancer Res., 57, 5416 (1997).

23. B. Davies, J. Waxman, H. Wasan, P. Abel, G. Williams, T. Krausz, D. Neal, D. Thomas, A

Hanby, and F. Balkwill, Cancer Res., 53, 5365 (1993).



Chap. 13 MMP Inhibitors Summers, Davidsen 139

24,

w
=

H
pare

R&R

&

47.

2888

8 BB N B R

8 8 8 98 88 B R

A. D'Errico, S. Garbisa, L. A. Liotta, V. Castronovo, W. G. Stetler-Stevenson, and W. F. Grigioni,
Mod. Pathol., 4, 239 (1991).

G. |. Murray, M. E. Duncan, P. O'Neil, W. T. Melvin, and J. E. Forthergill, Nature Med., 2, 461
1996).

(G. En)gel, K. Heselmeyer, G. Auer, M. Backdahl, E. Eriksson, and S. Linder, Int. J. Cancer, 58, 830
1994).

(S. Zut):ker, R. M. Lysik, B. |. DiMassimo, H. M. Zarrabi, U. M. Moll, BR. Grimson, S. P. Tickle, and
A. J. Docherty, Cancer, 78, 700 (1995).

H. Nagass, Biol. Chem., 378, 151 (1997).

M. R. Emmert-Buck, H. P. Emonard, M. L. Corcoran, H. C. Krutzsch, J. M. Foidart, and W. G.
Stetler-Stevenson, FEBS Lett., 364, 28 (1995).

P. C. Brooks, S. Stromblad, L. C. Sanders, T. L. von Schalscha, R. T. Aimes, W. G. Stetler-
Stevenson, J. P. Quigley, and D. A. Cheresh, Cell, 85, 683 (1996).

A. Albini, A. Melchiori, L. Santi, L. A. Liotta, P. D. Brown, and W. G. Stetler-Stevenson, J. Natl.
Cancer Inst., 83, 775 (1991).

M. Hoyhtya, E. Hujanen, T. Turpeenniemi-Hujanen, U. Thorgeirsson, L. A. Liotta, and K
Tryggvason, Int. J. Cancer, 46, 282 (1990).

D. L. French, N. Ramos-DeSimone, K. Rozinski, and G. J. Nuovo, Ann. N. Y. Acad. Sci., 732, 324
(1994).

O.A. Zﬁlverez, D. F. Carmichael, and Y. A. DeClerck, J. Natl. Cancer inst., 8, 589 (1990).

R. M. Schultz, S. Silberman, B. Persky, A. S. Bajkowski, and D. F. Carmichael, Cancer Res., 48,
5539 (1988).

Y. A (DeCIe?rck, N. Perez, H. Shimada, T. C. Boone, K. E. Langiey, and S. M. Taylor, Cancer Res.,
2,701 {1992).

Y. Tsuchiya, H. Sato, Y. Endo, Y. Okada, M. Mai, T. Sasaki, and M. Seiki, Cancer Res., 53, 1397
(1993).

H. Ka\)Namata, K. Kawai, S. Kameyama, M. D. Johnson, W. G. Stetler-Stevenson, and R. QOyasu,
Int. J. Cancer, 63, 680 (1995).

M. D. Johnson, H. R. Kim, L. Chesler, G. Tsao-Wu, N. Bouck, and P. J. Polverini, J. Cell Physiol.,
160, 194 (1994).

R. P. Beckett, A. H. Davidson, A. H. Drummond, P. Huxiey, and M, Whittaker, Drug Dis. Today, 1,
16 {1996).

A. I(D Wh)ite, T. M. A. Bocan, P. A. Boxer, J. T. Peterson, and D. Schrief, Curr. Pharm. Design, 3,
45 (1997).

R. (Babiné and S. Bender, Chem. Rev., 37, 1359 (1997).

H. S. Rasmussen and P. P. McCann, Phammacol. Ther., 75, 69 (1997).

R. E. Galardy, M. E. Cassabonne, C. Giese, J. H. Gilbert, F. Lapierre, H. Lopez, M. E. Schaefer, R.
Stack, M. Sullivan, B. Summers, B. Tressler, D. Tyrrell, J. Wee, S. D. Allen, J. J. Castellot, J. P.
Barletta, G. S. Schultz, L. A. Femandez, S. Fisher, T. Cui, H. G. Foellmer, D. Grobslny, and W. M.
Holleran, Ann. N.Y. Acad. Sci., 732, 315 (1994).

L. J. MacPherson, E. K. Bayburt, M. P. C?parelli, B. J. Carroll, R. Goldstein, M. R. Justice, L.
Zhy, S, Hu, R. A. Melton, L. Fryer, R. L. oldbes;, J. R. Doughty, S. Spirito, V. Blancuzzi, D.
Wilson, E. O'Byme, V. Ganu, and D. Parker, J. Med. Chem., 40, 2525 (1997).

S. Afzal, E. Lalani, W. D. Foulkes, B. Boyce, S. Tickle, M. R. Cardillo, T. Baker, M. Pignatelli, and
G. W. H. Stamp, Lab. invest., 74, 406 (1996).

S. E. Zook, R. Da}%nino, M. E. Deason, S. L. Bender, and M. J. Maelnick, Intemational Patent
Application WO 97/20824, (1997).

P. D. Brown and R. Giavazzi, Ann. Oncol., 8, 967 {1995).

P. D. Brown, Ann. N. Y. Acad. Sci., 732, 217 (1994).

N. M. Hooper, E. H. Karran, and A. J. Tumer, Biochem. J., 31, 265 (1997).

G. M. McGeehan, J. D. Becherer, R. C. Bast, C. M. Boyer, B. Champion, K. M. Connolly, J. G.
Conway, P. Furdon, S. Karp, S. Kidao, A. B. McEiroy, J. Nichols, K. M. Pryzwansky, F. Schoenen,
L. Sekut, A. Truesdale, M. Verghese, J. Wamer, and J. P. Ways, Nature, 370, 558 (1994).

K. M. Mohler, P. R. Sleath, J. N. Fitzner, D. P. Cerretti, M. Alderson, S. S. Kerwar, D. S. Torrance,
C. Otten-Evans, T. Greenstreet, K. Weerawarma, M. Kronheim, M. Petersen, M. Gerhart, C. J.
Kozlosky, C. J. March, and R. A. Black, Nature, 370, 218 (1994).

A. J. H. Gearing, P. Beckatt, M. Christodoulowu, M. Churchill, J. Clements, A. H. Davidson, A. H.
Drummond, W. A. Galloway, R. Gilbert, J. L. Gordon, T. M. Leber, M. Mangan, K. Miller, P.
Nayee, K. Owen, S. Patel, W. Thomas, G. Wells, L. M. Wood, and K. Woolley, Nature, 370, 555
1994).

I(VI. L )Moss, S.-L. C. Jin, M. E. Milla, W. Burkhart, H. L. Carter, W. Chen, W. C. Clay, J. R.
Didsbury, D. Hassler, C. R. Hoffman, T. A. Kost, M. H. Lambert, A. M. Leesnitzer, P. McCauley,
G. McGeehan, J. Mitchell, M. Moyer, G. Pahel, W. Rocque, L. K. Overton, F. Schoenen, T. Seaton,
J. Su, J. Warner, D. Willard, and J. D. Becherer, Nature, 385, 733 {1997).

R. A. Black, C. T. Rauch, C. J. Kozlosky, J. J. Peschon, J. L. Stack, M. F. Wolfson, B. J. Castner,
K. L. Stocking, P. Reddy, S. Srinivasan, N. Neison, N. Boiani, K. A. Schooley, M. Gerhart, R.
Davis, J. N. Fitzner, R. S. Johnson, R. J. Paxton, C. J. March, and D. P. Cerretti, Nature, 385, 729
(1997).



—
&
(o]

[«]
-

KR BB

28d & ¥ 4

88 89 &

Section III—Cancer and Infectious Diseases Plattner, Ed.

R. G. Chirivi, A. Garofalo, M. J. Crimmin, L. J. Bawden, A. Stoppacciaro, P. D. Brown, and R.
Giavazzi, Int. J. Cancer, 58, 460 (1994).

J. Low, M. Johnson, E. Bone, and R. Dickson, Clinical Cancer Res., 2, 1207 (1996).

G. W. J. Sledge, M. Qulali, R. Goulet, E. A. Bone, and R. Fife, J. Natl. Cancer Inst., 87, 1546
1995).

(B. Daz/ies, P. D. Brown, N. East, M. J. Crimmin, and F. R. Balkwill, Cancer Res., 53, 2087 {1993).
E. E. Zervos, J. G. Norman, W. R. Gower, M. G. Franz, and A. S. Rosemurgy, J. Surg. Res., 63,
367 (1997).

G. T(arabo)letti, A. Garofalo, D. Belotti, T. Drudis, P. Borsotti, E. Scanziani, P. D. Brown, and R.
Giavazzi, J. Natl. Cancer Inst., §7, 293 (1995).

R. E. Galardy, D. Grobelny, H. G. Foellmer, and L. A. Femandez, Cancer Res., 54, 4715 (1994).

E. R. Boghaert, S. K. Chan, C. Zimmer, D. Grobelny, R. E. Galardy, T. C. Vanaman, and S. G.
Zimmer, J. Neurooncol., 21, 141 (1994).

R. E. Galardy, Drugs Fut., 18, 1109 (1983).

I. C. Anderson, M. A. Shipp, A. J. P. Docherty, and B. A. Teicher, Cancer Res., 56, 715 (1996).

Z. An, X. Wang, N. Willmott, S. K. Chander, S. Tickle, A. J. P. Docherty, A. Mountain, A. T.
Millican, R. Morphy, J. R. Porter, R. Ola Epemolu, T. Kubota, A. R. Moossa, and R. M. Hoffman,
Clin. Exp. Metastasis, 15, 184 (1997).

O. Santos, C. D. McDermott, R. G. Daniels, and K. Appelt, Clin. Exp. Metastasis, 15, 499 (1997).
G. J. Beattie, H. A. Young, and J. F. Smyth, Ann Oncol, 5, Abst 015 (1994).

D. C. Talbot and P. D. Brown, Eur. J. Cancer, 32A, 2528 (1996).

V. M. Macaulay, K. J. O'Byrne, M. P. Saunders, A. Salisbury, L. Long, F. Gleeson, T. S. Ganesan,
A. L. Harris, and D. C. Ta%ot, Brit. J. Cancer, 71, 11 (1995).

S. L. Parsons, S. A. Watson, S. S. Amar, and R. J. C. Steele, Gastroenterology, 110, A575 (1996).
S. Wojtowicz-Praga, J. Low, J. Marshall, E. Ness, R. Dickson, J. Barter, M. Sale, P. McCann, J.
Moore, A. Cole, and M. J. Hawkins, Invest. New Drugs, 14, 193 (1996).

Scrip Online, No: 500518050, Novemnber, 29, 1996.

A. H. Drummond, P. Beckett, E. A. Bone, P. D. Brown, M. Davis, W. A. Galloway, P. Taupin, L. M.
Wood, and A. H. Davidson, Proc. Am. Assoc. Cancer Res., 3, 100 (1995).

A. Rosemugy, J. Harris, A. Langleben, E. Casper, and R. Allen, Proc. Am. Soc. Ciin. Oncol., 15,
207a (1996).

S. Zaknoen, R. Wolff, J. Cox, J. Marshall, T. Bordelon, A. Drumheller, and H. Rasmussen, Proc.
Am. Soc. Clin. Oncol., 16, 273a (1997).

P. Boasberg, Harbaugh, M. Eisnberg, A. Langleben, F. Ahmann, B. Roth, M. Berkheimer, and H.
Rasmussen, Proc. Am. Sci. Clin. Oncol., 16, 316a (1997).

J. Malfetano, N. Teng, J. Barter, A. Lopez, D. Moore, P. Boasberg, J. Schink, A. Drumheller, and H.
Rasmussen, Proc. Am. Soc. Clin. Oncol., 16, 373a (1997).

S. R. Bramhall, Int. J. Pancreatol., 21, 1 (1997).

M. Gore, R. A'Hern, M. Stankiewicz, and M. Slevin, Lancet, 348, 263-264 (1996).

M. A, Collier, G. J. Yuenm, S. K. Bansal, S. Kolis, C. T.G., K. Apelt, and N. J. Clendeninn, Proc.
Am. Assoc. Cancer Res., 38, 221 (1997).



Chapter 14. Recent Developments in Antibacterial Research

Daniel T. W. Chu
Abbott Laboratories, Abbott Park, lllinois 60064

Introduction - Bacterial resistance to a number of antimicrobial agents such as
vancomycin, quinolones, macrolides and B-lactams is becoming a serious worldwide
health problem (1-4). The major problems in clinical practice involving bacterial
infections are the increase in the isolation of methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant enterococci (VRE), and penicillin-resistant
Streptococcus pneumoniae. Multidrug-resistant strains of Mycobacterium tuberculosis
have emerged in several countries including the United States (5). This rapid and
extensive emergence of antibiotic resistant bacteria has resulted in a clear cut need to
discover new antibiotics. To accomplish this, scientific and medical communities have
engaged in research to search for improved agents within known antibiotic classes and
novel agents without cross-resistance by having novel bacterial targets. Studies on
bacterial genomics for target identification and the biochemical basis of bacterial
resistance mechanisms for a rational approach to the solution of the resistance
problem are being actively pursued. Reviews on different approaches to new
antibacterial agents to overcome bacterial resistance have been published (6-8).

BACTERIAL RESISTANCE

Interactions of bacterial resistance gene transfer elements and their stability may
explain the difficulty to achieve resistance reversal and the need to have epi-
demiological studies on both clinical and non-clinical isolates (9). Reviews on
carbapenem-hydrolyzing B-lactamases (10) and the regulation of chromosomally
mediated multiple antibiotic resistance [the mar regulon (11)] have appeared. Biology
and molecular actions of the quinolone target enzymes DNA gyrase and bacterial
topoisomerase IV were reviewed (12-14). Reviews on modes of action of various
antibacterial agents (15), streptogramins (16,17) and membrane-acting antimicrobial
peptides (18,19) were published.

Quinolone - Apart from quinolone resistance resulting from mutations in the structural
genes (gyrA, gyrB, and griA), a novel S. aureus recG gene was found to affect the
quinolone susceptibility in S. aureus. It was cloned and sequenced and thought to be
involved in the repair of DNA damage resulting from quinolone treatment (20). The
importance of NorA in the susceptibility of S. aureus to quinolones was again demons-
trated by a study on a norA- disrupted S. aureus (21,22). Studies on the inhibitory
activities of quinolones against DNA gyrase and topoisomerase 1V purified from S.
aureus reconfirmed the notion that mutations in griA and subsequently in gyrA confer
high-level resistance in S. aureus (23,24). High-level fluoroquinolone resistance in
Streptococcus pneumoniae was also found to require mutations in parC and gyrA (25).
Low-leve! resistance was associated with parC mutations [Ser79Tyr, Ser79Phe or
Asp83Gly](26). Mutation in parE genes of two mutants of S. pneumoniae was also
found to be responsible for low-level resistance to fluoroquinolones. Sequential
acquisition of mutations in parE and gyrA leads to higher level of resistance confirming
that topoisomerase [V is the primary target of fluoroquinolones in S. pneumoniae (27).
In contrast to the results obtained by studies on ciprofloxacin resistance in the Gram-
positive pathogens S. aureus and S. pneumoniae, the primary target for sparfloxacin in
S. pneumoniae is DNA gyrase and not topoisomerasese IV (28), very much like the
usual quinolone resistance in E. coli (29). Active efflux as an alternate mechanism of
resistance to quinolone in S. pneumoniae was confirmed (30). While multidrug efflux
system is mainly used by quinolone resistant Pseudomonas aeruginosa (31), high-
level quinolone-resistant isolates had a double amino acid change in GyrA and a single
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amino acid change in ParC (32). A recent study reported that a multidrug transporter
may also be involved in the quinolone resistance of S. pneumoniae (33). The gyrA
gene of Campylobacter fetus was cloned and sequenced with substitution of Asp-91 to
Tyr in gyrA in a ciprofloxacin resistant strain (34). A mutation at position 83 from Ser to
Arg or at position 87 from Glu to Gly was found in E. faecalis clinical isolates (35).
Alterations in the GyrA and ParC were also found in quinolone-resistant clinical
isolates of Klebsiella pneumoniae (36,37). A double mutation in gyrA in a mutant with
high-level resistance was isolated (38). Resistance to quinolone occurring in
environmental population bacteria was in part due to natural sequence variation in a
quinolone resistance-determining region of gyrA gene (39). Adaptive mutations
producing resistance to ciprofloxacin was identified (40).

Glycopeptide - While the mechanism of glycopeptide resistance in S. aursus is
unknown, increased production of peniciliin-binding protein 2 (PBP2) and other PBPs
was observed in laboratory induced glycopeptide-resistant S. aureus mutants (41).
identification and characterization of an insertion sequence-like element, designated
IS1476, in a VanA Enterococcus faecium clinical isolate was reported. It disrupts
VanY function reducing the VanY D,D,-carboxypeptidase activity (42). A study of
geographic differences on the source of VRE, in contrast to findings in Europe, failed
to find evidence of VanA- or VanB-type VRE in the community or environmental
sources in Houston, Texas {43). A new type of glycopeptide resistant phenotype,
designated VanD for the constitutively resistance in E. fascium BM4339 was reported
(44). Transfer of vanB among enterococci can substantially alter the expression of
glycopeptide resistance by transconjugants (45). A report on the emergence of
vancomycin resistance in Streptococcus bovis having a vanB transferable determinant
revealed for the first time the role of streptococci in the dissemination of vancomycin
resistance among Gram-positive bacteria (46).

Macrolide - High incidence (24-82%) of erythromycin-resistant streptococci was
reported in Taiwan (47). PCR technique was used to distinguish the different mechan-
isms (efflux pumps, Erm methylases and inactivating enzymes) of erythromycin
resistance (48). A significant number of erythromycin-resistant S. pneumoniae and S.
pyogenes strains contain a detsrminant that mediates resistance via a putative efflux
pump. The mefE gene (90% sequence identity to mafA in S. pyogenes) was found to
be present in erythromycin-resistant M phenotype (macrolide resistant but clindamycin
and streptogramin B susceptible) in S. pneumoniae (49). A novel macrolide efflux
gene, mreA, distinct from the mef in S. pneumoniae and S. pyogenes and the multi-
component mrsA in S. aureus was found in a strain of S. agalactiae which displayed
resistance to 14-, 15- and 16- membered macrolides (50). Mutations at position 2143
(A-to-G or A-to-C) of the H. pylori 23S rRNA confer high-level resistance while mutat-
ion at position 2144 (A-to-G) produced a stain with MIC< 32 ug/ml (51, 53). This point
mutation confers resistance to macrolides by disruption of the peptidyltransferase loop
conformation, reducing drug binding to the ribosomes (54). Similar to macrolide
resistance in H. pylori, high-level resistance to erythromycin in cutaneous propioi-
bacteria was also determined to have mutations (A-t0-G) at either position congate
with E. coli23S rRNA base 2058 and 2059. Low-level resistance with G-to-A transition
at base 2057 was also found (55). A study on erm inducers found that ermSVin
Streptomyces viridochromogenes, unlike ermCin S. aureus, can be induced by the 16-
membered-ring macrolide tylosin; the major factor which determines whether a given
macrolide induces resistance is its size (56). The effect of topical use of erythromycin
on ecology of aerobic cutaneous bacteria flora was found to be transient and of no
serious consequence (57).

B-Lactam - Resistance to extended-spectrum cephalosporins in enterobacteriaceae is
increasingly associated with extended spectrum plasmid or transposon-mediated 8-
lactamases, being mutants of molecular class A B-lactamases (TEM-1, TEM-2 and
SHV-1). Other extended spectrum B-lactamases include the class D B-lactamase
(OXA). Several new B-lactamases and B-lactamase encoding genes were isolated
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and characterized (58-70). Constitutive B-lactamase production in E. faecalis is due
not only to the absence of regulatory blaR1? and bla7 genes but some other additional
factors (71). A study on the enhanced B-lactamase expression in P. aeruginosa
isolates from patients with cystic fibrosis shows that it is due to mutation in the
regulatory proteins other than AmpR (72). A susceptibility study on P. aeruginosa
strain with overproducing PBP3 confirmed the earlier reports that P. aeruginosa PBP3
was the primary target for extended-spectrum cephalosporins (73). A mutation in the
D, D-carboxypeptidase PBP3 of S. pneumon-iae was found to contribute to cefotaxime
resistance (74). Outer membrane porin alteration is involved in B-lactam resistance in
Enterobacter asrogenes (75), Shigella dysenteriae (76), citrobacter freundii (77) and
Klebsiella pneumoniae (78). Wide-spread occurence of PER-1 extended-spectrum 8-
lactamases among nosocomial Acinstobacter and P. aeruginosa in Turkey (79), Toho-
1-like B-lactamases in E. coli in Japan (80) and B-lactamase-mediated ampicillin
resistance in H. influenzae in US are seen (81).

Antimycobacterial Agents - The emergence of multidrug-resistant strains of
Mycobacterium tuberculosis complex and the resistance to isoniazid (INH) is an
increasing problem for tuberculosis control programs. Point mutations at codon 315 of
katG gene, encoding catalase-peroxidase were found in genomes of 64% of INH-
resistant strains in Africa (82). Although over-expression of alkyl hydroperoxide
reductase (AhpC) increases the MIC of INH, INH resistant strains with mutation of
katG lack alterations in the ahpC gene, or oxyR-ahpC intervening region (83, 84).
Mutations in emrB gene, which encodes the putative targets of antimycobacterial agent
ethambutol arabinosyl transferases, is responsible for resistance to ethambutol in
mycobacteria and Mycobacterium smegmatis (85, 86). The mutations in pncA in
pyrazinamide-resistant M. tuberculosis were characterized (87,88). Although a report
on a class A B-lactamase expression correlated with the increased resistance
phenotype of M. tuberculosis H37Ra (89), study on a mutant of M. smegmatis did not
observe the increase in B-lactamase activity. Decreased affinities of PBP 1 for B-
lactams, combined with the decreased permeability of the cell wall was proposed as
the resistant mechanism (90). Multations in rpsL which encodes ribosomal protein
S12, were associated with high-level resistance in Streptomycin-resistant M.
tuberculosis (91).

Miscellaneous - Aminoglycoside 6'-N-acetyltransferase genes have been cloned and
characterized from C. freundii (92, 93) and from E. faecium (94). A novel gentamicin
resistance gene aph(2")-Ic which encodes phosphotransferase Aph(2")-lc was
identified in enterococci (95). Pheromone-responding plasmids encoding gentamicin
resistance were isolated from multiresistant E. faecalis isolates in Japan (96).
Chromosomal location for the murA gene conferring low-level mupirocin resistance to
mupirocin was identified the first time from S. aureus (97). A conjugative plasmid
encoded mupA gene, pXU10, encoding high-level mupirocin resistance was
transferred from S. haemolyticus isolate to other coagulase-negative staphylococci
(98). The tetracycline resistance gene tst (O) was detected for the first time in the S.
pneumoniae and found to share 99% nucleotide sequence identity with the tet (O)
resistance genes of Streptococcus mutans, Campylobacter coli and Campylobacter
jejuni (99). The resistant dihydrofolate reductase genes from S. pneumoniae isolates
were found to be highly conserved redundant changes in nucleotide sequence (100),
and the multidrug resistance efflux gene oprM in Pseudomonas was found to be very
conserved (101). Active efflux of quinolones and tetracyclines was detected in some
wild-type enterococci providing a cause for enterococci's intrinsic resistance (102).
The fmt gene which affects the methicillin resistance level and autolysis was cloned
and characteristized and suggested to be involved in cell wall synthesis (103).

N NTIBA I

B-Lactams - Reviews on pharmacology and antibacterial activity of penicillins and
cephalosporins (104-106), ceftibutin (107), meropenem (108,109) and cefpirome (110)
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have been published. A comprehensive review on catechol-type anti-pseudomonas
cephalosporin appeared (111). New information on in vitrd/in vivoe activities or
pharmacokinetics of previously reported carbapenem L-749,345 (112,113), CS-834
(114-117), the trinem GV 129606 (118), the antipseudomonal carbapenem ER-35786
(119), the anti- MRSA carbapenem BO-3482 (120,121) and the catechol-containing
monobactam BMS-180680 (122) was published. The B-lactamase inhibitory activity of
Ro-48-1220(123) and other penam sulfones (124) was reported. Several papers on
syntheses and structure-activity relationship of carbapenems (125-132) and CS-834
(133) appeared. Synthesis, in vitro and in vivo activities in combination with 3-lactams
against B-lactamase producing strains of new potent B-lactamase inhibitors azetidine
sulfonic acid Syn 2190 (1) (134) and Syn-1012 (2) (135) were presented. A new
cephalosporin MC-02,479 (3) was reported to have good in vitro and in vivo activities
against multi-resistant gram-positive bacteria and have high affinity for PBP2a and
stability against B-lactamases (136). A series of 3-isoxazolylvinylcephalosporins
exemplified by KST 150257 (4) was shown to have excellent in vitro activity against
gram-positive bacterial including MRSA and good pharmacokinetics in mice (137).
The in vitro activity, effect on alteration of porin and efflux pump of P. aeruginosa,
clinical efficacies and side effect profile of the anti-pseudomonal parenteral
carbapenem S-4661 were revealed (138). /n vivo activity of peptidic prodrug of novel
aminomsthyl THF 1B-methylcarbapenems was reported (139). Quinolonyl-lactams
were found to possess potent antibacterial activity with good affinity for the PBPs.
Although they are potent against MRSA, they do not bind to PBP2a (140). Among the
several derivatives reported, PGE-7594630 (5) possesses the best overall activity both
in vitro and in vivo (141). Structure-activity studies of quinolone-penems in genetically
defined strains of E. coli has also been reported (142).
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Quinolones - Comprehensive reviews on the antibacterial activity, pharmacokinetic
properties and efficacy have been reported on sparfloxacin (143) and trovafloxacin
(144, 145). Reviews on uses of recent quinolones were published (146-148). New
information on in vitro/in vivo activities, pharmacokinstics, clinical efficacy and safety of
pravious reported quinoclones trovafloxacin (149-158), BAY 12-8039 (159-165), DU-
6895a (sitafloxacin) (166-169), HSR 903 (170,171), AM-1155 (gatifloxacin) (172-174),
LB20304 (175,176), premafloxacin (177), CFC-222 (178), grepafioxacin (179) and Y-
688 (180) were reported. T-3811 (6), a new 6-desfluoroquinolone, was reported to
have excellent antibacterial activities including highly quinolone-resistant MRSA, S.
pneumoniaeg, S. pyogenes and E. faecalis, (being 32-,16-,8- and 4- fold more active
than ciprofloxacin). It also exhibited better safety profiles (181). WQ-2724 [7] and WQ-
2743 (8) were shown to have better in vivo activity against S. aureus, MRSA, S.
pneumoniae and P. aeruginosa murine systemic infections than tosufloxacin (182). A
closely related analog WQ-3034 (9) possesses high activity against MRSA [ MIC: 0.05
pg/mi at pH7 (50/12.5 pg/ml for ciprofloxacin/ sparfloxacin)] (183). The SAR on the 2-
pyridone 8-substitutions was published (184). KRQ-10071 (10) was reported to have
excellent antibacterial activity { MIC, pg/mil: 0.025, 0.013, 0.004, <0.002, 0.195, 0.007
and 0.007 vs S. pyogenes, S. pneumoniase, S. aureus, E. coli, P. aeruginosa, K.
typhimurium and E. cloacas, respectively)(185). The result from a comparative study
on quinolone-induced Achilles tendon toxicity on ten quinolones suggested that nitric
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oxide and 5-lipoxigenase products partly mediate quinolone-induced tendon lesions
(186). Chondrocyte toxicity and necrosis were seen with electron microscopy with
ciprofloxacin or ofloxacin incubated human adult cartilage biopsy specimens (187). A
recent study on the effect of 3-amino-1-hydroxy-2-pyrrolidone and gramma
hydroxybutyric acid (GHB) by fluoroquinolones concluded that the excitatory adverse
effects of quinolones might be treated by the administration of GHB (188). 6-
Aminoquinolones possess good activity against H. pylori (189). The SAR study on N-1
t-butyl-substituted quinolones against M. avium appeared (190). Combination of
trovafloxacin with amphotericin B or fluconazole was more effective in prolonging
survival in murine model of invasive candidiasis than with either amphotericin B or
fluconazole only (191). However, the mechanisms of action for this potentiation effect
is not clear. A new method of assessing the bactericidal activity of quinolones and
other antibacterial agents, known as bactericidal index was introduced (192). A few
piperazinyloxoquinolines are potent and selective inhibitors of human immuno-
deficiency virus type 1 transcription (193).
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Macrolides - Previously reported ketolide RU 64004 is active against penicillin- and
erythromycin-resistant pneumococci (MICqp: 0.25 pg/mi) (194, 185). When tested
against 379 anaerobes, it had an MICgg of 1.0 pg/ml (196). Against 500 Gram positive
organisms, including multiply resistant enterococci, streptococci and staphylococci, RU
64004 had a 100% susceptibility at a concentration of < 1 ug/m! (197). It was strongly
and rapidly accumulated by polymorphonuclear leukocytes {198) and was active
against respiratory infections in animal study (199).
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A closely related ketolide HMR 3647 (11) was as active as RU 64004 against
anaerobes (200). HMR 3647 is also very active against Toxoplasma gondii (201).
Many papers on the in vitro activity of HMR 3647 were presented at the 37th ICAAC
(202). Tricyclic (12) and tetracyclic (13) ketolides were found to have potent
antibacterial activity similar to RU 64004 (203). Other similar macrolides, acylides (14)
and anhydrolides (15) were reported (204). New information on synercid (RP 59500)
and an oral streptogramin RP 106972 related to in vitro activity, in vivo efficacies was
reported (205, 206). Reviews on the in vitro and in vivo activities of quinupristin/
dalfopristin have been published (207-209).

Giycopeptides - Reviews on the antibacterial activity, acquired resistance, pharma-
cokinetics and toxicity of glycopeptide antibiotics have been published (210-212).
Additional information on in vitro antibacterial activity (213-2186), in vivo efficacy (217)
and pharmacodynamic properties (218,219) of the previous reported glycopeptide
LY333328 appeared. Several carboxamide derivatives showed excellent activity
against vancomycin-resistant and -sensitive enterococci, S. aureus, S. hemolyticus, S.
epidermidis and S. pneumoniae (220). Several glycopeptide dimers were found to
have improved activity against VRE over their respective parent glycopeptides (221).
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Oxazolidinones - A review on the design and synthesis of novei oxazolidinones active
against multidrug-resistant bacteria has been published (222). The in vitro activities
(MICqg) of oxazolidinone antibiotics eperezolid (U-100592) and linezolid (U-100766)
against 100 isolates each of S. aureus and coagulase-negative Staphylococci were
found to be 2 and 4 pg/ml, respectively (223). A new study of oxazolidinones
concluded that the inhibition of bacterial translation at the initiation phase of protein
synthesis may be the mechanism of antibacterial action (224). Although eperezolid
binds to the 508 ribosomal subunit and competes with the binding of chloramphenicol
and lincomycin, it acts by a mechanism distinct from those of chloramphenicol,
lincomycin and clindamycin (225). N-oxide prodrug PNU-141535 [16] and ester
prodrug PNU-101099 [17] are found to have increase water solubility and be converted
to the parent oxazolidinones (226). The N-dichloroacetyl analog, PNU-109230 [18],
displayed good activity in vitro with MICs against staphylococci, streptococci and
enterococci of <0.5-2, <0.5, and 1 pg/ml , respectively (227). Novel phenyl-
oxazolidinones containing saturated and 4,5-unsaturated 4-pyridinyl, pyranyl and
thiopyranyl aryl substituents are found to exhibit increased activity against gram
positives (228). Other novel oxazolidinones represented by 19 and 20 are found to
have MICs ranging from 0.25 to 4 ug/ml against gram-positives with good in vivo
activity (229).
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Miscellaneous - Reviews on lipid A biosynthesis inhibitors as antibacterial agents
{(230), use of liposomes for controlled delivery and drug targeting (231), pharma-
cokinetics, pharmacodynamics, side effects, toxicity and interactions of amino-
glycosides (232), use of inhibitors of bacterial virulence factors for infectious diseases
therapeutic intervention (233), the methodologies of non-primate animal models of H.
pylori intection (234), the mechanism of tuberculosis chemotherapy (235), the
antibacterial activity, acquired resistance and clinical use of sulfonamides, rifamycins,

nitrofurans, fosfomycin and comarins (236-240), and the determination of the
therapeutic potential of experimental antibacterial agents by the use of in vivo animal
models (241) have been published. The presence of C-1 amino group together with
either an amino or hydroxyl group at the 2' and 6' positions of aminoglycoside
antibiotics was found to be important for the inactivation of the antibiotics by
enterococcal or staphylococcal aminoglycoside 3'-phosphotransferase type Ill a (242).
L1,6-Anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-m-diaminopimelic acid -D-alanine
was found to be the signal molecule for B-lactamase induction in E. cloacae (243).
Combination therapy for human brucellosis with doxycycline and gentamicin was
shown to be effective (244). Recent study on tetracyclines indicated that tetracyclines
were potentially useful for the prophylaxis and treatment of septic shock (245). A
review on antimycobacterial agents appeared (246). A rapid screen for antimyco-
bacterial activity by use of luciferase-expressing strain of M. bovis BCG and M.
intracellulare (247) and low-dose aerosol infection model for testing drugs for efficacy
against M. tuberculosis (248) have been established. The antimycobacterial activity
and in vitro activity against H. pylori and toxicology of PA-824 (21) were reported (249).
A novel bacterial two-component regulatory system inhibitor, RWJ-49815 (22) has
activity against Gram-positives (MICs, 1-2 ug/ml} (250). Two potential antibacterial
targets were mentioned: IMP dehydrogenase from Pneumocystis carinii (251) and
dihydroneopterin aldolase (252). Reports on antibacterial peptides [protegrin-1 (253),
bovine lactoferrin-derived peptides (254), and HIV type 1 derived peptides (255)), as
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well as four plant essential oils {tea tree, lavender, mint and thyme) as antibacterial
agents against S. aureus and VRE (MICs ranged from 0.25 to 1 ug/ml) (256) were

reported.
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Chapter 15. Recent Developments in Cancer Cytotoxics
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jon - The successful treatment of adult solid tumors remains a formidable
challenge (1, 2). The partial success of traditional cancer chemotherapy stems in
large part from agents derived from natural sources (3, 4). Cytotoxic agents, such as
paclitaxel, CPT-11 and Topotecan, all of which have demonstrated significant clinical
efficacy against a variety of human solid tumors, have revived interest in anticancer
natural products research. The discovery paradigms employed in their identification
have gone through evolutionary changes, from classical screening in tumor bearing
animals, to today's sophisticated, disease-oriented muiti cell panel screening
approaches (5-8). In recent years, research efforts directed toward molecular target
selective agents have proliferated. However, the clinical validity of these cellular
targets remains to be established. Demonstrating proof of principle in the clinic may
prove to be a greater challenge for these agents since theoretically they would
produce tumor stasis rather than tumor regressions. Because the clinical validation of
these new approaches is likely to be years away, cytotoxics will dominate the cancer
chemotherapy scene for the foreseeable future. The aim of this report is to chart the
progress of present day research efforts in the discovery of novel
chemotherapeutics. Additional emphasis focuses on emerging future trends in novel
cytotoxics and the selection criteria for their advancement to human clinical trials.

Traditional Cytotoxics - The majority of chemotherapseutic agents discovered prior to
the 1980's were selected solely on the in vivo efficacy against leukemic (P388 and
L1210) tumor models (9). The lack of appropriate human and solid tumor efficacy
models resulted in the discovery of numerous agents endowed with a limited range of
mechanisms with meager activity vs. solid tumors and a narrow therapeutic index.
The long development history of paclitaxel is a classical example of the preclinical and
clinical hurdles which can be encountered by a drug enroute to clinical success. To
date, efforts by medicinal chemists to improve upon the efficacy and toxicity profiles
of many natural chemotherapetic agents such as mitomycin C and doxorubicin have
met with very limited success. However, there are examples where the side effect
profile of a clinically used cytotoxic has been improved upon by an analog.
Carboplatin is one such success story. It is equiactive to cis-platinum but endowed
with less renal and neurotoxicity. As discussed in sections below, R&D efforts are
continuing in all categories of chemotherapeutic cytotoxics to discover drugs with a
broader spectrum of activity and less toxic side effects. The desired spectrum of
activity of new agents is focused towards the treatment of more common solid
neoplasms such as lung, colon and breast cancers. Also, attempts to combat the
smergence of induced and innate drug resistance in the clinical setting are being
undertaken at various levels (10).

ANTIMITOTIC AGENTS

- The taxane class of antimicrotubule anticancer agents
have become the most important addition to the chemotherapeutic armamentarium
against cancer (11, 12). The two clinically utizilized taxanes, paclitaxel 1, the active
ingredient of TAXOL™, and docetaxel 2 (TAXOTERE®), have consistently shown
impressive activity in advanced cancers of the ovary, breast, lung, esophagus,
bladder, and head and neck. Even with this impressive anticancer activity and clinical
success, considerable efforts to enhance efficacy, improve activity against resistant
tumors, or improve the pharmaceutical properties such as water solubility, of the
clinical taxanes have been described in recent years. To this end, there has been an
intensive effort to design taxane analogs that can build upon the success of TAXOL®
and TAXOTERE®.
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The solution and solid state conformations of the clinical taxanes have been
well studied (13-18). Recently a 3.7A resolution electron micrescopy structure of
paclitaxel stabilized microtubules has recently been reported, although the bound
conformation of paclitaxel was not identified (19). A number of reviews on the taxane
field have been published (20-22). Analogs of the clinical taxanes with modifications
at almost every position have been reported. Many of these compounds retain or
even possess improved potency against in vitro cell lines (23-31). A potential
advantage of a water soluble taxane for iv administration is that the use of possibly
toxic, solubilizing excipients would be minimized (32). Water soluble prodrugs such as
BMS-185660 (3) were identified and found to be efficacious against a variety of
tumors impianted in host mice (33). However, it was later found to be non toxic in
higher, non rodent species due to lack of hydrolysis of the 2' ethyl carbonate on the
sidechain hydroxy group (34). Both paclitaxel and docetaxel are substrates for p-
glycoprotein or muttiple drug resistance. A number of reports of taxane analogs with
superior activity against taxane resistant cell lines have appeared (34, 36, 41). SB-T-
1213 (4) is an example of a taxane analog which possesses greater in vitro potency
and shows nearly completely non cross resistant against an adriamycin resistant cell
line (30). SB-T-1213 was quite active against a taxane sensitive subcutaneous B-16
solid tumor model. Athough it was more potent than docetaxel, it was less active when
compared at optimum doses. The activity of this compound and similar analogs is
being evaluated in resistant tumor models. The affinity of the taxane structure for p-
glycoprotein is illustrated by a report that non toxic 10-desacetyl baccatin derivatives
such as § have been found to be potent MDR reversal agents in vitro (35). Clinical
studies are underway with paclitaxel in combination with several different MDR
modulaters including cyclosporine, verapamil, or VXR-710 with the aim of providing
increased efficacy against resistant tumors (36-39). Two papers have described the
increased oral bioavailability of paclitaxel in mice when coadministered with either
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cyclosporine or a cyclosporine analog PSC-833 (40-42). Several patent applications
covering the use of MDR inhibitors and an oral taxane have published (40, 43-45). An
oral taxane may provide a means to achieve prolonged tumor exposure to this
effective class of anticancer agent and thereby improve its activity against resistant
tumors.
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A number of non taxane cytotoxic, tubulin polymerization agents have been
identified in recent years. Discodermolide (8), eleutherobin (Z), and sarcodictyin A (8)
are marine natual products which accelerate tubulin polymerization in a manner similar
to that of paclitaxel (46-50) . Whereas discodermolide appears to be more potent than
the taxanes in tubulin polymerization assays (46, 47), the seleutherobins and
sarcodictyins are nearly equipotent to paclitaxel (48, 49). However, in cytoxicity
assays, eleutherobin is about half as potent as pacilitaxel while the sarcodictyins ars
considerably less potent (48, 49). Eleutherobin is cross resistant to paclitaxel
resistant cell lines (48, 51). The eleutherobins, sarcodictyins, and epothilones
(described below) were found to be competitive inhibitors of tritiated paclitaxel in
tubulin binding studies (48, 49, 52). Syntheses of sarcodictyin A and eleutherobin
have been published (53, 54). The epothilones such as epothilone A (9) or

epothilone B (1Q) are microbial-derived tubulin polymerizing natural products that can
be obtained from fermentation (55). In addition, the epothilones possess greater
water solubility than the two clinical taxanes (56). Epothilone B exhibits potency
similar to paclitaxel in tubulin polymerization and cytotoxicity assays (52, 5§7). One
potential advantage of this class of compounds is their lack of cross resistance to
paclitaxel in a number of resistant cell lines (58). The epothilones have yielded to total
synthesis and combinatorial and solid phase analog syntheses have also been
published (59-67). Considerable in vitro SAR has been developed on these synthetic
analogs (61, 68).

- The clinically approved tubulin polymerization
inhibitors are all vinca alkaloids. Vinorelbine is a highly active compound which is
likely to continue to increase in clinical importance (69). F 12158, 20'20'-difluoro-
dihydrovinorelbine, is a novel, semisynthetic vinca selected for futher examination
based on its slightly improved in vivo antitumor activity over vinorelbine (70). The
tubulin depofymerizing cyclic peptides, dolastatin 10 and dolastatin 15, are in Phase |
trials and preclinical development in Japan, respectively (71, 72). Recently two new
cytotoxic compounds dolostatin 16 and dolastatin 17 have been reported (71, 73).
The halichondrins such as halichondrin B have been the object of considerable
synthetic effort due to their activity in preclinical models (74). The cryptophycins are
a relatively new class of microtubule inhibitors which were originally isolated in 1994
from cyanobacteria (75). Cryptophycin | (11) is a potent inhibitor of cell proliferation
and like the vinca alkaloids causes the loss of cellular microtubules (76, 77).
Cryptophycin 1 is a considerably more potent inhibitor of microtubule dynamics than
paclitaxel or vinca alkaioids and detailed in virtro studies of mechanism have been
published. It's ability to rapidly initiate apopotosis has been suggested to be partially
responsible for the observed cytoxic effects (78). Compound 12, C-52 (LY355702)
and compound 13, C-55 (LY355703) are synthetic, gem-dimethyl analogs of
cryptophycin 1. C-52 is the chlorohydrin of C-55 and is converted to C-55 in vivo (79).
The compounds have been shown to have no cross resistance to adriamycin or
paclitaxel in vitro (80). In human tumor xenograft models the maximurmn tolerated dose
of C-52 is approximately 5-fold higher than that of C-55 (79). Against a panel of human
tumor xenograft maodels, both compounds exhibited 80-100% tumor growth inhibition
and C-52 has been advanced to clinical development (79-81).
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The naturally occurring milnamide A (14), hemiasterlin (1§), hemiasterlin A
(18), and criamide (17) are members of a small family of tri- and tetrapeptides
containing two highly modified amino acids which are isolated from marine sponges
(82). These compounds inhibit microtubule formation by binding to the vinca alkaloid
site on tubulin. They show potent in vitro activity against human breast, ovarian,
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colon, and lung cancer cell lines. A total synthesis of (-) hemiasterlin has been
published (83). Few compounds which bind to the colchicine binding site of tubulin
have activity against in vivo solid tumor models. However E7010 (18), an orally active
sulfonamide, inhibits mitosis by binding to the colchicine binding site and possesses
significant activity against solid tumors (84). In addition, the compound appears to be
non cross resistant to vincristine or paclitaxel in many resistant cell lines.

iso cti ents - Two water soluble semisynthetic camptothecins,
topotecan (85) and irinotecan (86), entered the anticancer drug arena as
topoisomerase-| active agents during the last two years. Despite their structural
similarity, they both differ in their antitumor spectrum of activity as well as in their side
effect profiles (85, 86). Irinotecan is approved for colorectal cancer and severe
diarrhea associated Gl toxicity is the dose-limiting toxicity (DLT), while the former
suffers from neutrophenia as DLT and is approved for ovarian and small cell lung
carcinoma. Several recent reports review this class of agents (87, 88). Some of
these newser camptothecin analogs are currently in clinical trials (89). Thess include
the water soluble analogs Gl 147211C (18) , 9-aminocamptothecin (9AC), and the
hexacyclic DX-8951F (20) (90). Several analogs of 19 were published (91) and the
quarternary ammonium salts 21 and 22 were more efficacious than topotecan in
delaying tumor growth in HT-29 human xenograft tumor models (92). Analog 22, in an
extended in vivo protocol, demonstrated tumor regression. Structure-activity studies
on the hexacyclic camptothecin analogs are also reported and gensrally this ring
appendage results in a conformational rigidity at the 7-position of topotecan and
causes a favorable antitumor activity profile. DX-8951F, a recent entry to the clinic, is
claimed to possess activity in a broder spectrum of xencgraft modsls as well as
against p-glycoprotein mediated drug resistant cell lines (90).
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Beyond the camptothecin analogs (93-97), certain indolocarbazole agents
have also entered the clinic and their presumed mechanism of action is claimed to be
inhihibition of topoisomerase | (98). Other mechanisms such as RNA polymerase
activity and topo-ll activity have been suggested for these compounds (99). NB-506
(23), the first generation compound inhibited the solid tumor growth of murine and
human solid tumors in preclinical models {100, 101). This agent shows strong synergy
with cisplatin in vitro against human small cell lung cancer cells, suggesting the utility
of such combination therapy. Currently, a back up compound, ED-749 (24), is
entering Phase | clinical trials.
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Topoisomerase |l active agents enjoyed considerable attention during the early
80's and resulted in clinically active agents. In contrast to the rich literature of topo-I
(102, 103) and topo-ll active agents (104, 105), much less is reported on the dual
active agents (106). The rationale for this approach stems from the fact that the
levels of the two enzymes and time course of expression differ. Also, the expression
of either enzyme appears to be sufficient to support cell division, and the development
of resistance to topo-| active agents is often accompanied by a concomitant rise in
the level of topo |l and vice versa. Sanitopin, benzophenanthridine alkaloids coralyne
nitidine, fagaronine, acridine, anthracenyl dipeptides, bisnapthylamides, certain
pridoindole and indolocarbazoles and indenoquinolone show this dual mechanism of .
action. However, only two compounds known to stimulate both topo-I and topo Il
mediated DNA cleavage, intoplicine, mentioned in Volume 28 of this series, and TAS-
103, are currently in clinical trials (107). Reports that intoplicine caused liver toxicity
have resulted in a change in the protocol to a prolonged continuous infusion in order to
circumvent this toxicity. It has been suggested that toxicity to normal tissues may
result from the use of a sequential combination therapy of topo-l and topo-ll agents
(108).

Antimetabolites - Several detailed reviews on the status of antifolates in clinical
development have recently appeared (109-112). These describe in detail the more
than 10 antifolate compounds which are currently being evaluated clinically as weil as
several compounds which appear poised to progress to the clinical setting. Although
many of the compounds in development may appear structurally similar to
methotrexate, the most widely used antifolate, their properties can differ
considerably. The new compounds may have specifity for different enzyme targets
{thymidylate synthase (TS), dihydrofoalte reductase (DHFR) or glycinamide
ribonucleotide formyl transferase (GARFT)]), may possess different membrane
transport properties, or differ in their ability to undergo intracellular polyglutamylation
(109). Several compounds reported in Volume 28 of this series have made significant
progress. Trimetrexate (TMTX) has been shown to be particularly useful in
combination with 5-FU (5-fluoro uracil) and leucovoerin (LV) for the treatment of
colorectal cancer (CRC) (109, 111). Current studies are aimed at assessing its utility
in gastric cancers either as a single agent or in combinations. Piretrixin is in Phase |
clinical trials (109). Like TMTX, piretrexim lacks a glutamic acid sidechain and thus is
not polyglutamylated in the cell. As a consequence, both compounds are not retained
in the cells for long duration despite initially high intracellular concentrations. Like
TMTX, piretrexin is less effective against cells expressing the MDR phenotype. The
principal advantages of piretrexin over TMTX are its oral bioavailability and lack of
effect on histamine metabolizing enzymes (109). Oral piretrexin has seen less clinical
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use than other antifolates but its best activity has been for treatment of transitional
cell carcinoma of the bladder. AG 337 showed minimal activity in Phase Il trials and
the deveopment was terminated (108). Phase | trials of AG 331 were halted by
hepatoxicity, fever and overall drug intolerance (108). Edatrexate is in Phase |iI
clinical trials but so far has not demonastrated any advantage over methotrexate or
standard therapies against various tumors (109). Lomotrexol is a specific GARFT
inhibitor that showed severe cumulative myelopsuppression in Phase | trials and this
has halted Phase | testing (109). LY231514 was originally thought to be a pure TS
inhibitor but was later determined to also inhibit purine synthesis and DHFR.
Preliminary reports from Phase |l trials have described encouraging response rates in
non small cell lung (NSCLC), breast, and CRC patients. CRC patients previously
treated with 5-FU did not develop cross resistance to LY231514. Ongoing clinical
trials are designed to define its role in previously treated CRC patients (109).
Raltritrexed is in Phase Il trials and is a promising drug for advanced CRC because it
can produce similar antitumor response rates than 5-FU/leucovorin but with lower
toxicity. 1843U89 is the most potent inhibitor of TS in clinical trials. Early clinical
studies determined that it must be coadministered with oral folic acid to suppress side
effects but further studies are still planned (109). ZD 9331 (26), a water soluble
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drivative of raltritrexed, is a pure TS inhibitor that is in Phase | trials. AG2034 (27) is a
rationally designed specific inhibitor of GARFT which has just started Phase | trials.
LY309887 (28) is a thiophene analog of lometrexol which is a more potent GARTF
inhibitor and is now entering Phase | clinical studies (112). Tomudex, a thymidylate
synthesis inhibitor, is currently in Phase IIl clinical trials (118).
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The novel nucleoside analog BCH-4556 (29) shows good activity against
human renal cell xenografts as well as many other solid tumor models (113). This
compound is possibly the only unnatural anticancer nucleoside with the sugar in the p-
D-configuration. It is a potent chain terminator, and unlike ARA-C is resistant to
deactivation by deoxycytidine deaminase. In addition, when incorporated into DNA,
BCH-4556 causes instant chain termination while incorporation of Ara-C can support
continued DNA synthesis. BCH-4556 has been recommended for clinical development
(113).

Ribonucleotide reductase is a critical enzyme for DNA synthesis since it
catalyzes the rate limiting step of deoxyribonucleoside triphosphates in all cells (114).
The presence and activity of this enzyme correlate closely with cell growth rates (115,
116). Among the known inhibitors, only hydroxyurea and gemcitabine (GEMZAR™) are
approved for clinical use (114). Gemcitabine was approved for use in the U.S. in 1996
and Phase Il clinical studies for bladder, breast, non small cell lung cancers are in
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progress (117). It's utility against other cancers and in combinations is also under
investigation. MDL-101731 is in Phase | studies against solid tumors in Europe and
Japan (118). Another ribonucleoctide reductase inhibitor selected to enter clinical trials
based on preclinical (114) in vivo antitumor efficacy is 3-AP (30) (114).

A number of 5-FU prodrugs have been synthesized in the last decade in an
effort to improve therapeutic index and minimize side effects(112). The best known
example is 1-(tetrahydro-2-furanyl)-5-fluorouracil (tegafur)(112). This compound is
currently in clinical trials as an oral formulation with uracil as UFT. The uracil prevents
the enymatic degradation of 5-FU by cellular enzymes and increases oral
bioavailability. S-1 is a combination designed to improve the efficacy of UFT even
further {112). It contains an enzyme inhibitor with greater potency than uracil and
oronic acid which is added to reduce gut toxicity. Oronic acid concentrates
selectively in the gut and is an inhibitor of oroate phosphoribosyltransferase, an
enzyme necessary for the activation of 5-FU. A carbamate prodrug of 5-FU,
capecitabine produced responses in Phase | trials after oral dosing (69). This
compound is metabolized to 5-FU in the liver after absorption which minimizes side
effects to healthy tissues and FDA approval for use in refractory breast cancer is
pending.

DNA Interactive Agents - Analogs of CC-1065 were discussed in Volume 28 of this
series. The delayed toxicity exhibited by CC-1065 is not observed in compounds with
either altered DNA recognition or which exhibit reversible, rather than covalent DNA
alkylation. A number of analogs with one or both of these properties remain of interest
either clinically or preclinically. Bizelsesin is currently in Phase | clinical trials (119).
Carzelesin has almost completed Phase li clinical trials against a panel of seven solid
tumors (119). The related adozolesin completed Phase Il trials but has not entered
Phase |ll. (+) Duocarmycin SA is a natural product produced by Streptomyces sp.
KW-2189 (31) is a duocarmycin SA analog with greater antitumor activity in preclinical
in vivo models and better water solubility than the parent (120-122). This analog is
currently undergoing clinical trials. This analog is proposed to alkylate DNA without
loss of the carbamoyl moiety. Efforts to enhance the properties of duocarmycin have
appeared in the literature (123). Seco-(+)-Oxa duocarmycin SA (LY307918} (32) as
well as its enantiomer are being evaluated preclinically based on initial promising data
(124). The tused pyrrole ring in the alkylating subunit is replaced with a potentially
more metabolically inert furan ring. Doxorubicin and daunorubicin were the most
clinically useful of the first generation anthracyclines introduced in the early 70s.
Doxorubicin, the most active of the two, remains an important clinical agent at
present. Extensive analog programs failed to produce analogs with greater efficacy
against solid tumors but did produce the better tolerated epirubicin and a highly potent
antileukemic drug idarubicin. Recent synthetic efforts on disaccharide analogs have
culminated in the identification of a third generation anthracycline, MEN 10755 (33), a
compound which appeared superior to doxorubicin in inhibiting tumor growth in
preclinical models. MEN 10755 is currently undergoing Phase | clinical trials in Europe
(125). Initial Phase | studies on a liposomal formation of daunorubicin have been
completed and more advanced evaluation was recommended (126). Some responses
were observed. The bis-naphthilimide intercalator DMP 840 displayed activity against
human tumor xenograft tumors in mice and is currently in Phase Il clinical trials (127).
DMP 315 is a potent, water soluble antitumor agent which has been advanced for
further study (127). The anthrapyrazole, losaxantrone has utility in the the treatment
of breast cancer and also appears to be less cardiotoxic than doxorubicin (69). New
platinum analogs (oxaliplatin, JM-216) are still in early stages of development and are
undergoing clinical studies in Europe (69). Both show incomplete cross resistance
with cisplatin. The DNA cleaving properties of the novel antitumor antibiotic
leinamycin (34) were determined to be mediated by thiol dependent formation of
radicals from molecular oxygen (128).
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Miscellaneous - Tumor selective/targeted therapies include certain drug delivery
systems such as simple prodrugs (129, 130), antibody directed enzyme prodrug
therapy (131), polymer conjugates, and combination therapy with multidrug resistance
reversing (MDR) agents (10, 132, 133). A recent report of targeted dslivery of a
cytotoxic agent such as maytansine via its folic acid conjugate to folic acid positive
receptor cells has appeared (134). The authors' premise for this effort was based on
the fact that cancerous cells over express folic acid receptors in comparison to their
normal counterparts and thus could potentially provide drug targeting opportunities via
the folic acid transport mechanism. Several recent reviews address some of the
issues and advances made in area of tumor selective therapy. In this context, a
recent report shows the potential for using phage display techniques to identify
certain small peptides that are specific to angiogenic vessels and then linking these
peptides to a cytotoxic drug such as doxorubicin for tumor selective therapy (135). A
number of new natural products with unknowm mechanisms have been disclosed
(136).

ics - The future scenerio in clinical management of
cancer will be mainly dictated by the availability of less toxic and tumor selective
agents (137). Their optimal use may be as single agents or in combination with
traditional cytotoxic agents with the treatment goal of imparting cures and not just
palliation. These efforts will be further aided by the increased understanding of
oncogene signaling pathways, cell cycle targets (136) and angiogenesis (138, 139).
Gene therapy as well as several emerging or recently covered targets are not
discussed here and include telomerase (140), growth factors (141, 142), cyclin
dependent kinases, and RAS/FT inhibitors (143-146). Non-receptor tyrosine kinases
(147, 148) have been identified as attractive drug discovery targets. Recent
examples (70) of non toxic cytostatic kinase inhibitors moving towards clinical trial
include CP-358,774, ZD 1839, and CEP-751. Combination therapy which involves the
use of a cytotoxic and either a cytostatic or an angiogenic agent might be the
cornerstone for future chemotherapy. Furthermore, improved diagnosis and
increased use of orally active anti-cancer agents would set the stage for early
intervention and more outpatient care.

Future therapies tailored to the genstics of the tumor and the patient will have
an enormous impact on treatment outcome 149). For example, the most common
mutation in cancer is the p53 tumor suppressor gene. Mutations convey resistance to
DNA active cytotoxics such as cisplatin and 5-FU. Age and population related
changes in the levels of cytochrome P450 and other drug metabolising enzymes may
also effect drug levels and therefore therapeutic response (150). The revolution in
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gene- based diagnostics will lead to earlier detection and the identification of patients
at risk of developing cancer and define a critical need for safer chemopreventive

strategies.
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Chapter 16. Advances in Nucleoside and Nucleotide Antiviral Therapies

George W. Koszalka, Susan M. Daluge, F. Leslie Boyd
Glaxo Wellcome Inc., Division of Chemistry, 5 Moore Drive Research Triangle Park,
NC 27709

Introduction - Nucleoside therapy continues to be the cornerstone for treatment of
viral diseases, particularly those associated with human immunodeficiency virus
(HIV), hepatitis B virus (HBV), and herpes simplex virus (HSV). Several recent
reviews summarizing nucleoside antiviral research were published (1-4). Significant
clinical advances with carbocyclic and L-nucleosides were made during the past two
years. Preclinically, there are a number of promising L-nucleosides under study and
major advances in the arena of delivering nucleotides (‘protides’) into cells were
reported. This chapter includes advances over the past two years on nucleoside
analogs that are in, or appear to have the best chance of entering clinical trials.
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D- and L- Furanosides - Several L-pyrimidines, (1-3) progressed in preclinical studies
as potent chemotheraputic agents against HIV and HBV. L-FMAU (1) was confirmed
to be the most potent of a series of pyrimidine analogs with anti-HBV activity (ICsp
0.1 pM). 1 was also active against Epstein-Barr virus (EBV) (5). Preclinical
investigations of 1 included a 30-day toxicity study in mice. Doses of 10 or 50
mg/kg/d showed no 51gn1ﬁcant toxicity. The pharmacokmetxcs of 1 was described (6)
along with in vivo efficacy in a woodchuck hepatitis virus (WHV) carrier model.
Treatment for 12 weeks at 10 mg/kg/d a gave greater than 1000-fold reduction in
serum WHYV DNA levels. Levels of virus in three of four treated animals remained
undetectable for more than 36 weeks (7).

B-L-Fd4C (2) was potent and selective against both HBV and HIV (ICs,
0002 pM and 0.1 upM, respectively). 2 did not affect mitochondrial DNA
synthesis at 20 pM and favorably potentiated the anti-HIV activity of AZT and d4T.
High Cix values (150 pM) were achieved upon dosing mice for 30d at 100 mg/kg/d
(po). No evidence of toxicity was observed (8).

The clinical development of lamivudine (3TC) (3) for the treatment of HBV
continued. Clinical results indicated a consistent, marked inhibitory effect on HBV
replication. Patients consistently exhibited multi-log reductions in serum HBV DNA
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after 1 to 4 weeks of treatment (9). Studies in woodchuck hepatitis virus (WHV)
infected woodchucks suggest that treatment with 3 delays the development of
hepatocellular carcinoma (10). Racemic OTC (4), 2 posmonal isomer of 3, and its 5-
fluoro congener (5) appear to be potent anti-HIV agents (ICsp, 0.1 to 3 uM) (11).
Surprisingly, these analogs retain significant activity against 3TC-resistant HIV (11).

A novel 3’-N-hydroximino analog of thymidine (6) was reported to block
replication of HIV-1 and -2, HSV, and HBV in vitro. Although the mechanism of
action is unknown, in HSV infected cells anabolism to the monophosphate by the
viral thymidine kinase (TK) is strongly suggested (12).
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A variety of purine nucleosides and congeners are at various stages of
development. The L-benzimidazole riboside, 1263W94 (7), was well-tolerated with
plasma levels well above the in vitro anti-HCMV ICs, (0.1 uM ) in a Phase [ study in
HIV-infected individuals (13). Preclinical development of (-)-B-D-diaminopurine
dioxolane (8), a prodrug of the guanine analog, continued. Against HBV, 8 had an
ICso of 0.01 pM and in combination with either 3 or interferon was reported to give a
synergistic response. In a three month /n vivo woodchuck study, 8 at 1 mg/kg/d
reduced the level of WHV serum DNA by greater than 1 log. No toxicity toward the
animals was reported (14).

Various sugar-modified P-L-adenosines were also described that inhibit
HBV replication. B-L-ddA, 2’-azido-B-L-ddA, 3’-azido-B-L-ddA and 2’3’-didehydro-
B-L-ddA (L-d4A) (9) all blocked HBV replication at S uM or less. The most potent
analog in this series was 9 (ICso 0.1 uM) which also exhibited significant anti-HIV
activity (ICso 0.4 uM) (15). A series of purine and pyrimidine 2°,2°difluoro-L-
nucleosides were prepared. Only the adenine analog (10) had anti-HIV activity (ICso
3.4 uM) (16). The 2’-monofluoro arabinoside analog (11), exhibited good in vitro
anti-HBYV activity (ICss 1.5 pM) (17).

4’-Thionucleosides continue to be explored because of their structural
similarity to 4’-oxo-nucleosides and their enhanced stability towards phosphorolytic
enzymes. 2’-Deoxy- (18-21) and ara-4’-thionucleosides (22,23) have been prepared
in sufficient quantity to allow in vivo characterization. In general, the B-D-analogs
exhibit modest to potent anti-herpetic activity in vitro, yet most lack a suitable
selectivity index for therapeutic use. Of particular note, the 2’-deoxy-4’-thio
diaminopurine analog, 12, was found to be potent against HCMV (0.2 pM) and HBV
(0.007 uM), but exhibited severe kidney and liver toxicity in the beagle dog (18).
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Acyclic Nucleosides - Preclinical and clinical summaries have recently appeared (24-
26). Oral strategies for ganciclovir (GCV) delivery have not demonstrated marked
efficacy improvement over intravenous ganciclovir delivery for HCMYV retinitis (27).
Recent clinical studies using PCR technology indicate that GCV resistance occurs
more rapidly and frequently than previously demonstrated with phenotypic assays
(28,29). Investigations of the anti-HBV activity of penciclovir and its 6-deoxy
diacetyl prodrug, famvir, have reported synergism with lamivudine (30) and dose-
dependent reduction of HBV DNA (31). Anti-HBV activity for the (R)-enantiomer of
cytallene (ICs 0.05 uM) (13) has been noted and it has been suggested that racemic
(R,S)-cytallene may have therapeutic benefit (32). Replacement of the allene double
bond distal from the base with a cyclopropane ring has provided analogs with anti-
herpetic and anti-HBV activities in the low micromolar and sub-micromolar range
(33).

ABT-606 (14) was selected as an orally bioavailable diester prodrug of the
broad spectrum anti-herpetic H2G. HSV-1 clinical trials are in progress (34).
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Acyclic phosphonates and their prodrugs continue to be of interest in
antiviral therapy. An orally bioavailable prodrug of the anti-HIV agent PMPA, bis-
POC PMPA (15), was selected as a clinical candidate from a variety of carbonate and
carbamate prodrugs (35).

Nucleotide Prodrugs - Efforts to effect intracellular delivery of nucleotides have made
substantial progress in the last two years. In specific instances, efficient kinase bypass
has been accompanied by impressive increases in potency, lessened cytotoxicity, and
lengthened half-life of intracellular nucleotides. These advances may result in
improved therapeutic agents and have special implications for dealing with the
emergence of resistance to nucleoside antivirals. However, as noted in a recent
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review (36), the complex metabolism, excretion, and tissue distribution of nucleotide
prodrugs makes extrapolation from in vitro assays to in vivo efficacy difficult.
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Nu = 5’-O-substituted nucleosides: d4T (16a, 18a);
ddA (16b, 17h, 18b), d4A (16¢), iso-ddA (16d, 17d),
PMEA (17¢), AZT (17f), ACV (17g), L-ddA (17h).

Recent in  vitro  successes have been  reported  with
(aryloxy)phosphoramidates (16), bis-S-acyl-2-thioethyl (SATE) esters (17), and
dioxaphosphorine oxides (18) (37-41).

Applying the (aryloxy)phosphoramidate approach, the anti-HIV activity of
16a was improved 4- to 10-fold over that of d4T. In contrast to d4T, 16a inhibited
HIV replication in thymidine kinase-deficient cells, consistent with delivery of the
monophosphate and kinase bypass (42,43). The amino acid is an important
determinant of potency and L-alanine appears to be optimal (44-46). Understandably,
no improvement in potency was noted when this approach was applied to nucleosides
for which the first phosphorylation step to monophosphate is not rate-determining
(AZT and ddI). The phosphodiester alaninates of ddA (2°,3’-dideoxyadenosine)
(16b) and d4A (2’,3’-didehydro-2’,3’-dideoxyadenosine) (16¢) rank among the most
potent HIV and HBV inhibitors reported to date (47, 48). Aryl substitution has been
reported to be unnecessary with certain phosphoramidates containing lipophilic amino
acids (49).

The acyloxy groups of bis-S-acyl-2-thioethyl (SATE) esters (17) are cleaved
by carboxyesterases and the resulting intermediates then decompose spontaneously to
episulfide and the nucleoside-monophosphate. The t-butyl SATE esters typically have
greater stability in human serum and cell extracts than the methyl analogs. The
decomposition kinetics of the iso-ddA analog 17d has been compared to that of the
corresponding (aryloxy)phosphoramidate 16d in CEM cell extracts (50). The bis(t-
Bu-SATE) derivative of 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA) 17e had
comparable in vitro anti-HIV potency and greater stability in gastric fluid and serum
than the bis-POM ester, clinical candidate adefovir dipivoxil (51). No additional
toxicity due to episulfide generation was evident by evaluation of 17f, the AZT SATE
derivative with R = methyl, in human bone marrow progenitor cells in culture (52).
Bis(methyl-SATE) ddA (17b) was 3- to 4-logs more potent than ddA against HIV
(53), paralleling the excellent potency of the phosphoramidate analogs. Although
ACYV is inactive against HBV, SATE derivatives 17g (methyl and t-butyl) were as
active as ddG (ICso 1-3 uMj) (53, 54). The bis(t-butyl)SATE derivative of L-ddA
(17h) was recently reported to be an extremely potent inhibitor of HBV (ICse < 0.1
uM) with marked in vitro synergy with 3TC (55).
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The cyclosaligenyl (Cyclo-Sal) esters of nucleoside monophosphates (18)
were shown to be cleaved to the monophosphates and salicylalcohols by a controlled,
chemically-induced hydrolysis involving a successive coupled cleavage of the phenyl-
and benzyl-esters (tandem mechanism). A correlation has been demonstrated between
the electronic properties of the salicylalcohol substituents (R) and the hydrolysis half-
life of the triester (41). Activity of the d4T analogs 18a in thymidine kinase deficient
cells confirmed kinase bypass (56). The ddA analog 18b is 100-fold more potent than
ddA against HIV (57).

Other approaches to nucleotide delivery continue to receive attention.
Promising in vivo results were reported for lipid conjugates of nucleoside
monophosphates. Enhanced in vifro anti-HBV activity and improved oral delivery of
ACYV in mice was seen with 1-O-octadecyl-sn-glycero-3-phospho-acyclovir (19) and
related lipid diester prodrugs of ACV-monophosphate (58). Simpler long chain alkoxy
and aryloxy esters of AZT-monophosphate were inactive against HIV-2 in thymidine
kinase deficient cells and thus are likely delivering the nucleoside (59). Anti-HIV
nucleoside conjugates of ether and thioether phospholipids may effect a synergistic
action of the lipid and the nucleoside in HIV-infected cells (60). Cyclic phosphates
such as 20 have some activity against HCMV (about one-tenth that of GCV), possibly
due to delivery of monophosphate (61).
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Carbocyclic Nucleosides - A recent review shows the remarkable diversity of
carbocyclic nucleosides which has been provided by 30 years of creativity on the part
of nature and organic chemists (62). Many drug candidates have emerged, but no
drugs to date. The class deserves special mention this year because four members, all
purines, are in various stages of clinical development for the treatment of viral
infections: BMS-200475 (21, Phase 1), lobucavir (22, Phase 2), A-5021 (23, Phase 2),
and 1592U89 (abacavir, 24, Phase 3).

21, which is based on the template of carbocyclic 2’-deoxyguanosine (CDG),
is a potent anti-HBV agent with an ICs, of 0.004 uM and a selectivity index of 8000
(63, 64). 22, a cyclobutane analog of oxetanocin-G, has potent antiviral activity
against herpesviruses (HSV, VZV, CMV) and is now being evaluated for the
treatment of recurrent HSV infections and in HIV+ subjects coinfected with HCMV
(65). Both 21 and 22 have shown efficacy in WHV-infected woodchucks and are now
in clinical development for the treatment of chronic HBV infections (66).

Despite significant synthetic efforts, carbocyclic nucleosides containing
cyclopropane have not been of interest until recently. The novel cyclopropyl analog
23 was reported to be more active than acyclovir or penciclovir in plaque reduction
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assays against HSV-1 , HSV-2, HCMV, and VZV and more effective in mice with
cutaneous HSV-1 infection. Clinical trials with 23 are in progress in Japan for the
treatment of uncomplicated, acute, localized herpes zoster in immunocompetent
patients (67).
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Presentations of pre-clinical research (68) and phase Il clinical
evaluations (69) of HIV reverse transcriptase inhibitor abacavir were not cited in
previous reviews. Treatment of HIV-infected patients for 12 weeks with 24 resulted in
sustained viral load reductions of >99%, unprecedented with nucleosides evaluated to
date and comparable to results seen with protease inhibitors, Detailed summaries of
the research that led to the selection of 24, including structure-activity relationships,
resistance profile, and the unique mechanism of intracellular activation have appeared
(70-72). The activation pathway, utilizing two new enzymes, provides a novel
approach to selective nucleotide delivery and has been proposed to be responsible for
the promising clinical results.
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Analogs of neplanocin A (NPA) were designed to avoid deamination by
adenosine deaminase (73). The ethynyl analog 25 was 10-fold more potent than NPA
against vaccinia virus and VSV. 2-Fluoro NPA. 26 was also resistant to adenosine
deaminase and had antiviral activities comparable to or improved over NPA against
viruses susceptible to S-adenosyl-homocysteine hydrolase inhibitors (74).
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Chapter 17. Non-Azole Antifungal Agents

James M. Balkovec
Merck Research Laboratories, Rahway, NJ 07065-0900

Introduction - The incidence of serious fungal infections continues to grow and is
generally associated with host immunodeficiency. Current agents are inadequate in
severely immune-compromised individuals and resistance is a growing problem (1,2).
Candida spp., Cryptococcus neoformans and Aspergillus spp. are the most common
causes of infection but there are a number of emerging pathogens (3). There is an
urgent need for more effective and novel antifungal therapies.

Agents Affecting the Plasma Membrane - The exact nature of the interactions of
amphotericin B (AmB, 1) with sterols to form membrane channels has been under
intense study. A spectroscopic investigation and molecular mechanics and dynamics
simulations suggest that an aggregate coincides with channel activity (4,5). There are
important intermolecular hydrogen bonding interactions among hydroxyl, amino and
carboxyl groups that stabilize the channel in its open form and point to new directions
for analog development (6,7). Heating solutions of 1 to 70° C forms a super-
aggregated form that displays reduced red blood cell lysis and cytotoxicity with only a
slight loss in antifungal activity (8).

Liposomal formulations are an important recent development in the area of drug
delivery. The biopharmaceutical aspects of AmB formulations have been reviewed
(9). ABLC, Ambisome® and ABCD have an improved therapeutic index relative to
conventional AmB deoxycholate (10-12). AmB encapsulated in polyethylene glycol
immunoliposomes showed higher lung concentrations compared to liposomal AmB
that was not conjugated to a monoclonal antibody specific for murine pulmonary
endothelia (13). Liposomal nystatin was as effective as nystatin in a neutropenic
mouse model of disseminated A. furnigatus infection (14) but the liposomal structure is
quickly lost when mixed with human plasma (15).
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Replacement of the polyene backbone of 1 with a biphenyl-diyne spacer of similar
length resulted in a significant loss of activity (16). N-Methyl-N-D-fructopyranosyl AmB
methyl ester (2) had an improved therapeutic index compared to 1 (17). A water
soluble derivative, KY-62 (3), had similar potency to 1 and was well tolerated in mice
(18). A semi-synthetic polyene, VB-28-3B methyl ester (4), showed activity similar to 1
and was 15-fold less toxic (19). Modification of patricin A (8) led to SPA-S-710 (6) and
SPA-S-752 (7), derivatives with broad spectrum activity and an improved toxicity
Copyright © 1898 by Academic Press
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profile relative to 1 and 5§ (20). Bis-amide 7 was more effective than 1 in a mouse
model of cryptococcosis (21,22).

W N 2\

NHR R R, R, A2 A3 Mfm
4 H OCHj H trans trans CHs
5 CHj OH H cis cis
6 CHz NH(CHgz)aNMe; H cis cis
7 CHa NH(CHo)aNMe> MeaNCHLCO cis cis

Syringomycin E (8), syringostatin A (9) and syringotoxin B (10) displayed broad
spectrum fungicidal activity but lysed erythrocytes (23). Cholesterol increases the
energy barrier for channel formation by 8 relative to ergosterol or stigmasterol (24).
CAN-296, a 4.3 kDa carbohydrate consisting of 1,4, 3,4- and 4,6-linked and terminal
N-acetylglucosamine residues, was fungicidal to Candida spp. but was antagonized by
Ca®* (25). Poor activity was noted against A. fumigatus (26). The gene encoding
histatin-3, a fungicidal peptide found in human saliva, was transferred to rodents via
an adenovirus vector to produce salivary concentrations of over 1 mg/mL (27).

CoHis  OH  (CHg)oNHa NHy NHC(NH)NH, CHoPh N
9 Cy1Ha3 CHa;NHp (CHp)oNH, OH NH,  CH(OH)CH3 H
10 CyHp3CHo.NHp H  OH NH,  CH(OH)CH,

Viridiofungins A {11), B (12) and C (13) inhibit squalene synthetases at
micromolar concentrations but exert their fungicidal effect by nanomolar inhibition of
serine palmitoyltransferase (28). The target of aureobasidin A (14) has been identified
as inositol phosphoceramide (IPC) synthase (29). The compound is fungicidal
causing aberrant actin assembly which inhibits the normal budding process (30).
Galbonolide A (15) also inhibits IPC synthase (31). The absolute stereochemistry of
the galbonolides has been determined (32) and a total synthesis of galbonolide B (16)
employed a Dieckmann condensation in the formation of the macrocycle (33).
Khafrefungin (17) had an ICso of 0.6 nM against IPC synthase from C. albicans (34).
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Inhibitors or Cell Wall Synthesis - The fungal cell wall is a complex structure and is
essential due to a high intracellular osmotic pressure. The biosynthesis of
carbohydrate cell wall polymers such as glucan and chitin is carefully orchestrated
(35). Recent insights into the structure of the yeast cell wall and the function of
enzymes involved in its biosynthesis suggest potential new antifungal targets (36-38).
The gene encoding phosphatidylinositol 4-kinase was cloned and is important for cell
wall integrity (39). B-N-Acetylhexosaminidase has been suggested as a cell wall
target for the design of new therapeutic agents (40).

1,3-B-D-glucan synthase inhibitors encompass the lipopeptides, glycolipids and
several miscellaneous compounds. New derivatives of pneumocandin By (18)
illustrate the importance of the homotyrosine phenol as a hydrogen bond donor in a
series of ortho-substituted derivatives (41). A 3'-glycylamido derivative (19) was eight-
fold more potent in vivo than 18. The L-ornithine conjugate (20) displayed improved
pharmacokinetics over L-733560 (21) but reduced antifungal potency (42). MK-0991
(22) (tformerly L-743872) possessed potent fungicidal activity against fluconazole
(FLU)-sensitive and resistant Candida spp., Aspergillus spp., Histoplasma
capsulatum, and several clinically important molds (43-45). Compound 22
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displayed potent activity in mouse models of infection with these pathogens (46-49)
but poor activity against C. neoformans. Synergy was noted with FLU or AmB (50).
Consistent inter-species pharmacokinetics and wide tissue distribution were seen
(51). In a Phase I trial against Candida esophagitis, 22 demonstrated superior
efficacy to AmB with fewer adverse reactions (52). LY303366 (23), a terphenyl side
chain analog of echinocandin B (24), displayed potent activity against a broad range
of clinical Candida isolates and Blastomyces dermatitidis but was slightly less potent
against C. parapsilosis and inactive against C. neoformans (52-54). Compound 23
was fungicidal against FLU-resistant and -sensitive Candida isolates (56). The in vitro
antifungal activity of 22, 23 and FLU has been directly compared (57). Oral
bioavailability of 23 in dogs was 9% (58). Phase | data for oral and iv formulations of
23 showed that it was well tolerated with a long half-life and was 3-5% orally
bioavailable (59,60). N-alkylated side chain derivatives of 24 had good in vitro activity
but lacked in vivo potency against C. albicans (61). FR901379 (25) and its
octyloxybenzoyl side chain derivative, FR131535 (26), were active against P. carinii
pneumonia (62). The synthetic cyclopeptamines, A-174591 (27), A-172013 (28) and
A-175800 (29), were prepared by solid phase synthesis via macrocyclization on a
resin (63). Substituents at Rz showed that a B-amino group was optimal for overall
activity. All three cyclic peptides had potent in vitro anti-Candida activity. Compounds
28 and 29 were active against A. niger and were one-tenth and one-fourth as potent
as AmB in a C. albicans survival model (64). A new glycolipid, corynecandin (30), was
a less potent 1,3-B-glucan synthase inhibitor than papulacandin B (65). In vivo
expression of a complimentary mRNA of glucan synthase-1 resulted in reduced
growth of Neurospora crassa (66). Derivatives of aurone (31) inhibited both glucan
and chitin synthesis and were effective in a mouse model of candidiasis (67).
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Nikkomycin Z (32) is a specific inhibitor of Chs2, one of three chitin synthase
isozymes. It had good activity in a mouse model of pulmonary blastomycosis (68) but
only modest activity against H. capsulatum (69). Single doses of up to 2 g were well
tolerated in Phase | clinical trials although absorption was non-linear above 1 g (70).
It was estimated that twice daily dosing of 250-500 mg would be sufficient to treat
infections caused by Coccidioidies immitis and B. dermatitidis. The drug is degraded
by plasma esterases from a number of species (71). The N-terminal aminoacid of
nikkomycin B (33) was prepared via enzymatic resolution of an isoxazoline ester (72).
A synthesis of the N-terminal aminoacid of nikkomycin Bz (34) has also been
described (73). A palladium-mediated substitution reaction of an ¢-amino unsaturated
lactone with bis-silylated uracil was utilized to construct (+)-carbocyclic uracil polyoxin
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C (35) (74). A concise stereoselective synthesis of protected polyoxin C (36) was
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accomplished through an oxabicyclo[3.2.1]octanone intermediate (75). A synthesis of
polyoxin J (37) utilized the stereoselective addition of 2-lithiofuran (as a carboxylic acid
equivalent) to a nitrone in the construction of the amino acid functionalities of the
molecule (76). The carbohydrate portion of carbapolyoxins and carbanikkomycins
was synthesized from norborn-5-en-2-yl acetate (77).

The pradamicins and benanomicins are naphthacenequinones that bind mannan
in the presence of Ca® to disrupt the cell wali in pathogenic fungi (77-79). BMS
181184 (38) demonstrated good in vitro and in vivo activity against Candida and C.
neoformans clinical isolates but weak activity against C. parapsilosis and B.
dermatitidis (81). In Phase | studies, 38 elevated hepatic transaminases over a wide
dose range (80). Benanomicin A (39) was fungicidal against a variety of organisms
with MICs comparable to AmB and was intermediate in efficacy between AmB and
FLU in mouse models of disseminated candidiasis, aspergillosis and cryptococcosis
(82,83). 9-Deoxybenanomicin (40) had significantly reduced activity while O-
methylated analogs 41 and 42 were inactive (84). Synthetic approaches to this class
of compounds have been described (85-87).
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Protein Synthesis inhibitors - Fungi are unique in that they require not only elongation
factors 1 and 2 but a third factor (EF-3) that facilitates release of the deacylated tRNA
from the E site. The function of EF-3 is fulfilled in higher eukaryotes by an intrinsic
ATPase in 80S ribosomes (88). All of the elongation factor genes from S. pombe
have been cloned (89). EF-3 from S. cerevisiae has been overexpressed and purified
(90). The ribosome binding sites reside at the C-terminal end (91,92) and the two
ATP binding motifs are indispensable for activity (93).
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Purpuromycin (43) inhibits aminoacylation of tRNAs through a high affinity to all
tRNA molecules (94). Aspirochlorine (44) selectively inhibits fungal protein synthesis

but not through a direct interaction with EF-1 or EF-2 (95).
o OH

Haco
HO

\\
ol ‘<

The mode of action of sordarin {45) is selective inhibition of elongataon factor 2
(EF-2) in yeast (96,97). GM237354 (46), prepared via radical cyclization of a
propargyt ether derived from a natural product (GM135402, 47), is a selective and
potent inhibitor of the fungal enzyme (98,99). Moderate to excellent activity was seen
against a broad range of sensitive and resistant organisms but 46 lacked activity
against C. krusei (100). Compound 46 was highly effective in models of systemic and
oral candidiasis, histoplasmosis, coccidioidomycosis and P. carinii pneumonia with
low acute toxicity (101). No in vitro activity was seen against A. fumigatus, but high
doses of 46 were modestly effective in a neutropenic mouse model of disseminated
aspergillosis (102). The pharmacokinetics of 46 in rodents showed rapid clearance
and a short half- life (103). Oral bioavailability in mice was 81%. Isobutyl ether
derivative 48 was 1000-fold more active than 45 in a yeast inhibition assay (97).
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Miscellaneous Agents and Targets - An account of the development of fungal specific
peptidomimetic N-myristoyltransferase (NMT) inhibitors has appeared (104).
Conformationally constrained dipeptide analogs based on an octapeptide substrate
were developed as inhibitors of C. albicans NMT (105). Further optimization led to 49,
a 20 nM inhibitor with 400-fold selectivity over the human enzyme (106). Introduction
of a carboxyl group (80) decreased activity 16-fold but increased fungal selectivity to
over 2200-fold. Compound §1 had fungistatic activity against C. albicans at 51 uM.
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Myristic acid analog |nh|b|tors of NMT, possessed modest, broad spectrum activity but
were cytotoxic (107). SDZ SBA 586 (52), a non-competitive inhibitor of both fungal
and mammalian squalene epoxidase, was more potent toward the C. albicans snzyme
than terbinafine (108). Squalene epoxidase from C. albicans has been cloned (109).
The synthesis and antifungal activity of (dI)-griseofulvin and substituted phenyl ring
analogs was described (110). UK-2A (53) and UK-3A (54) showed broad spectrum
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fungistatic activity and only weak cytoxicity (111). They inhibit mitochondrial
respiration via the cytochrome bcy complex (112). FAS2 encodes fatty acid synthase
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in C. albicans and is essential for growth (113). The C. albicans topoisomerase ||
gene was isolated and shows only 40% homology to the human protein (114). It was
shown that omeprazole inhibits plasma membrane H*-ATPase from its extracellular
face (115). An enantioselective synthesis of the antifungal agent SCH 38516 (55),
employed a Mo-catalyzed macrocyclic ring closure metathesis reaction (116).
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Introduction - Since the interleukin-1 field was last reviewed in this series (1), there
have been some important advances in testing anti-IL-1 therapies in the clinic, in
inhibiting the production of mature IL-1B and in understanding the signal transduction
pathway that leads from the IL-1 receptor. The focus of this review will be to highlight
those advances. For the basic biology surrounding the actions of IL-1 and the other
members of the IL-1 pathway, the reader is referred to several recent reviews in the
area (2-4).

Two IL-1 antagonists have entered into clinical trials, IL-1 receptor antagonist
protein (IL-1ra) and the soluble type | IL-1 receptor. Data from these trials will be
covered in this chapter. At the time of the previous review, caspase-1 (interleukin-1p
converting enzyme or ICE) had been shown to be the enzyme responsible for
processing pro-IL-1p into the mature, active cytokine. Since that time, a variety of
inhibitiors of caspase-1 (both peptidic and nonpeptidic) have appeared in the
literature. Lastly, there have been significant advances in understanding the events
that occur intracellularly once IL-1 binds to the extracellular portion of the type-1 IL-1
receptor. This opens up the possibility of several new targets for the inhibition of IL-1
action. This chapter will review these advances for targeting the inhibition of IL-1.

INTERL IN- EPTOR ANT, NIST PROTEIN (IL-1RA

IL-1ra binds to the type-l IL-1 receptor with high affinity and effectively competes
with IL-1a or B. In order to block the bioiogical activity of IL-1, however, high ratios of
IL-1ra to IL-1 are required since binding of IL-1 to only 2-5% of the IL-1 receptors is
required in order to elicit a signal. Clinical trials of IL-1ra have been conducted using
the 17 kDa IL-1ra protein that was produced recombinantly in E. coli This
nonglycosylated form of IL-1ra was identical to the naturally-occurring glycosylated
form except for the addition of an N-terminal methionine on the recombinant form of the
molecule. The phase [ trial of IL-1ra showed that it was safe and well tolerated (5). The
positive outcome of this trial led to IL-1ra (also known as anakinra or Antril) being
entered into a phase |l trial for sepsis (6). This phase |l trial was a randomized,
placebo-controlied, open-label examination of IL-1ra for sepsis syndrome. The
primary endpoint in this phase Il study was the 28-day, all-cause mortality rate.
Secondary end-points of the study included safety evaluation of IL-1ra,
pharmacokinetics, effect on organ dysfunction, shock and cytokine synthesis (IL-1,
IL-6 and IL-1ra).

The results of this trial were particularly encouraging. The data indicated that IL-
1ra had a dose-related effect in reducing the 28-day, all-cause monrtality rate in
patients with sepsis syndrome and septic shock. At the highest dose tested (133
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mg/h), there was a reduction in the mortality rate of 64%. Analysis of blood samples
indicated that there was a dose-related increase in plasma IL-1ra levels at the end of
the 72 hour infusion phase. These levels were at least 2 orders of magnitude greater
than the IL-1ra levels found in the patients receiving placebo. In agreement with the
Phase | data (5), IL-1ra was found to be safe and well-tolerated.

With the support of the data from the phase | and |l trials, a large, multicenter
phase lll trial of IL-1ra was designed (7). A total of 893 patients recsived one of three
treatments in this study, placebo, or IL-1ra at 1 mg/kg/h or at 2 mg/kg/h. The doses of
IL-1ra used in this study were roughly equivalent to the highest two doses used in the
phase |l efficacy study. At the time of patient entry into the study, a predicted risk of
mortality assessment was performed on each patient.

In this study, there was a trend toward reduction in all-cause mortality. Unlike the
phase Il study, however, this trend did not achieve statistical significance.
Additionally, among patients that were in shock at study entry, there was no statistical
difference in the mortality rate among any of the groups. There appeared to be a
significant increase in survival time that was dose-dependent in those patients with
organ dysfunction at study entry.

A second phase lll trial of IL-1ra was designed to test the hypothesis that this
compound would be efficacious in a high mortality risk group (8). This second phase
Il study sought to enroll a patient population of approximately 1300 people, which was
deemed necessary to show statistical significance for the question being examined.
The study design was purposely set to include patients who had organ dysfunction
and/or shock at the time of their entry into the trial. The trial also included, howsver,
patients that were less severely ill.

An interim analysis after nearly 700 patients had been enrolled in this phase Il trial
indicated that it was unlikely that IL-1ra would show efficacy in the more severely ill
patient population that was targeted by this study. In all, 28 day mortality was
assessed for a total of 906 patients in this study. An examination of the mortality
rates for both the group as a whole as well as for the targeted group showed no
significant differences in either case. While the group as a whole had a 9% difference
in mortality rates between those receiving IL-1ra and those that did not, this difference
was deemed to be not significant. In the group that had been targeted by this study,
i.e., those that had the highest predicted mortality rate, the difference was even
smaller, and again not significant.

The history of clinical trials in sepsis of IL-1ra point to a therapy that has marginal
efficacy at best. Any findings of efficacy in one study, either performed perspectively
or retrospectively, could not be repeated in subsequent studies. It must be concluded
from these data that IL-1ra, in its present form, wil not be efficacious for this
indication.

These studies do conclusively show that this protein is safe and a significant
immune response to it does not appear to be mounted, at least out to the 28 day
endpoint of these clinical trials. Based on these data, a trial of IL-1ra in patients with
active rheumatoid arthritis has been carried out (9). The total length of the study was
seven weeks, with multiple doses of IL-1ra being administered via subcutaneous
injection. The results showed that IL-1ra was safe and well-tolerated, but the number
of patients enrolied in the trial was too small to detect a significant difference favoring
treatment. It appeared that daily dosing was more effective than weekly dosing, and
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this would agree with the reported pharmacokinetics of IL-ira. A larger, placebo
controlled trial is necessary to definitively say whether or not IL-1ra will be efficacious
for this indication and also if it would be a cost-effective treatment.

SOLUBLE TYPE | IL-1 RECEPTOR

There are two forms of the IL-1 receptor, type | and type Il (4). Both receptors bind
IL-1, but only the type | receptor is responsible for mediating a signal. The type 1l
receptor is thought to be a decoy receptor whereby a soluble version of this receptor is
shed from the cell membrane naturally and acts to negatively regulate the actions of
IL-1. This receptor has a higher affinity for IL-1 than it does for IL-1ra, and therefore
could function as an additional modulator of IL-1 action in vivo. A soluble version of
the type | receptor has been made recombinantly and overexpressed in mammalian
cells. This protein has been entered into clinical trials with phase I/l trials having been
performed in rheumatoid arthritis and the late-phase allergic response. Data from
those two limited trials will be briefly reviewed here.

The first trial of sIL1RI was performed to study modification of the late-phase
allergic response in healthy volunteers (10). This phase VI trial also studied the
safety of the protein when delivered subcutaneously. An allergen was injected
intradermally on each subjects forearm followed by subcutaneous injections of siL-1rl
at the same site. Allergen and placebo were injected into the contralateral arm of each
subject, therefore, each subject acted as the placebo control as well.

The data indicated that at the lowest two doses of slL1rl, there was a significant
reduction in the late-phase response in the arms receiving the drug in comparison to
the contralateral arms. At the three highest concentrations of slL1rl, a decrease in
the LPR at both the arm that received the drug as well as the placebo arm was
observed. This indicated that siL1rl was having a systemic effect. Finally, there did
not seem to be any toxicity associated with any of the dosage levels that had been
administered in this study. The caveat with this study, though, is that it was a very
short-term study with a single injection of siL-1rl.

The second trial was longer term (28 days) and examined the effect of slL-1rl in
patients with active RA (11). The drug was delivered once each day for 28 days and
the route of administration was again subcutaneous. Physical examinations and
laboratory assessments were made at various times out to 57 days after the start of
the study. The results of this study were less encouraging than the first study. Only
one of eight patients demonstrated any clinically meaningful improvement in
symptoms, and this was at the highest dose of sIL-1rl tested. That the doses of slL-
1rl used were functional was indicated by a reduction in the levels of IL-1c observed.

Both of these studies were conducted with a very limited number of patients, so the
results must not be over-interpreted. These studies indicate that further examination
of rhu slL-1rl may be warranted. However, in light of the greater affinity of the type |
receptor for IL-1ra than the type Il receptor, trials of the soluble type il IL-1r may have
a stronger possibility of showing efficacy. If trials of the slL-1rll are underway, no
data have yet been presented on the results.
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CASPASE-1

Caspase-1 is a cysteine protease that converts the inactive proform of IL-1p to the
active inflammatory cytokine and hence represents an attractive target for the
modulation of the effects of IL-18 (12,13). The therapeutic value of caspase-1
inhibitors may also be enhanced by indirect effects of caspase-1 inhibition on ievels of
IL-1a (14) as suggested by data from caspase-1 knockout mics. Studies in caspase-1
deficient mice have also pointed to possible effects of caspase-1 inhibition on
interferon-y (INF-y (15,16). This effect may be accounted for by the fact that
interferon-y inducing factor (IGIF; IL-18) can also be activated by caspase-1. Interest
in caspase-1 has expanded with the identification of an entire family of related human
caspases, of which caspase-1 is the first example. Members of the caspase family
have been implicated in the process of apoptosis (17,18). However, focusing only on
the issue of caspase-1 inhibitors for IL-1 modulation, the specificity of caspase-1
inhibitors vs. the other caspases still emerges as an important consideration.

Peptidic_Inhibitors -- Since the subject was last reviewed in this series (1), a variety of
peptidic inhibitors of caspase-1 have been reported. These compounds are largely
based on the reported substrate specificity of caspase-1 for Ac-Tyr-Val-Ala-Asp at S4
through S1. Another common feature of these inhibitors is the presence an
electrophilic group capable of reacting with the active site cysteine either reversibly or
irreversibly. As shown in Figure 1, a variety of structural types have been reported,
including aldehydes (19,20), acyloxymethylketones (21-23), aryloxymethylketones
(24), hetercaryloxymethylketones (25,26), ketones (27) and activated ketones
(28,29). These compounds provided an important initial understanding of the SAR of
caspase-1 inhibitors. A substantial portion of this early peptide work has been
comprshensively reviewed (13,30).

Although not likely drug candidates, these peptidic compounds have proven
useful in initial studies of the effects of caspase-1 inhibitors in vivo. Work with these
compounds has nicely supplemented proot of concept work in caspase-1 deficient
mice, which also support the potential therapeutic value of caspase-1 inhibitors
(14,31-35). A peptidic aldehyde (Ac-Tyr-Val-Ala-Asp-H) and two acyloxymethyl-
ketones, (Z-Val-Ala-Asp-dichlorobenzoyloxymethylketone and its ethyl ester) have
been shown to suppress the induction of IL-1p following LPS or zymosan stimulation in
mice (36-38). Furthermore, the ethyl ester of Z-Val-Ala-Asp-dichlorobenzoyloxy-
methylketone dosed IP has been reported to delay onset of symptoms and to reduce
disease severity in coltagen induce arthritis in mice (37). This same compound was
shown to reduce inflammation when dosed PO in carrageenin induced paw edema in
rats (39). It also decreased severity of disease and lethality in a model of pancreatitis
in rats (40). Mice dosed with Z-Val-Ala-Asp-fluoromethylketone were protected from
apoptotic liver damage (41,42). in studies relevant to potential stroke indications,
peptidic fluoromethylketones and acyloxymethylketones dosed ICV have been shown
to reduce ischemic brain damage following middle cerebral artery occlusion in rats
(43,44).

Beptidomimetics - Recently, peptidomimetic inhibitors of caspase-1 have been
disclosed in the literature. The design of these inhibitors was based on key SAR
information gleaned from peptidic caspase-1 inhibitors, including the importance of a
P1 Asp. Also considered was the p-shest type hydrogen bonding pattern the peptidic
inhibitors form with the enzyme. With these considerations in mind, the peptidomimetic
inhibitors were designed retaining the important P1 Asp, but with the P3-P2 residues
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Figure 1 COOH
R
RN 2
H
(0]
1
Reversible Inhibitors
F‘1 Rp Ki nM Ref.
Ac-Tyr-Val-Ala- -H 0.76 (19)
Ac-Tyr-Val-Ala- -CHgPh 18.5 (27)
PhCH,CHy4{CO)Val-Ala- -CH,S(CHy)aPh 11 (27)
alloc- -CH,S(CH,)3Ph 27000 (28)
-CH>O
alloc- 90 (29)
(S

Irreversible Inhibitors

R, R, Kobs/i] (M'S™) Ref.
Z-Val-Ala- -CH,DCB 407,000 (13)
Z-Val-Ala- -CHLPTP 280,000 (13)
Z-Val-Ala- -CH,DPP 117,000 (13)

DCB = (2,6-dichlorobenzoyloxy: PTP = (1-phenyl-3(trifiuoromethyl)pyrazol-5-yljoxy;

DPP = (diphenylphosphinyljoxy
replaced by a dipeptidemimetic having the desired hydrogen bonding pattern. In
addition, x-ray crystal structures of caspase-1 with Ac-Tyr-Val-Ala-Asp based
inhibitors bound at the active site have been reported and have aided the design of
peptidomimetic inhibitors {45,46).

In three related series of caspase-1 inhibitors, the P3-P2 residues have been
successfully replaced with a pyridone or pyrimidone-based dipeptidemimetic.
Irreversible inhibitors (2) were only 2- to 3-fold less potent than the corresponding
Z-Val-Ala-Asp peptidic inhibitors as measured by their second order rate constants

F

N\ o COOCH o
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(47). Replacement of the p-F-phenyl had only minimal effect on activity, suggesting
that this group was not significantly contributing to binding.

A related series of reversible phenyloxymethylketones 3-6 provide further SAR
information (48). In this series, an N-terminal 2- or 1-naphthoyl gave significantly
better potency than the corresponding benzyloxycarbonyl. R1 = n-butyl was best,
however, it was only 2-old more potent than the corresponding unsubstituted
derivative. R2 substituents significantly increased activity with ethyl being most
potent. Finally, it was found that pyridone was more potent than the corresponding
pyrimidone.

COOH

\/m
H H
O R o}
X=N R;=nBu Ry=H
X=CH R,;=H Ra=H

X=CH R;=H R = Et
X=CH R;=nBu R;=H

In a related series, the use of x-ray crystallography and molecular modeling led to
improvements in binding at R, (49). The benzyl analog 7 was designad based on an
x-ray crystal structure of a pyridone inhibitor bound to the active site of caspase-1 and
was found to be 32-fold more potent than the corresponding unsubstituted compound
8. X-ray crystallography of the corresponding irreversible dichlorobenzoyloxymethyl-
ketone confirmed that the benzyl binds in a hydrophobic region near the P2 pocket.

A COOH
PhCH,CHy N 8 R=H
H H
o} 0

A study replacing the P3-P2 residues with a variety of constrained dipeptide
mimetics identified pyridazinodiazepines as highly potent inhibitors of caspase-1 (50).
Irreversible inhibitor @ was comparable in activity to the corresponding Z-Val-Ala-Asp
peptidic inhibitor. Further improvement in activity was obtained by incorporating acidic
functionality into the N-terminal substituent as in compound 10. Similarly for the

CFs
j)\ cooH 9 R = -OCH,Ph
RZ NN | N ma:-@—scmcom
H O \ N

10 Kn s ko

4-CI-Ph
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corresponding reversible carboxaldehyde inhibitors, pyridazinodiazepine 11 was
comparable in potency to the corresponding Z-tripeptide aldehyde Z-Val-Ala-Asp-H.
As with the irreversible series, activity was further increased by the addition of an
acidic functionality on the N-terminal substituent.

| 11 R=Ph
j\ COOH
12 R= —@-OCHZCOOH
R N
H o] N/Q(H
H
T o

Compound j:f showed interesting activity in vivo, suppressing IL-18 induction
more than 95% in mice dosed at 100 mg/kg IP. Furthermore, it is reported to have
12-16% oral bioavailability in dogs with a clearance rate of ca. 7 ml/min/kg {(50).
Additional SAR of the pyridazinodiazepines has appeared in the patent literature (51),

including cyclic prodrugs 13-1 4, which exhibit 32-35% bioavailability, in rats and show
oral activity in a collagen induced model of arthritis.

O
N
| 0
13 R=-Et
Z N 14 R = -cyclopentyl
H o) Ny 0
N N (o) H =;__
OR

In summary, the field of caspase-1 inhibitors has moved forward significantly in the
past year with the disclosure of potent, nonpeptidic inhibitors. And substantial current
interest remains in the concept of caspase-1 inhibition as a means of modulating IL-1p
production.

At the time of the last review of IL-1 in this series (1), little was known about the
events that occur intraceliularly after the cytokine binds to its receptor. Since then,
however, there has been a wealth of new knowledge about these events that has
begun to fill in the picture of the individual steps in the IL-1 signal transduction
pathway.

There appear to be at least four proteins that are involved at the start of the IL-1
signaling cascade, in addition to IL-1 itself (see Figure 2). The first is the IL-1 type |
receptor, which has a long cytoplasmic tail that lacks any intrinsic catalytic activity
(4). The second protein is also a transmembrane receptor molecule called the IL-1
receptor accessory protein (52). The third protein involved in this complex (and the
first intracellular one} is MyD88, which then binds to IL-1 receptor asscciated kinase or
IRAK (53). IRAK was shown to be specific for signaling via either IL-1 or IL-18 (54,55).
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Activation of IRAK was shown to be rapid, occurring within 30 seconds after binding of
IL-1 to the receptor (56). The activation of this kinase was transient and it appears
that downregulation of its activity was accomplished by degradation of IRAK by
proteosomes (57).

Figure 2
IL-1RI
IL1RACP @
\! /] | IL1RAcP

—_—
IL-1RI

@ ® g

® o <

. — (P) ~———p» protecsome

TNF a
CTRAFE / / @

__:2——.»

—E

A rough outline of events for the IL-1 signal transduction cascade can now be
described (2). The first step would be binding of IL-1 to the type | IL-1R followed by
recruitment of IL-1AcP to form a trimeric extracellular complex. IRAK is then rapidly
translocated from the cytoplasm to the intracellular side of this complex where it binds
to MyD88 and becomes autophosphoryated. Within a few minutes of its association
with the receptor complex, IRAK is degraded by proteosomes.

The pathways for IL-1 and TNF-a signaling converge at NFkf-inducing kinase (NIK)
(58,59). This kinase activates the Ixp kinase signalsome (IKK-1 and IKK-2) (60,61),
which directly phophorylates kB (62) and targets Ixp for degradation. NFxp is then
translocated to the nucleus where it activates transcription. This sequence of events
that follow IL-1 binding to its receptor opens up the possibility of three new targets for
the inhibition of IL-1 signaling. The first possibility is IRAK, which functions only in IL-1
signaling. Two other possible targets, however, could function to block both TNF-o.
and IL-1 signaling. These are the IKK signalsome and NIK. Further work will be
required to determine if any of these kinases are viable targets to block IL-1 signaling.

Conclysions - Considerable interest remains for inhibiting the actions of IL-1 with
multiple targets both inside and outside the cell being explored. The first strategies to
make it into the clinic were slight modifications of naturally-occurring proteins (IL-1ra
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and siL-1rl). While there have been some positive clinical results at times with these
agents, neither has proven to be efficacious against the targeted diseases.

There are several targets where development of small molecule inhibitors may
succeed at inhibiting the actions of IL-1. Caspase-1 inhibition would pravent the initial
production of mature IL-1. A number of peptidic and non-peptidic inhibitors have been
described, and several of these have been tested in animal modles of disease. Data
are available that indicate some of these compounds have oral bicavailability and the
required potency that may make them viable development candidates. The elucidation
of the signal transduction events that occur after IL-1 binds to its receptor has opened
up three possible new targets that may make viable targets for inhibiting the action of

IL-1.
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Chapter 19. B3 Adrenergic Receptor Agonists for the Treatment of Obesity

Ann E. Weber
Merck Research Laboratories, Rahway, NJ 07065

Introduction - Since the identification of a third B adrenergic receptor (33 AR) over ten
years ago (1), there has been intense interest in developing selective 3 AR agonists
for the treatment of obesity and type 2 diabetes. Early compounds, which were
identified based on their ability to stimulate lipolysis in rat brown adipose tissue (BAT)
in the absence of effects on heart rate (a 1 effect) and tracheal relaxation (a p2
effect), failed in the clinic. With the cloning of the human receptor (2), and the
subsequent determination that the pharmacology of the rat and human receptors were
distinct (3), there has been renewed effort to identify compounds which are selective
for the human receptor. This review will thus focus on advances in the identification of
human B3 AR agonists, as well as developments in B3 adrenergic receptor biology
since this topic was last reviewed in this series (4). Several other reviews have
recently appeared (5-,6,7,8).

RECENT DEVELOPMENTS IN 33 ADRENERGIC RECEPTOR BIQLOGY

ce for the Existence of a Functional 33 AR in Humans - While it is clear that the
B3 AR plays a key role in mediating thermogenesis in rodents, and that specific 3 AR
agonists increase metabolic rate and iead to weight loss in obese rodents, the role of
B3 ARs in humans remains controversial. In human newborn perirenal brown adipose
tissue (BAT), the levels of p1, B2, and p3 mRNA were found to be 28, 63, 9%,
respectively, of the total adrenergic receptor mRNA; however, in adult human
abdominal white adipose tissue (WAT), no B3 mRNA was detected by Northern blot
analysis (9). In a separate study (10), using a sensitive and specific RNase protection
assay without previous PCR amplification, 3 mBNA was detected in human WAT, gall
bladder, and small intestine, confirming earlier reports. It was also found to a lesser
extent in stomach and prostate, but was absent in cerebral cortex, cerebellum, liver,
pancreas, gastrocnemius and soleus muscle, left ventricle, lung, corpus cavernosa and
kidney.

CGP 12177A (1), a mixed B1/B2 antagonist with partial agonist activity at the
human B3 AR (11), has been used extensively to determine whether stimulation of B3
AR in human fat induces lipolysis. In a large study of WAT from 50 patients, lipolysis
induced by 1 was found to be more pronounced in isolated fat cells from abdominal
than from subcutaneous WAT (41% vs. 31% intrinsic activity, respectively) (12). The
non-selective B AR antagonist bupranoiol was better able to biock this effect than
either the B1 selective CGP 20712A or the B2 selective |Cl 118,551 (pA, = 7.17, 6.26,
6.05, respectively). Discrepancies seen in the literature could be explained in part by
the large interindividual differences seen in the lipolytic response to 1, with lipolysis
correlating with norepinephrine sensitivity and responsiveness to other lipolytic agents
acting via cAMP. [n addition, the lipolytic response was lower when tissue fragments
were used instead of isolated fat cell suspension, and the sensitivity of the lipolysis
assay itself may be a factor. In a separate study (13), the lipolytic effect of 1 in human
subcutaneous WAT was not blocked by the newly described B3 AR antagonist,
SR 59,230A (vide supra); however, the activity of this compound at the human
receptor has not been reported.

Using microdialysis, 1 was shown to stimulate lipolysis, as measured by increased
glycerol release, in intact subcutaneous adipose tissue (14). Pretreatment with a dose
of propranolol which blocked glycerol release by dobutamine, a 1 AR agonist, and
terbutaline, a B2 AR agonist, had no effect on glycerol release by 1. An increase in
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nutritive blood flow induced by 1 was also evident in a separate dialysis study,
indicating the possible presence of B3 ARs in the vasculature of subcutaneous WAT
(15).
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33 AR Polymorphism - A Trp64Arg mutation in the B3 AR gene was first described in
the Pima Indians, a population with a high incidence of obesity (16). While not found to
be more prevalent among obese subjects than non-obese, the mutation was
associated with an earlier onset of type 2 diabetes mellitus and a lower resting
metabolic rate in obese homozygous individuals. A large number of studies, recently
reviewed (17), suggest additional associations between the Trp64Arg 3 AR and
hyperinsulinemia and insulin resistance, higher body mass index, an increased
capacity to gain weight, resistance to weight loss, increased blood pressure, and
coronary heart disease. This remains an area of intense investigation, and there is
some debate as to the significance of the mutation in obesity and type 2 diabetes, as a
number of studies have shown no linkage (17,18).

in the human receptor, the substituted amino acid at position 64 lies at the junction
of the first transmembrane spanning domain and the first intracellular loop. Of the nine
known species homologues, only the human and the guinea pig (which contains a Cys
residue) do not have Arg at this position (19). The mutant receptor has been cloned
and expressed in CHO cells, and was found to be pharmacologically identical to wild
type with respect to agonist binding affinity and stimulation of cAMP (20). In addition,
the two receptors showed similar rates of desensitization in response to isoproterenol
exposure. A second study, in which the receptors were expressed in CHO-K1 and
HEK293 cells, confirmed that agonist affinity was identical, but found that cAMP
accumulation in both cell lines was lower in cells expressing the mutant receptor than
in those expressing the wild type (21). This reduction did not appear to be due to
enhanced interaction of the Trp64Arg B3 AR with the G-protein Gi, since pertussis
toxin treatment did not restore activation, and thus could possibly be due to decreased
coupling efficiency with Gs.

Using microdialysis, in vivo lipolysis in subcutaneous adipose tissue of Pima
Indians homozygous for either the Arg or Trp allele was assessed (22). No differences
were seen in isoproterenol stimulated lipolysis; however, in subcutaneous WAT, the
B3 AR component of total lipolysis may be small. When lipolysis in isolated visceral fat
cells from Caucasians sither homozygous for Trp64 or heterozygous for Trp64Arg was
compared, no differences were seen with both 1 and norepinephrine stimuation (23).

Regulation of Uncoupling Proteins by the 33 AR - The B3 AR is believed to exert its
metabolic effects through activation and upregulation of the brown fat specific
mitrochondrial uncoupling protein, UCP, now designated UCP1. In obese yellow KK
mice, chronic treatment with the rodent selective B3 agonist CL 316,243 (BTA-243, 2)
led to increases in UCP1 mRNA in BAT, WAT, and surprisingly, also in gastrocnemius
and quadricep muscles (24). Protein was detected in skeletal muscle by Western blot,
and this was localized to the mycocyte mitochondria using gold labeling. No UCP1
was detected in the skeletal muscle ot control non-obese C57BL mice treated with 2.
Since no B3 AR was detected in muscle, this may be an indirect effect, but leaves open
the possibility that ectopic expression of UCP1 may contribute to the effectiveness of
B3 agonists in increasing metabolic rate.

Recentily two additional uncoupling proteins have been identified in adipose tissue.
UCP2, which is 59% homologous to UCP1, is ubiquitously expressed in humans, with
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mRNA detected in adipose tissue, skeletal muscle, lung, hear, placenta and kidney.
High levels were also found in spleen, thymus, leukocytes, macrophage, bone marrow
and stomach, with low levels in brain and liver (25,26). Regulation of UCP2 appears to
be different from that of UCP1. Cold exposure or treatment with 2 did not alter mMRNA
levels of UCP2 in BAT, WAT, thigh muscle and liver of male Swiss mice; however,
UCP2 levels were dramatically increased in WAT of A/J and C57BL/6J mice when fed
a high fat diet (25). In contrast, in rats UCP2 mRNA was reportedly increased in BAT,
heart and soleus (but not tibialis anterior and gastrocnemius) muscle in response to
cold exposure, and in BAT following treatment with Ro 16-8714 (3), a B3 AR agonist
(27). This effect on BAT was not seen in rats following treatment with B3 agonist 2,
though a slight increase in UCP2 levels in WAT was observed (28).
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In contrast to UCP2, UCP3 is expressed primarily in skeletal muscle in humans,
with lower amounts in heart, thyroid, and bone marrow, and little or none in WAT (28—
30). In mice (29) and rats (28,30), UCP3 levels are high in skeletal muscle and BAT,
with lower amounts in WAT and other tissues. Following treatment of rats with 2, UCP3
is markedly upregulated in WAT, suggesting that it may contribute to B3 AR agonist-
induced thermogenesis (28). Both UCP2 and UCP3 expression is upregulated in
muscle during starvation, thus they may be important for metabolic adaptation to food
deprivation (27,28,31).

Regulation of Leptin by the B3 AR - The B3 AR appears to play a key role in the action

and regulation of leptin (32). This hormone, the product of the ob gene (33), is
secreted by adipocytes and, acting via the hypothalamous, inhibits food intake and
stimulates metabolic rate (34). Leptin-induced activation of the sympathetic nervous
system and the resultant 33 AR-mediated thermogenesis in BAT may be responsible
for the latter effect (35).

In isolated rat white adipocytes, 2 causes a concentration-dependent decrease in
insulin-stimulated leptin release (36), indicative of a role for the B3 AR in a negative
feedback loop. These results have been confirmed in mouse brown adipocytes
differentiated in culture. In this system, B3 AR agonist BRL 37344 (4) (the active
metabolite of prodrug BRL 35135, 5) decreases leptin secretion and inhibits ob gene
expression with an EC,, of 0.3 nM, apparently by destabilization of ob gene mRNA
(37). Treatment of mice with 2 (38) or 5 (39) causes a decrease in both circulating
leptin levels and ob gene expression in WAT. A decrease in leptin levels generally
results in increased food intake, but in animals treated with 2, an acute decrease in
food intake was seen. No effect of 2 on leptin levels or feeding was seen in 3 AR
knock-out mice (37). A similar reduction in food intake and ob gene expression in
WAT was noted in re-fed rats treated with 1 (40). In a separate study (41), f3 AR
knock-out mice fed a high fat diet showed greater increases in percent bedy fat than
control mice; however, no differences in leptin levels were observed. Thus, while 33
AR activation leads to leptin downreguiation, 33 AR deactivation, which causes an
increase in fat deposition, does not necessarily lead to leptin upregulation.
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Cardiac §3 and Putative B4 ARs - In human ventricular preparations, concentration-
dependent negative inotropic effects were seen with 4, SR 58611A (6), 2, and, to a
lesser extent, 1 {42). Pretreatment with B1 antagonist metoprolol or $1/B2 antagonist
nadolol did not alter the effects due to 4 whereas pretreatment with the non-selective
antagonist bupranolol shifted the dose-response curve to the right. The response to 4
was diminished by pertussis toxin pretreatment, indicating the possibie invoivement of
Gi coupling in this effect (42). In contrast to a previous study (10), expression of the B3
AR was detected in human ventricle by RT-PCR (42). No mRNA from hormone
sensitive lipase was detected in the preparations, indicating that fat contamination was
not the source of the B3 AR transcripts. This potential for decreased contractility may
be problematic in patients with chronic heart failure (43). Negative inotropic responses
to B3 AR agonists were not confirmed in a limited study of right ventricular trabeculae
from three patients (44). In particular, 1 caused a concentration-dependent increase in
cardiac stimulation (44).
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The existence of a cardiac B AR distinct from the B3 AR, the putative B4 AR, has
been proposed (45,46). lts existence is based primarily on the cardiostimulatory
effects of classic B AR antagonists such as 1, which pharmacology is distinct from that
of their B3 AR mediated effects. There is some debate as to the existence of a fourth
AR, especially in light of the fact that the pharmacology of 3 AR agonists varies, for
example, with cloned receptors in membranes vs. whole cells (47).

EVELOPMENT OF HUMAN R A ISTS

Cloned Receptor Ass for the ldentification of Agonists - With the discovery of
species differences in the potency and selectivity of B3 AR agonists, researchers have
increasingly relied on the use of cloned human receptor assays for the identification of
human selective compounds (48). The affinity and efficacy of B3 AR agonists in a
cloned receptor assay is dependent upon a number of factors including receptor
density and the nature of the assay, i.e., CAMP accumulation in whole cells vs.
adenylyl cyclase activation in membrane preparations (49). Agonist 1 had an EC,, of
1113 nM and an instrinsic activity (IA) of 0.56 in a cell membrane assay with a receptor
density of 130 fmol/mg and an EC,, of 263 nM (IA 0.87) in one with with a receptor
density of 3000 fmol/mg. In intact cells, its EC,, was 260 nM (A 0.45) in the former
clone and 70 nM (IA 0.87) in the latter (49). These differences should be considered
when making comparisons among compounds assayed in different laboratories.

Aryloxypropanolamines - There are two main classes of compounds which are known
to bind with high affinity to § ARs, the aryloxypropanolamines and the arylethano!-
amines. Interest in the former class of compounds, which are typically beta blockers,
stems from the fact that aryloxypropanolamine 1, a $1/f2 AR antagonist, has partial
agonist activity at the human B3 AR (11). Using a “simplified template approach” in
which the left hand side of the aryloxypropanolamine was optimized for potency and
intrinsic activity and the right hand side for potency and selectivity, phosphinic acids 7
(B3 EC,, = 120 nM, IA 1.29)and 8 (EC,, = 0.29 nM, |A 0.84) were identified (50). The
related derivative 9 is reportedly highly selective with a §3 EC50 of 1.7 uM, (I1A 0.70)
and B1 and B2 Ki's of 288 and 269 pM, respectively (51). Phosphonate derivatives 10
and 11 have increased potency {EC,, = 10 nM for both), though reduced selectivity (1
and (2 Ki's = 130 and 120 nM, respectively for 11) (52).
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A series of thiazolylalkylacids was explored. The propionic acid BMS-187257 (12,
B3 EC,, = 630 nM, |A 0.72) was optimal, though only 2 to 3-fold selective over B1 and
B2 (53). Starting from an arylethanolamine lead, and using combinatorial chemistry as
an optimization tool, amide 13 was identified as a potent and selective 3 AR agonist
(54).
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Hydroxyphenoxyethanolamine L-755,507 (14), in which a benzenesulfonamide
replaces the acid functionality found in many B3 AR agonists, is among the most potent
and selective aryloxypropanolamines reported to date, with an EC,, of 0.43 nM (IA
0.52) and >440-fold selectivity over binding to B1 and 2 ARs (55). This compound is
a weak partial agonist at the 1 AR (EC,, = 580 nM, |A 0.25), but shows no efficacy at
the B2 AR at 10 uM (55).

Arylethanolamine Derivatives - A number of new derivatives have been identified which
contain the 3-chlorophenyl left hand side found in the early B3 AR agonists (4) and (§).
In BMS-187413 (15), the negative charge of the sulfonic acid is believed to enhance its
selectivity for the B3 AR by decreasing affinity for f1 and B2 ARs (56). This 60 nM
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partial agonist {IA 0.57) has Ki's at B1 and B2 of 7600 and 2250 nM, respectively. A
series of diamine derivatives were found to be more potent B3 AR agonists than
isoproterenol (57-59). Carboxylic acid 16 is five-fold more potent (57), while both
sulfonic acid 17 (58) and pyridineacetic acid 18 (59) are ten-fold more potent. The
latter compound also protects against indomethacin-induced gastric lesions in the rat,
with an ED,, of 0.001 mg/kg (59).
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Optimization of an indole lead gave AD-9677 (19) (60). This derivative is a potent
agonist of both the human (EC,, = 0.062 nM) and rat (EC,, = 0.016 nM) B3 ARs, with
little agonist activity against the cloned p1 and B2 ARs (61). Following chronic (14-day)
administration to KK-Ay and db/db mice, a trend toward inhibition of weight gain was
observed and significant reductions in plasma glucose, fatty acids, and triglycerides
were seen. In the KK-Ay mice, insulin levels were normalized (62).
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Another indole-derived B3 AR agonist, CP-209,129 (20), was discovered in a study
directed toward conformationally restricting the phenoxyacetic acid portion of 4 (63).
This compound, a partial agonist at the human receptor (IA 0.56), has a 3 EC,, of 20
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uM, where EC,, is defined as the concentration at which the compound achieves 50%
of the isoproterenol response. It did not activate the human B1 or B2 ARs at a
concentration of 30 uM. A related analog, CP-331,679 (21), which contains an
aminopyridine left hand side, is a full agonist at the human B3 AR (EC,, = 300 nM) with
>100-fold selectivity over efficacy at the 1 and B2 ARs (63). Development of this
compound was preciuded by poor oral bioavailability (<10% in rats) of both it and its
corresponding ethyl ester (63).
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Phosphorous-based analogs have been developed in both the aryloxy-
propanolamine and arylethanolamine series. Phosphonic acid 22 and ester 23 have
EC,,’s at the human 33 AR of 540 and 460 nM, respectively (64). Dibenzothiophene
derivative 24 is reported to be a highly potent, subnanomolar B3 AR agonist (65).
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B3 AR Antagonists - SR 58894A (25) and SR 59230A (26) are the first selective 33 AR
antagonists reported, with pA2 values of 8.06 and 8.76, respectively, against rat colon
relaxation induced by 6; and they are 100-1000-fold selective for B3 over 1 and B2
ARs (66). The latter derivative also blocked cAMP production induced by 6 in rat BAT
membranes (pK, = 8.87) (67). Antagonist 26 was also shown 